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ABSTRACT 

 

Recent studies have shown that nanoscale zero-valent iron (nZVI) is very 

effective in the removal of highly toxic arsenic species such as As(III) and As(V) from 

both ground and surface water. Nonetheless, little is known about the sorption reaction 

mechanism of the As-treated nZVI particles. The present study carries out a more 

detailed analysis of these particular As sorption surface reactions. In our investigation we 

have used nZVI with a mean diameter of 60 nm, an average shell thickness in the range 

of 2.3-2.8 nm, and a surface area of 30 m
2
/g. High Resolution X-ray Photoelectron 

Spectroscopy (HR-XPS) using primarily As3d spectra has provided evidence of the 

presence of all major As species on nZVI: As(0), As(III), and As(V).  HR-XPS Fe2p and 

O1s spectra also confirmed the presence of an oxyhydroxide (FeOOH) layer on freshly 

synthesized nZVI, which forms an intrinsic shell around the reactive metallic iron 

nanoparticle core. We also analyzed the reactions between nZVI and As(III) 

demonstrating for the first time depth-dependent distributions of multiple arsenic valence 

states within the iron nanoparticles. The stratified concentration profiles of arsenic 

species in nZVI showed novel aspects of the reactions between As(III) and nZVI. The 

results offered clear evidence of As(III) redox reactions within the nanoparticles. The 

distinct layers where As(V) and As(0) reside implied that As(III) oxidation and reduction 

can occur at different physical fronts. We also concluded that the ability to infuse arsenic 

into the solid phase of the iron nanoparticles renders nZVI a more voluminous sink for 

arsenic compared to the commonly used iron oxides nanoparticles. Infiltration of arsenic 
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induced by reactions with nZVI may offer an engineering methodology to encapsulate 

arsenic for remediation and waste disposal applications.  
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CHAPTER I 

 

INTRODUCTION 

 

1.1 Background 

Arsenic is a well-known carcinogen and a very prevalent contaminant in 

groundwater around the world. It has been estimated that over 137 million people in more 

than 70 countries are affected by arsenic poisoning of drinking water [1]. Globally, some 

of the areas with the highest arsenic concentrations have been found in Chile, Argentina, 

Mexico, China, West Bengal (India), Bangladesh and Vietnam. In the case of 

Bangladesh, the arsenic contamination problem seems to be even more acute since a 

population estimated to be around 40 million people has access only to high risk or 

excessive arsenic-containing water [1]. 

The large amounts of arsenic in groundwater may come as a consequence of two 

important factors. The first is a change in the pH conditions (>8.5), generally as a result 

of mineral weathering. The change in pH causes desorption of arsenic species from 

mineral oxides (e.g., Fe oxides). The second factor is the development of strongly 

reducing conditions at near-neutral pH, leading to the reductive dissolution of Fe oxides, 

Fe(II) and Fe(III) in most of the areas containing groundwater, resulting in an abundance 

of arsenic species [1].  
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Arsenic also occurs naturally in waters adjacent to sedimentary rocks [2], mineral 

deposits (replacing aluminum in crystal lattices) [3,4], volcanic rocks [5], volcanic 

emissions (yearly output has been estimated at 3.1x10
10

 g/year) [6], and geothermal areas 

[7], and is produced by anthropogenic means such as irrigation practices [8], 

mining/industrial wastes [9,10], and accidental spills of herbicides and pesticides in the 

agricultural sector [11,12,13].  

Other significant natural sources of arsenic can be found in terrestrial air masses 

(0.46 µg/L) —from which As is globally distributed by rain— and unpolluted oceanic air 

masses (0.019 µg/L) [14].  

In the United States, groundwater supplies about one-third of the country’s 

drinking water. However, there are many areas in the southwestern states where 

groundwater contains arsenic concentrations above those specified by the World Health 

Organization (WHO) guidelines, and the U.S. Environmental Protection Agency (EPA) 

drinking water standard of 10 ppb. The U.S. EPA has also reported that in some remote 

areas in the state of Alaska, well water contains higher levels of arsenic due to 

geochemical enrichment of landfills [15,16,17].  

Based on recent spectroscopic and analytical techniques, arsenite (As(III)) has 

been suggested as the most prevalent species in groundwater samples. This raises both 

environmental and health concerns since As(III) is highly mobile and more toxic than the  

other arsenic species, i.e., arsenate (As(V)) and the metallic form (As(0)). Studies have 

shown that As(III) may be responsible for persistent neurological damages even if 

consumed in concentrations just above 0.1 mg/L [18]. Also, conservative estimates claim 

that As(III) is 25 to 60 times more toxic than As(V) [19]. The toxicity of arsenic 
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compounds depends on how fast the body can get rid of them. The residence time of 

arsenic compounds in the body usually follows this trend: arsine > As(III) > As(V) 

methylated arsenicals [20]. Some of the natural systems contributing to As(III) mobility 

in groundwater include reducing conditions in alluvial sediments where arsenic is 

predominantly sorbed by iron oxide. This kind of geochemical mechanism can increase 

the local concentration of As(III) up to a few hundred micrograms per liter. In addition, 

high levels of As(III) concentrations in both shallow aquifers and groundwater can be 

directly attributed to biological reaction mechanisms and arsenic sorption reaction 

kinetics [21].  

The most common arsenic species present in environmental samples, mainly in 

groundwater, are inorganic species such as arsenious acid (As(III)) and arsenic acid 

(As(V)) and the organic  species, monomethylarsonic acid (MMA) and dimethylarsinic 

acid (DMA) (see Figure 1.1). DMA is also predominant in marine waters [22]. Other 

arsenic species such as monomethyl-, dimethyl- and trimethyl arsine and trimethylarsine 

oxide have not yet been found in terrestrial waters [23].  

Figure 1.1 also shows the most common form of arsenic in groundwater: 

arsenious acid (neutral molecules H3AsO3 and HAsO2), at a constant pH of 8 (pKa of 

9.2).  

             In natural waters, the coexistence mechanism of both arsenic species and the rate 

of oxidation of As(III) to As(V) have been proposed but it is not yet well understood 

[24].  At neutral pH, the rate of oxidation of As(III) to As(V) is known to  be very slow. 

However, the rate of oxidation in strong alkaline conditions proceeds steadily during 

several days [25].  
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FIGURE 1.1 The concentration of inorganic (arsenious acid and arsenic acid) and organic 

arsenic species (MMA and DMA) occurring in natural waters plays an important role in 

the understanding of the mobility and toxicity of arsenic species in the ecological systems 

[adapted from ref. 26]. 
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1.1.1 The influence of redox kinetics on arsenic speciation 

The work done by Wersin, et al. [27] suggests that redox reactions act as a 

mechanism for controlling the chemical behavior of species such as arsenic. However, 

the presence of major elements like O, N, C, and Fe in natural waters control the redox 

potential, and as a consequence, the redox equilibrium is usually attained very slowly. It 

is generally believed that As(V) concentrations are greater than As(III) concentrations in 

oxidizing conditions, [28,29,30]. Oxidation of As(III) is a very slow reaction under 

aerobic conditions. For example, Johnson and Pilson [31] showed that the oxygenation of 

As(III) in seawater ranged from a couple of  months to a year. As a practical matter, Yan 

et al. [32] concluded that the As(V)/As(III) ratio could be used as a consistent redox 

indicator for groundwater systems.  

 

1.2 Adsorption reactions of arsenic species with Fe(0) 

 Adsorption reactions for As(III) may occur  by means of electrostatic interactions 

such as Coulombic attraction, ion exchange and induced polarization, covalent bonding, 

and Van der Waals forces [26]. 

The work done by Livesey and Huang [33] and Matisoff et al. [34] was seminal in 

measuring the adsorption isotherms of As compounds on oxide minerals. It is generally 

accepted that Fe compounds interact most strongly with As in natural systems such as 

sedimentary rocks. In this regard, Fe minerals goethite and hematite have been 

extensively used in water remediation [35]. 
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In order to reduce the health hazard derived from arsenic contamination in surface 

water and groundwater, a series of viable As-removing technologies have been 

implemented. Among these methods are the use of iron oxide materials, activated 

alumina, activated carbon, zeolites and nanoscale zero-valent iron (nZVI) to sequestrate 

arsenic from water. Recent studies suggest that nZVI ―a very reactive nanomaterial 

frequently applied in hazardous waste treatment― is highly effective for arsenic removal 

in water.  Moreover, nZVI is an affordable and environment-friendly reductant [36]. The 

small size of nZVI provides the advantage of a high surface-to-volume ratio, which 

allows mass transfer to and from the solid surface. The overall result is an increase of the 

reaction and sequestration capacity to remove contaminants over that of micron-sized or 

larger iron filings.  

 

1.3 Role of Fe(0) in the electrochemical reduction of As(III) and As(V)  

Figure 1.2 depicts a common example of a pe-pH (or Eh-pH) diagram, also 

knownas a Pourbaix diagram, showing the predominant species of arsenic as well as their 

possible electrochemical reactions in an arsenic-iron system. The solid lines represent the 

domain where arsenic species prevailed and the dashed lines refer to the domain of iron 

species. The area encompassed by the two dotted lines is the stable water region. At any 

given time, when the redox potential is sufficiently low (e.g., pe values below the lower 

dotted line), water can be reduced to hydrogen gas [37].  

From the pe-pH diagram in Figure 8 it can also be noticed that both forms of 

arsenic (III) and (V) exist under specific conditions. For example, As(III) in H3AsO3 is 

the predominant species at pe values between 0 and -6, and pH = 9. At a neutral pH and a 
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pe value between -6 and -17, As(0) is the most stable species. On the hand, under oxic 

conditions and pe values just above zero As(V) is more abundant [37].  

Among the iron species, Fe(0) is generally regarded as a strong electron donor 

that reaches stability around pe < -9. In aqueous solution, the outermost layer of Fe(0) 

nanoparticles tends to oxidize forming Fe(II) and hydrogen gas in anaerobic conditions. 

On the other hand, As(III) and As(V) are considered strong electron acceptors which can 

be reduced as seen on the pe-pH diagram (e.g., the As(V)―As(III) system has a higher 

pe boundary than the H2O―H2 system) . Furthermore, the reduction of As(III) and As(V) 

to As(0) by Fe(0) is thermodynamically favored. Some of the equilibration rates and 

redox reactions of the arsenic and iron species may be slow due to the high energies of 

activation involved [37]. 

 

1.4 Synthesis and use of iron nanoparticles for environmental remediation  

Zero valent iron (ZVI) particles and zero valent iron nanoparticles (nZVI) 

comprise some of the first attempts to effectively remove contaminants from surface and 

groundwater. In-situ remediation generally consisted of placing granular ZVI in 

permeable reactive barriers (PRB) systems [38−41]. Although in the long term the ZVI-

PRB system has proved to be effective, it still faces a few practical limitations. One of the 

limitations is that large amounts —often estimated in tons— of the ZVI powder was 

necessary in relatively small PRB structures. 

The small size of nZVI particles has made it easier for these nanoparticles to be 

injected by gravity flow or under pressure in-situ to the contaminated area. Once in the 

underground zone and depending on the conditions, nZVI can flow or remain suspended 
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Figure 1.2 Depicting a pe–pH diagram for the As–Fe–H2O equilibrium and redox 

systems at 25 ºC [42].  
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for a substantial period of time expanding the range of interactions (e.g., adsorption) with 

the contaminants. Also ex-situ nZVI applications can be carried out.  

Fe(0) particles can be synthesized via two techniques, top-down and bottom-up. 

The first method involves mechanical milling or chemical etching of granular iron 

material to produce nanoparticles of iron. The second method involves the reduction of 

iron oxides (Fe(II) or Fe(III)) by means of sodium borohydride as depicted in  Equation 

1-1 [43]: 

 

                             4Fe
3+

 + 3BH
-
4 + 9H2O → 4Fe

0
↓ +3H2BO3

-
+ 12H

+
 + 6H2↑                        (1-1) 

 

 

By using two of the most common reagents and no especial equipment, the 

synthesis of nZVI becomes economical feasible. Since the reaction takes place in 

aqueous conditions the iron on the surface of the nanoparticle oxidizes to Fe(II), i.e., Fe
2+

 

[42]: 

 

                                             2Fe + O2 + 2H2O → 2Fe
2+

 + 4OH
−
                                          (1-2) 

 

                                      Fe + 2H2O → Fe
2+

 + H2 + 2OH
−          

                                       (1-3) 

 

                                     Fe
2+

 can be further oxidized to Fe
3+

: 

 

                                      4Fe
2+

 + 4H
+
 + O2 → 4Fe

3+
 + 2H2O                                         (1-4) 

 
 

In addition to the small size of the nanoparticles, the structure also play an 

important role in the effective removal of As. The nZVI morphology is generally 

regarded as a core-shell combination with a zero-valent iron core enclosed by an iron 
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oxide/hydroxide shell. It is generally accepted that the iron oxide shell of the nZVI 

material is highly reactive, particularly when exposed to both oxygen and water and may 

even oxidize in air.  

Also, Fe
3+ reacts with OH− or H2O and to yield an oxyhydroxide layer [42]: 

 

                                      Fe
3+

 + 3OH
−
 → Fe(OH)3                                                    (1-5) 

 

                                      Fe
3+

 + 2H2O → FeOOH + 3H
+
                                           (1-6) 

 

                                      Fe(OH)3 can also dehydrate to form FeOOH: 

 

                                      Fe(OH)3 + 3H
+
 → FeOOH + H2O                                      (1-7) 

 
 

These results constitute the foundation of a conceptual model of the nZVI nanoparticle 

structure and composition. 

 

1.5 Issues and challenges concerning the use of nZVI for environmental remediation 

Since 2001, considerable progress in research and development of nZVI for 

environmental remediation has been achieved. Field testing of nZVI for groundwater and 

soil remediation has demonstrated that these nanoparticles of iron can  accelerate the 

degradation of organic contaminants such as organochlorine pesticides, chlorinated 

organic solvents, and polychlorinated biphenyls (PCBs). The chemical degradation 

process of the halogenated hydrocarbons is sped up by the action of metallic iron as an 

effective electron donor [42]: 

 

                               Fe
0 

→ Fe
2+

 + 2e
−
                                                                 (1-8) 

  However, this new technology still faces some significant challenges.  
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1.5.1 Materials chemistry: economics  

The whole concept and modeling of nZVI technologies depends on scaling up the 

synthesis of nZVI material to sufficiently large quantities that allow production of nZVI 

to become economical feasible (e.g., $10-25/pound).  In 2010, the considerable use of 

nanomaterials to address water and air purification [43-46] had an annual market value of 

$2.4 billion [47]. Although the latter figure may look impressive, the marketability of 

nZVI currently represents only a fraction of the total investment in water remediation 

treatments and environmental technology programs. In addition, other processes 

involving quality control, particle size, mobility, surface charge and reactivity of nZVI 

materials should be optimized.  

 

1.5.2 Environmental concerns 

Although the effectiveness of nZVI in removing halogenated aromatic 

contaminants, pesticides, and dioxins., and also heavy metal and metalloid contaminants 

in groundwater has been well documented, more studies are needed that address the 

complex chemistry and reaction mechanisms. Details on competing contaminants, ionic 

strength, and pH at the Fe(0) nanoparticle-water interface must be properly considered 

[42].  

 

1.5.3 Geochemistry 

Geochemistry in the subsurface environment can affect nZVI performance. 

Additional studies are needed that encompass nZVI physical processes (e.g., sorption and 

desorption) with contaminants present in surfaces and groundwater, and account for the 

long term effects of porous media on the nZVI mobility in both soil and sediments [42]. 
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1.5.4 Environmental impact 

Impact studies have shown that iron is one the most used natural occurring 

elements, in fact only carbon, oxygen, hydrogen and calcium are consumed in larger 

quantities. Therefore, as more quantities of nanoparticles of iron are being used for the 

effective removal of contaminants in surface and groundwater, it should be a priority to 

demonstrate their positive effects on the environment. In addition, any potential toxic 

effect of the nZVI used in ecosystems around the world should not be overlooked [42].  

 

1.6 Equilibrium potential and pH effect of arsenic adsorption on nZVI 

Recent studies have shown that the two predominant mechanisms by which both 

As(III) and As(V) species are removed in the presence of iron filter materials is via the  

formation of  monodentate and bidentate complexes [48-50]. Also, the removal of arsenic 

directly depends on how much of the arsenic is transferred to adsorption sites, in other 

words, the process is driven by the ratio of the number of adsorbed species to the 

numbers of adsorption sites, thus becoming first order with respect to arsenic 

concentration [49, 51]. Meng et al., [52] suggested that the removal of As(III) species 

proceeds via a pseudo-first order reaction (d[As]/dt = -k[As]). For both species of arsenic, 

the binding strength to iron complexes depends on their concentration in solution and the 

solution pH. For instance, at a neutral and alkaline pH, As(III) tends to bind to goethite 

and ferrihydrite, while As(V) behaves in the same manner at sub-neutral pH [53-56]. It is 

important to understand the overall chemical behavior and, in particular, the redox 

mechanism of both arsenic species, since it can yield information on how strongly and at 

what rate a species with a specific oxidation state can be adsorbed or released from the 
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iron oxide or nZVI materials. Studies have confirmed that the equilibrium potential of the 

As(III)/As(V) redox mechanism depends on the concentration of the species involved. 

Reduction of As(V) to As(III) is expected to happen at pH = 9.5 and in the vicinity of the 

surface of the iron species (non-corroding conditions) [57].  

The reduction of As(V) is given by equation (1-9): 

                                                           HAsO4
2-

 + 3H
+
+ 2e

- 
→ AsO2

- 
+ 2H2O                               (1-9) 

 
 

At 25C the equilibrium potential (Eeq) for this reaction is given by equation (1-10) [58]: 

 

                                                                                                                                                                            (1-10) 

                                                                                                                          

where [HAsO4
2-

] and [AsO2
-
] represent the molar concentrations, and γAs(V) and 

γAs(III)  are the activity coefficients of each arsenic species. The concentrations of As(III) 

and As(V) at the iron oxide layer depends on the difference in potential between the iron 

at the surface and the bulk solution (ψs). The ratio of As(III) with a charge of m to As(V) 

with a charge of n at the iron surface is given by [58]: 

 

                                          

                                                                                                                          (1-11) 

 

 

Reduction of As(V) species that are bound to the iron oxide shell in nZVI  will 

affect the equilibrium potential of the As(III)/As(V) redox couple. Figure 1.3 depicts how 

differences in binding strength contribute to the changes in standard reduction potentials  
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Figure 1.3 Thermodynamic cycle depicting the reduction of As(V) in aqueous solution. 

As(III) and As(V) can be bound to the iron oxide layer coating the iron metal surface 

[adapted from reference 58]. 
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(Eº) for both free and bound species of As(V). For example, having stronger bound 

As(III) species to the nZVI surface means that ΔGº2 > ΔGº4, and thus Eº3 > Eº1. The 

opposite effect is true for As(V), resulting in bound As(V) to be reduced at higher 

potentials than aqueous As(V) [59]. 

Thus, overall the nZVI reactivity is directly related to its iron-oxide shell 

thickness and great effort has been directed to quantitative and structural characterization 

of this oxide shell.   

 

1.7 Oxide layer thickness in core-shell nZVI 

Structural details of the nZVI oxide layer thickness have been achieved with the 

use of spectroscopic tools such as High Resolution X-ray photoelectron spectroscopy 

(HR-XPS) and transmission electron microscopy (TEM). To successfully measure the 

oxide layer thickness using XPS, a geometric correction must be introduced to 

compensate for the nZVI spherical topography [60-62].  It is well established that for any 

metal with a flat surface covered by a metal oxide layer, the thickness of the oxide layer 

is given by equation (1-12) [63]: 

                                  










 1lncos

me

ox

oxox

meme

ox
I

I

N

N
d




                                               (1-12) 

where λ is the inelastic mean free path, θ is the detection angle, Ime and Iox are the 

intensities of the metal and oxidized metal, respectively, N is the number of atoms per 

unit volume, and d is the thickness of the oxide layer.   

In the case of nZVI, the curved surface of the nanoparticle causes variations in the 

relative intensity of photoelectrons (produced by exposure to X-rays) that originate from 

both the core and shell.  For a detector placed at 90° with respect to the surface of the 
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sample, those photoelectrons escaping from the edges of an nZVI particle will seem to 

originate mainly from the shell. On the other hand, photoelectrons escaping from the 

apex will primarily emanate from both the core and shell.  For an nZVI particle with 

uniform shell thickness the equation that defines its effective thickness, d
eff

, must include 

the necessary geometrical corrections for the inelastic mean free path [6]. Calculations of 

the attenuation length, λAL, are based on equation (1-13) [63].  

                                 
   











 4
327/ln

316.0
45.0

2/3

EZ

E
aAL                                 (1-13) 

where a is the lattice parameter in nm, E is the kinetic energy, and Z is the average atomic 

number. For iron photoelectrons moving through the metallic core and oxide shell, λme = 

1.10 nm and λox = 1.42 nm.   

As demonstrated by Martin et al., [64] the effective thickness values of the nZVI 

oxide layer, using the corresponding geometric corrections, are shown in Table 1.1.  On 

average, the iron oxide shell thickness was determined to be between 2.3 - 2.8 nm. 

 

1.8 nZVI reaction mechanisms 

Some of the significant challenges in the investigation of nZVI involve the fact 

that the reaction mechanisms of arsenic on nZVI are not well understood. Some of the 

works done using nZVI have demonstrated to a large extent the great reducing potential 

that these nanoparticles of iron have on various inorganic contaminants. Thus, it is often 

expected   that   both   forms of arsenic (V) and (III)  behave  in  the same manner when 

reacted with nZVI. However, the reduction of As(V) to As(III) has been suggested to be  

kinetically slow. In addition, ―prior to our own investigation, which provides direct 

evidence of the formation of elemental arsenic upon reaction with nZVI ― the presence  
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Table 1.1 Iron oxide thickness for varying average nZVI particle diameters [64]. 

diameter 

(nm) 
10 20 30 40 50 60 100 200 

Shell 

thickness 

(nm) 

2.85 2.57 2.49 2.45 2.42 2.40 2.38 2.36 
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of As(0) has been speculated about, but not substantially corroborated [65-67]. Thus, 

several studies suggest that oxidation of As(III) by nZVI is the predominant reaction 

[68,69]. 

The majority of these studies rely on solution-phase arsenic analysis, and there are 

fewer studies investigating arsenic speciation on nZVI surfaces that can provide more 

direct evidence of the reactions between nZVI and arsenic. 

 

1.9 Scope of thesis 

The objective of this thesis is to examine surface reaction mechanisms of arsenate 

and arsenite with nZVI by using HR-XPS, which can provide valuable information about 

nZVI core-shell structure, elemental valence states, and the abundance of various arsenic 

species on nanoparticle surfaces. The results are interpreted in light of the fundamental 

structure of nZVI, and the implications of these findings for arsenic treatments and 

remediation are discussed. 
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CHAPTER II 

EXPERIMENTAL METHODS 

2.1 Characterization and Analysis of As-treated nZVI using High-Resolution X-ray 

Photoelectron Spectroscopy 

  

Dried samples of nZVI after reaction with both As(III) and As(V) were 

characterized using High Resolution X-ray Photoelectron Spectroscopy (HR-XPS), 

carried out on a Scienta ESCA 300 spectrometer equipped with an 8 kW-rotating anode 

yielding monochromatic AlKα (hν = 1486.7 eV) radiation (Figure 2.1). The dried As-

treated nZVI samples were mounted on a stainless steel stub coated with conductive 

carbon tape and transferred to the ESCA 300 analysis chamber (5.0 x10
-9

 Torr). Samples 

were analyzed at C1s, O1s, As3d, and Fe2p regions, which account for the major 

elements present at the surface. 

Each spectrum was calibrated against the binding energy (BE) of adventitious 

carbon detected in the C1s region (284.6 eV). Curve fitting was carried out using the 

CASA XPS MFC application software (version 2.3.12.8). A Shirley background was 

used to account for inelastic scattering and all peaks were described using a 

Gaussian/Lorentzian ratio of 70/30. The As3d5/2 and As3d3/2 components of the As3d spin 

orbit-split doublet peaks were fixed at a constant intensity ratio of 3:2 and a constant 

separation of 0.70 eV. 
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Figure 2.1 Schematic depicting the ESCA 300 main components [1]
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2.1.1 X-ray source 

 

The Scienta ESCA 300 is equipped with a rotating anode made of titanium alloy. 

The maximum operational speed is 10000rpm. While the anode rotates, differential and 

turbo pumping provide the high vacuum created in the chamber. The source of the 

monochromated Al Kα radiation (1486.7eV) is produced when the electron beam from a 

Pierce-type gun is directed onto an Al band on the circular edge of the anode. The 

rotating anode is capable of dissipating electron beams whose power range from 5 kW to 

8 kW.  The power for this electron beams depends on the square root of their rotational 

speeds that can go from 4000 rpm to 10000 rpm.  

 

2.1.2 Monochromator 

The monochromator is a collection of α-quartz crystals that collects the X-rays 

from the rotating anode and subsequently projects them onto the surface of the sample. 

Any spherical aberration is eliminated by the toroidal bend in the crystals. The crystals 

are also protected with a beryllium foil that prevents damage from incident electrons. In 

the same manner an Al foil separates the analysis chamber from the preparation chamber 

to prevent any electrons from the monochromator to hit the sample and become part of 

the spectral background [1]. 

 

2.1.3 Electron lenses  

The lenses main purpose is to collect the photoelectrons reflected off from the 

sample and focus them on the aperture at the entrance of the hemispherical energy 

analyzer. The lenses can operate in two modes: High Transmittance where the lenses 
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accept the whole range of the X-rays coming from the sample. The other mode is High 

Spatial Resolution where the lenses accept only a fraction of the X-rays from the surface 

of the sample.   

 

2.1.4 Hemispherical Electron Energy Analyzer (HMA) 

The HMA in the ESCA 300 has an average radius of 300 mm and in between its 

hemispheres the separation is 100 mm. The seven pass energies remain constant during 

operation and the eight-slit pairs selection allow a high energy resolution and high 

electron flux to continue steadily while taking data [1]. 

 

2.1.5 Multichannel detector                                                               

The multichannel detector consists of a P10 phosphor and a CCD TV camera, and 

two additional microchannel plates. Of particular interest is that electrons striking the 

screen of the CCD camera produce a flash of light that integrates several pixels. This 

situation could give a misreading in the accumulation of count rates. Since saturations of 

this type occur predominantly at higher count rates for the lower pass energies, there is a 

characteristic dispersing of the photoelectrons striking a larger area of the detector with 

the immediate consequence of reducing the accumulation of light flashes on the same 

camera pixels. The multichannel detector array is positioned at the exit aperture of the 

HMA [1]. 
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2.2 Considerations in building a new FTIR apparatus (Improving noise % 

transmittance)        

 

2.2.1 Detector/filter combination 

The original idea and design of the new FTIR apparatus was conceived by Prof. 

C.J.S.M. Simpson. Some of the initial testing and signal-to-noise data acquisition was 

performed by S. J. Burke, D. Klevisha, R. S. Jackson, and T. J. Johnson at Bruker 

facilities. The custom-made optical devices such as lenses and filters for the detectors 

were provided by Crystan Ltd and Northumberland Optical Coaters respectively.  

The reason for optimizing our FTIR apparatus is most apparent in the need to 

reduce the % noise transmittance to levels that can give us a reliable reading when 

measuring small fractions (about 10%) of peroxy radicals distributed among the original 

molecules on the surface of Self Assembled Monolayers (SAMs). One way to reduce the 

% noise transmittance is by coating our Mercury-Cadmium-Tellurium (MCT) detectors 

with a special filter that is capable to reduce the background noise from the IR source. 

The latter approach can allow us to obtain measurements at very specific energy ranges 

(Table 2.1).  

The detector/filter combination was previously tested by R. Jackson at Bruker 

Optics in a fully evacuated FTIR. The results demonstrated that at a resolution of 4 cm
-1

, 

the light source attenuated by a factor of 10, and after only 35 scans (~ 15 sec) the percent 

noise transmittance was 0.001 and after 192 scans it was reduced to 0.0004. These results 

showed   that  both  conditions  for  obtaining  the  desirable  %  noise  transmittance  and 

obtaining them in real time were possible. The results also stand when compared to those 

found in literature. For example, Celio and White measuring the % noise transmittance in 
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their purge FTIR (purging time: ~ two weeks) at a resolution of 4 cm
-1

, light attenuated 

by a factor of 10, and after 2000 scans (~ 14 min) obtained a % noise in transmittance of 

0.0026 (Figure 2.2) [2]. Since the lifetime of any radical is particularly short, Celio et al. 

approach would not be convenient for our experimental purposes.  

From Figure 2.2 we can also see that up to 192 scans the decrease in noise % 

correlates linearly with N
-1/2

, where N is the number of scans. Even though the decrease 

in noise % continues, it seems that between 200 and 500 scans the rate at which the noise 

% decreases starts to slow down to reach an apparent limit just below 0.0004%. The 

situation persists besides the fact that the FTIR spectrometer has been equipped with the 

filter/detector combination. So this limitation might be due to the intrinsic characteristics 

of the evacuated FTIR spectrometer. Moreover, the test using the purged FTIR shows 

that after 50 scans the noise % increases rather than decreases, demonstrating the   

susceptibility   to technical limitations when using this approach. For instance, Stallard et 

al. [3] have found out that it takes several days (~ two weeks) to adequately purged a 

commercial Nicolet FTIR spectrometer with 0.1 part per million (ppm) of N2  down to a 

water concentration of 1ppm. And this was achieved only after placing the entire FTIR 

spectrometer inside a customized glove box.   

In order to achieve the necessary noise % transmittance level requires that our 

new FTIR apparatus be fully evacuated. One way to achieve this is by housing the FTIR 

and the main optical parts such as lenses, polarizers, and mirrors in compact aluminum 

boxes (Figure 2.3, Figure 2.4). The design of the boxes may permit use of turbo pumps to 

evacuate the entire optical system to proper pressures.  
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Figure 2.2 Reducing % noise transmittance in an FTIR apparatus: ■) purging with N2 and 

▲) evacuating the system with the use of turbo pumps. 
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Figure 2.3 The Optimized FTIR Optical System consists of: 1) Evacuated Vector 22 

FTIR. 2) Evacuated Mirror Box, 3) Evacuated Polarization Flipper (small blue-edged 

rectangle) Box, 4) UHV Sample Chamber, and 5) Evacuated Filter/Detector Combination 

(green circle) Box. The red lines represent the optical path of the IR and laser source.  
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The Optic Components 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4 Actual FTIR Optical System 
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2.2.2 Incident source light and SAMs surface 

Evacuating the FTIR apparatus can definitely improve the signal-to-noise ratio, 

but maximizing the effectiveness of the incident light that strikes the SAM samples 

would be another advantage in minimizing the background noise effects. According to 

Greenler one could maximize the effect of the light on the surface by directing the light at 

angles of 4° or 5° [4].  This recommendation implies that at very small angles ―light 

almost traveling parallel to the surface sample― the path length of the light will increase 

and as a consequence the absorption of light by the molecules will increase. This latter 

approach makes even more sense if we imagine the surface area in question approaching 

infinity. Since the average area of the SAMs samples is at the most only 1cm
2
 ―with a 

dosing diameter surface of 8 mm― directing the light at very small angles on the surface 

is not practical. Celio and White in their experiments choose an angle of 8° to analyze a 

13mm diameter surface [2]. Our particular SAMs may just have a fraction of the total 

area covered with peroxy radicals so we want to maximize the effectiveness of the 

incident light by choosing an optimum angle. 

The optimum incident angle in this case would be 15°. This is from the fact that 

the electric vector of the incident light is predominantly responsible for the outcome of 

the signal-to-noise ratio.   

 

2.2.3 Mirrors 

It is well established that not all the light is transmitted from the surface of the 

sample to the detector. It happens that in a similar way the light leaving the IR source 

spreads out from the circular opening of the detector to become elliptical upon hitting the 



36 

 

surface of the sample, so does the light reflected from the surface when it arrives at the 

detector element (1mm x 1mm). The use of mirrors to correct this elongation/contraction 

phenomenon becomes necessary. In our system we can use an off-axis paraboloidal 

mirror with a focal length of 250 mm and another off-axis mirror of focal length of 39 

mm. The optimum magnifying ratio obtained is 6.4:1 and it compares well to those 

obtained by Celio and White 7.2:1 for incident angles of 8° [2]. 

 

 2.2.4 Lenses 

The lens in our FTIR apparatus is located in the small detector box (Figure 2.3). 

Here the lens receives the incoming light reflected off the SAM sample and redirects it to 

the detector. We do not need to use any other mirror for magnification or redirecting the 

light between the surface of the SAM and the detector because mirrors can contribute 

some degree of polarization. For the detector to receive the maximum input of the 

reflected light from the sample surface, the angle of the diverging beam of light from the 

surface to the lens must equal the angle of the converging beam of light of the input side. 

The off-axis paraboloidal mirror with a focal length of 250 mm will form an angle of 8.7° 

for an incident light beam with a diameter of 3.8 cm that is reflected off the mirror 

surface. This means that we need to use a lens of 3.8 cm in diameter, focal length of 3.37 

cm, and F = 0.87 to direct an image of 7 mm on the detector element (1mm x 1mm). To 

avoid any lens aberration we will install a coated anti-reflected Ge lens with a refractive 

index (n) equal to 4. Mirrors made of ZnSe are another good option even though they 

contribute minor spherical aberration.   
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 2.2.5 Polarization Flipper 

The need to use a polarizer flipper is a direct consequence of employing the IRAS 

technique to analyze the peroxy radicals SAMs on the Au(111) surface. The principle 

behind the IRAS technique requires that the % transmittance of the molecules on the 

sample surface and the % transmittance of the clean surface be known to obtain a 

spectrum. This represent a difficulty, since SAMs are not reversed adsorbed due to strong 

bonding with the surface. One way to solve the problem is by employing a polarizer 

flipper. The idea is to take advantage of the selection rules governing molecular 

vibration, which implies that any transitional dipole moment parallel to the surface (in 

this case Au(111)) will have net intensity of zero. In this way only the perpendicular 

transitional dipole moments will generate a signal. The polarizer flipper will allow us to 

obtain an IRAS spectrum by ―flipping‖ in different sets of measurements the light beam -

from the FTIR- between parallel and perpendicular orientations. The polarization flipper 

might contribute to additional background noise for long periods of scanning; therefore, 

equipping our FTIR with the polarization flipper should not be a problem, since obtaining 

a noise % 0.001 takes only 15 seconds (~ 35 scans).  
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CHAPTER III 

 

SIMULTANEOUS OXIDATION AND REDUCTION OF ARSENIC BY ZERO-

VALENT IRON NANOPARTICLES: UNDERSTANDING THE SIGNIFICANCE OF 

THE CORE-SHELL STRUCTURE 

 

3.1 Introduction 

The principal forms of arsenic in natural waters are arsenate (As(V)) and arsenite 

(As(III)). Arsenate exists as oxyanions (H2AsO4
-
 or HAsO4

2-
) in a pH range of 2 to 12, 

while arsenite remains as neutral undissociated species (H3AsO3) below a pH of 9.2 [1, 

2]. As(III) oxidation to As(V) by dissolved oxygen alone is kinetically slow [3]. 

Traditional remediation technologies rely largely on adsorption for removing arsenic in 

water using materials such as iron oxides, activated alumina, granular activated carbon, 

and silica with various degrees of success [5, 6]. Current studies suggest that nanoscale 

zero-valent iron (nZVI), a highly reactive engineered nanomaterial extensively evaluated 

for groundwater remediation and hazardous waste treatment, is effective for arsenic 

removal in water, but the reaction mechanisms of arsenic on nZVI are not well 

understood. Because of nZVI’s strong reducing capabilities towards chlorinated 

hydrocarbons and numerous inorganic contaminants, it is expected that both arsenic (V) 

and arsenic (III) are amenable to reduction by nZVI. Prior publications indicate, however, 

the transformation of As(V) to As(III) is kinetically slow, and no clear evidence for the 

formation of elemental arsenic (As(0)) has been published so far [6,7, 8]. On the other 

hand, several recent studies suggest that, instead of reduction, oxidation of arsenic (III) is 
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the prevalent reaction under oxic conditions through peroxide or radicals generated by 

Fenton reactions [4, 9].   

The objective of this work was to examine surface reactions of arsenate and 

arsenite with nZVI by using High-Resolution X-ray Photoelectron Spectroscopy (HR-

XPS), which can provide valuable information about the valence states and abundance of 

various arsenic species on nanoparticle surfaces. The results are interpreted in light of the 

fundamental structure of nZVI, and the implications of these findings on arsenic 

treatment and remediation are discussed. 

 

3.2 Materials and Experimental Methods 

Iron nanoparticles (nZVI) used in this study were prepared from sodium 

borohydride reduction of ferric iron as reported previously [10, 11]. The nanoparticles 

have a mean diameter of 60 nm and a BET-measured surface area of 30 m
2
/g [10]. 

 

3.2.1 As Reactions  

As(III) or As(V) solutions were prepared from NaAsO2 and NaHAsO4 •7H2O 

(both from Fluka), respectively, and the solutions were purged with nitrogen (high purity, 

>99.9% ) for 30 minutes immediately before nZVI introduction. Experiments were 

carried out in closed, 120-ml serum bottles in which the solution volume was 100 ml. 

After loading nZVI to give a concentration of 5 g/L, the bottles were closed and the caps 

sealed with a Teflon liner to prevent air leakage and placed on a mechanical shaker at 25 

°
C. After 24 hours, the reacted nZVI were harvested by vacuum filtration, dried and 

stored in a N2-filled box. 
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3.2.2 XPS Analysis  

Dried samples of nZVI, after reaction with As(III) or As(V) solutions, were 

characterized using High Resolution X-ray Photoelectron Spectroscopy (HR-XPS) 

performed on a Scienta ESCA 300 spectrometer. This instrument has a 8-kW rotating 

anode source and 7-crystal monochromator for providing monochromated Al Kα X-rays 

(hν = 1486.7 eV), and enhanced signal detection utilizing a 300-mm radius hemispherical 

analyzer and position-sensitive detector, which provides high energy resolution at greatly 

enhanced signal-to-noise ratios. The nZVI samples were placed in the HR-XPS analysis 

chamber (5x10
-9

 Torr) where spectra for As3d, O1s, Fe2p and C1s regions were taken. 

Spectra were obtained using a takeoff angle of 90° with respect to the surface plane of the 

samples. The hemispherical analyzer pass energy for this characterization was set at 150 

eV, giving an optimized resolution of the analyzer of 0.1 eV. Each As3d and O1s 

spectrum was calibrated against a value of 284.6 eV binding energy (BE) for adventitious 

carbon detected in the C1s region. Curve-fitting for both regions  was  accomplished  by 

using CASA XPS MFC Application software, version 2.3.12.8. In the curve-fitting 

procedure, a Shirley background was selected to account for inelastic scattering, and all 

peaks were described using a Gaussian/Lorentzian ratio of 70/30. The full-width-at-half-

maximum (FWHM) of each component peak was set to 1.2 eV for As3d spectra and 1.3 

eV for O1s spectra. The As3d5/2 and As3d3/2 components of the As3d spin orbit-split 

doublet peak were fixed at a constant intensity ratio of 3:2 and at a fixed separation of 0.7 

eV. 
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3.3 Results and Discussion 

Figure 3.1 displays XPS spectra of the As3d region of nZVI before (a) and after 

reactions with As(V) (b) and As(III) (c) species, respectively. The XPS peak positions 

were assigned by comparison to As3d5/2binding energies reported in the literature [12].  

No arsenic was detected on pristine nZVI, but As peaks were clearly detected on reacted 

nZVI. The XPS spectra reveal the presence of multiple arsenic valence states, viz., As(V), 

As(III), and As(0) on the nZVI surfaces. Curve fitting of the As peaks involved six 

curves, since the As3d peak for each chemical state has two unresolved components due 

to spin-orbit splitting corresponding to the As3d3/2 (at higher BE) and As3d5/2 (at lower 

BE) peaks separated by 0.7 eV (held constant herein).The relative abundance of each 

chemical species can be quantified from the respective peak areas. In addition, 

information on the total As surface composition obtained from XPS is summarized in 

Table 3.1, and these data are used below to infer the relative extent of different reactions 

that occurred on nZVI surfaces. 

 

3.3.1 Reactions with As(V) 

When nZVI (5 g/L) was added to 100-mg/L As(V) solution, significant amounts 

of As(III) and As(0) were detected on the nZVI surface in 24 hours (Figure 3.1b), 

establishing As(V) reduction to As(III) and As(0).The amounts indicated in Figure 3.1 

are the proportions of the respective arsenic species as percentages of the total arsenic 

detected. It should be noted that each of these spectra were not affected by increasing the 

X-ray  irradiation  time  by  a  factor  of  six under the instrument conditions used in this  
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Figure 3.1 As3d HR-XPS spectra of (a) fresh nZVI and (b) nZVI reacted with 100mg/L 

As(V),  and (c) nZVI reacted with 100mg/L As(III).  The nZVI loading in (b) and (c) was 

5g/L. The proportions of the respective species as percentages of the total As detected are 

annotated on the spectra. The intensity scale varies for each curve. 
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study, i.e., XPS analysis had no observable effect on the arsenic valence state detected. 

We have also analyzed nZVI reacted with arsenic  for  up  to  15  days,  and  the  results 

indicate no significant change in arsenic distributions compared to samples reacted for 24 

hours under the same conditions. While earlier studies reported the reduction of arsenate 

to arsenite species by iron fillings or nanoscale ZVI with considerably slower kinetics 

(e.g., >30 days before As(III) was detected) [2, 7], the formation of As(0) has only been 

suggested, but not substantiated, and the predominant mechanism for As(V) uptake is 

generally thought to be surface sorption and precipitation [7, 13]. Results presented in 

Figure 3.1 clearly show that nZVI is capable of reducing As(V) with reasonably fast 

kinetics and reduction to elemental arsenic is also a feasible mechanistic step. As will be 

discussed later herein, the variances in environmental conditions, in particular arsenic 

concentration and solution pH, and the properties of iron materials play crucial roles in 

determining the final arsenic speciation.  

 

3.3.2 Reactions with As(III) 

When nZVI was added to an arsenite [As(III)] solution  (Figure 3.1c), 51 % of the 

surface-bound arsenic remained as As(III). Meanwhile, 14% and 35% of the total arsenic 

emerged as As(V) and As(0), respectively, indicating that both As(III) oxidation and 

reduction had occurred to significant extents. While As(III) oxidation by ZVI was noticed 

in prior studies, [1, 18], the concomitant observation of oxidation and reduction of arsenic 

(III) has not been reported before. This behavior implies that the nanoparticles used here 

have a more complex character than being a monofunctional reductant as widely 

acknowledged.   
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To understand the properties of nZVI, advanced TEM techniques were used to 

analyze the material constituents present in individual nZVI particles.  Bright Field-TEM 

imaging showed a composite layered structure comprised of a dense metallic center 

enclosed by a thin layer of iron-oxide material (Figure 3.2a). Phase-contrast TEM 

imaging did not reveal periodic lattice-fringes in the oxide layer, which suggests a 

disordered oxide structure (Figure 3.2b). The oxide outer-shell appears to vary from 10-

20 nm in thickness and has a stoichiometric composition of FeOOH as determined 

previously from Fe2p and O1s XPS spectra [14]. The oxide layer is thought to form 

instantaneously upon nZVI synthesis to passivate the highly reactive Fe
0
 core and it may 

be practically viewed as an inherent part of the nanoparticle [15]. The extremely thin 

dimension and disordered nature of the oxide layer support earlier notions that the oxide 

phase is able to allow electron passage via tunneling effects or defect sites [11, 15], 

thereby conserving the reducing characteristics of Fe
0
 and accounting for As(III) 

reduction. On the other hand, iron oxides have been extensively studied to possess strong 

adsorptive ability for both As(III) and As(V), and certain iron oxides formed from Fe
0
 

corrosion are able to cause As(III) oxidation to As(V) [2, 16]. In our studies, the 

nanoparticles are  comprised  of  an  Fe
0
  core  and  iron  oxide  at  the  interface  between  

Fe
0
 and aqueous solution. The two phases are present in a nanoscale core-shell 

configuration that allows each component to exert its distinctive reactivity without 

significant kinetic constraints. The composite particles therefore possess dual properties 

of the two components and this leads to unconventional chemical behavior such as the 

concurrent oxidation, reduction and sorption of As(III) illustrated in Figure 3.1c. 
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Figure 3.2 (a) Bright field-TEM micrograph of nZVI nanoparticles showing a core-shell 

structure comprised of a dense metallic center and a thin, continuous oxide skin. The 

inset shows the electron diffraction pattern of the metallic core, which suggests a 

polycrystalline bcc structure. (b) HR-TEM micrograph of a single nZVI nanoparticle. 

The lack of long-range periodic lattice fringes in the oxide layer suggests that it is 

amorphous in character. 
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3.3.3 Effect of As(III) concentrations  

The effect of arsenite concentration on the product speciation has not been examined 

before. Figure 3.3 presents results following reaction of nZVI witharsenite at different 

initial As(III) concentrations. The initial As(III) concentration in the solution was in the 

range of 50-1,000 mg/L. Clearly, the relative amount of As(0) formed is the greatest at 

the lowest initial concentration of As(III) (50mg/L), with approximately one-half of the 

total arsenic present as As(0). The proportion decreased to 17% when the initial As (III) 

concentration was increased to 100 mg/L, and no As(0) was detected when As(III) 

concentration was increased to 500 and 1,000 mg/L. 

The solution Eh and pH conditions corresponding to different As(III) 

concentrations are presented in Table 3.2. The equilibrium pH changed from (pH 8.5) to 

alkaline (pH11) as the As(III) concentration increased from 50 to 1,000 mg/L (Figure 

3.4). The equilibrium pH was largely influenced by the starting pH, which showed an 

increasing trend as the As(III) initial concentration increased due to arsenite hydrolysis 

and the release of hydroxyl ions (AsO2
-
 + H2O    H3AsO3/H2AsO2

- 
+ OH

-
). The alkaline 

condition associated with high Ar(III) concentrations  promotes ferric ion precipitation. 

This point is corroborated by the O1s XPS spectra of the reacted samples (Figure 3.5), 

which    show   a   pronounced   increase   in   the  OH
-
  peak  size  with increased  initial 

arsenic loading. Iron oxide precipitates are also evident in SEM images (Figure 3.6), 

where the sample after reaction with 1000 mg/L As(III) exhibited extensive platelet 

formation resembling typical solid precipitates from iron corrosion (Figure 3.6c). In 

contrast, the oxide growth was less predominant in the 100 mg/L sample (Figure 3.6b). A 

further piece of evidence in support of oxide build-up comes from solution Eh. The Eh  
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Figure 3.3 As3d HR-XPS spectra from nZVI particles exposed to different initial 

concentrations of As(III). The nZVI loading was 5g/L in all cases. The inset of (a) is a 

vertically expanded view of spectrum (a).  
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Figure 3.4 Solution pH for various initial As(III) concentrations. nZVI 

loading was fixed at 5 g/L. Initial pH was measured before nZVI loading. 

Equilibrium pH was obtained after a reaction time of 24 hours.  The 

dashed line corresponds to the pKa value of H3AsO3, which dissociates to 

H2AsO3
-
 at pH > pKa.  
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Table 3.2 Solution pH and Eh before and after reactions* 

 

 Reaction conditions pH (t=0 

hr) 

pH (t=24 

hr) 

Eh, mV (t=24 

hr) 

Fig. 1b As(V) 100 mg/L 8.2 9.3 115 

Fig. 1c As(III) 100 mg/L,  10.0 8.9 -49 

Fig. 3a As(III) 50 mg/L 9.2 8.5 -198 

Fig. 3b  As(III) 100 mg/L 10.0 8.9 -84 

Fig. 3c As(III) 500 mg/L 10.4 10.8 152 

Fig. 3d As(III) 1000 mg/L 10.4 11.0 158 

 

* The amount of nZVI was 5g/L and the reaction time was 24 hr for each sample. 
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Figure 3.5 O1s HR-XPS spectra obtained after different initial concentrations of As(III) 

(nZVI loading was fixed at 5 g/L). The prominent increase in OH
-
 at the two highest 

As(III) concentrations indicates substantial iron hydroxide formation at the solid surface. 

The different forms of oxygen are indicated in the top spectrum: H2O at 531.8 eV, OH
-
 at 

530.7 eV, and O
2-

 at 529.5 eV.  
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potentials registered a sharp increase with As(III) concentration at 500 and 1000 mg/L 

(Table 3.2),  suggesting  the  prevalence  of  iron oxidation products observed in HR-XPS 

and SEM at those high concentrations forms a barrier layer on top of metallic iron and 

diminishes Fe
0
 reducing capability. Taken together, As(III) concentration exerts a 

pronounced effect on As(III) reduction by controlling solution chemistry and influencing 

the nZVI surface conditions. Formation of As(0) was more evident at lower 

concentrations and it was absent at above 100 mg/L due to substantial iron oxidation and 

precipitate formation. Although the concentration range evaluated here is higher than 

arsenic occurrence in natural waters (typical range 1-5000 µg/L), the trend revealed in 

Figure 3.3 strongly implies that reduction of arsenite at trace levels such as in natural 

waters is likely to occur in the presence of nZVI. As(0) not being observed in previous 

studies may be attributed to instrumental limitations and the specific reaction conditions 

used. In those studies, relatively high As(III) concentrations were used since conventional 

XPS analysis requires a significant amount of arsenic deposited on the particle surfaces to 

be detected. Under those conditions, As(0) formation is not favored for the reasons just 

mentioned above, and surface saturation with adsorbed arsenic species may attenuate the 

already weak As(0) signal. In the present HR-XPS study, we used a Scienta ESCA 300 

instrument,  which  has  an  intense  rotating   anode  X-ray  source  and  enhanced  signal  

detection utilizing a 300-mm radius hemispherical analyzer and position-sensitive 

detector, thereby greatly lowering the arsenic detection limit and improving the energy 

resolution.  This enables us to study nZVI reactions with arsenic at lower initial 

concentrations, which are conditions more relevant to the natural systems. 
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Figure 3.6 SEM images of a) a fresh nZVI sample, b) 5g/L nZVI reacted with 100 mg/L 

As(III) for 24 hr, and c) 5g/L nZVI reacted with 1000 mg/L As(III) for 24 hr.   
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Figure 3.7 As3d HR-XPS spectra from nZVI particles reacted with 100 mg/L As(III) for 

different reaction times. The nZVI loading was 5g/L in all cases. The proportions of the 

respective species as percentages of the total As detected are annotated on the spectra.  
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Compared to reduction of As(III) to As(0), oxidation of As(III) to As(V) is less 

sensitive to the initial As(III) concentration (Figure 3.3). In all cases, As(V) exists as a 

minor  species  on  the  nanoparticle  compared  to  the  other  two  valence  states. As(III) 

oxidation by nZVI has been reported in previous studies, although the exact mechanism 

remains uncertain. It is purported that there exists more than one oxidant, including 

peroxide or radical species generated from Fe
0
 corrosion, hydroxide species, and iron 

oxides [1, 16-18]. Peroxide or oxygen-containing radical generation requires dissolved O2 

in acidic medium
 
[17,18] and they are not likely to be involved considering our reaction 

conditions. As(III) oxidation in aqueous phase by hydroxyl ions is plausible [16], but the 

resultant As(V) species in the solution phase is unlikely to re-attach to the nZVI surface 

due to surface charge repulsion between As(V) and the oxide layer at neutral to alkaline 

pH [19]. It is more likely that As(III) was oxidized by iron oxide, which proceeded via 

formation of iron oxide-As(III) surface complexes [1].The lack of a distinct trend for 

As(III) oxidation within the concentration range studied is probably a result of several 

interacting effects, since the affinity of As(III) for iron oxides, the amount of iron oxides 

available as adsorptive sites, and the oxidation potential of iron oxides are intricately 

affected by pH.  

The evidence for the simultaneous occurrence of oxidation, reduction and 

adsorption of As(III) on nZVI surface suggest that the two components of nZVI are able 

to bring about different reactions in parallel, which is an interesting property that has not 

been noted before. A time-dependent study of arsenic speciation on nZVI surface (Figure 

3.7) provides a clue to the relative kinetics of the respective reactions. As shown in 

Figure 3.7, As(0) accumulation is relatively slow in comparison to As(III) adsorption and 
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oxidation. It may also be implied from the figure that the products formed initially, e.g. 

As(V), may be reduced back to As(III) and then to As(0), hence, there is a dynamic 

change in arsenic speciation at the nZVI surface on top of continuous arsenic 

sequestration from the aqueous phase. Additional experiments are needed to elucidate the 

individual reaction rates and the interrelations among these processes.  

 

3.4 Conclusion 

Simultaneous oxidation and reduction of As(III) and the reduction of As(V) to 

As(III) and As(0) on nZVI surfaces have been observed. The elusive As(0) species 

suggested in previous studies was clearly detected. The reactions can be reasonably 

explained based on the core-shell structure of nZVI, in which the oxide outer-layer and 

metallic core bestow distinctive mechanisms for arsenic removal. The results shown here 

may help to understand the reaction mechanisms and the stability of arsenic on ZVI 

surfaces and lead to better design of arsenic sequestration technologies. In particular, in 

view of the conventional adsorptive methods, which are critically affected by arsenic 

speciation, concentration and pH, the multi-faceted functionality of nZVI exhibited here 

may offer a more robust and effective method for arsenic removal.  
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CHAPTER IV 

ARSENIC ENCAPSULATION IN IRON NANOPARTICLES: EVIDENCE OF 

INTRAPARTICLE REACTIONS 

 

4.1 Introduction 

The occurrence of arsenic in groundwater is a global health concern [1,2] and this 

has stimulated extensive research to develop technologies for arsenic removal from 

drinking water sources. Although zero-valent iron (ZVI) has been shown to be effective 

for both arsenate (As(V)) and arsenite (As(III)) sequestration, and it is currently used in 

many arsenic treatment installations [3-9], there is no clear consensus on the reactions 

between ZVI and arsenic, especially on the nature of solid-phase arsenic redox 

transformations. On the basis of the well-documented surface interactions between 

arsenic and iron oxides [10-13], it is conceived that arsenic is retained by formation of 

complexes with an oxide passivation layer present at the surface of ZVI [3-5].
 

Additionally, precipitation of arsenic with ferrous or ferric ions from Fe(0) corrosion has 

also been proposed [6,7]. While these processes may account for the immobilization of 

arsenic from an aqueous phase, reactions within ZVI and the resultant products are not 

well understood. 

Herein we report the investigations of reactions between nanoscale zero-valent 

iron (nZVI) and arsenite (As(III)) using high-resolution X-ray photoelectron 

spectroscopy (HR-XPS) multiline analysis and demonstrate for the first time stratified 

distributions of multiple arsenic valence states within the iron nanoparticles. These results 
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reveal that As(III) oxidation and reduction can occur in parallel in separate regions of the 

nanoparticles. This multi-domain intraparticle reaction model draws attention to the 

importance of iron-arsenic solid-phase redox chemistry in arsenic sequestration processes 

and sheds new light on the potential of nZVI as an arsenic treatment agent.  

High efficacy of nZVI for As(III) removal from an aqueous phase over a wide 

range of concentrations (ppb to ppm levels) has been reported [3,5-7].
 
This report focuses 

on the solid-phase chemistry of nZVI in reactions with As(III) solutions. nZVI material 

was prepared by using the borohydride reduction method described previously [14,15].
 

Scanning electron microscopy (SEM) characterization showed nanoparticles varying in 

size from 50 to 100 nm, and high-resolution transmission electron microscopy (HR-

TEM) analysis revealed individual particles comprised of a core of nanocrystalline bcc 

Fe(0) enclosed by a continuous, amorphous oxide layer (Figure 4.1). The stoichiometric 

composition of the oxide layer was determined to be FeOOH in previous XPS work [14].
 

In this work, we compare results using nZVI with those from two common iron oxides, 

Fe2O3 and Fe3O4, to demonstrate the distinct reactivity possessed by nZVI. X-ray 

diffraction (XRD) revealed these iron oxides to be predominantly hematite and 

magnetite, respectively, and their specific surface areas were comparable to that of nZVI 

(Table 4.1). 

 

4.2 Experimental methods 

 

4.2.1 Preparation of iron materials 

Iron nanoparticles (nZVI) were prepared from reduction of ferric chloride by 

sodium borohydride as described in previous studies [12,16]. As-synthesized nZVI was  
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Figure 4.1 (a)-(b) Field-emission SEM micrographs of freshly made nZVI nanoparticles 

showing the particles are in the size range of 50 to 100 nm. (c) Bright field TEM 

micrograph of an individual nZVI particle reveals a dense core encapsulated by a thin 

continuous layer of iron oxide. The inset shows electron diffraction from the interior core 

region, in which the diffuse ring pattern is characteristic of polycrystalline bcc Fe(0). (d) 

Phase contrast TEM image of a particle. The lack of long-range periodic lattice fringes in 

the oxide region underlies its amorphous nature.  
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Table 4.1 Characteristics of various iron-based materials used in the study
 

 

 

 

 

 

 

 

 

a
See electron diffraction pattern shown in Figure 4.1.  

b
Assignment based on stoichiometry of Fe, O and OH measured in prior XPS 

characterization [12].
 

Iron 

material 

Source BET surface area 

m
2
/g 

Crystalline phase 

Fe2O3 Fisher 11 Hematite
 

Fe3O4 Fisher 8.0 Magnetite
 

nZVI Lab 

synthesized 

30 Core: bcc iron
a 

Shell: amorphous FeOOH
b 
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stored in 95% ethanol solution in a sealed PTFE container at 4C prior to use. Prior 

characterization  work  showed  that  the  nanoparticles  have a median diameter of 60 nm 

and a BET surface area of 30 m
2
/g [13]. Two iron oxide powders, Fe3O4 and Fe2O3 (both 

from Fisher Chemicals), were used as received. 

 

4.2.2 Arsenic batch experiments 

As(III) solutions were prepared from NaAsO2(Fluka). The solutions were 

deoxygenated by sparging with nitrogen (high purity, >99.9%) for 30 minutes 

immediately prior to the addition of iron materials. Experiments were carried out in 

closed, 120-ml serum bottles in which the solution volume was 100 ml. After an 

appropriate amount of iron material was added to the solution, the bottle was capped with 

a Teflon-lined cap and placed on a mechanical shaker at 25C. After a predetermined 

time period, a solution sample was withdrawn and the solid residues were harvested by 

vacuum filtration, dried and stored in a N2-filled glove box.  

 

4.2.3 XPS analysis 

Dried samples of nZVI after reaction with As(III) were characterized using High 

Resolution X-ray Photoelectron Spectroscopy (HR-XPS) performed on a Scienta ESCA 

300 spectrometer equipped with an 8 kW-rotating anode and seven toroidally bent α-

quartz crystals [17] for providing monochromated AlKα (hν = 1486.7 eV) radiation.A 

300-mm radius hemispherical analyzer and position-sensitive detector was used for signal 

detection, which provides high energy resolution at improved signal-to-noise ratios. 

Samples were mounted on a stainless steel stub and transferred to the analysis chamber 

(5.0 x10
-9

 Torr). Spectra were obtained using a takeoff angle of 90° with respect to the 
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surface plane of the sample stub. Survey scans of the samples were obtained at 300-eV 

pass energy, while scans of smaller energy regions forAs3d, As2p3/2, Fe2p, C1s, and O1s 

spectra were obtained at 150-eV pass energy.  

Each spectrum was calibrated against the binding energy (BE) for adventitious 

carbon detected in the C1s region (284.6 eV BE). Curve fitting for As3d and As2p3/2 

spectra was carried out using the CASA XPS MFC Application software, version 

2.3.12.8. For the curve-fitting procedure, a Shirley background was used to account for 

inelastic scattering and all peaks were described using a Gaussian/Lorentzian ratio of 

70/30. The full-width-at-half-maximum (FWHM) of each component peak was set to 

1.15 eV for As3d spectra and 1.64 eV for As2p3/2 spectra [18]. The As3d5/2 and As3d3/2 

components of the As3d spin orbit-split doublet peak were fixed at a constant intensity 

ratio of 3:2 and at a fixed separation of 0.70 eV. 

 

4.3 Results and Discussion 

Samples for HR-XPS analysis were prepared by incubating nZVI or iron oxides 

(5 g/L) with 1.3 mM As(III) solutions in closed vials for 24 hours. Solution-phase 

analysis indicated that the aqueous arsenic concentration decreased to below 1µM after 1 

hour of mixing with nZVI, whereas 87-89% of the arsenic remained in solutions after 24 

hours of mixing with Fe2O3 and Fe3O4. HR-XPS spectra for two arsenic core-levels 

widely separated in binding energy (BE), As2p3/2 (~1326 eV BE) and As3d (~44 eV BE), 

were collected using a monochromated Al K source (1486.7 eV). Due to the large BE 

differences in these core levels, the photoelectrons analyzed in these spectra have 

markedly different kinetic energies and thus ―escape depths‖ (3λ, where λ is the 

attenuation length or mean free path for inelastic scattering at the respective kinetic 
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energy), which are estimated to be 1.4 nm and 6.8 nm, respectively, in FeOOH based on 

the semi-empirical CS2 equation [19].
 
The different surface sensitivity of each of these 

As2p3/2 and As3d spectra enables us to resolve the distribution of arsenic species within a 

~7nm thick surface region (Figure 4.2). This approach has advantages over other 

methods, e.g., depth-profiling by angle-resolved XPS measurements, which is especially 

complicated by the spherical geometry and size distribution of the nanoparticles. This 

depth-dependent information cannot be obtained by bulk analysis or less surface sensitive 

techniques such as EXAFS, while solid phase extraction, a technique frequently 

employed in arsenic geochemistry studies [1,5] is inherently destructive.  

 

4.3.1 Analysis of depth-dependent distribution of multiple As valence states within 

nZVI and iron oxides (Fe3O4 and Fe2O3) 

 

Figure 4.3a and 4.3b show As2p3/2 and As3d spectra of different iron materials 

that have been reacted with As(III) solutions for 24 hours. Curve-fitting was used to 

elucidate the contributions of arsenic species with different oxidation states to the 

observed spectral peaks. In Figure 4.3, each arsenic oxidation state gives rise to two 

peaks in the As3d spectra, due to the spin orbit-split As3d5/2 and As3d3/2 components 

present at a constant intensity ratio and fixed separation, and a single peak in the As2p3/2 

spectra. For Fe2O3 and Fe3O4 particles, approximately 40 at.% of the original As(III) was 

found to be oxidized to As(V). All solutions were sparged with pure N2 for 30 minutes 

immediately before the introduction of iron materials, so direct oxidation of As(III) by 

dissolved oxygen was avoided. It has been reported that iron oxide surfaces, such as 

hematite and maghemite, may cause As(III) oxidation under alkaline conditions [20,16], 

which   is  consistent   with  the  conditions we  observed here, where the solution pH was  
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Figure 4.2 Elements whose spectra exhibit photoelectron lines widely spaced in 

Kinetic Energy (KE) (e.g. As lines 2p and 3d) can be located using the intensity 

ratio of the lines. In general, electrons with lower KE are attenuated more when 

moving through a solid phase, whereas those of higher KE have a greater escape 

path. Thus for a surface species the lower KE component will be stronger than the 

higher KE component.  
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Figure 4.3 HR-XPS spectra of (a) As2p3/2 and (b) As3d regions of various Fe materials 

reacted with As(III) solutions. These two core-levels were chosen because of the widely 

spaced kinetic energies of the respective photoelectrons and hence difference in surface 

sensitivity.  As2p3/2 spectra arise from photoemission from a shallower depth than does 

As3d spectra. The top spectrum of each column is that of pure sodium arsenite (NaAsO2), 

which was used to prepare the As(III) solutions used in these experiments. The vertical 

scale of the two spectra from the nZVI sample is enlarged five-fold. Samples were 

prepared by reacting 5g/L of the iron oxides or nZVI with deoxygenated 1.3 mMAs(III) 

solutions for 24 hours. 
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measured to be 9.2 – 10.1 (Table 4.2,). In addition, a recent study suggests that Fe(II)-

Fe(III) surfaces are capable of inducing As(III) oxidation in anoxic conditions [17]. 

HR-XPS spectra of the nZVI sample in Figure 4.3 reveal the presence of As(V) 

and As(0) species in addition to the initially loaded As(III) species. The observation of 

multiple arsenic valence states confirms our prior observation that nZVI exhibits a 

combination of reactivity that includes adsorptive, reductive and oxidative abilities 

towards As(III) [21].
 
However, deconvolution of the spectra shows that the apparent 

proportions of arsenic species at different oxidation states differs significantly in the 

As2p3/2 and As3d spectra. In particular, arsenic present as As(0) constitutes 40 at.% of the 

total in the As3d spectrum, while it contributes only 16 at.% in the As2p3/2 spectrum 

(Table 4.3,4.4,4.5). The opposite trend is observed for As(V) species. These observations 

indicate that arsenic species with different valence states are distributed differently within 

the surface region of the solid phase.  

Depth-dependent distributions from Figure 4.3 can be calculated by utilizing the 

ratio of the As2p3/2 to As3d peak areas, after correcting each by a relative sensitivity 

factor (RSF) to account for the difference in ionization cross-sections and instrument-

dependent response functions [22,23].
 
A homogeneous solid sample, NaAsO2, which is 

the precursor of As(III) solutions used in the experiments, was analyzed to confirm the 

validity of this approach and its spectra are shown in the figures for reference. On the 

basis of the different surface sensitivity of As2p3/2 and As3d lines, arsenic species that are 

homogeneously distributed in the surface region, i.e., with depth-independent 

concentration, should have an As2p3/2/As3d intensity ratio around unity, which is clearly 

the case for NaAsO2  shown in Figure 4.4.  Arsenic  species that are more concentrated at  
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Table 4.3 Curve-fitting parameters for As2p3/2 and As3d HR-XPS spectra 

and the relative areas of the peak components arising from different arsenic 

oxidation states. 

 

 

 

 

 

 
 

 

 

 

 

 

a 
Binding energy of the Ad3d5/2peak. The spin-orbit splitting of the As3d 

peaks was fixed at 0.7 eV. 

 

 

 

 

 

 

 

 

 

 

  As 2p3/2   As 3d 

  As(V) As(III) As(0)  As(V) As(III) As(0) 

BE (eV)
 

 

1327.1
 

1326.0
 

1323.1
 

 44.8
a 

43.5
a 

40.6
a 

FWHM (eV) 

 

1.64 1.64 1.64  1.15 1.15 1.15 

Relative Area               

NaAsO2 0 100 0  0 100 0 

Fe2O3 40 60 0  40 60 0 

F3O4 42 58 0  38 62 0 

nZVI 41 43 16  16 44 40 
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Table 4.4 Integrated peak areas of the XPS spectra taken for each 

sample

Sample 

 

C1s O1s Fe2p3/2 As3d As2p3/2 

NaAsO2 309.4 2887.1 0 779.6 13476 

Fe2O3 258.3 1397.1 3421.3 35.5 1192.6 

Fe3O4 206.9 1478.6 3331.7 40 1151.8 

nZVI 115.4 1188.3 2529.3 16.4 183.4 
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Table 4.5 Apparent elemental concentrations (at. %) 

for major elemental components 
a 

 

Sample 

 

C O Fe As
 b 

NaAsO2 
c  13.3% 42.4% 0% 18.3% 

Fe2O3 26.8% 49.5%   21.7% 2.03% 

Fe3O4 22.1% 53.9% 21.7% 2.34% 

nZVI 16.2% 62.8% 19.6%
d 

1.41% 

 
 

a 
Composition as atomic percent for each element i was calculated according to Eq. (1) 

                    



Ci 
Ai /Si

Ai /Si
i


    (1) 

where Ai is the measured peak area (as shown in Table 4.4) and Si is the relative 

sensitivity factor.  These latter values were taken from literature [24] as: S(C1s)=1.0, 

S(O1s)=2.93, S(Fe2p)=16.4, and S(As3d)=1.82. The value of S(As2p) was determined 

empirically from a pure As2O3 sample to be 31.5. The values shown in the table are 

apparent concentrations because of the inherent assumption in the calculation that each 

element is distributed homogeneously throughout the probe depth.  
b 

Calculated from As3d signals. If using As2p3/2
 
spectra, the apparent elemental 

concentrations obtained will be different due to As2p3/2 line having smaller escape depth.  
c
 The balance percentage is sodium.  

d
 Among the iron detected by XPS, approximately 2.7% appears to be Fe(0).  
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the surface will have a As2p3/2/As3d ratio greater than one, and conversely, arsenic 

species enriched in subsurface layers will have a ratio less than one.  

As shown in Figure 4.4 for Fe2O3 particles, the As2p3/2/As3d ratios of As(III) and 

As(V) are well above one (2.2), indicating that both types of species are located in a thin 

surface layer. Quantitative analysis drawing on the correlation between photoelectron 

intensity and emission depth [23,25] yields a thickness of ~0.7 nm for this arsenic-laden 

layer [26]. Considering that the monolayer thickness of an arsenic-iron oxide inner-

sphere complex is ~0.6 nm, on the basis of the Fe-As distance measured by X-ray 

absorption studies and the radius of OH ligands [11,12,20], 
 
our results indicate strongly 

that As(III) and As(V) are bound as a surface complex layer on the Fe2O3 particles. For 

Fe3O4, a similar spatial distribution profile is obtained, with As(III) occurring in a slightly 

thicker layer (~1.3 nm) than As(V) (~0.8 nm), suggesting short-range diffusion of As(III) 

into the particles, possibly via micropores or defect sites in Fe3O4 [27]. Arsenic species 

detected in the nZVI sample display a marked disparity in the As2p3/2/As3d intensity 

ratios, as shown in Figure 4.4. As(V), with As2p3/2/As3d = 2.1, is clearly enriched at the 

surface. As(III), with a ratio of 0.82, is present fairly uniformly across the sampling 

depth. In contrast, As(0), with As2p3/2/As3d = 0.34,is localized in the subsurface region.  

In addition, the Fe2p HR-XPS spectra of this sample showed a small peak at 

707.0 eV corresponding to Fe(0) (Figure 4.5). The presence of this peak indicates that the 

metallic core is enclosed by only a thin oxide shell. Following our previous approach to 

quantifying the oxide layer thickness from the relative intensity of the metallic and 

oxidized iron peaks [14,25], we estimate that the average oxide thickness of this nZVI 
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               HR-XPS spectra.  
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Figure 4.5 Fe2p HR-XPS spectra of nZVI reacted with an 100 mg/L As(III)solution for 

24 hours. The small peak at 707.0 eV BE corresponds to the Fe2p3/2 signal from Fe(0) 

and the larger peak at 710.8 eV BE corresponds to the Fe2p3/2 signal from oxidized Fe. 

Using the Fe2p3/2 intensities observed for metallic and oxidized iron, the average 

thickness of the oxide layer can be calculated to be 4.2 nm using the XPS Multi-Quant 

software [22]. 
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sample is 4.2 nm, which is an increase of ~2 nm over that of the freshly made nZVI 

sample [14].
 
 

The As2p3/2 photoelectrons are strongly attenuated by traversing through this 

oxide shell, while the As3d photoelectrons are not so much. Thus it is reasonable to infer 

that the As(0) signals emanate mainly from a region close to the core-shell interface. This 

is shown in Figure 4.6, which provides a schematic illustration of the depth distribution 

of arsenic based on the present analysis. Due to the probing depth limitations of our data, 

we are unable to ascertain whether As(0) is further dispersed into the metallic Fe within 

the core of the particles. Additional studies are currently underway using depth-profiling 

by ion sputtering to probe the composition of the interior core region.  

 

4.4 Conclusion 

The stratified concentration profiles of arsenic species in nZVI expose several 

novel aspects of the reactions between As(III) and nZVI. The results offer clear evidence 

of As(III) redox reactions within the nanoparticles. The distinct layers where As(V) and 

As(0) reside imply As(III) oxidation and reduction occur at different physical fronts. 

Surface enrichment of As(V) is consistent with an adsorption/oxidation model in which 

As(III) attaches to the surface coordination sites and subsequent oxidation is facilitated 

by electron transfer across the complex structure coupled with rearrangement of H2O or 

OH
-
 ligands [17,28]. 

 
On the other hand, As(0) residing predominantly in subsurface 

layers implies that the reduction takes place near the metallic core. Since this would 

entail inward diffusion of As(III) species and migration of reductants from the core 

region, we expect As(III) reduction to be more kinetically limited than As(III) oxidation. 

This agrees with our time-dependent studies of nZVI samples that show gradual 
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formation of As(0) over a 24-hour period, in contrast to the much more rapid formation 

of As(V). A detailed discussion of this subject will be covered in a separate paper. The 

dynamic transformations of arsenic species in the solid phase represent a new aspect of 

arsenic-iron chemistry previously unexamined and these processes are expected to have a 

deep impact on the stability and mobility of the solid-bound arsenic.   

Figure 4.4 shows that the As2p3/2/As3d ratio for the total arsenic detected in 

nZVI, obtained by summing together all of the different arsenic species present, has a 

value of 0.8. This implies that the majority of arsenic is buried underneath the surface. 

The ability to impregnate arsenic into the solid phase renders nZVI a potentially more 

voluminous sink for arsenic compared to the widely used iron oxides, whose capacities 

are limited by the available surface coordinative sites and are subject to competition from 

co-existing anions in the water [13].
 
This feature of nZVI is supported by a much higher 

efficacy of nZVI for As(III) removal relative to that of the iron oxides as observed in our 

solution experiments. Furthermore, infiltration of arsenic induced by reactions with Fe(0) 

may offer an engineering methodology to encapsulate arsenic for remediation and waste 

disposal applications. In this context, continuing studies to evaluate the performance of 

nZVI for As(III) treatment in a broad spectrum of environmental conditions is warranted. 
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CHAPTER V 

 

REMOVAL OF AS(III) BY IRON NANOPARTICLES (NZVI): INVESTIGATION OF 

SOLID-PHASE ARSENIC-IRON REACTIONS  

 

5.1 Introduction 

High levels of arsenic in groundwater pose a serious health threat to millions of 

people around the world [1,2]. The situation is of particular concern in rural areas of 

developing countries such as Bangladesh, India, Vietnam, and Cambodia, where there is 

no centralized water treatment facility and the contaminated groundwater is heavily 

utilized for drinking and irrigation of food crops [3,4]. Severe health implications 

including cancers have been traced to long-term arsenic intake [5], and the WHO 

guideline imposes a stringent limit of 10 g/L for arsenic in drinking water [6]. 

Many options have been explored for arsenic removal and these include 

coagulation, adsorption, ion exchange, and membrane processes [7-10]. Coagulation with 

alum or ferric chloride is commonly used in large-scale water treatment plants and can be 

further optimized for arsenic removal [7], whereas sorbents such as metal oxides or ion-

exchange-based filtration units can be tailored for household or small community use and 

are currently a more practical solution in rural regions of the affected countries [8-10]. 

The principal forms of arsenic in the aqueous environment are arsenite (predominantly as 

H3AsO3) and arsenate (as H2AsO4
-
 or HAsO4

2-
) [11,12]. Amorphous or crystalline iron 

(a) (b) 
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oxides possess strong affinity for both As(V) and As(III) species. Under neutral or 

alkaline pH, As(III) adsorbs to a greater extent than As(V) onto iron oxide surfaces via 

inner-sphere complex formation [11,13-14] and the molecular structures of arsenic-iron 

oxide complexes have been characterized by advanced spectroscopic techniques [14-17].  

Recent studies have shown that zero-valent iron is an effective remediation agent 

for treating arsenic-laden groundwater or drinking water [18-22]. It is generally 

conceived that As(III) or As(V) is removed by adsorbing to the iron oxide layer on the 

ZVI particles [18,20] or forming co-precipitates with iron hydroxide produced during in 

situ iron corrosion [19,22]. However, spectroscopic investigations of arsenic speciation in 

ZVI materials reveal that the immobilized arsenic is converted to different oxidation 

states from their aqueous forms, suggesting arsenic redox transformations have played an 

active part in the remediation process. X-ray photoelectron spectroscopy (XPS) analysis 

by Su et al. detected no reduction of As(III) by ZVI filings but partial oxidation of As(III) 

to As(V) [18]. Manning et al. reported similar findings with X-ray absorption 

spectroscopy (XANES and EXAFS) for ZVI powders reacted under aerobic conditions, 

where they proposed the oxidation of As(III) might be mediated by iron corrosion 

products such as magnetite/maghemite or lepidocrocite [20]. On the other hand, Bang et 

al. found a fraction of As(III) being reduced to As(0) on an acid-pretreated iron coupon 

under anoxic conditions [21]. The variations in the experimental parameters and the 

limited spectroscopic data sets available make it difficult to interpret these results on a 

consistent basis.  

In recent years, attention has been focused on nanoscale zero-valent iron (nZVI) 

for its effectiveness in treating halogenated hydrocarbons, hexavalent chromium and 
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other heavy metal species in water [23-25]. The particles' small size gives rise to an 

increased surface area, greater remediation capacity, and favorable field injection and 

transport properties for in situ remediation. While the nanoparticles have shown a 

remarkable efficacy to immobilize aqueous arsenic species [26-27], the reactions 

involved appear to be more complex than those of iron oxide based sorbents and the 

bulk-sized ZVI materials. It was observed that aqueous As(III) was sequestered in 

multiple oxidation states (i.e., As(V), As(III), and As(0)) on nZVI, implying the 

nanoparticles possess both arsenite oxidation and reduction capabilities [28]. Previous 

characterization shows nZVI consists of a reactive Fe(0) phase enclosed by a thin layer of 

amorphous iron oxide averaging ~ 3 nm in thickness [29]. The fine scale and the 

defective nature of the oxide film may increase the rates of charge transfer or mass 

diffusion processes, thus the nanoparticles exhibit interesting redox behaviors on a 

relatively small time scale, which may not manifest to an appreciable extent in the bulk 

iron counterparts. In this context, studying nZVI-arsenic interactions will not only help to 

reveal the mechanisms underlying nZVI’s efficient arsenic sequestration performance, 

but also provide an additional means to study arsenic-iron chemistry and the fate and 

stability of sequestered arsenic species. In this work, high-resolution X-ray 

photoelectron-spectrometry (HR-XPS) is employed to investigate solid-phase arsenic 

speciation upon reactions between nZVI and aqueous As(III). High surface sensitivity 

and the availability of quantitative information on arsenic in different valence states make 

XPS a powerful tool for the purpose of this study. Specifically, we compared arsenic 

speciation in reacted nZVI with that in model iron oxide compounds under similar 

conditions to understand the difference in reactivity of nZVI relative to that of the well-
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characterized iron oxides. We also evaluated the effects of reaction time and nZVI dose 

on the reaction products, which in conjunction with solution phase analysis, allows us to 

propose a more detailed reaction model between As(III) and nZVI.  

 

5.2 Materials and Methods  

 

5.2.1 Preparation of iron materials  

Iron nanoparticles (nZVI) were synthesized by reacting sodium borohydride with 

ferric chloride as reported previously [29,31]. Two iron oxides, Fe3O4 and Fe2O3 (>99%, 

Fisher Chemical), were used in this study as references since As(III) reactions with iron 

oxides have been extensively studied [11-14,16-17]. XRD characterization shows that the 

predominant mineral phases for Fe3O4 and Fe2O3 are magnetite and hematite, 

respectively. The BET surface areas of all iron materials are summarized in Table 5.1.  

 

5.2.2 Batch experiments  

As(III) and As(V) solutions were prepared from NaAsO2 and Na2HAsO4 •7H2O 

(>98.5%, Fluka), respectively. Batch experiments of As(III) removal were performed in 

120-ml serum bottles containing 100 ml of As(III) solution at 100 mg/L. The solution 

was deoxygenated by sparging with nitrogen (high purity, >99.9%) for 30 minutes 

immediately before the experiments. Upon adding an appropriate amount of iron 

material, the bottle was sealed with a screw cap lined with a Teflon-coated septum and 

placed on a mechanical shaker (250 rpm) at 25C. After a predetermined reaction time, a 

batch reactor was sacrificed and the solids were separated from the solutions by vacuum 

filtration,  dried  and  stored in a N2-glovebox before XPS analysis. The  solution samples  
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Table 5.1 Characteristics of iron-based materials used 

 

 

 

 

 

 

 

 

   a
 determined by acoustic spectrometry [32] 

  b 
determined by selected area electron diffraction (SAED) pattern, as shown in 

Figure 5.1   
 c
 determined by XRD analysis 

  

Iron 

material 

Source Mean 

diameter, 

nm 

BET specific 

surface area, 

m
2
/g 

Crystalline phase  

nZVI This work (refer to ref [32] for 

preparation procedure) 

60 
a
 29 Polycrystalline 

bcc Fe(0) 
b 

Fe3O4 Fisher
®
, laboratory grade  30 Magnetite 

c 

Fe2O3 Fisher
®
, certified >99% purity  42 Hematite 

c 
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were stored in 40-ml glass vials at 4
o 

C prior to analysis. Samples were analyzed within 

48 hours of preparation.  

 

5.2.3 Aqueous phase analysis  

Arsenic and iron concentrations in the solution phase were determined by 

inductively-coupled plasma-optical emission spectroscopy (ICP-OES; Perkin Elmer 

Optima 2100 DV), which has a detection limit of 50 g/L and 10 g/L for arsenic and 

iron, respectively. The pH and Eh values of the solutions after reactions were measured, 

respectively, with a pH probe (Orion) and an ORP probe with a Ag/AgCl reference 

electrode (Cole-Parmer). The reported Eh values are referenced to the standard hydrogen 

electrode (SHE). 

 

5.2.4 Solid phase analysis using XPS/SEM/TEM/XRD  

Dried samples of nZVI after reaction with As(III) were characterized using High 

Resolution X-ray Photoelectron Spectroscopy (HR-XPS) performed on a Scienta ESCA 

300 spectrometer equipped with an 8 kW-rotating anode yielding monochromatic AlKα 

(hν = 1486.7 eV) radiation. A 300-mm radius hemispherical analyzer in conjunction with 

a position-sensitive detector provides high energy resolution at improved signal-to-noise 

ratios. Samples were mounted on a stainless steel stub coated with conductive carbon 

tape and transferred to the analysis chamber (5.0 x10
-9

 Torr). Spectra were obtained using 

a takeoff angle of 90° with respect to the surface plane of the samples. Samples were 

analyzed at C1s, O1s, As3d, and Fe2p regions, which account for the major elements 

present at the surface. In addition, As2p3/2 photoelectrons, which have a smaller probing 

depth (~ 1.4 nm) than As3d photoelectrons (~7 nm) [30] were analyzed when needed to 
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investigate arsenic distributions in the near surface region. Each spectrum was calibrated 

against the binding energy (BE) of adventitious carbon detected in the C1s region (284.6 

eV). Curve fitting was carried out using the CASA XPS MFC application software 

(version 2.3.12.8). A Shirley background was used to account for inelastic scattering and 

all peaks were described using a Gaussian/Lorentzian ratio of 70/30. The full-width-at-

half-maximum (FWHM) of each component peak was set to 1.15 eV for As3d spectra, 

and 1.64 eV for As2p3/2 spectra [33]. The As3d5/2 and As3d3/2 components of the As3d 

spin orbit-split doublet peaks were fixed at a constant intensity ratio of 3:2 and a constant 

separation of 0.70 eV. 

The morphology of fresh nZVI particles was analyzed with a field-emission 

scanning electron microscope (SEM, Hitachi S-4300) at 3.0 kV. Transmission electron 

microscope (TEM) imaging was carried out in a JEOL 2000FX TEM equipped with a 

LaB6 filament operating at 200 kV. High-resolution lattice imaging was performed using 

a JEOL 2200FS TEM with a field-emission gun operating at 200 kV. X-Ray 

diffractograms were obtained using a Rigaku diffractometer (Rigaku, Japan) with Cu Kα 

radiation generated at 40 kV. Iron samples were scanned from a 2 range of 10 to 80° 

with a step size of 0.1° and scan rate of 60 s per step.  

 

5.3 Results and Discussion 

 

5.3.1 Characterization of nZVI  

In the past few years, a number of studies have been published to establish the 

core-shell structure of nZVI particles [25,29-31]. Scanning electron microscope (SEM) 

images show that the synthesized nanoparticles clustered into loose aggregates as a result 
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of magnetic and/or electrostatic interactions (Figure 5.1a & b). The diameters of 

nanoparticles range mostly from 50 to 100 nm. The transmission electron microscope 

(TEM) image in Figure 5.1c shows that an individual particle consists of an electron-

dense core in the center, which has an electron diffraction pattern characteristic of 

nanocrystalline bcc Fe(0), surrounded by a continuous, smooth layer of iron oxide. The 

high-resolution TEM micrograph in Figure 5.1d reveals no periodic lattice fringes in the 

oxide phase, indicating the bulk of the oxide is amorphous in character. Examination of a 

few dozens of particles using TEM shows the thickness of the oxide layer varies between 

2-5 nm. These observations agree with an estimated average oxide thickness of ~ 3 nm in 

our prior study [29]. Iron and oxygen contents in fresh nZVI particles were measured 

using temperature programmed reduction (TPR). The average oxygen content of fresh 

nZVI was 8.2%; total iron content of nZVI was 90%, among which zero-valent iron 

(Fe(0)) was estimated at 76% [34].  

 

5.3.2 As(III) removal from the aqueous phase 

High efficacy of arsenic removal by nZVI has been reported in previous studies at 

a concentration range typical of arsenic-laden groundwater (10-1000 g/L), where 

solution-based experiments were conducted to study the removal kinetics and the effects 

of iron loading and solution pH on arsenic uptake [26-27]. To directly examine arsenic 

reactions in the solid phase, higher concentrations are needed to ensure adequate arsenic 

presence in the solids for accurate speciation analysis. Even for XPS analysis using the 

high-intensity Scienta ESCA 300, a minimal aqueous concentration of 10 mg/L is needed 

to generate a convenient amount of arsenic (>0.1 at.%) in  nZVI. For most experiments 
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Figure 5.1 (a)-(b) Field-emission SEM micrographs of freshly made nZVI nanoparticles 

showing the particles are in the size range of 50 to 100 nm. (c) Bright field TEM 

micrograph of an individual nZVI particle reveals a dense core encapsulated by a thin 

continuous layer of iron oxide. The inset shows electron diffraction from the interior core 

region, in which the diffuse ring pattern is characteristic of polycrystalline bcc Fe(0). (d) 

Phase contrast TEM image of a particle. The lack of long-range periodic lattice fringes in 

the oxide region suggests it is amorphous in nature.  
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presented in this work, an initial As(III) concentration of 100 mg/L was used for the HR-

XPS analysis. This concentration also affords the measurement of arsenic removal 

capacity and kinetics by different iron materials. Figure 5.2 compares the rate of As(III) 

removal by nZVI and Fe3O4 at a mass dose of 5 g/L. Rapid loss of aqueous As(III) from 

the solution phase was observed upon addition of nZVI. The total aqueous arsenic 

concentration decreased to 106 g/L (corresponding to ~ 99.9% removal) at 10 min and it 

was below the detection limit after 1 h of mixing. Since the nZVI samples for XPS 

analysis were collected after at least 10 min of reaction, rapid loss of arsenic in the 

solution phase suggests that changes in arsenic speciation observed by XPS resulted from 

solid-phase reactions instead of sorption of homogenous reaction products. Under similar 

conditions, Fe3O4 resulted in sequestration of only 13% of the aqueous As(III). A large 

difference in As(III) retention capacity between nZVI and the iron oxides can be clearly 

seen in the inset of Figure 5.2, which compares final As(III) removal after 24 h by 

various doses (0.4 – 5 g/L) of nZVI,  Fe3O4, and Fe2O3.  Despite a relatively high initial 

concentration (100 mg/L), nearly complete removal of As(III) was obtained with a nZVI 

dose as low as 1 g/L, whereas the removal efficiency remained below 20% even at the 

highest dose (5 g/L) of Fe3O4 and Fe2O3. Since the BET specific surface areas of nZVI 

and the two oxides are comparable (Table 5.1), direct comparison of mass-normalized 

As(III) removal capacity can be made. For nZVI, the maximum As(III) loading capacity 

is 2.2 mM As/g, while the value of the oxides is no more than 0.17 mM As/g. Applying a 

surface complexation model in which the average adsorption site density of an iron oxide 

surface is ~3 sites/nm
2  

[11],  we can estimate a maximum As(III) adsorption of ~ 0.2 mM  
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Figure 5.2. Change in aqueous arsenic concentration with time. Initial As(III) 

concentration (C0) was 100 mg/L; nZVI or iron oxide dose was 5 g/L. Inset: percentage 

As(III) removal at various dose of iron materials after 24 hours.   
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As/g, which is consistent with the observed capacities of the iron oxides. On the other 

hand,   the   arsenite   loading   capacity   of   nZVI  is  well  in excess  of the total surface 

adsorption sites available, which suggests arsenite is present in more than a mere surface 

layer. Previous studies have attributed similar results to As(III) forming co-precipitates 

with ferric ions [19,22] and the continuous production of iron corrosion products 

supplying additional surface sites for As(III) uptake [20-21]. Although arsenite oxidation 

[18, 20, 35] and reduction [21] have been observed in the presence of ZVI, the role of 

redox reactions has not been explicitly examined.   

 

5.3.3 Arsenic speciation on the solid phase 

Figure 5.3 shows As3d XPS spectra of different iron materials reacted with 

As(III) or As(V) solutions for 24 hours. The spectra were fitted by three arsenic chemical 

states, viz., As(V), As(III), and As(0), where each state gives rise to a doublet from spin-

orbit splitting of the As3d3/2 and As3d5/2 components [28]. The binding energies (BE) of 

the different chemical states of the Ad3d5/2 component are assigned as follows: As(V) 

44.8 eV, As(III) 43.5 eV, and As(0) 40.5 eV. More details of the curve-fitting procedures 

are described elsewhere [28,30]. The effect of X-ray and electron-induced chemical 

changes was checked by comparing scans obtained immediately upon X-ray irradiation 

(exposure of 10 min) with those obtained after the sample was exposed to X-ray 

irradiation for over 1 h, which showed little change in peak shapes and positions. Two 

samples from replicate solution experiments were analyzed in separate XPS sessions, and 

the apparent compositions of major species measured in the two samples agree with each  
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                                        (a) As(III)                                                      (b) As(V) 

   

 

 

 

 

 

 

 

       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3 As3d HR-XPS spectra of (a) As(III) and (b) As(V) reacted with nZVI and iron 

oxide particles. The top spectra are those of pure sodium arsenite (NaAsO2) and sodium 

arsenate (Na2HAsO4 •7H2O), respectively, which were precursors used to prepare As(III) 

and As(V) solutions. Initial As(III) or As(V) concentration was 100 mg/L; mass loading 

of iron materials was 5 g/L; reaction time was 24 hours.   
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Table 5.2 Comparison of XPS spectra of two replicate experiments in Figure 5.4 

 

 

  

Sample As(V) 

(rel. %) 

As(III) 

(rel. %) 

As(0) 

(rel. %) 

As total 

(at.%) 

Fe 2p 

(at.%) 

O 1s 

(at.%) 

C 1s 

(at.%) 
Replicate 1 14 51 35 1.36 16.81 67.23 14.59 
Replicate 2 16 44 40 1.40 19.58 62.80 16.22 
Difference 2 7 5 0.04 2.77 4.43 1.63 
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other with deviations < 8% (Table 5.2), which include the overall uncertainty in carrying 

out the solution experiments in addition to the XPS analysis (Figure 5.4).  

As shown in Figure 5.3a, the solid residue of nZVI after reaction with As(III) 

solution  for  24 h   contains  As(V), As(III)  and  As(0) species  at   an   apparent  relative  

abundance of 14%, 51%, and 35%, respectively [36]. The emergence of As(V) arsenic 

species and elemental arsenic offers clear evidence of divergent As(III) oxidation and 

reduction in the nZVI system. We have previously postulated that As(III) oxidation is 

mediated by the oxide layer at the nZVI surface [28], which is supported by our recent 

study showing As(V) preferentially concentrates at the top surface of the nanoparticles 

[30]. In addition, experiments with Fe3O4 and Fe2O3 under identical conditions had 

approximately 27% and 33% of the solid-phase arsenite oxidized to As(V), confirming 

the role of iron oxides in mediating arsenite oxidation. Previous studies have reported that 

iron oxides, including magnetite, goethite (-FeOOH), hematite (-Fe2O3) and 

ferrihydrite, are able to induce As(III) oxidation in the presence of surface Fe(II) species 

[37-38]. While several studies suggest dissolved oxygen is required in the process to 

produce reactive oxygen species with Fe(II) [35,38], As(III) oxidation under anoxic 

conditions has also been reported via possibly a Fe(III) oxide-Fe(II)-As(III) surface 

ternary complex [37]. In our study reported here, the solutions were purged with pure 

nitrogen for 30 minutes to remove dissolved oxygen and anoxic conditions were 

maintained during solution experiments and sample preparation, we thus consider 

arsenite oxidation reported in this study does not involve dissolved oxygen to a 

significant extent but is largely enabled by the oxide surfaces containing Fe(II) species 

that catalyzes surface redox exchange with the adsorbed contaminants [39].  
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While both nZVI and the two iron oxides can induce As(III) oxidation, the ability 

to form As(0) is an attribute of nZVI only. As(0) contributes ~ 33% of the total As signal 

for the sequestered arsenic (Figure 5.3a). As(0) formation has not been observed in 

conventional ZVI powders [18-20], except in a study performed on a polished and acid-

treated Fe(0) surface that presumably had a fresh surface of metallic iron [21]. The ability 

of nZVI to maintain a reducing capability despite having an oxide film suggests the oxide 

layer of nZVI is amenable to electron transport or diffusion of arsenic into the region 

adjacent to the metallic iron. Prior studies reported that the composition within the 

several-nanometer thick oxide film is not homogeneous, but varying from a Fe(II)-rich 

layer in the vicinity of the Fe(0) interface to predominantly ferric oxide at the periphery 

[40-41]. The structural heterogeneity and the curvature of the oxide layer caused by the 

small radii of the nanoparticles are likely to produce a significant level of strains and 

defects (e.g. vacancies) in the oxide phase, which may lead to high ionic mobility even at 

room temperature [42]. Electron or charge transfer in oxide, especially mixed valent 

Fe(II) and Fe(III) oxide, are well studied [43], and the property may be further enhanced 

by the presence of impurities, such as boron [44] from the synthesis procedure. Indeed, 

using a XPS multiline approach that enables us to resolve arsenic speciation along the 

depth of the oxide layer, we observed that As(0) is located primarily underneath the 

surface in proximity to the Fe(0) core, which implies that arsenite reduction occurs at a 

sub-surface region and likely involves inward penetration of As(III) species [30].  

The reductive capability of nZVI is also manifested in As(V) experiments. Figure 

5.3b presents XPS spectra of samples reacted with As(V) solutions for 24 h. 

Approximately 16 and 9% of the immobilized arsenic signal was reduced to As(III) and 
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As(0), respectively. Different from the swift removal of As(III) species, sequestration of 

As(V) by nZVI took place more gradually over a time scale of hours (Figure 5.5). Thus, 

the solid phase As(III) may partly come from homogeneous reduction of As(V) followed 

by adsorption, recognizing that reduction of aqueous As(V) is thermodynamically 

permissible at the given pH and Eh conditions (Table 5.3) [2]. No As(0) was detected on 

the two iron oxides, although a small fraction of As(III) was formed in both samples, 

which has not been reported in previous X-ray absorption studies. Taken together, our 

results demonstrate arsenic removal by nZVI involves more than simple adsorption or co-

precipitation. Multiple redox transformations shape to a large extent arsenic speciation 

and distribution in the solid phase. The redox duality exhibited by nZVI in As(III) 

solutions, resulting in As(V) and As(0) formation at different regions of the 

nanoparticles, relates to the structure of the nanoparticles containing a highly reducing 

metallic core and an adsorptive, and relatively permeable, oxide shell.  

 

5.3.4 Arsenic speciation over time 

The progressive transformation of arsenic species in nZVI was investigated by 

analyzing the reaction products at various times between 10 min to 24 h (Figure 5.6). 

Solution phase analysis confirms that 99.9% of the aqueous As(III) was captured by 

nZVI within 10 min (Figure 5.2), and therefore the total amount of arsenic present in the 

solid phase was effectively constant during the monitoring period. As shown in Figure 

5.6, the maximum formation of As(V) (~ 40% of the total arsenic intensity) was observed 

at 10 min, and then this  gradually declined with time over 24 h. The opposite trend can 

be noted for As(0), which contributes 15% of the total As intensity at 10 min, and rises  
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Figure 5.5 Comparison of As(III) and As(V) removal rate with nZVI. The initial 

concentration of As(III) or As(V) was 100 g/L; the mass loading of nZVI was 5 g/L.   
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Figure 5.6. As3d HR-XPS spectra of nZVI reacted with As(III) for different times. Initial 

As(III) concentration was 100 mg/L; nZVI loading was 5 g/L.  
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Table 5.4 Surface elemental composition determined by XPS analysis 
a 

 

Sample description 
b 

As 3d 

(at.%) 

C 1s 

(at.%) 

Fe 2p 

(at.%) 

O 1s 

(at.%) 
As(III), 5 g/L nZVI, 24 h 1.36 14.6 16.8 67.2 
As(III), 5 g/L Fe3O4, 24 h 2.57 18.6 16.8 62.0 
As(III), 5 g/L Fe2O3, 24 h 2.09 10.9 27.1 60.0 
As(V), 5 g/L nZVI, 24 h 2.54 21.6 19.5 56.8 
As(V), 5 g/L Fe3O4, 24 h 0.82 16.9 25.2 57.0 
As(V), 5 g/L Fe2O3, 24 h 0.69 16.3 25.0 58.0 

As(V), 5 g/L nZVI, 10 min 2.24 12.2 15.8 69.8 
As(V), 5 g/L nZVI, 1 h 1.50 15.0 16.0 67.5 
As(V), 5 g/L nZVI, 4 h 1.20 14.6 17.6 66.6 
As(V), 5 g/L nZVI, 15 d 1.84 22.2 14.9 61.1 
As(III), 0.4 g/L nZVI, 24 h 3.82 29.7 10.4 56.1 
As(III), 1 g/L nZVI, 24 h 6.63 41.3 8.03 44.1 

 
 

 

a 
Composition as atomic percent for each element i was calculated according to Eq. (1) 




i

ii

ii

i
SA

SA
C

/

/
   (1) 

where Ai is the measured peak area and Si is the relative sensitivity factor.  These latter 

values were taken from literature [45] as: S(C1s)=1.0, S(O1s)=2.93, S(Fe2p)=16.4, and 

S(As3d)=1.82. The values shown in the table are apparent concentrations because of the 

inherent assumption in the calculation that each element is distributed homogeneously 

throughout the probe depth.  
b
 Initial arsenic concentration was 100 mg/L.  
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steadily to 35% after 24 h (Table 5.4). The data indicate arsenite oxidation is a rapid 

reaction that is completed on a time scale of minutes upon loading nZVI into the solution. 

Facile As(III) oxidation has been reported in the presence of Fe(II)-adsorbed goethite and 

other mineral surfaces [37], where these surfaces catalyze oxidation reactions of adsorbed 

As(III). This surface-mediated oxidation model is also consistent with our prior finding 

that As(V) exists at the outer surface of the nanoparticles exposed to the aqueous phase 

[30]. The gradual loss of As(V) after the first 10 min in Figure 5.6 indicates As(III) 

conversion to As(V) is reversible. A similar finding, i.e., rapid initial As(III) oxidation 

followed by a slower transformation in the opposite direction, has been noted in the 

As(III)-Fe(II)-goethite system [37], which highlights the dynamic nature of arsenic-iron 

redox interactions. On the other hand, the relatively slow emergence of As(0) is 

consistent with the observation of As(0) at the Fe(0) interface. Because this would entail 

arsenite to undergo a diffusion step, which would likely be rate limiting, slower 

formation of As(0) is thus expected. The sample reacted for 15 days shows that there 

were no significant changes compared to the 24 hrs data, suggesting that the reduced 

arsenic encapsulated by the oxide layer will persist for a substantial amount of time in 

anoxic conditions. 

 

5.3.5 Effect of nZVI dose 

Figure 5.7 shows As3d XPS spectra of samples reacted with As(III) solutions at 

different nZVI doses. The formation of As(0) was observed at the highest dose of nZVI 

(5 g/L), but not in lower dose samples. The accompanying Fe2p XPS spectra reveals a  
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Figure 5.7 As3d HR-XPS spectra of varying dose of nZVI reacted with 100 mg/L As(III) 

for 24 hours.  
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Figure 5.8 Fe2p XPS spectra of varying dose of nZVI reacted with As(III) solutions.  

Initial As(III) concentration was 100 mg/L; reaction time was 24 hours.  
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correlation of the presence of As(0) and Fe(0). Specifically, a Fe(0) 2p3/2 component at 

707.0 eV BE is present in the 5 g/L sample (Figure 5.8), whereas the solids contain only 

oxidized iron species in the 0.4 and 1 g/L samples. The concomitant appearance of As(0) 

and Fe(0) in XPS is consistent with As(0) residing at the Fe(0)-oxide interface as 

previously noted. Considering the XPS probe depth for Fe2p photoelectrons is ~ 6 nm, 

absence of a metallic iron signal in the low dose samples indicates the nanoparticles 

underwent pronounced corrosion, resulting in deposition of oxidation products on the 

surface. Extensive surface passivation may also be inferred from the solution phase Eh 

values shown in Table 5.3, where the final Eh values in 0.4 and 1 g/L nZVI systems are 

substantially higher than that of a freely corroding iron surface [46]. It was observed that 

the proportion of As(V) increased with decreasing nZVI dose. Based on the previous 

analysis of nZVI reacted for different amounts of time, the amount of As(V) present was 

controlled by the relatively fast As(V) formation and a slower reaction in the reverse 

direction. Severe corrosion or depletion of Fe(0) when only a small amount of nZVI was 

added may effectively quench the reverse reaction and result in more As(V) in the solid 

phase.  

The distribution of arsenic species with different valence states within nZVI 

nanoparticles can be deduced by comparing intensities of each component within the 

As3d and As2p3/2 XPS spectra, as discussed in our previous study [30]. As2p3/2 spectra 

arise from photoelectrons emanating from a shallow surface region of ~ 1.4 nm, while 

As3d spectra are produced by photoelectrons from a greater depth of ~ 7 nm. The ratios 

of As2p3/2 and As3d intensities therefore provide information about the depth where the 

species reside. Figure 5.9 plots the intensity ratios of individual arsenic valence states and 
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the total arsenic detected in each sample shown in Figure 5.7. As denoted in Figure 5.9, 

analyses of a pure homogenous arsenic material (sodium arsenite) gives a ratio close to 

one, thus larger and smaller values for the ratio indicate surface and deep-lying species, 

respectively. For the 5g/L nZVI sample, the ratios of different valence states are widely 

separated, implying the species predominate at different depths in the order of 

As(V)>As(III)>As(0) from surface toward the interior [30]. In 0.4 g/L or 1 g/L nZVI, 

only As(III) and As(V) were detected, and their intensity ratios are closer to one 

suggesting they are more diffusively distributed across the depth compared to the 5 g/L 

sample. In all cases, the ratios of the total arsenic are less than one, and this implies the 

bulk of the sequestered arsenic was embedded below the surface. Notably, increasing the 

iron dose causes the total arsenic ratio to be smaller, due to formation of As(0) as deep 

deposits and the increasing build-up of iron corrosion products.  

5.3.6 Reaction model and practical implications 

Evidence from solid and aqueous phase analyses can be used to establish that 

sequestered arsenite undergoes a series of redox transformations enabled by the oxide 

shell and metallic core of the nanoparticles, which results in arsenic being captured in 

multiple chemical states. Time-dependent and multiline analyses of the reacted solids 

using HR-XPS reveals the relative time scales of individual reactions and the distribution 

of arsenic valence states in the products, as shown schematically in Figure 5.10. The 

relative importance of each reaction shifts with time and the changing composition of 

nZVI during on-going corrosion. This stresses the importance of viewing the arsenic-

nZVI system as dynamic instead of as a static, equilibrium-controlled system. Previous 

studies of reaction kinetics between iron materials and water contaminants rely largely on  
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Figure 5.9 Intensity ratios of the As2p3/2 and As3d XPS spectra for the three samples in 

Figure 5.7. The raw intensities have been corrected by the relative sensitivity factors (S): 

SAs2p= 31.5 and SAs3d= 1.82. The value of SAs2p was determined empirically in a previous 

study [30] and SAs3d was from ref [45]. Using sodium arsenite (NaAsO2) as a standard, we 

determined the intensity ratio of uniformly distributed arsenic species is 1.1 as indicated 

on the figure.  
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Figure 5.10 Schematic diagram summarizing processes responsible for arsenic removal in 

As(III)-nZVI system in anoxic conditions. The relative scale of the core and shell 

components of nZVI are for illustration only and do not reflect actual dimensions. As(III) 

may be taken up from the aqueous phase by adsorption or co-precipitation. The solid-

bound As(III) is oxidized rapidly at the oxide surface, and the As(V) formed may be 

reverted to As(III) at a slower rate. Some As(III) diffuses towards Fe(0) core and is 

reduced to elemental arsenic (As(0)) near the oxide/Fe(0) interface.  
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measurements of contaminant concentrations in bulk solutions. The temporal and spatial 

variations of arsenic speciation in nZVI observed in this study suggest more attention 

may be given to the kinetics of solid-phase redox reactions so as to obtain a more 

complete understanding of the reaction mechanisms.   

The redox interactions reported here have significant implications on nZVI 

remediation performance as well as arsenic speciation and distribution in the final 

products.  A  distinct  feature  of  nZVI  relative to conventional adsorbents is that a large  

proportion of arsenic is embedded within the oxide structure instead of being retained as 

surface adsorbed species. Continuous iron corrosion in this case, not only serves to 

encapsulate the sequestered arsenic, but also supplies a continuous source of reactive 

sites for arsenic abatement. As such, nZVI exhibits much larger arsenic removal 

capacities than iron oxides on a mass or surface area basis, and the retained arsenic is 

potentially less susceptible to leaching caused by pH changes [11,13] and competing 

anions (e.g., phosphate) [12,47]. Compared to bulk ZVI materials, nZVI is capable of 

both arsenite oxidation and reduction, which results in heterogeneous spatial distributions 

of arsenic valence states in the solids representing a new form of arsenic sequestration 

product previously not discussed.   

 

5.4 Conclusion 

From an application point of view, the removal kinetics and arsenic loading per 

unit mass of nZVI are expected to be significantly higher than those of bulk ZVI 

materials owing to its larger reactive surface and a greater "volume" participated in the 

solid-phase redox exchanges. These virtues render nZVI a good candidate for in situ 
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applications in underground source zones and for use in centralized water treatment 

facilities. Since nZVI is a reactive and consumable material, the evolution of these 

nanoparticles and the stability of sequestered arsenic over long time periods (on the order 

of months or longer) in environmentally relevant conditions need to be systematically 

evaluated for these applications.  
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CHAPTER VI  

CONCLUDING REMARKS 

6.1 Summary 

 

Detailed characterization of the oxide/hydroxide shell thickness nZVI 

nanoparticles has been discussed. High-resolution TEM images provided direct evidence 

of the core-shell structure and indicated that nZVI nanoparticles had a shell thickness of 2 

- 4 nm. Also by using HR-XPS analysis and the relative integrated intensities of metallic 

and oxidized iron with a geometric correction an average shell thickness of 2.3 - 2.8 nm 

was obtained.  

In addition, by analyzing the solid and aqueous phases during arsenite 

sequestration processes, we have confirmed that the removal of As(III) from the aqueous 

phase by nZVI proceeds rapidly and the multiple states of arsenic observed on the reacted 

nZVI are a result of several parallel or sequential solid phase reactions. Unlike the 

models conceived in prior studies, which mainly ascribe As-nZVI reactions to surface 

adsorption or co-precipitation processes, the results here demonstrate explicitly the active 

redox transformations effected by the oxide shell and the metallic core of the particles.   

Furthermore, while earlier studies have demonstrated effective As(III) 

sequestration by iron oxide minerals or bulk-scale Fe(0) materials , nZVI has been shown 
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to react much more rapidly with As(III) and has a substantially greater sequestration 

capacity than these conventional iron materials.  

The distinct layers where As(V) and As(0) reside imply As(III) oxidation and 

reduction occur at different physical fronts. The ability to impregnate arsenic into the 

solid phase renders nZVI a potentially more voluminous sink for arsenic compared to the 

widely used iron oxides, whose capacities are limited by the available surface 

coordinative sites and are subject to competition from co-existing anions in the water.   
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