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ABSTRACT 

 

Antimony (Sb) is an element in the group XV that has allotropic modifications 

and two main oxidation states as Sb(III) and Sb(V) in nature. Antimony is a pollutant of 

concern for its carcinogenic and bioaccumulation effects. Sb presence in drinking water 

or wastewater is strictly regulated worldwide. Removing Sb(V) from water is a 

challenging task. In this study, we aim to develop a simple method to produce a highly 

reactive iron-based reactive media mixture, namely, the activated iron media (AIM), and 

to evaluate the AIM technology as a potential solution for treating Sb-contaminated 

water. For the purpose, batch tests were conducted to evaluate the optimum recipe, 

conditions and procedures to synthesize the AIM and to evaluate the performance of the 

AIM for removing Sb(V). 

Batch tests using serum vial as reactors showed that aeration of Fe2+ under 

alkaline condition could result in formation of mixed Fe(II)-Fe(III) oxide crystalline 

(FeOx). The composition and structure of resulting FeOx varies greatly with the dosage 

of O2. With a stoichiometric dosage of O2/Fe(II) at 1:6, magnetite (Fe3O4) was the 

product from the oxidative precipitation of Fe(OH)2 by O2, which was corroborated by a 

ratio of Fe(III)/Fe(II) at 2:1 as well as an inverse-spinel structure identified by X-ray 

diffraction (XRD) spectroscopy. When zero-valent iron (ZVI) was added into a Fe(OH)2 

system, ZVI could consume some of the introduced O2, which resulted in a lower 

Fe(III)/Fe(II) ratio in the formed FeOx than the one without ZVI. With aeration, ZVI 

surface was corroded and formed a FeOx coating similar to those FeOx formed from 
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oxidative precipitation of Fe(OH)2 in term of crystal structure and composition. When 

the dosage of O2 to Fe2+ was doubled to 1:3, the Fe(III)/Fe(II) ratio in the resulting FeOx 

was near 2.3:1, close to the desired ratio of FeOx in the mixture of the AIM. The batch 

tests and scaled-up pilot test showed that with appropriate dosage and intensity of O2 

aeration, the mixture of ZVI and Fe2+ with controlled alkalinity could be converted to 

form a mixture of highly reactive media with a magnetite-like FeOx in form of a coating 

on ZVI or discrete crystalline. 

Batch tests using the activated iron media to treat Sb-contaminated water was 

conducted to evaluate effectiveness of the media for Sb removal under various 

conditions. Under an anaerobic condition, Sb(V) removal consists of rapid removal 

within the initial 15 min, followed by a slower phase before entering a stagnant phase, 

which could be better modelled as a chemisorption. Both externally supplied O2 and Fe2+ 

would somewhat help Sb(V) removal by the AIM, but with the co-presence of O2 and 

Fe2+, Sb(V) removal by the AIM could be greatly enhanced, in which a treatment of 50 

mg/L with 10 g/L AIM could decrease Sb(V) to below 6 ug/L, the EPA drinking water 

maximum contaminant level (MCL). Sequential dosing test showed that such high 

removal of Sb(V) could be sustained in a continuous flow treatment system.  

This study has expanded our knowledge of the AIM water treatment system for 

industrial wastewater treatment, in particular with applications involving extremely high 

concentration of Sb(V). 
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NOMENCLATURE 

 

AIM  Activated Iron Media 

As(III)  Arsenite or trivalent arsenic 

As(V)  Arsenate or pentavalent arsenic 

Ca2Sb2O7 Roméite 

Cu(II)  Copper 

Fe2+  Ferrous iron, or divalent iron 

Fe3+  Ferric iron, or trivalent iron 

FeOx  Iron oxides 

Fe(OH)2 Iron hydroxide 

FeCl2  Ferrous chloride 

FeCl24H2O Ferrous chloride tetrahydrate 

α-FeOOH Goethite 

β-FeO (OH) Akaganeite 

γ-FeOOH Lepidocrocite 

α-Fe2O3 Hematite 

γ-Fe2O3 Maghemite 

Fe3O4  Magnetite 

HCl  Hydrochloric Acid 

H3SbO3 Stiborous Acid  

HNO3  Nitric Acid 
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hZVI  Hybrid Zero-Valent Iron 

ICP-MS Inductively Coupled Plasma Mass Spectrometry 

KSb(OH)6 Potassium hexahydroxoantimonate 

M  Molarity (moles/L). 

Mn2+  Divalent Manganese 

MnO2  Manganese oxide 

Mn(OH)2 Manganese hydroxide 

Mo(VI) Molybdate 

NaOH  Sodium Hydroxide 

NH4+  Ammonium Ion 

NO3
- - N Nitrate as Nitrogen 

Sb(III)  Trivalent Antimonial 

Sb(V)  Pentavalent Antimonial  

Sb(OH)3
 Antimony Tri-hydrate 

Sb(OH)6
- Antimony Hepta-hydrate 

Sb2S3  Stibnite 

Sb2O3  Valentinite 

Sb2O5  Antimony pentoxide 

SbCl3  Antimony tricloride 

Pb(II)  Lead 

Pb2Sb2O7 Bindheimite 

 ZVI  Zero-Valent Iron 
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CHAPTER I 

INTRODUCTION 

 

1.1 Problem statement 

Antimony(Sb) is an element that belongs to Group XV of the periodic table, 

along with Arsenic(As). It mainly exists as Sb(III) and Sb(V) in nature (Filella and May, 

2003). At thermodynamic equilibrium, in an oxic system, Sb(V) is predominately 

present as Sb(OH)6
-, but Sb(III) is present mainly as Sb(OH)3 under anaerobic conditions 

(Filella and May, 2003; Filella and May, 2005). However, a study reported that Sb(V) 

was detected significantly in the oxygen-depleted system (Filella et al., 2002). The 

speciation of antimony in an aqueous system is more complicated than the calculation of 

thermodynamic equilibrium (Filella and May, 2005). Generally, the concentrations of 

antimony are less than 1 μg/L in unpolluted water (Filella et al., 2002). Antimony has 

been consumed worldwide in large quantities (> 105 tons/year) in a variety of industries, 

including additive in ceramics, battery, catalysts, and flame retardants (Leuz et al., 

2006). Elevated concentrations of antimony have been reported around mines and in 

shooting ranges (He, 2007; Scheinost et al., 2006). China produces approximately 90% 

of the world antimony consumption (Herath et al., 2017). The antimony concentrations 

in surface water around Xikuangshan in Hunan province reported 1300 to 5000 times 

above the Chinese drinking water limit (Zhu et al., 2009).  

Since antimony is an increasingly identified pollutant to the environment, the 

United States Environmental Protection Agency (USEPA) and the European Union (EU) 



 

2 

 

 

 

established the permissible Sb concentrations in drinking water as 6 μg/L and 10 μg/L 

respectively. (USEPA, 1985a; CEC, 1980). The toxicity of antimony directly depends on 

its oxidation states. The toxicity of Sb(III) was reported to be significantly higher than 

the effects of Sb(V). Carcinogenic effects of Sb(III) were detected in the lungs of female 

rats (Groth et al., 1986). Bioaccumulation in fish, amphibians, invertebrate organisms 

and plants at the polluted environment were reported in 2011 (Fu et al., 2011; Qi et al., 

2011). Concentrated antimony was detected from human hair around Xikuangshan 

antimony mine (Liu et al., 2011). In the environment, Sb(OH)3 adsorbed more than 

Sb(OH)6
- due to low solubility and neutral characteristics over wide range of pH levels 

(Filella et al., 2002; Llgen et al., 2014). Sb(OH)6
- has weaker binding on the solid surface 

than that of As(V) because of its large ionic radius and low charge density (Wilson et al., 

2010). Thus, Sb(V) could be more mobile in the neutral and alkaline environment and, 

hence, this study targets removal of dissolved Sb(V) from water. 

Multiple technologies have been reported for the remediation of antimony-

containing drinking water and wastewater, including electrolytes, membrane separation, 

coagulation, adsorption, and chemical reduction (Kang et al., 2000; Navarro and 

Alguacil, 2002; Kang et al., 2003; Saito et al., 2004; Guo et al., 2009; Wu et al., 2010). 

Among these technologies, adsorption was promising due to the advantage of higher 

efficiency, low cost, and ease of performance (Li et al., 2015). However, Sb(V) 

adsorption was sensitive to environmental factors such as pH, ion strength, temperature, 

etc (Xu et al., 2006; Ettler et al., 2007; Verbinnen et al., 2013). On the other hand, Sb(V) 
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could be stabilized by incorporating it into the structure of iron oxide, and, hence, the 

influence of environmental factors was less effective (Mitsunobu et al., 2010). 

Zero-valent iron (ZVI) with a standard redox potential of E0 (Fe0/Fe2+) = −0.44V 

(Shokes et al, 1999), is a versatile and effective reductant that ZVI has been extensively 

applied for the treatment of wastewater contaminated with various organic and inorganic 

contaminants (Guan et al., 2015). Due to the advantages of ZVI such as lower cost and 

ease to apply in large quantities and non-toxicity, ZVI-based techniques has been 

developed for environmental remediation applications, e.g., reducing heavy metals, and 

transforming chlorinated organic compounds into less or non-toxic variants of molecules 

(Fu et al, 2014). Moreover, ZVI could remove contaminants in water via adsorption, co-

precipitation, and reduction (Noubactep, 2013). Despite the promising technology to 

remove the contaminants in wastewater, the passivation of ZVI significantly diminish 

the reactivity of ZVI. When the surface of ZVI is exposed to the wastewater, the iron 

oxide layer is formed subsequently due to the iron corrosion. The iron oxide layer is 

chemically passive and weaken the removal efficiency of target contaminants. 

Satapanajaru et al. (2003) reported that the maghemite layer may demote the reactivity 

of ZVI. 

To tackle the passivation problem, various methods were studied such as 

reducing the size and acid washing. Although nano scale zero valent iron media has 

advantages of rapid remediation, relatively lager reactive area, after the reaction, 

separating the ZVI particle from the solution is a main issue (O’Carroll et al, 2013). Acid 

washing is employed to remove the passive later to enhance the reactivity of ZVI 
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(Agrawal and Tratnyek, 1995). On the other hand, employing acid washing also has 

several drawbacks: (1) the strong acidic level of wastewater with highly concentrated 

iron ions; (2) the acceleration of iron corrosion by the H+ ions.  

Several studied reported that additives, including activated carbon, Fe2O3, Fe3O4 

and MnO2 were added (Luo et al., 2014; Shi et al., 2014; Huang at et., 2013; Noubactep 

et al., 2011) to solve the passivation problem. Moreover, additional aqueous Fe2+ 

promoted the removal efficiency of molybdate by ZVI (Huang et al., 2012). Huang et al. 

demonstrated that Fe3O4 and aqueous Fe2+ play important role in sustaining the 

reactivity of ZVI and developed an Actived Iron Media (also called hybrid zero-valent 

iron) ZVI/Fe3O4/Fe2+ system (Huang et al., 2003; Huang and Zhang, 2006). During the 

redox reaction between contaminants and ZVI, magnetite could mediate the electron (Xu 

et al., 2013). Previous studies demonstrated that the active iron media system could 

effectively remove heavy metals at laboratory and pilot scale tests (Huang et al., 2013; 

Huang et al., 2013).  

The activated iron media consists of three components: (1) zero-valent iron 

grains with a reactive iron oxide surface coating; (2) discrete iron oxides (FeOx) that 

resemble magnetite in crystalline structure and composition; and (3) surface-bound 

Fe(II) that could come from externally added dissolved Fe2+. The core feature of the 

activated iron media is the formation and presence of a sufficient amount of a highly 

reactive iron oxide species, both on the ZVI surface as a coating and also in discrete 

form of suspended crystalline. The reactive iron oxides may not have a well-defined 
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composition and structure, but often feature characteristic of a non-stoichiometric and 

mixed-valence of Fe(II)/Fe(III) with an inverse-spinel crystalline structure.  

To prepare the activated iron media, the old method (Huang et al 2012) is to mix 

ZVI in a solution with designed amount of nitrate and Fe2+, creating a reactive system in 

which nitrate was reduced by ZVI in the presence of dissolved Fe2+ to first form a 

magnetite coating on ZVI grain surface and over time accrue a significant account of 

discrete magnetite crystalline in the mixture. This synthesis method is adequate for 

laboratory use, but may not be desirable for industrial scale application of preparing the 

activated iron media. The main drawbacks are in three aspects: (1) the process would 

convert nitrate into ammonium, which is a water contaminant that is regulated and 

should not be discharged freely; (2) the process is relatively slow; (3) the process is also 

chemical intensive as it consumes both ZVI and nitrate in order to produce a large 

amount of FeOx.  

In this study, we aims to develop a more cost effective method to prepare the 

activated iron media. A simpler method worth of trying is to use O2 (air) to oxidize 

Fe(OH)2 and the surface of ZVI under control chemical conditions to form a highly 

reactive FeOx phase and surface coating on ZVI grains. The main raw materials to be 

used will include ferrous salts (e.g., FeCl2), zero-valent iron, and base (e.g., NaOH). As 

the first step, we aim to synthesize FeOx through oxidation of Fe2+ under appropriate 

pH/alkalinity and O2 dosage conditions. We will evaluate how the structure and 

composition of FeOx could change with the change of O2 dosage. Once establishing the 

recipe for FeOx synthesis through oxidative precipitation of Fe2+, we will then add ZVI 
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into the reactive system and evaluate (1) whether the controlled aeration could form a 

reactive iron oxide coating on the ZVI surface; (2) how the presence of ZVI could alter 

the chemistry of Fe(OH)2 towards FeOx synthesis; and (3) if we need to alter the recipe 

and procedure in order to create a high quality activated iron media system. 
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CHAPTER II 

LITERATURE REVIEW 

 

2.1 Chemistry of antimony 

Antimony (Sb) is the element with an atomic number of 51 in the group XV in 

the periodic table. Like other elements in the group of XV, antimony has allotropic 

modifications. It is a gray metalloid commonly associated with the stable sulfide mineral 

Stibnite, which may transform into the mineral Valentinite. Antimony is occasionally 

found in the explosive and unstable antimony trichloride, however, conversion to the 

stable forms occurs easily.  

Pure antimony cannot be oxidized at room temperature, but it may be oxidized 

by metal oxides such as MnO2 in the presence of steam at room temperature. Antimony 

can exist in several oxidation states such as (-III, 0, III, V). However, two oxidation 

states (III and V) are most predominant in biological and environmental samples. 

Antimony is often overlooked as a contaminant because of its low solubility and 

abundance. However, antimony ions (III and V) can be easily hydrolyzed in aqueous 

solutions, making it difficult to remove them from water.  

2.1.1 Speciation in environment  

Antimony occurs in fresh water from weathering of rocks and runoff of soils. In 

aquatic environments, antimony is primarily present in the oxidation states of Sb(III) and 

Sb(V). Many previous studies have demonstrated that Sb(V) is more dominant than 

Sb(III) in surface water(Filella et al., 2002; Filella and May, 2003; Elleout et al., 2005). 
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Sb(III) is typically lower than 10% of the total Sb detected in surface water. (Filella et 

al., 2002).  

It is generally agreed that Sb(V) exists mainly in aerobic conditions while Sb(III) 

exists in anoxic conditions, exceptions have been reported(Filella and May, 2003). For 

example, significant amount of Sb(III) in aerobic conditions and substantial amount of 

Sb(V) in anaerobic conditions were documented (Filella et al., 2002). Some Studies 

contribute the observation to biological activities or/and slow oxidation kinetics. 

(Quentel and Filella, 2002; Helz et al., 2002; Leuz and Johnson, 2005). Therefore, the 

speciation of antimony in water is more complicated (Filella and May, 2005). The 

Sb(III) is in the form of neutral complex Sb(OH)3 at the pH range of 2-11 while Sb(OH)6 

, the complex of Sb(V), is negative (Smith and Martell, 1976). 

Antimonic acid is a strong acid that is difficult to isolate as a pure phase. Thus, as 

the pH increases, polymers can be commonly formed in the solution such as 

Hn[Sb(OH)6]n (Gate and Richardson, 1961a). At the pH range from 4 to 9, Sb(OH)6
-, 

H3SbO3 are the main species present. Under highly acidic conditions, SbO2
+commonly 

exist (Filella and May, 2003). Several studies on the equilibrium on Sb(V) hydrolysis in 

solution (Lefebvre and Maria, 1963; Mesmer and Baes, 1976) demonstrated that Sb2O5 

generates the antimonate anion even when sparingly dissolved in water (Tourky and 

Wakkad, 1948). Also, hydroxoantimonate salts are difficult to dissolve in water 

(Blandamer et al., 1974). Fig. 2.1 shows distribution of antimony species as a function of 

pH, at 25oC and 1 bar according to Tella and Porokovski (2012). 
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Fig. 2.1 Distribution of antimony species as a function of pH, at 25oC and 1 bar 

according to Tella and Porokovski (2012). 
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2.1.2 Oxidation 

Recently, the oxidation of antimony in aqueous environment has received great 

attention, particularly related to its removal by iron and manganese hydroxides and 

oxyhydroxides (Belzile et al., 2001; Leuz et al., 2006a). In 2005 the oxidation kinetics of 

Sb(III) at 25°C in an aerobic environment were reported (Leuz and Johnson, 2005). The 

oxidation of Sb(III) was found not to be substantial between the pH range 4-10; however 

as the pH increased to 11-13, and time required for total Sb(III) oxidation was observed 

to occur within 4 to 420 days. In this study (Leuz and Johnson, 2005), transformation of 

Sb(III) species was more favorable when pH was higher than 10, at this higher pH level 

the transformation of Sb(OH)4
− to Sb(OH)6

− (+45.8 kJ/mol) is more likely than the 

transformation of Sb(OH)3 to Sb(OH)6
− (+110.6 kJ/mol). The oxidation kinetics of 

antimony may be improved by hydrolysis. Other cases of oxidation at higher pH include 

the oxidation of Fe(II) and Mn(II) in aqueous environments. Thus, Leuz and Johnson 

(2005) observed higher amounts of hydrolyzed antimony species Sb(OH)4
− when 

compared with the non–hydrolyzed Sb(OH)3 in their aqueous samples. 

In an aqueous environment, trace metals can influence the oxidation of Sb(III). 

The presence of trace metals such as Cu(II), Mn(II), and Pb(II) will increase the pH, but 

Zinc(II) has been found to have no effect (Elleouet et al., 2005). Significant acceleration 

of Sb(III) oxidation by Cu(II) was observed while Mn(II) and Pb(II) were found to have 

less effect lower acceleration (Elleouet et al., 2005). 

A study by Leuz et al. (2006a) reported that the influence of Fe(II) and Fe(III) 

assisted with Sb(III) oxidation with the various pH range. At pH 2.2 and 3.2 Fe(III) co-
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oxidation of Sb(III) was effective, however Fe(II) co-oxidation of Sb(III) was effective 

at pH ranged above 5. The oxidation kinetics were reported at the same study. At the pH 

range of 2-3, the Fe(III) oxidized Sb(III) with a pseudo–first order rate and an oxidation 

time of approximately 1 to 1.5 years, 1 μM Sb(III), 90 μM Fe, at room temperature. As 

the pH increased to 5-6, the concentration of total antimony was decreased without 

Sb(III) conversion to Sb(V). One possible reason that this conversion did not occur is 

probably because of the sorption of Sb(III) onto iron hydroxide colloids. The complete 

oxidation of antimony (1 μM) was observed within 7 days at pH 5 and 10 hours at pH 6. 

Therefore, the Fe(III) oxidation was not substantial at pH greater than 5. The total 

oxidation with Fe(II) was complete in 10 mins at pH 7. 

The experiment of the influence of oxygen on the oxidation of 1 μM Sb(III), 90 

μM Fe(II) at pH 2-7.6 was also performed. The results demonstrated that the oxidation 

of Fe(II) in aerobic condition depended significantly on the solution pH. At pH 2-3.6, the 

oxidation was relatively slow, however, the oxidation accelerated when the pH was 

neutral. The effect of the ratio of Fe(II) to Sb(III) on the oxidation kinetics of Sb(III) in 

the pH range of 6.4-7.5 was also investigated. The results suggested that the oxidation 

kinetics can be enhanced with higher ratio of Fe(II) to Sb(III) and higher pH range (Leuz 

et al., 2006a). 

2.1.3 Solubility  

Antimony can be accumulated in an aquatic environment due to the weathering 

of rocks, soil runoff or human activities. Generally, in an unpolluted water, the 

concentration of dissolved antimony is less than 1 mg/L. However, the concentration can 
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increase more than 100 times in an environment polluted by anthropogenic sources. The 

concentration of Ab in an environment is dependent on the solubility of solid phase of 

antimony. Several Eh-pH diagrams for antimony have been reported (Fig. 2.2) to explain 

the relationships of phase and solubility in different oxidation states and species, 

including both aqueous and hydrolyzed Sb. On the other hand, uncertain thermochemical 

parameters cause previous diagrams to be inaccurate. Moreover, the mobility of Sb(V) 

under aerobic conditions is not accurately reported due to the metastable phases of 

antimony included in the calculations. Also, the concentration of cations in samples may 

lead to the separation of the secondary form of unknown minerals. 

 Fig. 2.2 Eh – pH diagram of antimony in the Sb – S –H2O system at 25oC and  

10-14.6 mol/L according to Krupka and Serne (2002). 
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Previous studies have reported the low solubility of antimony trioxide (Gayer and 

Garrett, 1952; Filella et al., 2002). Antimony trioxide can be slightly soluble in acid (3 x 

10-5mol per kg water at 25°C) and more soluble in alkali (5 x 10-4mol per kg 0.1 M 

NaOH) conditions. In general, between the pH range of 2-10, the solubility of antimony 

trioxide is not dependent on pH, indicating that undissociated antimony hydroxide can 

be formed. The formation of antimony hydroxide is shown in equation 2.1. 

 

Sb2O3 +3H2O ↔ 2Sb(OH)3    eq. 2.1 

 

The lack of proper solubility data regarding Sb(V) is limiting the understanding 

of the behavior of Sb(V) in aqueous environments. The solubility of the mineralized 

form of Sb(V) was reported between 25-55°C in scientific papers written by Blandamer, 

Diemar and others (Blandamer et al., 1974; Diemar et al., 2009). At 298.15K, the Ksp 

value of mopungite, brandholzite and bottinoite was 8.89 × 10−6, 1.82 ± 0.15 × 10−8 and 

1.29 ± 0.13 × 10−10, respectively. Thus, the solubility of these minerals follow the order: 

mopungite > brandholzite > bottinoite, with the potassium salt as the most soluble. Other 

studies reported the solubility of Ca[Sb(OH)6]2(s) and Pb[Sb(OH)6]2(s) at 25°C (Johnson 

et al., 2005) with a Kso value of 10-12.55and 10-11.02 respectively. These amorphous 

materials are likely crystalized to roméite (Ca2Sb2O7), and bindheimite (Pb2Sb2O7) under 

the highly concentrated cations such as Ca or Pb in soil waters (Johnson et al., 2005). 

These data represents the estimated upper limits of the solubility of Sb(V) in the 

presence of Ca2+(aq) and Pb2+(aq) within relatively short reaction times. 
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2.2 Removal methods 

Antimony has critical impacts on the environment due to its mobility and 

complexation reactions in nature. Therefore, international regulations have given priority 

to the removal of antimony compounds in wastewater. Because of the wide industrial 

applications of antimony, a significant amount has been released into global aquatic 

environments. In the past, the surface water and groundwater were crucially polluted by 

antimony because of the less efficient and the complexity of wastewater treatment. Thus, 

effective treatment methods of antimony are necessary in order to protect environment 

and human health. 

Presently, the removal technology of antimony is focused on the properties of 

antimony. Consequently, various chemical and physical treatment methods were 

developed to control antimony in aquatic environments. Treatment methods evaluated 

include adsorption, coagulation and co-precipitation and membrane filtration. Among 

these methods, adsorption is widely applied. There are various factors such as pH, 

contact time, temperature and specific surface area of the adsorbent that affect the 

performance of adsorption. 

2.2.1 Adsorption 

The adsorption capacity of various iron based adsorbents for antimony ranged 

from 0.6 mg/g to 450.4 mg/g. The highest adsorption capacity was 450.4mg/g with 

akaganeite which has a large specific surface area and high porosity (Kolbe et al., 2011). 

The Fe-Mn binary oxide was shown to have a high value of 214mg/g (Xu et al., 2011). 

Importantly, the performance of adsorbents depends on experimental factors such as pH 
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temperature and contact time (Guo et al., 2014; Miao et al., 2014). However, studies that 

compare the value of adsorption performance with the same adsorbent and different 

experimental factors are limited. 

One of the influencing factors on the adsorption is pH. There are several studies 

on the adsorption of antimony within the pH range 2-10 with iron adsorbents (Verbinnen 

et al., 2013; Guo et al., 2014; Shan et al., 2014). The adsorption rate of iron adsorbents 

was enhanced when the pH increased from 2-3. However, at the pH range of 3-5 the data 

shows a plateau, and the adsorption decreased substantially when the pH was increased 

above 5. A study performed by Verbinnen et al. (2013) reported that the optimum pH 

range was 3-4 for the enhanced adsorption of Sb(V) with magnetite. Other adsorbents 

such as hematite and hydrous ferric oxide were reported with similar results (Guo et al., 

2014; Shan et al., 2014).  

A study conducted by Giasuddin et al. (2007) reported that the pH at the point of 

zero charge of nZVI was 7.8. The surface of adsorbents is positively charged when the 

pH range is lower than that of the point of zero charge pH. At this point protonation 

encourages the removal of antimony. However, when the pH range is higher than that of 

the point of zero charge pH, the surface of the adsorbent is negatively charged. The 

Sb(V) exists as an anion in the solution which lead the competition between hydroxyl 

ions and antimony at the pH range 5 - 10. Therefore, the adsorption of antimony depends 

on electrostatic repulsion (Deng et al., 2017). 

Generally, the value of total adsorption rate can be promoted as the temperature 

increases (Xu et al., 2006; Miao et al., 2014). The proper temperature for adsorption was 
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between 15-35°C, and adsorption rate of Sb(III) influenced by the temperature is less 

than the adsorption of Sb(V) on the ferric adsorbents. Another influencing factor for 

adsorption rate is the specific surface area. The adsorption of five different crystalized 

iron oxides was reported in a 2014 study at a pH of 4. In this study, the adsorption rate 

was increased in the order of HFO > γ-FeOOH > β-FeOOH > α-FeOOH > α-Fe2O3 (Guo 

et al., 2014). A study conducted by Dai et al. (2014) reported that nanoscale zero valent 

iron is a practical adsorbent with an increased specific surface area. The results indicated 

that the number of adsorption sites can be increased as the particle size become smaller. 

Contrarily, because the particle is small in size, filtration may be difficult. Therefore, 

both the size and specific surface area of the absorbent need to be considered. 

2.2.2 Membrane separation 

 Membrane separation can be categorized by examining the pore size of a given 

membrane. Microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and reverse 

osmosis (RO) are examples of membranes. The studies on membrane separation for 

antimony are limited. A study by Kang et al.(2000) reported that the removal of two 

species of antimony at pH range 3-10 and found that the removal of Sb(V) was higher 

than Sb(III). However, using RO membrane for antimony removal was not strongly 

affected by a change of pH range due to rapid antimony oxidation in the sample. In the 

same study, the arsenic(V) was highly pH dependent when RO membrane removal was 

applied. Other studies of high removal efficiency of antimony was found when the 

chelating porous hollow fiber membrane was applied (Nishiyama et al., 2003). However, 
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limitations of the membrane separation process are the necessity for higher energy 

consumption and pretreatment for the operation. 

2.2.3 Coagulation  

Coagulation, flocculation, and sedimentation (CFS), are combined treatment 

technologies employed for heavy metal removal from drinking water. Although alum 

and iron salts are commonly applied for Sb removal, iron coagulation can remove Sb 

more effectively (Kang et al., 2003). In 2009, a study reported that 98% of Sb(V) was 

removed at pH 6 by ferric coagulants, also Sb(III) was shown to be effectively removed 

at a higher percentage than Sb(V) in the pH range 4-10 (Guo et al., 2009). The order of 

removal efficiency was As(V) > Sb(III) > As(III) > Sb(V), unlike the arsenic 

coagulation, the coagulation of Sb(III) has a higher removal efficiency than the Sb(V). 

The coexistence of humic acids and phosphate in the sample did not interfere with the 

coagulation of Sb(III), but the Sb(V) removal was substantially affected by the presence 

of humic acids, phosphate, bicarbonate and sulfate (Wu et al., 2010). 

2.2.4 ZVI application 

ZVI is an elemental iron with zero valent electrons. The ZVI has been applied as 

a reducing agent for the treatment of contamination in wastewater and groundwater 

because of its strong potential to abate heavy metals. In 1994, ZVI was applied for 

degradation of halogenated hydrocarbons (Gillham and O'Hannesin, 1994). Additional 

investigations have reported that ZVI effectively remove heavy metals such as arsenic, 

copper, lead, mercury and selenium. The ZVI has a significant potential as a medium 

because of its low cost and the potential for reuse (Boller and Steiner, 2002). During the 
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treatment of heavy metals, ZVI can be used for three dominant processes: adsorption, 

cementation and reduction (Choe et al., 2000; Shokes and Moller, 1999; Smith, 1996). 

However, during heavy metal removal, the ZVI is oxidized to Fe(II) and Fe(III) 

with the reduction of the contaminants (Blowes et al., 1997; Furukawa et al., 2002). 

Once the iron oxides and oxy-hydroxides such as α-FeO(OH) or Fe2O3 are formed on the 

surface of ZVI, the ZVI will lose the potential as a reducing agent due to passivation. On 

the other hand, the reactivity of ZVI can be promoted with the formation of magnetite or 

green rusts on the surface of the ZVI (Huang et al., 2003; Mishra and Farrell, 2005). 

To tackle the issue of passivation, Huang at et (2013) developed an effective 

method of keeping the reactivity of ZVI with contaminants in wastewater until the media 

is exhausted. The method is regulating the aqueous Fe2+ to generate a chemical 

environment to promote the iron corrosion as magnetite at the surface of ZVI. Therefore, 

the coated magnetite of the outer layer can be discrete with the ZVI grains composing 

the inner layer. The process is called hybridized ZVI system and is applied as a 

commercial process for continuous and effective heavy metal treatment such as the 

PironoxTM by Evoqua Water Technologies LLC (Alpharetta, GA). 

The aqueous Fe2+ in the hZVI has been reported to play a key role in overcoming 

the passivation of ZVI (Huang et al., 2003; Zhang and Huang, 2006). On the surface of 

ZVI, the aqueous Fe2+ will form two layers : an inner layer made of magnetite and an 

outer layer composed of lepidocrocite. In 2003, Huang et al. reported that the ratio of 

Fe2+: Fe3+in the magnetite was 1 : 2. Equation 2.2 is based on the electron balance and 

mass balance of the formation of magnetite with nitrate as an oxygen source. 
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𝑁𝑂3-+ 2.82𝐹𝑒0+ 0.75𝐹𝑒2++ 2. 25𝐻2𝑂→ 𝑁𝐻4++ 1.19𝐹𝑒3𝑂4+ 0.50𝑂𝐻-  eq. 2.2 

Another important factor in the hZVI system is the dissolved oxygen (DO) used 

to form the iron oxides on the surface of ZVI. On the outer layer of ZVI, lepidocrocite is 

formed as an iron corrosion product. When the DO is exhausted, the lepidocrocite will 

return to a magnetite (Tamaura et al., 1983). Therefore, the final formation of iron oxide 

is magnetite, which has a specific electron conductivity unlike the other iron oxides such 

as goethite and hematite. The formation of magnetite from the lepidocrocite is shown in 

equation 2.3. 

[γ-FeO(OH)]2FeOH+→ Fe3O4+ H2O + H+  eq. 2.3 

There are several studies that have demonstrated the efficient heavy metal 

removal by the hZVI system. In 2003, Huang et al. conducted a pilot scale 

demonstration for treating flue gas desulfurization wastewater. In this study, spiked 

heavy metals (Hg, Se, As, Cd, Cr, Cu and Pb) were reduced from 1 mg/L to near or 

below 1 μg/L level at a neutral pH by using a multi-structured treatment process. 

Generally, 99.99% of Hg was removed at all reactors stages. However, the reactor with 

well crystallized magnetite performed better for selenium removal than the other reactors 

with altered iron oxide forms such as ferric (oxyhydr)oxides. In 2016, Tang et al. (2016) 

used a commercial magnetite to from an hZVI system. During the preconditioning, ZVI 

surface was covered with the magnetite. In this study, selenate was removed 0.253 mM 
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within 1.5 h as the dissolved Fe2+ decreased. Once dissolved Fe2+ was exhausted, the 

removal efficiency was decreased by 20%, but externally supplied aqueous Fe2+ allows 

rejuvenation of the reactivity of an hZVI system to similar levels reported by Huang and 

Zhang (2005). On the other hand, due to the ammonium from the preparation and 

relatively slow process, a more cost effective method is needed. 
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CHAPTER III 

MATERIALS AND METHODS 

3.1 Chemicals 

Dissolved Fe2+ stock solution (0.05 M) was prepared using FeCl24H2O (≥99%, 

J.T. Baker), which was augmented with 0.001 M HCl in order to hinder the oxidation of 

Fe2+ in the solution. Sb(V) stock solution (1000 mg/L) was prepared using KSb(OH)6 

(≥99%, Honeywell). NaOH stock solution (0.05 M) was prepared using NaOH pellets 

(≥98%, VWR international). To dissolve the reagents, deoxygenated deionized (DDI) 

water with a resistivity of >15 MΩ (E-pure D4641, USA) was used. Dissolved oxygen 

(DO) in Deionized (DI) water was eliminated by bubbling nitrogen gas at a flow rate of 

~10 L/min for 40 mins in a 4 L container. All solutions were prepared in an anaerobic 

chamber containing approximately 95% N2/ 5% H2 with a palladium catalytic oxygen 

gas removal system (Coy Laboratory, USA). HCl (6N, J.T. Baker) was used to adjust pH 

of the reagent solution. ZVI (iron power 100-mesh ≥98%, Macron Fine Chemicals) was 

applied for all tests.  

3.2. Analytical Methods 

3.2.1 Wet chemistry 

Water quality analyses: pH, Fe2+, Fe3+, total Fe, Sb(III), Sb(V) pH measurements 

were conducted using Orion 5 Star pH meter (Thermo Fisher Scientific, Singapore). 

Dissolved Fe2+ and total Fe were measured colorimetrically by a UV-VIS spectrometer 

(T80, PG Instruments) using the 1,10-phenanthroline method, which reported a 

minimum detection limit of 0.1 mg/L. For total Fe analysis, the sample was pretreated 
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with Hydroxylamine hydrochloride to reduce Fe3+ to Fe2+ as the first step before 

analysis. Dissolved Fe3+ was determined by subtracting dissolved Fe2+ from total Fe 

concentration. Sb was analyzed using ICP-MS (Agilent 7700). 

 

3.2.2 Material characterization: ratio of Fe(III)/Fe(II) in FeOx, XRD 

To determine the crystal structure of generated iron oxide, the solids retained on 

the filter paper was rinsed with DDI, and the solids together with the membrane were 

stored in the anaerobic chamber and kept dry until the XRD analysis was conducted. The 

X-ray power diffraction were conducted by using XRD (Bruker D8 powder X-ray 

diffractometer) equipped with a monochromatized Cu K𝛼 radiation. 

 

3.3 Preparation of the Activated Iron Media  

One task of this study is to develop a novel method to prepare the activated iron 

media. The effort consists of three phase. In the first phase, we use serum vial as the 

reactor to synthesis iron oxide(s) in batch mode through controlled oxidation of ferrous 

hydroxide by O2. In the second phase, also with serum vial, ZVI was added to the 

mixture and evaluate if ZVI/Fe(OH)2 system could be converted into an activated iron 

media system with O2 aeration under controlled conditions. In the third phase, a 200 L 

reactor tank was employed to demonstrate that the recipe and knowhow developed from 

the serum vial batch test could be employed to create the activated iron in large scale.   
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3.3.1 Formation of FeOx through oxidation of Fe2+ by O2  

As the first step to develop the AIM (ZVI/Fe3O4), we use serum vial as batch 

reactor to evaluate FeOx formed from the oxidation of Fe(OH)2 by O2. For this test, 70 

mL serum bottles were used as reactors. The reactants were prepared in an anaerobic 

chamber as shown in Figure 3.1. In the reactor, 0.6 mL of Fe2+ stock solution (0.05 M), 

1.28 mL of NaOH (0.05 M) and 38.12 mL of DDI water were filled to make a total 

reactant mixture of 40 mL. The mixture initially contained 0.75 mM Fe2+ and 1.6 mM 

NaOH. Fe2+ would react with NaOH to from Fe(OH)2 precipitate immediately after 

mixing. With NaOH slightly overdosed, the initial pH was in the alkaline condition. The 

reactors were sealed immediately with a rubber stopper. 

 
Fig. 3.1 Photograph of the anaerobic chamber used in this study 

 

With 40 mL reactant solution in 70 mL serum bottle, the reactor had 30 mL of 

headspace that was made up of 95% N2 and 5% H2 from the anaerobic chamber. To 

equilibrate the headspace pressure with the atmosphere, two needles were poked through 
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the rubber stopper. A specific amount of volume of gas (0 mL, 0.278 mL, 0.555 mL, 

1.21 mL, and 2.42 mL) from the headspace was extracted by first syringe and replaced 

with air by the second syringe, so that different amount of O2 was spiked in the 

headspace. The introduced air from the second syringe was the only O2source for this 

test. After the reactors were sealed with an aluminum crimp on the rubber stopper, the 

reactors were completely mixed for 20 hours in a rotating tumbler at 30 rpm in the dark 

at room temperature. 

After mixing for 20 hours, the reactors were returned to the anaerobic chamber. 

15 mL liquid mixture (with iron oxide suspension) was withdrawn from each reactor 

with a syringe. The extracted solution was separated into a 5 mL and a 10 mL sample. 

To quantify Fe(III)/Fe(II) in the formed FeOx precipitate, 5 mL of 6N HCl was added 

into the 5 mL suspension sample. After the solids were dissolved completely, the 

solution was diluted 5-10 times with DDI and analyzed for dissolved Fe2+ and Fe3+ to 

determine the ratio of Fe(III)/Fe(II) in the formed FeOx. To verify the Fe(II)/Fe(III) 

molar ratio of synthesized magnetite, commercial magnetite (Alpha chemicals, USA) 

sample with a known ratio of Fe(II)/Fe(III)=1:2 was used to conduct a quality control 

test with the same procedure. 

The 10 mL suspension sample was filtrated through 0.45 μm membrane disc 

filter (Pall Gelman). The filtrate was analyzed for dissolved Fe2+ and Fe3+. pH was 

measured immediately. 

To determine the mass of precipitated solids, parallel experiments were 

repeated. The reactors which was introduced 0.555 mL of air at the headspace were 
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transferred into the anaerobic chamber from the rotating tumbler after 20 hours. In the 

anaerobic chamber, precipitated solids were rinsed with DDI twice. A strong magnet 

was placed at the bottom of the reactors to hold the produced suspended solids. After the 

reactor was removed from the anaerobic chamber, the solution was filtered with a 0.45 

μm membrane filter to separate the suspended solids from the solution. The mass of 

suspended solid was calculated by subtracting the mass of the membrane filter from the 

total mass. 

To determine the crystal structure of generated iron oxide, the solids retained on 

the filter paper was rinsed with DDI, and the solids together with the membrane were 

stored in the anaerobic chamber and kept dry until the XRD analysis was conducted. 

3.3.2 Preparation of the Activated Iron Media in serum bottle 

Preparation of the Activated Iron Media using O2 as the oxidant was also first 

evaluated using 70 mL serum bottles through batch tests. 10 mg of 100-mesh ZVI 

powder (Macron Fine Chemicals) was added into the serum bottles, followed by adding 

designed amounts of Fe2+ and NaOH stock solution as well as DDI water to make 40 mL 

reactant mixture with 0.75 mM Fe2+ and 1.6 mM NaOH. No additional pH adjustment 

was conducted. The reactors were sealed tightly with rubber stoppers. A certain volume 

(0 mL, 0.278 mL, 0.555 mL, 1.21 mL, and 2.42 mL) of air was injected into the 

headspace by a needle through the rubber stopper. The same volume of gas was 

withdrawn before the injection of air to equilibrate the atmospheric pressure. On the 

rubber stopper, an aluminum crimp was used to seal the reactors tightly. Then, the 
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reactors were placed in a rotating tumbler and completely mixed for 20 hours at 30 rpm 

at room temperature. 

After the 20 h mixing, the reactors were withdrew from the tumbler and placed 

in the ultrasonic cleaner (1.9 L, 150W, VWR Scientific) for the sonication. All the 

reactors were placed at the center of the ultrasonic cleaner to assure the same sonication 

condition. The iron corrosion product in form of an iron oxide coating on ZVI grain 

surface was started to be stripped off from the surface of ZVI by sonication. After 

sonicating for 0.5 min, all the reactors were transferred to the anaerobic chamber. 

Afterwards, the ZVI powder (100-mesh) was allowed to settle down in the reactors. 10 

mL liquid mixture with suspended precipitate was withdrawn from the reactors with a 

syringe. 

The withdrawn solution was separated into two 5 mL samples to measure the pH 

and ratio of Fe(II)/Fe(III). Each 5mL solutions were placed in a 10 mL serum vials. To 

dissolve the suspended solids, 5 mL 6N HCl was injected in a 10 mL serum vial in order 

to determine the total iron. To analyze the molar ratio Fe(II)/Fe(III), the solution was 

diluted 5-10 times with DDI after the iron oxides were completely dissolved. 

3.3.3 Pilot scale production of the activated iron media 

To demonstrate the feasibility of the new media preparation method, 200L reactor 

was used as a scaled up test. The reactor was filled with 200 L tap water; 2.88 kg 

FeSO4.7H2O salt was added into the reactor. The mixer was turned on to dissolve FeSO4 

salt. 0.822 kg of NaOH was then added into the reactor, which dissolved quickly and 

reacted with Fe2+ to form Fe(OH)2 precipitate. NaOH was slightly overdosed, which was 
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to ensure the reactant mixture has an initial alkaline condition with a pH of about 11. 2 

kg of ZVI (5 um size) was then added. The aeration pump was then turned on and the 

flow rate was regulated through a needle valve to provide a designed air flow rate of 11 

L/min. 

3.4 Antimony removal tests 

The antimony removal test was conducted in 10 mL vials with 10 g/L, 20 g/L, 

30 g/L, 40 g/L, and 50 g/L of produced AIM from Preparation of the Activated Iron 

Media in 70 mL bottle. All the reactors were transferred into the anaerobic chamber. In 

the anaerobic chamber, a strong magnet was placed at the bottom of the reactors to hold 

the produced suspension. The suspended solids were rinsed with the DDI water twice 

and 50 mg/L of Sb(V) stock solution was injected into the reactors. All the reactors were 

sealed immediately with a rubber stopper and an aluminum crimp. Then, the reactors 

were transferred in a rotating tumbler for mixing at 30 rpm and room temperature. At the 

5 min, 15 min, 30 min, 1 h, 1.5 h, 2 h, 3 h, 4 h, 6 h, 9 h and 10 h, the reactors were 

withdrawn and 10 mL of solution was extracted by the syringe. Immediately, the pH 

measurement was conducted by using the 5 mL solution. Another 5 mL solution was 

filtered with a 0.45 μm filter and placed in 10 mL serum vials to measure the aqueous 

Fe(II) and Sb(V). Sb(V) measurement was conducted by an Inductively Coupled Plasma 

Mass Spectrometry (ICP-MS, 7700, Agilent Technology, USA). The solution samples 

were diluted by 5–10 times with 2% of the HNO3 solution if dilution is needed. 

3.4.1 Control test 

To evaluate the ratio of AIM and Sb removal, five different level of AIM were 
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introduced with 50 mg/L of Sb(V). AIM only or AIM/Fe(II) system were tested for the 

Sb removal. The tests were conducted at room temperature. Samples were extracted 

from reactors at 5 min, 15 min, 30 min, 1 h, 1.5 h, 2 h, 3 h, 4 h, 6 h, 9 h and 10 h. The 

pH and Sb(V) in supernatant were measured immediately same as above. 

3.4.2 Aerobic and Anaerobic condition tests 

To evaluate the benefit of O2 and Fe(II) on Sb removal, four different systems are 

applied. The concentration of Sb(V) was 50 mg/L and the AIM was 10 mg/L for all 

Group. Group 1 was applied AIM without additional Fe(II) solution and O2. Group 2 

was applied AIM with 0.5mM of Fe(II) stock solution. Group 3 was applied AIM with 

spiked O2 gas 1 mL/h. Group 4 was applied AIM with both of 0.5mM of Fe(II) stock 

solution and 1 mL/h of pure O2 gas. The tests were conducted for specific time (5 min, 

15 min, 30 min, 1 h, 1.5 h, 2 h, 3 h, 4 h, 6 h, 8 h and 10 h) at 30 rpm dark rotating 

tumbler at room temperature. The pH and Sb(V) in supernatant were measured 

immediately same process as above. 

3.4.3 pH test 

The purpose of this test was to examine the dependence of antimony removal on 

different pH levels. In this study, the pH was controlled with the level of 3, 5, 7, 9, and 

11 respectively. The initial concentration of Sb(V) was 50 mg/L and the AIM was 10 

mg/L. The reactors were mixed for 4 hours in the rotating tumbler at room temperature 

and 30 rpm. The pH and Sb(V) in supernatant were measured immediately same 

methods as above. 
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3.4.4 Sequential dosing test 

Sequential dosing tests were conducted to elucidate the role of Fe(II) in the 

AIM/Fe(II) system. Multiple tests were conducted at the 70 mL serum reactors were 

with an initial 50 mg/L antimony(V), and ZVI or AIM were 50 mg/L. The reaction was 

conducted at 30 rpm dark rotating tumbler at room temperature. At designed time (15 

min, 30 min, 1 h, 1.5 h, 2 h, 3 h, and 4 h), 2 mL solution was extracted and by the 

syringe and filtered through 0.45 μm filter to monitor dissolved antimony(V) and 

ferrous. At designed time intervals, another dosage of 50 mg/L antimony and 0.3 mM, 

0.5 mM, and 0.8 mM of Fe(II) were added. The pH and Sb(V) in solution were 

measured immediately same as above. 

3.5 Statistical data analysis 

Data were subjected to two-way analysis of variance analysis (ANOVA) and 

one-way analysis of variance analysis (ANOVA). Experimental design was randomized 

with two different factors (aqueous Fe2+, O2). Mean comparison was obtained by Tukey 

Kramar HSD (honestly significant difference) test. The removal efficiency data of Sb(V) 

were analyzed by JMP Pro 13 (SAS Institute Inc., NC). 
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CHAPTER IV 

RESULT AND DISCUSSION 

4.1. Preparation of the Activated Iron Media 

4.1.1 Effect of O2 dosage on the Fe(II)/Fe(III) ratio of FeOx 

The test was conducted to form magnetite from aqueous Fe2+ through an 

aeration process. Synthesis of FeOx was conducted with varying amount of O2 to 

evaluate the impact of O2 dosage on the formation and composition of FeOx. 

In this section, we aim to evaluate (1) if stoichiometric dosage of O2 would form a FeOx 

phases as magnetite; (2) how the aerated O2 could affect the crystal structure of FeOx. 

As described in Chapter 2, a series of batch tests were conducted with initial 

concentrations of 0.75 mM Fe2+ and 1.55 mM NaOH. Various amounts of O2 were 

introduced into the reactor headspace by the syringe to oxidize Fe(OH)2 to form FeOX. A 
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study by Kiyama (1974) reported that magnetite can be synthesized in a water through 

oxidation of Fe(OH)2. Equation 4.1 illustrates the stoichiometric amount of O2 to 

generate magnetite. 

3 Fe2+ + 6 OH- + 0.5 O2 = Fe(III)
2O3Fe(II)O + 3 H2O   Eq. 4.1 

For the amount of Fe2+ (0.75 mM in 0.04 L), it would consume 0.005 m mol O2, which 

could be provided by 0.56 mL air at 22 C and 1 atm. After 20 h reaction, iron oxide 

precipitate formed in the reactor were sampled and analyzed to determine the 

Fe(III)/Fe(II) ratio and crystal structure. 

Immediately after the addition of NaOH, Fe2+ would react with OH- to form 

Fe(OH)2, a white precipitate. Once O2 was introduced into the reactor headspace and 

mixed with the reactant, Fe(OH)2 precipitate would be quickly oxidized to become a 

greenish precipitate and then further evolve depending on O2 dosage. After 20 h 

reaction, the reactions were consider completed. FeOx in form of precipitate was 

observed in all reactors. At the end of reaction, the pH of the all reactor mixture was near 

9.3, a weak alkaline condition. In the tests with O2 dosage close to the stoichiometric 

amounts, FeOx was found to be in form of black precipitate in the tests with relative O2 

dosages of 1 and 2 in Figure 4.1 In the tests with relative O2 dosages of 0.5 and 4 (Figure 

4.1), FeOx was found to be in form of brownish precipitate. Magnetite was black while 

maghemite has a color of dark brownish. 

The results of the chemical analysis of Fe(III) : Fe(II) ratio of the precipitated 

FeOx are shown in Figure 4.1. As the O2 dosage increases, the ratio of Fe(III) : Fe(II) 

increased from 0.2 to 4.4. At Fe(III)/Fe(II)=4.4, the formula of FeOx could be 
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represented as Fe(III)4.4Fe(II)O7.6, which could be seen as a mixture of Fe3O4 and Fe2O3. 

In the test with a stoichiometric dosage of O2 (0.56 mL air), the ratio of Fe(III) : Fe(II) 

were close to 2, which conforms reaction Eq.4.1. The result suggests that the precipitated 

solid was Fe3O4 (magnetite). A study reported the Fe(III) : Fe(II) ratio of Fe3O4 

(magnetite) as 2 with inverse spinel structure (Dang et al., 2007). A key finding from 

these tests is that the composition of FeOx, more specifically, the Fe(III)/Fe(II) ratio, 

depends greatly on the dosage of O2. Equation 4.1 only represents a special case of the 

oxidation of Fe(OH)2 by O2. 

In order to verify the precipitated FeOx with the stoichiometric dosage of O2 as 

Fe3O4 (magnetite) the net mass was measured after the 20h reaction. The difference 

between measured mass of generated magnetite (21.6 mg) and the theoretical value 

(23.15 mg) was less than the 10%. The collected FeOx sample were analyzed using 

XRD. No other peaks were found from XRD spectrum (Fig. 4.2) except the peaks of 

magnetite (or maghemite). Magnetite and maghemite (-Fe2O3) share almost identical 

XRD pattern as the two have a very similar structure—an inverse spinel structure that 

the difference of the two spectra was not obvious in XRD spectrum. Even the dosage of 

O2 was increased twice, the XRD spectrum of precipitated FeOx showed no difference 

with the Figure 4.2. The result suggested that magnetite could be further oxidized over 

time toward becoming maghemite when O2 is in excess, but the overall crystalline 

structure would remain the same despite the increased fraction of Fe(III) to Fe(II). 

Oxidation of Fe2+ through aeration under alkaline condition could produce FeOx 

precipitate. The composition of FeOx depends on the dosage of O2. When a 
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stoichiometric dosage of O2 is supplied, magnetite with an ideal ratio of Fe(III)/Fe(II) =2 

could be produced. Additional O2 supply could further oxidize Fe3O4 towards Fe2O3. 

While the Fe(III)/Fe(II) ratio increased significantly with elevated dosage of O2, the 

basic crystal structure of FeOx will remain largely unchanged in form of an inverse 

spinel structure that is a characteristics of magnetite. 

The above test results suggested that aeration of Fe2+ under carefully controlled 

conditions such as appropriate pH, alkalinity, and intensity and duration of aeration, 

might be a viable method to synthesize desired FeOx product that is a key component of 

the active iron media system. 

Fig. 4.1. Ratio of Fe(III)/Fe(II) in the FeOx produced from the oxidation of Fe(OH)2 by O2 

as a function of O2 dosage. Initial concentration was same as 0.75 mM Fe2+ and 1.55 

mM NaOH. Dosage of O2 is expressed in a relative value to the stoichiometric one for 

magnetite formation under the test condition (0.005 m mol O2).  
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Fig. 4.2. The XRD spectra of the FeOx produced from the oxidation of Fe(OH)2 by O2 

under alkaline condition. The spectra match well with that of magnetite (or maghemite), 

indicating that despite significant Fe(III)/Fe(II) variation, the general structure of FeOx 

remains an inverse spinel structure that is a characteristic of magnetite.  

 

4.1.2 Formation of FeOx by O2 in the presence of ZVI 

The test was conducted to evaluate the general method of preparing the 

activated iron media through an aeration process. The above tests (see section 3.1.1) 

showed that oxidative precipitation of Fe(OH)2 through careful control of O2 dosage and 

application rate under alkaline condition could form a desirable FeOx phase with mixed 

Fe(III)/F(II) ratio and an inverse-spinel structure similar to that of Fe3O4 (magnetite). In 

this section, we aim to add ZVI into the process and evaluate (1) if aeration would form 

a desirable iron oxide coating on the surface of ZVI grain; (2) how the presence of ZVI 

could affect the dosage of O2 required for forming the desired FeOx.  
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As described in chapter 2, we conduct a series of batch tests that started with the 

same initial concentrations of 0.75 mM Fe2+ and 1.55 mM NaOH, but with the addition 

of 10 mg 100 mesh ZVI in the reactor. Similarly, the headspace was filled with varying 

amounts of O2 dosage in a series of parallel tests. After reaction completed, the resulting 

ZVI and iron oxides was sampled and analyzed to determine its compositional and 

structural characteristics.  

 The change of Fe(III) : Fe(II) ratio produced with the presence of 10 mg ZVI in 

the reactor is illustrated in Fig. 4.3. Similar to Fig.4.1, the relative dosage of O2 (0.005 m 

mol) for production of magnetite based on Eq. 4.1 was set as 1. In the test with the 

presence of ZVI, the ratio of Fe(III) : Fe(II) of FeOx formed upon reaction completed 

was lower than the ratio obtained under the comparable conditions without ZVI. When 

0.0056 m mol O2 was supplied, the ratio of Fe(III) : Fe(II) was 1.38. On the other hand, 

the stoichiometric ratio of magnetite was shown when 0.012 m mol O2 was provided. 

This result indicates that additional O2 is needed to maintain the stoichiometric ratio due 

to the oxidation of ZVI. In the reactor with 0.012 m mol O2, black magnetite coating was 

observed after 20 h. The result from XRD spectra of the peeled off layer is shown in Fig 

4.4.  

 

 



 

36 

 

 

 

 

 Fig. 4.3. Change of Fe(III)/Fe(II) ratio in the FeOx product formed through oxidation of 

Fe(OH)2 by O2 in the presence vs absence of ZVI as a function of O2 dosage. The initial 

concentrations were: 0.75 mM Fe2+, 1.55 mM NaOH and 10 mg 100 mesh ZVI. The 

stoichiometric dosage of O2 of 1.0 corresponds to 0.0056 m mol O2 supply.  

 

Figure 4.3 showed that with the presence of ZVI, the oxidative precipitation of 

Fe(OH)2 by O2 would result in a lower ratio of Fe(III)/Fe(II) in the FeOx product. Some 

of the O2 introduced into the reactive system could be consumed by ZVI, which could 

form an iron oxide coating on the ZVI grain surface. With less O2 available to oxidize 

Fe(OH)2, the end product of FeOx would contain less Fe(III) and thus the ratio of 

Fe(III)/Fe(II) would be lowered than the one without ZVI of the same O2 dosage. The 

implication here is that with the presence of ZVI, more O2 would be needed than the 

stoichiometric dosage in order to form a FeOx with target ratio of Fe(III)/Fe(II), e.g., 

formation of ideal magnetite crystalline with an ideal ratio of Fe(III)/Fe(II) =2. 

(1) FeOx still formed with the presence of ZVI in the Fe(OH)2/O2 system; The 

structure still possesses characteristic of magnetite; (2) Increased dosage of O2 still 
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increase the Fe(III)/Fe(II) ratio in the formed iron oxide crystalline. With the presence of 

ZVI, however, the same desired Fe(III)/Fe(II) ratio would require a high dosage of O2; 

(3) Some O2 appears to be consumed by ZVI corrosion process, which forms an iron 

oxide coating on the surface and contributes to the increased dosage of required O2. 

Overall, the test showed that O2 aeration could be a viable method to convert ZVI + Fe2+ 

system into an activated iron media system with a right recipe and under controlled 

chemical conditions. 

Fig. 4.4. The XRD spectra of the pilled off FeOx layer on the surface of ZVI. The 

spectra match well with that of magnetite (or maghemite), indicating that despite 

significant Fe(III)/Fe(II) variation, the general structure of FeOx remains an inverse spinel 

structure that is a characteristic of magnetite.  

The test results demonstrate that aeration of a mixture of Fe2+ and ZVI powder 

under the right conditions such as pH, alkalinity, aeration intensity, and duration could 

result in the formation of a discrete FeOx with desirable Fe(III)/Fe(II) ratio as well as 
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formation of an iron oxide coating on ZVI surface. It could be inferred that the iron 

oxide coating on the ZVI surface could share a similar structure and composition of 

Fe(III)/Fe(II) with that of the discrete FeOx formed from the oxidation of Fe(OH)2. 

4.1.3 Pilot scale production of the activated iron media using aeration method 

As a scaled up test to demonstrate feasibility of the new media preparation method, 

200 L reactor was used to prepare the activated iron media. The reactor was filled with 

200 L tap water; 2.88 kg FeSO4.7H2O salt was added into the reactor. The mixer was 

turned on to dissolve FeSO4 salt. 0.822 kg of NaOH was then added into the reactor, 

which dissolved quickly and reacted with Fe2+ to form Fe(OH)2 precipitate. NaOH was 

slightly overdosed, which was to ensure the reactant mixture has an initial alkaline 

condition with a pH of about 11. 2 kg of ZVI (5 um size) was then added. The aeration 

pump was then turned on and the flow rate was regulated through a needle valve to 

provide a designed air flow rate of 11 L/min. The mixture in the reactor would react 

quickly. The key reaction is the oxidation of Fe(OH)2 to become FeOx, which was 

accompanied with a color change from a slightly-oxidized, greenish Fe(OH)2 floc 

precipitate to become dark greenish and then black precipitate. In the meantime, pH also 

decreased from 11 to 9. After 5 hr aeration and reaction (Fig 4.5.), the Fe(OH)2 floc was 

transformed into magnetite-dominated FeOx crystalline that features strong magnetic 

property and settles fast . The ZVI grain surface was found to covered by a black 

coating, presumably a highly reactive magnetite-like iron oxide surface. 



39 

Fig. 4.5. Change of dissolved Fe2+ and pH over time during the pilot-scale preparation of 

the activated iron media in 200 L reactor tank. The recipe for preparation was: 822 g 

NaOH, 2 kg 5 µm ZVI, 2.88 kg FeSO4.5H2O, 11 L/min aeration (Data was provided by 

the courtesy of Dr. Lin XU) 
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4.2 Removal of Sb(V) by the Activated Iron Media 

4.2.1  Effect of AIM dosage on Sb(V) removal 

The tests were conducted to evaluate Sb(V) removal efficiency as a function of 

the dosage of the activated iron media and the contact time .  

As described in Chapter 2, we conduct a series of batch tests that started with the 

same initial Sb(V) concentration of 50 mg/L, but with varying dosage of AIM. The 

dosage of the Activated Iron Media was increased from 10 g/L to 50 g/L. After selected 

time intervals, the reactant mixture were sampled and filtered. The filtrate was analyzed 

for dissolved Sb(V) to construct a time course for the removal of Sb(V) with different 

dosages of ZVI.      

The results of Sb(V) removal with the different activated iron media dosages are 

shown in Fig. 4.6. The results showed that Sb(V) removal has three stages. In the first 

stage, rapid Sb(V) removal was observed from 5 min to 30 min. From 30 min to 4 h, the 

removal efficiency increased much more slowly, which constitutes the second stage. 

After 4 h, Sb(V) removal efficiency was mostly stagnant or increased only slightly.  

An equilibrium of Sb(V) removal was observed at 4 h in this study. Even though 

small difference was founded after 4 h, it can be acceptable as experimental error. At the 

equilibrium, the Sb(V) removal efficiency of 10 g/L of AIM was 52%. The removal 

efficiency of equilibrium was increased by 66%, 85%, and 99% when the AIM dosage 

increased to 20 g/L, 30 g/L, and 40 g/L respectively. However, a negligible enhancement 

was observed when the AIM dosage increased more than 40 g/L.  



 

41 

 

 

 

(1) Sb(V) removal process under anaerobic condition can be associated with 

surface adsorption due to insignificant enhancement after saturation at a certain time. (2) 

Initial rapid Sb(V) removal can be related to the available adsorption sites and 

chemisorption in the initial phase.  

 

 

Fig. 4.6. Effect of the activated iron media dosages (10-50 g/L) on Sb(V) removal in 

anaerobic condition. Initial Sb(V) concentration was 50 mg/L. Reactors were mixed for 

10 h at 30 rpm and room temperature. Error bars represent standard deviation (n=3). 
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4.2.2 Effect of dissolved Fe2+ on Sb(V) removal by AIM  

The test was conducted to evaluate the effect of aqueous Fe2+ on Sb(V) removal 

by the activated iron media. The above test (section 3.2.1) illustrated that Sb(V) removal 

through varying dosages of AIM. In this section, we introduce aqueous Fe2+ in the 

activated iron media system for treating Sb(V) and evaluate how aqueous Fe2+ would 

affect Sb(V) removal by the AIM over time. 

 As described in Chapter 2, we conduct a series of batch tests that started with the 

same initial Sb(V) concentration of 50 mg /L and the AIM dosage of 10-50 g/L, but with 

externally supplied aqueous Fe2+ of 0.5 mM. At selected reaction time intervals, the 

reactant mixture were sample and filtered. The filtrate were analyzed for dissolved Fe2+, 

pH and Sb(V) to evaluate the removal efficiency.     

 Externally added Fe2+ was known to play a key role in overcoming surface 

passivation of ZVI and maintaining its high reactivity for contaminant removal such as 

nitrate removal (Huang et al 2003) and selenate removal (Tang et al. 2016). In fact, 

dissolved Fe2+ (and its surface adsorption form) is considered to be an essential 

component of the activated iron media.  

As shown in Fig. 4.7., Sb(V) removal efficiency increased greatly in the 

AIM/Fe2+system. In the absence of aqueous Fe2+, Sb(V) removal in AIM (10 g/L) 

system, could not achieve ~65% even at 10 h. When 0.5 mM Fe2+ was provided, removal 

efficiency was substantially enhanced, and it reached 65% in 30 min only. At the 

equilibrium, the Sb(V) removal efficiency of 10 g/L of AIM/Fe2+system was 79%. As 

the dosage of AIM increased, the removal efficiency was promoted; at the media dosage 
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of 30 g/L, virtually a complete removal of Sb(V) was achieved by 30 min (Fig.4.7). In 

contrast, only 68% removal was achieved in the comparable test without adding Fe2+ 

(Fig. 4.6).     

 (1) The aqueous Fe2+ played an important role in Sb(V) removal by the activated 

iron media system. (2) Adsorbed aqueous Fe2+ might facilitate the adsorption and 

removal of Sb(V) by the activated iron media through the formation of reactive sites on 

FeOx coating on ZVI. The dosage of Fe2+ on the system performance was not evaluated 

and the fate of the added Fe2+ was not monitored. Therefore, the tests here alone was not 

sufficient to decode the role of the added Fe2+. 

 

 

 

Fig. 4.7. Sb(V) removal in the activated iron system augmented with externally added 

0.5 mM Fe2+. The initial conditions were: 10-50 g/L media + 50 mg/L Sb(V) + 0.5 mM 

Fe2+. Error bars represent standard deviation (n=3).  
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4.2.3 Enhanced Sb(V) Removal by AIM with O2 supply 

The tests were conducted to evaluate how the presence of O2 would affect Sb(V) 

removal by the activated iron media with or without externally added Fe2+. The above 

test (Section 3.2.2) demonstrated that Sb(V) removal by the AIM system could be 

promoted by externally added Fe2+. Our goal in this section is to evaluate if aeration 

would be synergic for the Sb(V) removal.  

According to the Chapter 2, a series of batch tests was conducted in serum bottle 

with the identical initial concentrations as 50 mg /L of Sb(V) and 10 g/L of AIM, but 

with or without externally added Fe2+ (0.5 mM) and O2 dosage (inject 1.0 mL air per 

hour to the reactor headspace). At the specific reaction time, the reactant mixture were 

sampled and filtered. The filtrate were analyzed for dissolved Fe2+, pH and Sb(V) to 

evaluate system performance. 

 The externally supplied O2 was reported to enhance the removal efficiency of 

contaminants, such as perchlorate, dyes, Cr(VI), enhanced as the increase of the 

concentration of O2 (Wang et al., 2010; Im et al., 2011; Yoon et al., 2011a). Guo et al. 

(2015, 2016) also reported that the presence of strong oxidants could facilitate the 

intense oxidation of the surface of the ZVI. Dissolved O2 was found to accelerate iron 

corrosion in the presence of dissolved Fe2+ (Huang and Zhang, 2005).  

 As shown in Fig. 4.8a, at the equilibrium, the Sb(V) removal efficiency for the 

AIM and the AIM/Fe2+ systems were enhanced significantly when O2 was supplied to 

the AIM treatment system. In 15 min, Sb(V) removal efficiency in the AIM/Fe2+ system 

was 63%. In contrast, Sb(V) was removed almost completely (99.9%) in the 
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AIM/Fe2+/O2 system within 15 min. After 30 min, the concentration of Sb(V) was below 

the EPA permissible Sb concentrations in drinking water as (6 μg/L). This result indicate 

that O2 can greatly enhance Sb(V) removal efficiency in the AIM system.  

 The measured pH is given in Fig. 4.8b. Rapid pH change was observed in 15 min 

coupled with the significant removal of Sb(V) in Fig. 4.8a. In the AIM and the AIM/O2 

system the pH increase was observed in 15 min, however, the pH decreased in a short 

amount time with the presence of aqueous Fe2+. After 15 min, all systems maintained the 

pH until 10 h.  
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Fig. 4.8. Time-course profiles of (a) Sb(V) removal efficiency and (b) pH change in the 

activated iron media treatment system with or without externally supplied Fe2+ and O2. 

The initial test concentration was identical as 50 mg/L of Sb(V) and 10 g/L of AIM. 0.5 

mM aqueous Fe2+ was externally supplied and O2 was spiked at 1 mL/h aeration. Error 

bars represent standard deviation (n=3). 
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 (1) The supplied O2 may promote formation of FeOx on the surface that can be 

additional available adsorption site for Sb(V). (2) The supplied aqueous Fe2+ would 

serve as a buffer in the AIM system. In 2016, similar results were reported during the 

selenate removal with the absence of aqueous Fe2+ (Tang et al., 2016). (3) Dissolved 

Sb(V) might be stabilized by incorporating into the formed FeOx layer on the surface. 

Overall, the test indicates that the optimum condition for Sb(V) removal is AIM/Fe2+/O2 

and AIM system could be a desirable method to remove Sb(V) in aerobic condition with 

neutral pH level.  

4.2.4 Statistical analysis for enhanced Sb(V) removal 

The analysis was conducted to evaluate the difference between the four different 

conditions at equilibrium. In order to verify the result from section 3.23, one way 

analysis of variance analysis was conducted with 95% of confidence interval. The 

probability value(α) was less than 0.05. Thus, the null hypothesis could be rejected so 

that the difference between four levels could be an alternative hypothesis. Threshold in 

table 4.1 indicates lower value at the 95% of confidence interval. In this table, the 

significance level is more than 0.05 in between all group. Although mean value of each 

condition has significant difference, the difference between AIM and AIM with O2 was 

minimum and the difference between AIM and AIM with aqueous Fe2+ and O2 was 

maximum which agrees with the result in Figure 4.8a. Based on the Tukey-Kramer HSD 

Test, the connecting letters report is shown in Figure 4.9. The test in each condition were 

triplicated.  
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 w/ Fe2+, O2 w/ Fe2+ w/ O2 w/o Fe2+, O2 

w/ Fe2+, O2 -0.02958 0.17719 0.35049 0.43376 

w/ Fe2+ 0.17719 -0.02958 0.14372 0.22699 

w/ O2 0.35049 0.14372 -0.02958 0.05369 

w/o Fe2+, O2 0.43376 0.22699 0.05369 -0.02958 

Table 4.1. Tukey-Kramer HSD Threshold Matrix for enhanced Sb(V) removal. 

Confidence interval was 95%. Positive values show pairs of means that are significantly 

different. 

 

 

 

 

Fig. 4.9. Sb(V) removal efficiency of different systems at equilibrium. Error bar 

represent standard deviation (n=3). Connecting letters represent the relevance within 

each system. Different letters in this figure indicate significant statistical differences (P < 

0.05) according to the Tukey-Kramer HSD test.  
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4.3 Characterization of the kinetics of Sb(V) adsorption 

4.3.1 Pseudo reaction model for Sb(V) removal 

 Kinetics of Sb(V) adsorption was characterized by applying the pseudo reaction 

models (Lagergren, 1898; Ho an McKay, 1999). Equations below were employed in this 

study. 

ln[𝑞𝑒 − 𝑞𝑡] = ln[𝑞𝑒] − 𝑘1𝑡/2.303   eq. 4.2 

𝑡

𝑞𝑡
=

1

𝑘2(𝑞𝑒)2
+

𝑡

(𝑞𝑒)
         eq. 4.3 

In this equation, the qe is the theoretical adsorption capacity of the equilibrium. When 

time is t (min), qt is the amount of adsorbed Sb(V) on the surface of AIM and k1(/min), 

k2(mg/g min) is the equilibrium rate constants of 1st and 2nd reaction model respectively. 

 In table 4.2., all parameters of pseudo 1st and 2nd order reaction model are shown. 

As the higher correlation coefficient R2 indicates, all conditions were fitted better to the 

pseudo 2nd reaction model (Fig. 4.10). Similar results were reported on the Sb(V) 

adsorption reaction (Li et al., 2012; Liu et al., 2015; Wang et al., 2012). The theoretical 

adsorption capacity qe was similar with the experimental value also indicate the 

suitability of pseudo 2nd order reaction model. The highest theoretical adsorption 

capacity (qe = 5.09) was observed under the condition of O2 and Fe2+. Other qe values 

from AIM, AIM/O2, and AIM/Fe2+were 2.73 mg/g, 3.27 mg/g, and 3.74 mg/g 

respectively. The qe value from the adsorption conditions with the existence of O2 was 

higher than the adsorption conditions without O2. A similar role of O2 was observed 

during adsorption of arsenate (Yang et al., 2017). During the selenate removal test in 

2016, the rate constant also dramatically increased when the Fe2+was introduced (Tang 
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et al., 2016). This result demonstrated Fe2+can enhance the adsorption of Sb(V) under 

oxic condition. 

 

Table 4.2. Parameters of Pseudo 1st and 2nd order reaction for Sb(V) adsorption, at room 

temperature under four conditions reaction. Initial conditon: 50 mg/L of Sb(V), 10 g/L 

AIM, O2 (1 mL/h aeration), 0.5 mM aqueous Fe2+. 

Condition qe (mg/g) Pseudo 1st order 

  qe (mg/g) k1 R2 

w/o Fe2+, O2 2.68 0.2 0.0139 0.884 

w/ Fe2+ 3.77 0.158 0.0364 0.948 

w/ O2 3.11 0.12 0.0181 0.850 

w/ Fe2+, O2 5.00 0.004 0.11 0.421 

Condition qe (mg/g) Pseudo 2nd order 

  qe (mg/g) k2 R2 

w/o Fe2+, O2 2.68 2.73 0.303 0.990 

w/ Fe2+ 3.77 3.74 0.161 0.997 

w/ O2 3.11 3.27 0.211 0.995 

w/ Fe2+, O2 5.00 5.09 0.087 0.999 
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Fig. 4.10. Pseudo 2nd order reaction model. Initial conditon: 50 mg/L of Sb(V), 10 g/L 

AIM, O2 (1 mL/h aeration), 0.5 mM aqueous Fe2+. 

 

4.3.2 Langmuir and Freundlich isotherms 

Two isotherm (Langmuir, Freundlich) models were applied to fit the data in this 

study (Fig. 4.11, Fig.4.12). The initial concentration of Sb(V) ranged from 50 to 200 

mg/L at pH 7.5 and at 298 K. These two simple models are commonly used to 

characterize the adsorption of liquid phase components on to the solid adsorbent (Xi et 

al., 2010). When the surface of the adsorbent is a monolayer, Langmuir model will be 

applied. When the surface of the adsorbent is heterogeneous, Freundlich model will be 

applied (Yoon et al., 2016). Freundlich isotherm model is shown below equation 4.4.  

𝑞𝑒 = 𝐾𝐶𝑒
1/𝑛              eq. 4.4 

In eq. 4.4, when 𝐶𝑒 (mg/L) is the concentration of adsorbate at equilibrium, 𝑞𝑒 (mg/g) is 

the amount of adsorbed Sb on the adsorbent. The Freundlich constant for adsorption 
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capacity is K and the adsorption intensity is 1/n. The Landmuir isotherm model is 

expressed in eq. 4.5.   

𝑞𝑒 =
𝑞0𝑏𝐶𝑒

1 + 𝑏𝐶𝑒0

              eq. 4.5 

In equation 4.5, 𝐶𝑒 and 𝑞𝑒  are same as the previous definition, and 𝑏 is a constant for 

finding strength and 𝑞0 (mg/g) is the maximum adsorption capacity. These equations can 

be linearized to generate the parameter from the empirical data. 

𝐶𝑒

𝑞𝑒
=

1

𝑞0𝑏
+

𝐶𝑒

𝑞0
             eq. 4.6 

ln 𝑞𝑒 = ln 𝐾 + 1/𝑛 ∙ ln 𝐶𝑒    eq.4.7 

Data from Sb(V) adsorption test are shown in Table 4.3. In anaerobic conditions, both of 

Langmuir and Freundlich model fit well (R2 = 0.99). Similar trends were observed in 

previous studies (Wang et al., 2012; Xi et al., 2010). On the other hand, when O2 was 

introduced, the adsorption model tends to perform slightly less then anaerobic conditions 

in Freundlich model. Similar trends were also observed from Langmuir model, which 

demonstrated that other reaction might occur in AIM/O2, AIM/Fe2+/O2 system.  

In the AIM/Fe2+/O2 system, the higher R2 value of Freundlich model suggests 

that Sb was adsorbed with forming a heterogeneous layer on the surface. It indicates that 

the physical and chemical adsorption was occurred simultaneously. On the other hand, 

during the arsenate adsorption, both anaerobic and oxic condition formed the monolayer 

(Yang et al., 2017). This result suggests that the adsorption behavior of Sb(V) is 

different from As(V) on the adsorption under oxic condition. In Freundlich model, the 

adsorption capacity, K value, was significantly higher at the AIM/Fe2+/O2 system. 
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Condition T(°C) Freundlich constant  Langmuir constants 

  

n K(L/g) R2 

 

q0(mg/g) b(L/mg) R2 

Fe2+ 25 1.16 0.439 0.992 

 

63.29 0.0051 0.997 

O2 25 1.24 0.297 0.979 

 

36.90 0.0048 0.992 

w/o Fe2+, O2 25 1.36 0.249 0.999 

 

14.22 0.0091 0.994 

w/ Fe2+, O2 25 7.15 12.182 0.919 

 

10.62 235.5 0.85 

 

Table 4.3. Parameters of Freundlich and Langmuir model for adsorption of Sb (V) by 

different conditions. Initial conditon: 50 mg/L of Sb(V), 10 g/L AIM, O2 (1 mL/h 

aeration), 0.5 mM aqueous Fe2+. Reaction time was 4 h. 
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Fig. 4.11. Freundlich isotherm for Sb(V) adsorption on different conditions. Initial 

conditon: 50 mg/L of Sb(V), 10 g/L AIM, O2 (1 mL/h aeration), 0.5 mM aqueous Fe2+. 

Reaction time was 4 h. 
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Fig. 4.12. Langmuir isotherm for Sb(V) adsorption on different conditions. Initial 

conditon: 50 mg/L of Sb(V), 10 g/L AIM, O2 (1 mL/h aeration), 0.5 mM aqueous Fe2+. 

Reaction time was 4 h. 
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4.4 pH effects on Sb(V) removal 

The test was conducted to examine the effects of pH levels on Sb(V) removal by 

AIM. The above test (section 3.2.3) illustrated that enhancement of Sb(V) removal 

through supplying the aqueous Fe2+ and O2. In this section, we aim to adjust the initial 

pH level and evaluate (1) the effect of initial pH level on Sb(V) removal with two 

different conditions. 

As described in chapter 2, we conduct two series of batch tests started with initial 

concentration as Sb(V) 50 mg /L and AIM 10 g/L; (2) Sb(V) 50 mg /L , AIM 10 g/L, 0.5 

mM aqueous Fe2+ and O2 aeration 1mL/h. The pH was controlled with the level of 3, 5, 

7, 9, and 11 respectively. The reactors were mixed for 4 hours in the rotating tumbler at 

room temperature and 30 rpm. After the reaction, dissolved Fe2+ and Sb(V) in 

supernatant were sampled and analyzed.  

Sb(V) removal could be promoted at low pH level by the promotion of iron 

corrosion and the dissolution of FeOx layer which may detrimental of the reacitivy of 

ZVI (Bae and Lee, 2014; Dong et al., 2010). Another study for Sb(V) removal by using 

Fe3O4 observed that the pH level 3-4 was the optimum (Wang et al., 2012; Verbinnen et 

al., 2013). Similar results were found with other iron-based adsorbents, such as ZVI and 

hydrous ferric oxide (Guo et al., 2014; Zhang et al., 2007). On the other hand, in the high 

pH range, ZVI could be passivate, lose the reactivity, due to the FeOx layer buildup on 

the surface of ZVI (Noubactep, 2008). 

Sb(V) removal at different pH level is illustrated in Fig. 4.13. As the results 

describe, in the AIM/Fe2+/O2 system, substantial Sb(V) removal efficiency was observed 
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at all pH level. However, the optimum pH range for AIM system without Fe2+and O2 

was 3. Between the pH range 5 to 9, removal efficiency was decreased to 52% but 

decreased significantly as 18% at the pH increased 11.  

The concentration of the remaining aqueous Fe2+ is illustrated in Fig. 4.14. 

However, when the pH is higher than 3, negligible amount of aqueous Fe2+ was detected. 

At the pH 3, the aqueous Fe2+ was higher than externally supplied concentration (0.5 

mM). When the initial pH was higher than 3, the final pH was above 9.0 as the result of 

anaerobic ZVI oxidation. On the other hand, with a low level of pH 3, the final pH was 

increased to 5.71 coupling with released Fe2+. At the pH range 3-9, the AIM/Fe2+/O2 

system could keep the final pH stable near 6.5.  

 (1) The difference of Sb(V) adsorption can be associated with the ionic Sb(V) 

species at different pH level. At the pH range 5-10, Sb(V) can be stabilized as Sb(OH)6
- 

(Tella and Porokovski, 2012). On the other hand, because of the competitive adsorption 

between hydroxyl ions, the adsorption efficiency is likely decreased. (2) The adsorption 

is possibly associated with pH range at the point of zero charge. When the pH is lower 

than pH at the point of zero charge, the surface of adsorbents is positively charged. Thus, 

the adsorption can be promoted by the higher concentration of H+ ions. However, when 

the pH is higher than pH at the point of zero charge the surface of adsorbents is charged 

negatively. The increase of Sb(V) removal efficiency might be the same reason. (3) At 

pH level 3, the ZVI oxdation and dissolution of FeOx surface layer were promoted. 

Generally, in aerobic conditions, O2 serves as the fianl electron acceptor. On the other 
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hand, under the anaerobic condition, ZVI can be corrosive with H2O as an oxidant. The 

equation below describes the ZVI corrosion. 

Fe0 + 2H2O → Fe2+ + 2OH- + H2↑  eq 4.8 

On the other hand, with a low level of pH 3, hydrogen serves as an electron acceptor and 

ZVI can be oxidized (equation 4.9). 

Fe0 + 2H+ → Fe2+ + H2↑  eq 4.9 

(4) Morover, although the aqueous Fe2+ would serve as a buffer in the AIM system, the 

resulting pH still remains acidic condition. Thus, employment for wastewater treatment 

may not applicable in acidic condition.  

 

Fig. 4.13. pH effect on Sb(V) removal. Initial concentration was 50 mg/L of Sb(V) and 

10 mg/L of AIM. Reaction time was 4 h at 30 rpm and room temperature. Extenally 

additive was 0.5 mM Fe2+ and 1 mL/h aeration of O2. 
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Fig. 4.14. Concentration of dissolved Fe2+after Sb(V) removal. Initial concentration was 

50 mg/L of Sb(V) and 10 mg/L of AIM. Reaction time was 4 h at 30 rpm, room 

temperature. 0.5 mM Fe2+ and 1 mL/h of O2 was externally supplied. 

 

4.5 Sequential dosing experiment 

The test was conducted to elucidate the role of Fe(II) in the AIM/Fe(II) system. 

The above test (section 3.2.2) demonstrated that the Sb(V) removal was promoted by 

externally added Fe2+ on AIM. In this section, our goal is to evaluate (1) if the supplied 

aqueous Fe2+ would enhance the ZVI and AIM system; (2) how the dosage of aqueous 

Fe2+ would affect the Sb(V) removal efficiency. 
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specific dosage of aqueous Fe2+ were added. The pH and the dissolved Sb(V) in 

supernatant was sampled and analyzed to evaluate the removal efficiency. 

 The crucial role of externally supplied aqueous Fe2+ in anaerobic condition was 

reported in previous studies (Tamaura et al., 1983; Huang et al., 2006; Huang et al., 

2012). Due to the buildup of ferric (oxyhydro)oxides layers on the surface, ZVI could be 

passivated. The externally supplied aqueous Fe2+ could be adsorbed on the surface of 

ZVI. The ferric (oxyhydro)oxides layer could converted by adsorbed Fe2+ to magnetite. 

A previous study demonstrated the magnetite could be oxidized to 𝑟-Fe2O3, but 

externally supplied aqueous Fe2+ converted 𝑟-Fe2O3 to magnetite (Huang and Zhang, 

2005). 

The results of Sb(V) removal from a sequential dosing experiment are shown in 

Fig.4.15a. As shown, Sb(V) removal was coupled with the consumption of dissolved 

Fe2+ (Fig. 4.15b). A first dosage of 50 mg/L Sb(V) was removed in 1.5 h in the AIM 

system. However, the removal efficiency of Sb(V) at ZVI system was less than 50% at 2 

h. When the externally supplied Fe2+ was present at the second dosage of 50 mg/L 

Sb(V), the removal efficiency was significantly increased. This result indicates that the 

aqueous Fe2+ plays an important role in Sb(V) removal, which was consistent with the 

role of aqueous Fe2+ in Fig. 4.8a. Similar result was reported at the selenate removal 

(Tang et al., 2016).  

In the absence of aqueous Fe2+, Sb(V) concentration in the AIM/Fe2+ system 

decreased below μg/L level after 1h. When 0.3 mM Fe2+ was supplied, negligible 

enhancement was observed. On the other hand, when Fe2+ dosage was increased to 0.5 
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mM, the Sb(V) removal rate was improved signinficantly, and it only took 30 m to 

remove dissolved Sb(V) to μg/L levels. A further dosage of externally supplied Fe2+ 

increased to 0.8 mM, but the enhancement of Sb(V) removal was negligible. Some 

residual Fe2+ was detected in the ZVI/Fe2+ and the AIM/Fe2+ systems when Fe2+ dosage 

was increased to 0.5 mM. Once the significant initial removal occurred in 15 m, further 

consumption of dissolved Fe2+ was not substaintial until the 3rd dosage. The removal 

efficiency of Sb(V) from the 3rd dosage increased as the aqueous Fe2+ was consumed.  

 (1) The surface coated FeOx layer play a crucial role of promoting Sb(V) 

removal efficiency. Similar roles of magetite was observed during nitrate reduction, 

molybate removal and selenate removal (Huang et al., 2012; Xu et al., 2012; Tang et al., 

2016). (2) The externally supplied aqueous Fe2+ consumped rapidely coupled with Sb(V) 

removal. This aqueous Fe2+ may rejuvenate the reactivity of ZVI and form additional 

FeOx layers on the surface. (3) The Sb(V) removal in 3rd dosage was not rapid as 2nd 

dosage because of not enough time to form the FeOx layer on the surface. Overall test 

indicates the Sb(V) removal consume the externally added Fe2+ which contibute the 

formation of additional FeOx layer that promote Sb(V) removal. 
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Fig. 4.15. Profiles of (a) dissolved Sb(V) and (b) dissolved Fe2+in sequential dosing 

experiment. The concentration of Sb(V) at each dosage was 50 mg/L. Initial 

concentration of ZVI and AIM was 50 g/L. Reaction time was 4 h at 30 rpm and room 

temperature.  
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CHAPTER V 

SUMMARY 

The Activated Iron Media (AIM) system is a desirable technology to treat the 

heavy metal remediation from industrial wastewater. In this study, we investigate how 

externally supplied O2 from aeration would form a discrete FeOx coating on the surface 

of ZVI and evaluate the AIM reactivity and performance to remove Sb(V) in water. For 

this purpose, batch tests were conducted to form the FeOx layer on the surface of ZVI 

and perform the AIM system treatment. The results show that with a stoichiometric 

dosage of O2/Fe(II) at 1 : 6, magnetite (Fe3O4) was produced as precipitation of Fe(OH)2 

by O2, which was corroborated by a ratio of Fe(III)/Fe(II) at 2:1 as well as an inverse-

spinel structure identified by X-ray diffraction (XRD) spectroscopy. 

 However, with the presence of ZVI, the consumption externally supplied O2 

could be promoted, which resulted in a lower Fe(III) contribution in FeOx coating. The 

surface of the ZVI was corroded and formed FeOx layer similar to the precipitates from 

oxidation of Fe(OH)2. When the O2 dosage increased to double, the Fe(III)/Fe(II) ratio in 

the resulting FeOx was near 2.3 : 1, close to the desired ratio of magnetite. The result of 

scaled-up pilot test showed appropriate dosage and intensity of O2 aeration, the mixture 

of ZVI and Fe2+ with controlled alkalinity could be converted to form a mixture of 

highly reactive media with a magnetite-like FeOx in the form of a coating on ZVI or 

discrete crystalline. 

The result of the batch tests using the Activated Iron Media to treat Sb-

contaminated water revealed the three (initial rapid, secondary negligible enhanced and 
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stationary) phase. The initial phase revealed rapid removal within the first 15 min, 

followed by a slower phase before entering a stagnant phase, which could be better 

modelled as a chemisorption. Both externally supplied O2 and Fe2+ would somewhat 

help Sb(V) removal by the AIM, but with the co-presence of O2 and Fe2+, Sb(V) removal 

by the AIM could be greatly enhanced, in which a treatment of 50 mg/L with 10 g/L 

AIM could decrease Sb(V) to below 6 μg/L in 15 min. Even the Sb(V) removal 

efficiency was high at an acidic pH condition, and concentration of the aqueous Fe2+ was 

higher than the initial due to the iron corrosion. Sequential dosing test that such high 

removal of Sb(V) could be sustained in a continuous flow treatment system. For a 

remediation of Sb(V), AIM treatment should be operated with aeration and externally 

supplied aqueous Fe2+.  

 This study further elucidate the knowledge and methods to form AIM system and 

extend its potential application scope to cover wastewater with elevated Sb(V) 

concentration.  
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