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ABSTRACT 

This research investigated the mecharusms controlling chromate and arsenate removal 

by zerovalent iron media. The removal kinetics of aqueous Cr(VI) and As(V) were 

studied in batch experiments for initial concentrations ranging from 100 to 10,000 ^ig/L. 

Removal kinetics were also studied in colunms packed with zerovalent iron filings over 

this same concentration range. Electrochemical analyses were used to investigate the 

electron transfer reactions occurring on the iron surface, and to determine the effect of 

chromate and arsenate on the iron corrosion behavior. 

The removal mechanism for chromate involved reduction to Cr(III) and the formation 

of hydroxide precipitates, bicreasing chromate concentrations resulted in decreasing 

removal rates due to iron surface passivation. Even at low concentrations, chromate acts 

as a corrosion inhibitor and decreases iron corrosion rates. The condition of the iron 

surface prior to exposure to chromate determined the chromium removal kinetics. Air-

formed oxides significantly inhibited chromate removal, whereas oxides formed in 

anaerobic, chromate-free water resulted in higher removal rates. Although direct 

reduction of chromate at cathodic sites on the iron surface was observed at early elapsed 

times, chromate removal eventually became limited by the rate at which Fe"^ could be 

generated at anodic sites. 

The removal mechanism for arsenate did not involve reduction and was due to the 

formation of inner-sphere, bidentate complexes with iron corrosion products. At low 

arsenate concentrations the rate of arsenate removal was limited by diffusion to 

adsorption sites. At high concentrations the rate of arsenate removal was limited by the 
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rate of adsorption site generation resulting from iron corrosion. Adsorbed arsenate 

blocked electroactive sites on the iron surface and decreased iron corrosion rates. 

Arsenate is expected to remain as the principal adsorbed species in iron filter media 

because electrochemical reduction of As(V) to As(III) is not favorable under the 

conditions relevant to freely corroding iron. 



CHAPTER 1 

INTRODUCTION 

1.1 Outline 

Following this outline are a background section and a section providing the context 

for the research that was performed. The background section focuses on the sources, 

chemistry, health effects, and existing remediation technologies for removing chromium 

and arsenic compounds from water supplies. More specific information such as the 

findings of previous investigators, specific reactions, and background material on 

electrochemistry is included in the following chapters and is omitted from this to avoid 

redundancy. Chapters 2, 4, and 5 have been published in the journal Environmental 

Science and Technology (/, 2, 3). Chapter 3 is currently in review at that journal. 

Chapter 2 describes the effects of chromium concentration on its removal kinetics and on 

the corrosion behavior of zerovalent iron. Chapter 3 describes the effect of the initial 

condition of the iron surface on the kinetics of chromate removal. Chapter 4 consists of 

an investigation on the kinetics of arsenate removal by zerovalent iron, and the effect of 

arsenate concentration on the iron corrosion behavior. Chapter five describes an 

investigation on the electrochemical reactions that occur on the surface of zerovalent iron 

media in arsenate solutions. Chapter 6 is the final chapter that sunmiarizes the major 

findings of this research. 
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1.2 Introduction 

According to the National Priorities List developed by the United States 

Environmental Protection Agency (EPA), there are approximately 1000 contaminated 

sites in the United States that present significant enviroimiental problems (4). 

Approximately SOO of these 1000 contaminated sites have elevated concentrations of 

toxic metals {4). Chromium and arsenic are the second and third most common metals, 

respectively, with 306 sites contaminated with chromium, and 235 sites contaminated 

with arsenic {4). In addition to its presence at industrially contaminated sites, arsenic 

presents a wider problem due to its natural abundance in the environment. High 

concentrations of arsenic have been found in drinking water supplies in developing 

countries such as Bangladesh and [ndia (5). Additionally, arsenic contamination of 

drinking water is a problem in the western United States (5). Currently, the EPA has set 

a Maximum Contaminant Level (MCL) of 50 |ig/L for chromium, and 10 ^g/L for 

arsenic in drinking water. 

1.2.1 Arsenic 

Arsenic is an abundant element in nature and is present in more than 200 mineral 

species (5). Natural sources of arsenic include the leaching of arsenic containing 

minerals, and atmospheric deposition arising from volcanic activity. Mining, burning of 

fossil fuels, wood preservation, and arsenical pesticides are the major anthropogenic 

sources of arsenic in the environment. 



Under conditions relevant to potable water supplies, arsenic exists in both the +5 and 

+3 oxidation states. The +5 oxidation state is known as arsenate, and the +3 oxidation 

state is called arsenite. The dominant arsenate and arsenite species depend on the pH 

value of the water. Table I lists the arsenate and arsenite species and the pKa value for 

each species. 

Both arsenate and arsenite are toxic and carcinogenic to humans and animals. 

Arsenic can cause gastrointestinal, cardiovascular and nervous system anomalies. Long-

term exposure to arsenic is related with skin, lung, bladder and kidney cancers (6). 

Commonly used arsenic removal processes for drinking water are chemical 

precipitation, coagulation/filtration, membrane filtration, lime softening, adsorption and 

ion exchange. Coagulation/filtration is most suitable for large water systems, whereas 

membrane and adsorption processes are more suitable for small water systems. 

Arsenic removal by coagulation/filtration occurs by the addition of alum or ferric 

salts. These salts form insoluble metal hydroxides that adsorb and/or coprecipitate with 

arsenic. The resulting precipitates are then removed from the water by sedimentation and 

filtration. Arsenic removal levels greater than 90% can be achieved with high coagulant 

dosages (5). However, removal is highly dependent on pH (5). The presence of 

competing ions does not severely affect the removal efficiency. 

Activated alumina has a high specificity for As(V) but is much less effective for 

removing As(III) due to competition by other adsorbing anions (5). Optimum adsorption 

occurs at pH values between 5.5 and 6, and is expected to significantly decline at values 

above 8.2, which is the point of zero charge for alumina (5). 
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Anion exchange processes can remove arsenic to concentrations below 5 |xg/L. The 

major disadvantage of anion exchange is its low specificity for arsenic. Therefore, in the 

presence of other competing anions, the removal efficiency is significantly reduced. 

Removal is not sensitive to pH between 6.5 and 9 but it rapidly decreases outside this pH 

range (5). 

Membrane processes, especially nano filtration and reverse osmosis, can be very 

effective and remove more than 95% of dissolved arsenic compounds. However, fouling 

due to the presence of organics, particulates and dissolved constituents is a major concern 

and pre-treatment of water is usually required. 

The recent decrease in the MCL for arsenic has stimulated the development of new 

cost effective technolo^es^at can be used by small water systems. These technologies 

include iron oxide coated sand, granular ferric hydroxide (GFH), and zerovalent iron (5). 

Iron oxide coated sand consists of sand grains covered with ferric hydroxide. This 

technology is based on the high affinity of ferric hydroxide for arsenic compounds. 

Several studies have shown that iron oxide coated sand can be effective for arsenic 

removal; however, the presence of competing ions and pH can significantly affect the 

system performance (J). Regeneration of the bed is not efficient due to the high stability 

of the adsorbed arsenic on the surface of the iron (i). 

GFH is composed of poorly crystallized >S-FeOOH. Field studies have shown GFH to 

be very effective for arsenic removal, outperforming activated alumina (5). Competition 

of sulfate with arsenate adsorption is not significant. In contrast, phosphate competes 



strongly with arsenate for adsorption sites. GFH can be cost-effective due to its high 

adsorption capacity for both As(V) and As(III) (5). 

Zerovalent iron (ZVI) fillings are being used in Bangladesh and India for the removal 

of arsenic from drinking water. Arsenic removal by ZVI is accomplished by adsorption 

of arsenic on the solid corrosion products (7). In the United States, column studies have 

shown that ZVI can effectively remove arsenic for extended periods of time (8, 9). 

1.2.2 Chromium 

Chromium is commonly used as a corrosion inhibitor and is also used in the 

electroplating, textile manufacturing, leather tarming, pigment manufacturing, and wood 

preservation industries. Due to improper disposal from the aforementioned industries, 

chromium is a ubiquitous contaminant of soils and groundwater. 

Under environmentally relevant conditions, chromium is commonly found in water in 

its +6 oxidation state as chromate, and in its +3 oxidation state as chromite. The 

dominant Cr(III) and Cr(VI) species depend on the pH value of the water. Table 2 lists 

the chromate and chromite species and their pKa values. Because Cr(III) has a very low 

water solubility at neutral pH values, reduction of Cr(VI) to Cr(III) can be exploited as a 

chromium removal mechanism. 

Hexavalent chromium is carcinogenic to both humans and animals. It is also acutely 

toxic and may cause liver and kidney damage, internal hemorrhages, and respiratory 

problems (/O). Chronic exposure can cause dermatitis and skin ulcerations (10). Due to 

its high solubility and adverse health effects, Cr(VI) poses a significant environmental 
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hazard. In contrast, Cr(III) is an essential nutrient and is generally nontoxic at exposure 

levels found in water supplies (10). 

Commonly employed technologies for removing chromium compounds from water 

include chemical precipitation, ion exchange, and membrane separations. Chemical 

precipitation is based on the reduction of soluble Cr(VI) to insoluble Cr(III) by the 

addition of a reductant, often ferrous ions. This process may require adjustment of the 

pH and can achieve removal efficiencies greater than 95% (//). Ion exchange can be a 

very effective method for chromium removal since chromate is often favored by 

exchange media over other common anions (//). Membrane separations for chromium 

removal include reverse osmosis and electrodialysis. In electrodialysis, chromate is 

electrochemically transported through an anion selective membrane as a result of an 

applied direct electric current. Both ion exchange and membrane methods produce a 

secondary, more concentrated waste stream that must be treated before disposal. 

1.3 Research Motivation 

Zerovalent iron has received considerable attention in recent years as a treatment 

medium for groundwater contaminated by chlorinated organic solvents and regulated 

metals. Permeable reactive barriers containing zerovalent iron fillings have been 

employed at more than 100 sites in the United States for the remediation of chlorinated 

organic compounds, inorganic anions, and metals. The advantage of passive in situ 

treatment using ZVI is the low operation and maintenance costs once the system has been 

installed. A schematic diagram of a permeable reactive barrier is shown in Figure l .I .  In 



addition to its use in underground barriers, ZVI can also be utilized as a filter medium in 

above ground canister configurations, as shown in Figure 1.2. 

Although several field and laboratory studies have shown the effectiveness of ZVI for 

removing chromium and arsenic compounds, the mechanisms controlling contaminant 

removal and the long-term effectiveness of the iron media have not been sufficiently 

investigated. A better understanding of the removal mechanisms can lead not only to 

better designs of existing remedial systems, but also to the development of new and more 

effective remedial technologies. The purpose of this work was to investigate the 

mechanisms and rate limiting factors for chromium and arsenic removal by zerovalent 

iron media. 
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Groundwater plume containing 
Cr042- and TCE 

ethene + 3C1 

Wall consisting of ZVl filings 

FeO + CrO^^- + 4 H2O ->(Fe,Cr, J(0H)3 + 2 OH* 

Fe" + TCE + 3 ^ ethene + 3C1- + 3Fe^^ 

Figure 1.1 Remediation of contaminated groundwater containing trichloroethylene 

(TCE) and chromate (Cr04^") using ZVI reactive barrier. The reactive barrier intercepts 

the contaminated plume and TCE is reduced to ethane and chloride while chromate is 

reduced and precipitated as Cr(III) inside the barrier. 
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Canister filled with ZVI filings 

r78i 

Ground surface 

Contaminated water aquifer 

Figure 1.2 Canister filled with zerovalent iron filings is fitted into a well-head for the 

remediation of extracted drinking water. 
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CHAPTER 2 

KINETICS OF SOLUBLE CHROMIUM REMOVAL FROM CONTAMINATED 

WATER BY ZEROVALENT IRON MEDIA: CORROSION INHIBITION AND 

PASSIVE OXIDE EFFECTS 

2.1 Abstract 

Permeable reactive barriers containing zerovalent iron are being increasingly 

employed for in situ remediation of groundwater contaminated with redox active metals 

and chlorinated organic compounds. This research investigated the effect of chromate 

concentration on its removal &om solution by zerovalent iron. Removal rates of aqueous 

Cr(VI) by iron wires were measured in batch experiments for initial chromium 

concentrations ranging from 100 to 10,000 ^g/L. Chromate removal was also measured 

in columns packed with zerovalent iron filings over this same concentration range. 

Electrochemical measurements were made to determine the free corrosion potential and 

corrosion rate of the iron reactants. In both the batch and column reactors, absolute rates 

of chromium removal declined with increasing chromate concentration. Corrosion 

current measurements indicated that the rate of iron corrosion decreased with increasing 

Cr(VI) concentrations between 0 and 5,000 ng/L. At a Cr(VI) concentration of 10,000 

^g/L, Tafel polarization diagrams showed that chromium removal was affected by its 

diffusion rate through a passivating oxide film, and by the ability of iron to release Fe^^ at 

anodic sites. In contrast, water reduction was not mass transfer limited, but chromium 

did decrease the exchange current for the hydrogen evolution reaction. Even at the most 

passivating concentration of 10,000 ng/L, efQuent Cr(VI) concentrations in the colunm 
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reactors reached a steady state, indicating that passivation had also reached a steady state. 

Although chromate contributes to iron surface passivation, the removal rates are still 

sufficiently fast for in situ iron barriers to be effective for Cr(VI) removal at most 

enviroimientally relevant concentrations. 

2.2 Introduction 

Chromium is one of the most common groundwater contaminants at industrial sites 

and military facilities due to its widespread use as a metal corrosion inhibitor {12). In 

recent years, there has been great interest in using permeable reactive barriers containing 

zerovalent iron for in situ treatment of groundwater contaminated with chlorinated 

orgatiic compounds and redox active metals {13). For remediating redox active metals, 

the iron serves as an electron donor to reduce dissolved metal ions to valence states that 

are less water soluble. To date, more than 32 permeable barriers have been installed for 

groundwater remediation in the United States and Canada {14). 

Previous investigators have shown that highly water soluble Cr(VI) may be removed 

from solution via reduction to Cr(III) according to {15-20): 

Fe + CrOf + AH^O = Cr{OH), + Fe{OH), + 20H~ (1) 

In addition to precipitation of Cr(OH)3(s), Cr(III) may also form Cr203(s), or solid 

solutions with Fe(III) according to {15,16, 18): 

.r Fe(OH)3 +(l -x) Ct{OH), =(Fe,Ci;_J(0H)3 (2) 
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where .r can range from 0 to I. In addition to reduction by zerovalent iron, Cr(VI) may 

also be reduced by atomic hydrogen adsorbed to iron surfaces {15, 21, 22), by Fe(II) in 

solution (22-27) or in mineral phases (28-32), or by dissolved organic compounds {33, 

34). 

Soluble chromate removal by zerovalent iron media has been described by a kinetic 

expression of the form (22): 

d{CriVr)} ^ {Cr(F7)}0'{/r}''' (3) 
dt 

where, {Cr(VI)} is the aqueous chromate activity, k is the reaction rate constant, and A is 

the reactive surface area. The rate constant defined by equation 3 was found to depend 

on both the solution ionic strength and the mixing rate. Other investigators have found 

that chromate removal by iron media is dependent on the composition of the iron (16), 

and may also be affected by the presence of inorganic mineral phases that impact the 

so lu t ion  chemis t ry  ( IS ) .  

The kinetic expression in equation 3 is 0.5 order in Cr(VT) concentration. Reaction 

orders less than unity are often indicative of reactive site saturation effects. However, in 

the case of zerovalent iron, the number and activity of the reactive sites is not fixed, and 

depends on both the iron and solution potentials. Therefore, the apparent 0.5 reaction 

order may be due to a rate limiting mechanism that involves electron transfer, and will 

thus be dependent on both the reactant concentration and the potential of iron. 

The effect of potential and Cr(VI) concentration on the chromate reduction current 

(12) associated with a corroding iron electrode can be described by (35): 
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/= nFAk (4) 

where, n is the number of electrons transferred; F is the Faraday constant; A is the 

reactive surface area; k is the standard rate constant; ' and ' are the cathodic and 

anodic Tafel slopes, respectively, for the Cr(VI)/Cr(III) redox couple; is the standard 

reduction potential for the Cr(VI)/Cr(III) redox couple; Econ- is the free corrosion 

potential; and {Cr(VI)} and {Cr(III)} are the activities of the Cr(VI) and Cr(III) species, 

respectively. The standard rate constant is independent of potential, and depends only on 

the kinetic facility of the redox reaction on the surface of interest (i5). 

Field studies have demonstrated that permeable iron barriers are effective for Cr(VI) 

removal over extended periods of operation (36-3S). However, chromate is a strong 

oxidant and is a well-known passivator of iron (21). Therefore, the buildup of chromium 

compounds on the iron surfaces may decrease reaction rates for chromate removal. This 

research investigated the hypothesis that increasing concentrations of chromate may 

contribute to decreasing reaction rates through increased surface passivation. The 

specific objectives of this investigation were to determine the effect of the Cr(VI) 

concentration on its removal rate, and on the corrosion rate of the zerovalent iron. 

2.3 Materials and Methods 

2.3.1 Batch Reactors 

Batch experiments measiuing soluble Cr(VI) removal by iron wires were performed in 

well-stirred, sealed 0.85 L glass reactors containing potassium chromate in 3 mM CaS04 

background electrolyte solutions. In experiments measuring Cr(VI) removal rates, a 



single 10 cm long by 1.2 mm diameter iron wire of 99.9% purity (Aesar, Ward Hill, MA) 

was used as the reactant. Anaerobic conditions were maintained by purging the reactors 

with humidified nitrogen gas. Samples were taken using a 1 mL glass syringe, with and 

without 0.1 ^un nylon syringe filters (Whatman, Clifton, NJ). In all experiments, solution 

pH values were measured with color-calibrated test strips, and aqueous chromium 

concentrations were determined using a Perkin Elmer (San Jose, CA) model 41lOzL 

graphite furnace atomic absorption spectrophotometer. 

2.3.2 Packed Column Experiments 

Column experiments were performed using either a 50 cm long by 2.5 cm outer diameter 

(o.d.) glass column, or a 25 cm long by 0.9 cm o.d. stainless steel column. Both columns 

were packed with Master Builder's Supply (Cleveland, OH) iron filings GX-27 blend. 

The glass column contained three intracolumn sampling ports at 12.5, 25, and 37.5 cm 

from the influent end. One port at each location served for taking aqueous samples and 

for measuring the redox potential of the solution. The other port was used to determine 

the free corrosion potential of the iron reactants. The corrosion potentials were measured 

using an iron wire permanently inserted into the column through a rubber septum at each 

port. The columns were operated with Cr(VI) concentrations ranging from 100 to 10,000 

^g/L in 3 mM CaS04 background electrolyte solutions. The mean hydraulic residence 

time in the 25 cm column was 25 minutes, and was 19 minutes in the 50 cm column. 



2.3.3 Electrochemical Experiments 

Two types of electrochemical experiments were performed to assess the effect of 

chromate concentration on iron corrosion rates. To assess the effect of concentration on 

initial rates of iron corrosion, a single 10 cm long iron wire was placed in 0.75 L of 3 mM 

CaS04 electrolyte solution in one of the glass reactors containing a calomel reference 

electrode and a stainless steel counter electrode. The solution was continuously purged 

with SO mL/min of humidified nitrogen gas, and potassium chromate was added to the 

reactor through the vent tubing to produce dissolved chromium concentrations ranging 

from 100 to 10,000 ng/L. The wire was exposed to each concentration for I day, at 

which point a Tafel scan was performed. 

To determine the effect of elapsed time on iron corrosion rates in solutions of 

approximately constant chromium concentration, 2.6 cm long iron wires were placed in 

the nitrogen-purged, glass reactors containing Cr(VI) at concentrations of0, 100, 5,000 or 

10,000 M^g/L. Short wires were used in order to minimize changes in solution 

concentration over the course of these experiments. Tafel scans were performed to 

measure changes in the corrosion currents and free corrosion potentials as a function of 

elapsed time. 

All Tafel diagrams were produced by polarizing the wires ±200 mV with respect to 

their open circuit potentials (39). The polarization experiments were performed using an 

EG&G (Oak Ridge, TN) model 273A scanning potentiostat and M270 software. All 

potentials are reported with respect to the standard hydrogen electrode (SHE). 
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2.4 Results and Discussion 

2.4.1 Removal Kinetics 

Aqueous chromate concentrations in the batch reactors as a function of elapsed time 

are shown in Figure I. Filtered and unfiltered samples gave similar results, indicating 

that the chromate removed from solution was associated with the iron wires. Comparison 

of chromium removal rates in stirred and unstirred reactors indicated that the observed 

rates were not significantly affected by hydrodynamic boundary layer mass transfer 

limitations. In all experiments, pH values remained constant at approximately 7. No 

detectable removal was observed in the reactor with an initial concentration of 10,000 

|ig/L. In the remaining reactors, the chromate removal kinetics could be adequately 

described by a zero order kinetic model, as illustrated in Figure 1. However, for initial 

concentrations between 100 and 5,000 ^ig^, the observed removal rates decreased with 

increasing chromate concentration, as shown in Table I. 

The decreasing Cr(VI) removal rates with increasing concentration can be explained 

by lower rates of iron corrosion at higher chromate concentrations. Figure 2a shows the 

corrosion rate of a single iron wire exposed to increasing chromate concentrations for I 

day at each concentration. The higher corrosion potentials and lower corrosion currents 

observed with increasing concentration between 100 and 5,000 ^g/L are indicative of the 

action of an oxidant/passivator like chromate (39, 40), As shown in Figure 2b, corrosion 

currents in the constant concentration reactors also decreased with increasing chromate 

concentration. 



In contrast to many catalytic systems where the activity of the reactive sites is 

independent of the reactant concentration, the reactivity of sites on zerovalent iron may 

be expected to decline Avith increasing oxidant concentration. This can be attributed to 

the effect of potential on the rate of electrochemical reactions, and on the passivating 

effect of a corrosion inhibitor like chromate. As shown by the potential data in Figure 2a, 

between 100 and 5,000 ng/L, higher Cr(VI) concentrations resulted in higher £corr values. 

According to equation 4, the rate of Cr(VI) reduction by zerovalent iron should be 

dependent on both the Cr(VI) concentration and the potential of the iron. However, the 

behavior predicted by equation 4 is not consistent with the results in Table 1. For 

example, using the measured cathodic Tafel slope for Cr(Vl) reduction of 0.0049 

dec/mV, and the potential data in Figiu-e 2a, equation 4 predicts that the Cr(VT) removal 

rate at a concentration of 5,000 ^g/L should be 44 times greater than that observed at a 

concentration of 100 (ig/L. However, as shown in Table I, the removal rate actually 

declined with increasing Cr(VI) concentration. This behavior can only be attributed to 

increasing iron surface passivation with increasing chromate concentration. 

Iron surface passivation can be attributed to both anodic and cathodic inhibition of 

iron corrosion. The cathodic (/c) and anodic (4) currents produced in the Tafel scans can 

be expressed as (39): 

(5) 

4 (6) 



where, and 7^ are the anodic and cathodic exchange currents, respectively, while 

and are ±e equilibrium potentials for the anodic and cathodic redox reactions. The 

exchange currents depend on the kinetic facility of the reaction, the reactant 

concentrations, and the surface area available for reduction or oxidation (39). Figure 3a 

compares Tafel diagrams generated in the blank and 100 ng/L solutions. The cathodic 

Tafel slopes of 0.0065 dec/mV in both solutions are similar to literature values for water 

reduction in neutral and alkaline media of 0.006 to 0.0072 dec/mV {41-43). This 

indicates that water was the primary oxidant in both solutions, and that the current 

associated with Cr(VI) reduction was too low to measurably contribute to the observed 

corrosion current. 

Although the Tafel slopes shown in Figiure 3a were similar in both solutions, there 

was lower current at each potential in the Cr(VT) containing reactor. As illustrated by 

equation 5, the lower cathodic current in the chromate reactor can be attributed to a factor 

of 2 decline in 1^ for water reduction. This decrease in II for water can likely be 

attributed to the deposition of Cr(III) oxides at cathodic sites on the iron surface {43, 44). 

Spectroscopic analysis has found that both Cr(OH)3 and Cr203 deposit at cathodic sites 

on iron surfaces {18, 20, 43). As illustrated by equation 6, the lower anodic current in the 

chromate versus the blank solution can be attributed to a decrease in 1^. This factor of 

1.6 decline in current in the anodic Tafel region likely results from the presence of Fe(III) 

or mixed Cr(III)/Fe(III) oxides at anodic sites on the iron surface. These oxides decrease 

the surface area available for the anodic reaction of iron oxidation. 



Figure 3b shows Tafel scans taken after one day elapsed for the iron wires immersed 

in the 5,000 and 10,000 |ig/L Cr(VI) solutions. Comparison of the diagrams in Figures 

3a and b show that the values after one day elapsed decreased with increasing Cr(VI) 

concentration. This can be attributed to a decreasing contribution of water reduction to 

the total rate of iron corrosion. The inhibition of water reduction was caused by the 

increase in potential of the iron, and by a decrease in the 7^ for water reduction. At a 

chromate concentration of 100 ^ig/L, the Pc of 0.0065 dec/mV indicates that water 

reduction was the primary cathodic reaction. However, inhibition of water reduction 

increased the contribution of other cathodic reactions to the observed corrosion current. 

At a concentration of 10,000 jig/L, reduction of chromate appears to be the dominant 

reaction contributing to iron corrosion after one day elapsed. The of0.0049 dec/mV in 

the 10,000 p.g/L solution is close to the Pc of 0.0050 dec/mV observed by other 

investigators for a chromate-coated iron electrode immersed in a 780,000 ^g/L Cr(VI) 

solution {4S). Additionally, the potential in the 10,000 ng/L solution of-400 mV is close 

to the equilibrium potential for water reduction, indicating that there was minimal 

hydrogen evolution after one day elapsed. As shown in Figure 3b, the Pc of 0.0057 

dec/mV in the 5,000 ^g/L solution was intermediate to the Pc values in the blank and 

10,000 ^g/T. reactors. This indicates that both water and chromate reduction contributed 

to the observed rate of iron corrosion at 5,000 fig/L. 

Mass transfer limitations are evident in the cathodic Tafel slopes in the 10,000 ^.g/L 

solution. The flattening of the 10,000 ng/L cathodic Tafel slope in Figure 3b at a current 

of 1 ^A was due to mass transfer effects. During the cathodic scan, reduction of Cr(VI) 



decreased the chromate concentration in the vicinity of the cathodic sites. At a potential 

of-520 mV, the rate of reduction became faster than the rate of Cr(VI) diffusion to 

cathodic sites. This limited the reduction rate to the rate of chromate diffusion, and 

resulted in a cathodic mass transfer limited current of ~l ^A. 

There was a gradual decline in 4, at 10,000 ^g/L with increasing elapsed time. 

Tafel scans for this reactor at I, 18 and 37 days elapsed are compared in Figure 4. The 

values for Cr(Vl) reduction declined from ~l ^lA after one day elapsed to 0.4 ^A 

after 37 days. This can be attributed to increasing mass transfer limitations for Cr(VI) 

reduction with elapsed time. However, the small difference in mass transfer limitations 

between 18 and 37 days suggests that the surface passivation was approaching a steady 

state. 

The Cr(VI) concentration also affected the anodic Tafel slopes in each reactor. As 

illustrated by the Pa values in Figures 3a and b, increasing chromate concentrations 

resulted in decreasing anodic Tafel slopes for iron oxidation. Decreasing Pa values are 

indicative of increasing anodic inhibition of iron corrosion. This inhibition likely arises 

from formation of Fe(III) and Fe(III)/Cr(III) oxides produced via reaction of Cr(VI) with 

Fe^^ released at anodic sites (/5, 21). These insoluble oxides decrease the rate that Fe^^ 

released at underlying anodic sites may enter the solution. The buildup of Fe~^ under the 

oxide layer leads to concentration polarization, and thereby reduces the thermodynamic 

favorability for further iron oxidation. This effect is essentially a mass transfer limitation 

on the iron oxidation reaction. 



Although increasing cathodic inhibition was observed with elapsed time in Figure 4, 

there was decreasing anodic inhibition between I and 18 days elapsed. This decreasing 

anodic inhibition can be seen by the greater mass transfer limited current for iron 

oxidation (^) at 18 days compared to that at 1 day. This type of behavior has been 

attributed to reductive dissolution of the iron oxide film, and to morphological changes in 

the oxides coating the iron (45). Changing oxide morphology can be seen in the Tafel 

slopes that occur after the mass transfer limited current for iron oxidation. The I and 18 

day scans in Figure 4 show two additional anodic Tafel slopes, while the 37 day scan 

shows only one additional slope beyond that for iron oxidation. These additional slopes 

result from oxidation of different iron oxides (43). The fact that there was only one oxide 

Tafel slope at 37 days elapsed suggests that the oxide is more uniform at this time than at 

1 and 18 days. 

Changes in the oxide coating the iron are reflected in changes in electrode potential. 

The temporal oscillations in Ecorr illustrated for the 10,000 ng/L reactor in Figure 4 were 

observed in all reactors. These potential oscillations are associated with oscillations in 

Cr(VI) removal rates, as illustrated in Figure 1 for the 400 and 1,700 p.g/L reactors. 

Periods of declining potential are associated with faster removal rates, while periods of 

increasing potential are associated with slower removal rates. 

2.4.2 Coluum Results 

Results from a long-term column experiment measiuing Cr(VI) removal rates as a 

function of influent concentration are shown in Figure 5. The influent Cr(VI) 



concentrations for each period are summarized in Table 2. Influent and effluent pH 

values were always 7 ± 0.5. For influent Cr(VI) concentrations between 100 and 5,000 

effluent concentrations in the 25 cm column remained below the detection limit of 

0.5 ^ig/L. This indicates that rates of Cr(VI) removal were too fast to be measured for 

influent concentrations between 100 and 5,000 ng/L. However, as shown in Figure 5, an 

influent concentration of 10,000 ^g/l. resulted in chromium breakthrough, with a steady 

state effluent concentration of ~7,000 ^ig/L. This steady state removal was observed for a 

period of 30 days (~1,700 pore volumes) until the experimental conditions were changed. 

Upon lowering the influent concentration back to 1,000 ^g/L at 252 days elapsed, the 

effluent concentration declined to a steady state value of ~200 |i.g/L. Previously, as 

shown in Table 2, an influent concentration of 1,000 ^g/L resulted in complete chromium 

removal. Therefore, the greater effluent concentration between 252 and 267 days 

indicates that exposure of the iron to the 10,000 ^.g/L solution produced a loss in 

reactivity that resulted in slower rates of Cr(VT) removal. However, this loss in reactivity 

was slowly reversible. To investigate recovery in iron reactivity, the column was shut in 

between 267 and 274 days elapsed. Upon resuming flow at an influent concentration of 

1,000 |ig/L, the effluent concentration decreased to -20 ng/L, as shown in Figure 5. This 

behavior indicates that the performance of zerovalent iron for Cr(VI) removal is 

hysteretic, and is highly dependent on the condition of the iron siurfaces. 

Data from the 50 cm glass column indicates that the condition of the iron surfaces 

varied with time and location along the length of the column. In all three sampling ports, 

the potential of the iron decreased with elapsed time until the chromate front reached that 
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port. Figiu-e 6a shows the iron wire potential from the middle sampling port of the glass 

column, while Figures 6b and c show the solution potential {Eaq) and chromate 

concentration, respectively. During the period when there was complete chromate 

removal before sampling port 2, a continuous decrease in Ecorr was observed after an 

initial potential fluctuation. This decreasing potential is consistent with the potential 

behavior in the batch experiments, and caimot be explained by changes in solution 

potential, since the solution potential increased monotonically with time. The potential 

fluctuations observed during the flrst 15 days elapsed can most likely be attributed to 

reduction of the air-formed oxide, and the subsequent formation of Fe(0H)2 (-#6). The 

almost linear potential drop between 15 and 47 days elapsed can likely be attributed to 

transformation of Fe(OH)2 to a porous layer of magnetite (Fe304), as observed by 

previous investigators {46). 

Upon breakthrough, and exposure of the iron wire in the center port to chromate at 47 

days elapsed, the potential sharply increased due to the oxidizing action of chromate, and 

the formation of passivating Fe(III)/Cr(III) oxides. The subsequent potential decline 

between 55 and 63 days elapsed can likely be attributed to reduction of the passive film 

{45). After 63 days elapsed, the potential gradually increased due to continuous exposure 

to high Cr(VI) concentrations, and the build-up of a chromium-enforced passive layer. 

Similar temporal oscillations in potential were observed for all three intracolumn iron 

wire probes, and in the batch experiments, as illustrated in Figure 4 for the 10,000 ng/L 

reactor. 



Overall Cr(VI) removal in the 50 cm glass column was similar to that observed in the 

25 cm column. As indicated in Table 3, feed concentrations less than 5,000 ng/L resulted 

in complete chromium removal before the first sampling port, and the first appearance of 

measurable chromium in the column effluent occurred at a feed concentration of 10,000 

|ig/L. Since measurable chromium concentrations were observed only for the two 

highest feed concentrations, Cr(VI) removal rates can be calculated only for influent 

concentrations of 5,000 and 10,000 ^g/L. Mass balances on the column showed steady 

state removal rates of 707 and 36 ng/(L min) for influent concentrations of 5,000 |ig/L 

and 10,000 jig/L, respectively. This decrease in removal rate with increased feed 

concentration is consistent with results of the batch tests, and illustrates that Cr(VI) 

removal kinetics cannot be described by simple zero, first, or fractional order kinetic 

models that do not account for iron surface passivation. 

Even at the most passivating concentration of 10,000 ng/1-, effluent chromate 

concentrations in both colunms reached a steady state within several days. This indicates 

that the extent of surface passivation had also reached a steady state. Steady state 

performance may be attributed to continuous generation of new diffusion pathways and 

reaction sites arising from crack formation in the oxide layer. This is consistent with 

previous reports that only thin passive films may remain nonporous, since internal 

stresses lead to crack formation as the oxide film grows {47, 48). 

Similar cathodic and anodic mass transfer limited currents at 37 days elapsed in the 

10,000 ng/L solution indicate that chromium removal rates are affected by both the 

ability of Cr(VI) to penetrate passivating oxides, and by the ability of iron to release Fe^^ 



at anodic sites. Although Cr(VI) concentrations as low as 100 ^g/L significantly 

decrease corrosion rates, concentration increases above 1,000 ^g/L have only a minimal 

effect on the rate of corrosion, despite significantly impacting the rate of Cr(VI) removal. 

This is consistent with an oxide fihn that acts as a diffusion barrier for Cr(VI) reduction. 

Since rates of Cr(VI) removal are limited by its mass transfer, and the mass transfer of 

Fe"^ ions through the oxide film, thicker films associated with higher Cr(VT) 

concentrations decrease the mass transfer rates, and thereby decrease chromate removal 

rates. In contrast, the Tafel scans indicate water reduction is not limited by mass transfer, 

and the effect of chromium on hydrogen evolution occurs via directly blocking cathodic 

sites. Therefore, the thickness of the oxide fibn has only a small impact on the rate of 

water reduction. 

Although results from this research show that chromate contributes to iron surface 

passivation, the column results suggest that removal rates can reach steady state values 

that are sufficiently fast to provide effective removal for most environmentally relevant 

concentrations, which are often less than 10,000 Hg/^ (/^. This is confirmed by field 

studies showing that permeable barriers containing zerovalent iron can reduce aqueous 

Cr(VI) concentrations to nondetectable levels (36, 37, 2S). For example, a permeable 

barrier operating at a flow velocity of ~50 cm per day has been effective for treating 

groundwater with Cr(VI) concentrations up to 10,000 |ig/L for more than two years {49. 

50). This indicates that for typical groundwater flow rates, diffusion of Cr(VI) and Fe*^ 

through the passivating fihns are sufficiently fast to provide for complete Cr(VI) 

removal. However, since chromate decreases iron corrosion rates, the presence of even 
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low levels of Cr(VI) may adversely affect treatment of other contaminants at sites where 

permeable barriers are used for remediating plumes containing both chromate and 

chlorinated organic compounds. 
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Table 2.1 Zero Order Rate Constants (ko) with 95% Confidence Intervals for Chromate 

Removal from Solutions with Different Initial Cr(VI) Concentrations (Co). 

Co 

(l^g/T-) 

ko 

(|xg/m^min) 

Correlation 

Coefficient (R^) 

100 94±10 0.98 

400 56±7 0.97 

1,700 48±22 0.82 

5,000 14±7 0.86 



Table 2.2 Influent and Effluent Cr(VI) Concentrations for the 25 cm Column 

with a Mean Hydraulic Detention Time of 25 Minutes. 

Days 

Elapsed 

Influent 

Concentration (ng/T-) 

Effluent Concentration 

(^g/L) 

0-117 100 0 

117-132 300 0 

132-146 600 0 

146-183 1,000 0 

183-193 1,500 0 

193-207 5,000 0 

207-252 10,000 7,000 

252-267 1,000 200 

267-274 shut-in shut-in 

274-296 1,000 20 



Table 2.3 Influent and Effluent Cr(VI) Concentrations for the 50 cm Column 

with a Mean Hydraulic Detention Time of 19 Minutes. 

Days 

Elapsed 

Influent 

Concentration (ng/L) 

Effluent Concentration 

(^g/L) 

0-6 100 0 

6-12 200 0 

12-18 400 0 

18-24 800 0 

24-32 1,200 0 

32-40 2,500 0 

40-46 5,000 0' 

46-122 10,000 9,100 

'steady state concentration of 580 {xg/L was observed at port 1. 
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Figure 2.1 Aqueous Cr(VI) concentrations in the iron wire batch reactors with differing 

initial Cr(VI) concentrations. Zero order (ko) removal rate constants for each initial 

concentration are presented in Table 1. 
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Figure 2.2 a) Corrosion currents {Icon) and free corrosion potentials {Econ) for a single 

10 cm long iron wire immersed in anaerobic Cr(VI) solutions after one day elapsed at 

each concentration. The wire was exposed to each Cr(VI) concentration for I day before 

each measurement was taken, b) Corrosion currents for 2.6 cm long iron wires inmiersed 

in anaerobic solutions of different initial Cr(VI) concentration. In the 5,000 and 10,000 

Hg/L reactors, there was no measiuable Cr(VI) removal over the duration of the current 

measurements. 
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Figure 2.3 Tafel scans after 1 day elapsed for 2.6 cm long iron wires immersed in 

anaerobic 3 mM CaS04 background electrolyte solutions with initial CrfVT) 

concentrations of: a) 0 and 100 ^g/L; and b) 5,000 and 10,000 |ig^. 
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Figure 2.4 Tafel scans after 1, 18 and 37 days elapsed for a 2.6 cm long iron wire 

electrode immersed in an anaerobic 3 mM CaS04 background electrolyte solution with 

an initial Cr(VI) concentration of 10,000 ^ig/L. 
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Figure 2.5 Effluent chromium concentrations as a function of elapsed time for a 25 cm 

long column packed with 40 g of iron filings and operated at Cr(VI) concentrations 

ranging fi"om 100 to 10,000 ^g/L in an anaerobic 3 mM CaS04 background electrolyte 

solution. Influent and effluent chromium concentrations for the entire experiment are 

listed in Table 2. 
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Figure 2.6 Data for a 50 cm long column packed with 323 g of iron filings and operated 

with influent Cr(VI) concentrations ranging from 100 to 10,000 ^ig/L in an anaerobic 3 

mM CaS04 background electrolyte solution. Influent and effluent chromium 

concentrations for the entire experiment are listed in Table 3; a) Econ- values for an iron 

wire probe permanently inserted into the column at the middle sampling port; b) Solution 

potentials measured at the middle sampling port; and c) Aqueous chromium 

concentrations at the middle sampling port. 
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CHAPTERS 

UNDERSTANDING CHROMATE REACTION KINETICS WITH CORRODING 

IRON MEDIA USING TAFEL ANALYSIS AND ELECTROCHEIVOCAL 

IMPEDANCE SPECTROSCOPY 

3.1 Abstract 

The kinetics of chromate removal from contaminated water by zerovalent iron media 

are not well understood. This study investigated the reactions occurring on iron surfaces 

in chromate solutions in order to understand the removal kinetics and to assess the long-

term ability of zerovalent iron for removing Cr(VT) from contaminated water. Tafel 

polarization analysis and electrochemical impedance spectroscopy were used to 

determine the corrosion rates and charge transfer resistances associated with Cr(VI) 

removal by iron wires suspended in electrolyte solutions with initial Cr(VI) 

concentrations of 10,000 ^g/L. The condition of the iron surfaces at the time of their 

exposure to chromate determined the effectiveness of the iron for chromate removal. 

Both iron coated with a water-formed oxide and initially oxide-free iron were effective 

for chromate removal. However, iron coated with an air-formed oxide was an order of 

magnitude less effective for removing soluble chromium. Although iron with the air-

formed oxide was largely passivated with respect to chromate removal, its overall rate of 

corrosion was similar to that for iron with the other initial surface conditions. This 

indicates that water, but not chromate, was able to penetrate the air-formed oxide coating 

and access cathodic sites. For all initial surface conditions, addition of chromate 
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decreased the corrosion rate by increasing the corrosion potential and the anodic charge 

transfer resistance. Although Cr(VI) is a strong oxidant, rates of iron corrosion were not 

proportional to the aqueous Cr(VI) concentrations due to anodic control of iron corrosion. 

Under anodically controlled conditions, the rate of corrosion was limited by the rate at 

which Fe^* could be released at anodic sites, and not by the rate at which oxidants were 

able to accept electrons. This study shows that the zero order removal kinetics of Cr(VI) 

by iron media can be explained by anodic control of iron corrosion, and the concomitant 

anodic control of Cr(VI) reduction. 

3.2 Introduction 

Permeable reactive barriers containing zerovalent iron media are becoming 

increasingly employed for passive remediation of groundwater contaminated with 

hexavalent chromium compounds (51). Several investigators have reported that the 

removal mechanism involves reduction of highly soluble CrOl~ to sparingly soluble 

Cr(III) compounds at the surface of the iron (52- 58). Spectroscopic data has shown that 

Cr(0H)3 and mixed Cr(lII)/Fe(III) hydroxides are precipitated on the iron surface (552, 

553, 555, 557, 558). Although both field and laboratory studies have shown that 

corroding iron media can be highly effective for chromate removal, the Idnetics of the 

removal process are not well understood. 

Rates of Cr(VI) removal from solution by zerovalent iron have generally been 

described by models of the form: 

^I^^=-*tCr(KOr (1) 
at 



where k is a rate constant that depends on the iron type and surface area, solution 

chemistry, and pH. The n parameter is the reaction order with respect to the aqueous 

Cr(VI) activity, [Cr(VI)]. In batch tests using iron wires as the reacting iron species, 

Gould (59) found that an n value of 0.5 best described initial removal rates. Other batch 

studies have reported both zeroth and first order removal kinetics for initial reaction rates 

(552, 558, 60), and that rates increasingly deviated from first order kinetics with 

increasing elapsed time (55^). Deviations the first order kinetic model with time have 

been attributed to changes in iron reactivity associated with passivation by adsorbed 

Cr(III) compounds (555, 60). 

An understanding of the steady state removal kinetics is needed in order to design 

permeable barriers for chromate removal. However, it is difficult to assess steady state 

rates of Cr(VI) removal using short-term batch tests. Studies using a large iron surface 

area with respect to the amount of soluble chromate utilize only a very small fraction of 

the reductive capacity of the iron. In fact, much of the removal in short-term batch tests 

may be attributable to adsorption on, or reduction by, oxides present on the iron at the 

time of its immersion into solution. Therefore, short-term tests exploiting only a small 

fraction of the iron's reactive capacity may not be representative of long-term 

performance where continous iron corrosion is necessary for sustained Cr(VI) removal. 

Another pitfall of batch testing with iron filings is that the vigorous mixing that is usually 

employed contributes to particle-particle collisions that may abrade passivating oxides off 

the iron surfaces. 

In a previously reported investigation, Melitas et al. {61) used iron wires suspended in 
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chromate solutions to determine steady state removal rates, and to assess the effect of 

surface passivation on the long-tenn removal kinetics. A small reactive surface area and 

a large solution volume was employed in order to achieve high loadings of adsorbed 

Cr(III) compounds on the iron surfaces. For initial chromate concentrations ranging from 

100 to 5,000 M^g/L, steady state rates of Cr(VI) removal were observed to follow zeroth 

order kinetics with respect to [Cr(VI)]. However, the zeroth order rate constants 

decreased with increasing initial chromate concentration, and hysteretic removal rates 

were observed. 

The disparate findings on the reaction order of chromate removal with respect to 

[Cr(VI)] indicate that the mechanisms involved in chromate removal by iron media are 

complex, and may not be readily amenable to simple kinetic modeling. This research 

investigated the mechanisms controlling Cr(Vl) removal kinetics, and the factors that 

control the long-term performance of iron media for chromate removal. A mechanistic 

understanding of the removal kinetics of Cr(VI) by iron media is essential for designing 

remedial systems, and for assessing their long-term effectiveness. Tafel analysis and 

electrochemical impedance spectroscopy (EIS) were used to investigate the reactions that 

occur on iron media in chromate solutions for three initial iron surface conditions. 

3.2.1 Background 

The rates of cathodic and anodic reactions occurring on corroding iron can be 

described by a form of the Butler-Volmer equation as (62): 



where i is the net current, icon- is the corrosion current, E is iron potential, Ecorr is the free 

corrosion potential, and fie and Pa are the cathodic and anodic Tafel slopes, respectively. 

In the absence of mass transfer limitations, the Pc Pa values are indicative of the 

specific cathodic and anodic reactions that are occurring on the iron surface. Mass 

transfer limitations of species involved in the cathodic or anodic reactions may lower the 

observed p^ or Pa values. The first term on the right hand side of equation 1 is 

proportional to the cathodic current, while the second term is proportional to the anodic 

current. For an iron potential equal to Ecom the rates of the cathodic and anodic reactions 

are equal, and the net current (/) is equal to zero. At a potential of Ecom the iron corrodes 

with a current equal to icom the value of which depends on the iron surface area and the 

concentrations of electroactive species in contact with the iron. 

Tafel analysis is based on perturbing the iron potential from Ecorr by scaiming a range 

in potentials of ±200 mV with respect to Ecorr (^•^)- As indicated by equation I, 

decreasing E below Ecorr increases the rate of the cathodic reactions and decreases the 

rate of the anodic reactions. At potentials more than -50 mV below the equilibrium 

potential for a given redox couple (such as H^/Hj or Cr(VI)/Cr(III)) equation 1 predicts a 

linear relationship between log(0 and the applied potential (£). The slope of this 

relationship is known as the cathodic Tafel slope (Pc)-

In addition to Tafel analysis, EIS is commonly used to study the electrochemical 

reactions that occur on the surface of corroding iron (6S). Rates of charge transfer 

reactions may be controlled by slow rates of electron transfer, slow rates of preceding 
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chemical reactions, or by diffiisional mass transfer limitations. In terms of their effect on 

the flow of electrons, these three mechanisms can be considered analogous to resistance, 

capacitance and inductance, respectively, in an alternating current (AC) circuit. This 

analogy allows the effect of these three mechanisms on the observed reaction rates to be 

assessed using EIS (63, 64). 

EIS techniques measure the phase shift between a sinusoidally varying applied 

potential and the resulting current over a wide range in frequency. Corroding metals are 

often modeled with the Randies equivalent circuit, as illustrated in Figure 1 {64). The 

impedance (Z) is the resistance to the flow of alternating current, and depends on the 

solution resistance (R,), the frequency of the AC signal (co), the capacitance of the 

electrical double layer and/or oxides coating the iron surface (C), and the overall charge 

transfer resistance (RcJ. Rates of the electron transfer step are controlled by which 

depends on the kinetic facility of both the cathodic and anodic reactions. Because the 

cathodic and anodic reactions occur in series, the R^t is the sum of the anodic (/{',) and 

cathodic (R],) charge transfer resistances, as given by; 

(2) 

The anodic reactions in this study involved iron oxidation to Fe~^, while the cathodic 

reactions involved water or Cr(VI) reduction. Because water and chromate compete for 

cathodic sites and their reductions occur in parallel, the can be expressed in terms of 

the charge transfer resistances for water (R^) and chromate (1^) reduction as; 



where 0 is the fraction of the cathodic sites that are involved in Cr(VI) reduction. 

The overall charge transfer resistance may be dominated by either the anodic or 

cathodic reactions (65). Under anodically controlled conditions, the rate at which 

oxidants are able to accept electrons is faster than the rate at which the iron is able to 

release electrons. In contrast, cathodically controlled corrosion occurs when the rate at 

which oxidants are able to accept electrons is slower than the rate at which the iron is 

able to release electrons. The condition of the iron surfaces, mass transfer effects, and the 

charge transfer resistances of the pertinent electroactive species determine whether iron 

corrosion is anodically or cathodically controlled. 

3.3 Materials and Methods 

Experiments measuring Cr(VI) removal rates were performed in 240 mL sealed 

plastic cells using three 9 cm long iron wires, or in 850 mL sealed glass cells using one 

10 cm long wire. The 1.2 mm in diameter iron wires were of 99.9% purity (Sigma, St. 

Louis, MO), and were suspended vertically through ports in the lid of the reaction cells. 

Tafel and EIS analyses were performed in a 15 mL glass electrochemical cell containing 

a 3.2 cm long wire as the working electrode, a Hg/HgS04 reference electrode, and a 

platinum wire counter electrode. All experiments were conducted in solutions that were 

purged with humidified nitrogen gas in order to agitate the solutions and maintain 

anaerobic conditions. 

Chromate solutions were prepared by adding Na2Cr04 to 3 mM CaS04 background 

electrolyte solutions. All experiments were performed with initial Cr(VI) concentrations 



of 10,000 ng/L. No pH adjustments or buffers were used, and pH values were 

determined using pH test paper. Throughout the course of the experiments, pH values 

remained within ±1 pH unit of neutral pH. Aqueous Cr(VI) concentrations were 

determined using a Dionex (Suimyvale, CA) model DX500 ion chromatograph with a 

minimum detection limit of 20 ng/L. 

Because Cr(VI) reaction rates in prior investigations have been observed to be 

hysteretic (55J, 61), experiments were performed for three initial surface conditions of 

the iron wires. Experiments were performed on initially oxide-free iron wires after 

cathodically polarizing the wires at -2000 mV with respect to the standard hydrogen 

electrode for five minutes in the background electrolyte solutions. This procedure has 

been shown to reduce surface oxides to zerovaient iron {66, 67). Experiments with iron 

coated with a water-formed oxide were conducted by first contacting the iron wire with 

the background electrolyte solution for 6 days prior to Cr(VI) addition. Experiments 

were also performed on iron wires coated with an air-formed oxide. These wires 

underwent no treatment prior to their immersion in the chromate solutions. 

3.3.1 Electrochemical Analyses 

Tafel analyses were performed to assess the effect of chromate on the cathodic and 

anodic reactions. All Tafel diagrams were produced by polarizing the wires ±200 mV 

with respect to their open circuit potentials {62). The polarization experiments were 

performed using an EG&G (Oak Ridge, TN) model 273A scanning potentiostat and 

M270 software. All potentials are reported with respect to the standard hydrogen 

electrode (SHE). 



The EIS experiments were performed using an EG&G model 273A potentiostat 

coupled with an EG&G model 5210 impedance phase analyzer. The impedance 

measurements were performed by applying a sinusoidal waveform with an amplitude of 

±10 mV over a frequency range from 5 x 10*^ to 10"* Hz. The impedance data were fitted 

using EG&G ZsimpWin software to a modified Randies circuit where the capacitor was 

replaced by a constant phase element in order to account for surface roughness and 

heterogeneities {68, 69). The fit of the experimental data to the modified Randies circuit 

was very good with chi square values ranging firom 0.005 to 0.5. 

3.4 Results and Discussion 

Figure 2 compares chromate removal rates by iron wires with air and water-formed 

oxides in two 240 mL reactors. The iron wire with the water-formed oxide exhibited 

Cr(VI) removal kinetics that were zeroth order with respect to the aqueous Cr(VI) 

concentration. The removal kinetics by the wire with the air-formed oxide cannot be 

described by a simple kinetic model. Faster removal kinetics were observed on the first 

day elapsed than on subsequent days, where the removal rates could be described by a 

zero order kinetic model. A similar finding of a fast initial uptake followed by slower 

long-term rates has been attributed to a fast adsorption mechanism accompanying a 

slower reaction mechanism {58). Based on Cr(VI) removal rates after the first day 

elapsed, the zero order rate constant (ko) for the wire with the air-formed oxide of 1.2±0.4 

p.g/cmVday was a factor of 8 smaller than that for the wire with the water-formed oxide, 

which had a ko 10±1.3 ^g^cm^/day. Similar behavior was observed in the 850 mL 



reactors where there was also an initial rapid uptake by the wire with the air-formed 

oxide, followed by zero order removal kinetics until the experiment was terminated after 

80 days elapsed. The ko values in the 850 mL reactors were statistically identical to those 

in the 240 mL reactors, and were 12.1±3.7 and l.l±0.2 ^ig/cm'/day for the water and air-

formed oxides, respectively. The removal kinetics exhibited in Figure 2 show that short-

term batch tests lasting less than one day using iron coated with air-formed oxides may 

not be useful for determining steady state Cr(Vl) removal rates. 

Although the rate constants for Cr(VI) removal differed by an order of magnimde 

between the two types of wires. Figure 2b shows that the corrosion rates of the two wires 

were similar. This indicates that the corrosion rate is not a good indicator of the 

effectiveness of iron media for Cr(Vl) removal. To elucidate the mechanisms responsible 

for the removal rate and corrosion behavior exhibited in Figure 2, Tafel and EIS analyses 

were used to investigate the effect of surface oxides on the reactions occurring on iron 

media in chromate solutions. 

Figure 3 shows Tafel and EIS plots for an initially oxide free iron wire after addition 

of 10,000 ng/L Cr(Vr) to the CaS04 electrolyte solution. As shown in Figure 2b, 

addition of Cr(VI) to the blank solution resulted in an approximately 10% decrease in the 

corrosion current by 30 minutes elapsed. This decrease in icon- was accompanied by an 

approximately 100 mV increase in the free corrosion potential, as shown in Figure 2c. 

The decrease in corrosion rate at 30 minutes can be primarily attributed to a decrease in 

the rate of water reduction due to the 100 mV increase in Ecorr- According to the Pc value 

of0.0052 dec/mV determined in the blank solution, a 100 mV increase in Econ- should be 
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associated with a factor of 3.3 decrease in the current for water reduction. The smaller 

than anticipated decline in current at 30 minutes indicates that there was direct reduction 

of Cr(VI) at the iron surface at early elapsed times. The increase in cathodic current at all 

potentials in the Tafel scan, and the change in Pc accompanying chromate addition, are 

also indicative of a change in the cathodic reaction from that of water reduction only, to 

the combined reactions of water and Cr(VI) reduction. 

Other evidence for direct Cr(VT) reduction at early elapsed times can be seen in the 

EIS profiles in Figure 3b. Upon addition of Cr(VI) to the blank solution, the dropped 

from 11,800 to 8200 However, at all potentials the anodic currents were lower in the 

Cr(VT) solutions, indicating an increase in R",. Therefore, the drop in Ret shows that the 

overall rate of corrosion was cathodically controlled in both the blank, and in the Cr(VI) 

solution before 1 day elapsed. In this case, the rate of iron corrosion was limited by the 

rate at which oxidants were able to accept electrons, and not by the rate at which the iron 

was capable of releasing electrons. The 30 minute EIS profile and equation 3 also show 

that the was smaller than 

Between 1 and S days elapsed, the cathodic currents continued to decrease as Cr(VI) 

was removed from solution. This was confirmed by measurement of the aqueous Cr(VI) 

concentration which showed that 97% of the chromate had been removed by 5 days 

elapsed. This amount of removal over 5 days corresponds to a ko of 24 ng/cm^/day. The 

permanent increase in the cathodic currents over that in the blank can be attributed to the 

presence of oxides on the iron surface that increased the cathodic area for water 

reduction. 



In contrast to the greater cathodic currents after addition of Cr(VI) to the solution, 

there was a permanent decrease in anodic currents after Cr(VI) addition. This decrease 

can be attributed to a permanent increase in the . In contrast, the higher currents in the 

cathodic profiles show that the R', after five days elapsed was less than that in the blank 

solution. Thus, according to equation 2, the overall increase in that occurred between 

1 and 5 days elapsed, and the decreasing corrosion currents, must be attributed to an 

increase in R', associated with chromium and iron oxides blocking anodic sites on the 

iron surface. 

Tafel and EIS profiles for an iron wire that was equilibrated with the blank electrolyte 

solution for 6 days prior to Cr(VT) addition are shown in Figure 4. Over the first 6 days 

elapsed in the blank electrolyte solution there was a slight increase in cathodic currents 

and a decrease in Ret- This can be attributed to reduction of the air-formed oxide, and an 

increase in surface area that decreased the from 10,900 to 8,300 Q between 1 and 6 

days. Upon addition of Cr(VI) to the solution, the Econ- value increased by 50 mV, as 

shown in Figure 2c. According to the fic value of 0.0064 dec/mV in the blank at 6 days, 

this increase in potential should have resulted in a factor of 2 decline in the current for 

water reduction. However, as shown in Figure lb, there was only a 25% decline in 

upon Cr(VI) addition. Since the overall corrosion rate was cathodically controlled in the 

blank solution, the smaller than anticipated decline in icon- shows that Cr(VI) directly 

oxidized the iron at early elapsed times. Similar to the oxide free case, Cr(VI) addition 

resulted in increased cathodic currents and decreased anodic currents compared to those 

in the blank electrolyte. However, in contrast to the decrease in R^t that was observed 



upon Cr(VI) addition in the oxide-free case, the R^t increased from 8,300 to 13,300 

after Cr(VI) addition. This shows that the decrease in due to Cr(VI) was more than 

compensated by an increase in . 

Between days 4 and 7 elapsed after Cr(VI) addition, the anodic currents increased by 

more than a factor of 5 while the cathodic currents decreased by less than a factor of 2. 

The declining cathodic currents are similar to those for the oxide-free case, and can be 

attributed to a declining contribution of Cr(VI) reduction to the overall corrosion rate. 

The increasing anodic currents after 4 days elapsed are contradictory to the oxide-free 

case of declining anodic currents, and were accompanied by an overall decrease in 

from 15,500 to 9800 Ci. The decreasing cathodic currents, increasing anodic currents, 

and the overall decrease in R^t show that the overall rate of iron corrosion was anodically 

controlled between 4 and 7 days. Under this condition, rates of the cathodic reactions of 

water and Cr(VI) reduction were limited by the rate at which the iron could release Fe"^ 

at anodic sites, and not by their own intrinsic reaction rates. 

The recovery in anodic currents shown in Figure 4a that occurred only after 4 days 

elapsed shows that Cr(VI) concentrations as low as 2500 ^g/L are capable enforcing 

anodically passivating oxides. Based on the complete Cr(VI) removal that was observed 

after 7 days, -57% of the chromate had been removed by the fourth day elapsed. 

However, there was only a small recovery in the anodic current by that time. However, 

once -75% the Cr(Vl) was removed by the fifth day, there was a rapid decline in the 

degree of anodic passivation, as indicated by drops in Econ- (Figure 2c) and R^t between 4 

and 5 days. By seven days elapsed. Figure 2b shows that the corrosion current had 
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reached close to its value before the addition of chromate. 

Figure 5a shows Tafel profiles for an iron wire with an air-formed oxide after 

placement in a 10,000 ^g/L Cr(VI) solution. As indicated by the corrosion currents in 

Figure 2b, the icon- at 30 minutes elapsed for the iron with the air-formed oxide was 

approximately 75% of that for the oxide-free iron. However, the Ecorr was more than 100 

mV greater than that for the oxide-free case. The higher potential can be attributed to the 

preservation and reinforcement of the oxide film due to the oxidizing ability of chromate. 

In contrast to the cases of the oxide-free and water-formed oxide surfaces, chromium can 

repair and reinforce cracks and structural defects in the air-formed oxide resulting in a 

uniform protective film (70). The reinforced air-formed oxide film is associated with 

high R'f values that result from restricted diffusion of Fe"^ away from anodic sites. The 

high R", resulted in values that were 5 to 8 times greater than those for the oxide-free 

and water-formed oxide wires. 

The decreasing anodic and cathodic currents between 30 minutes and I day elapsed 

can be attributed to increasing passivation arising from oxidation of remaining Fe(II) in 

the air-formed oxide. During the first day elapsed the icon- decreased by 60%, as shown in 

Figure 2b. After the first day the icon- was stable until increasing by 35% between days 3 

and 4. This increase in icorr was associated with the fomiation of a secondary oxide 

phase, as indicated by the appearance of a second peak in the Bode phase diagram ui 

Figure 5b. Previous observations of similar phenomena in carbon steel studies revealed 

the presence of an intermediate, porous, and conductive oxide between the zerovalent 

iron and the outer Fe(III) oxide layer {71). The increase in phase shift due to secondary 



oxide formation is consistent with increasing capacitive properties of the oxide. Thus, 

the secondary oxide appears to mediate the electron transfer from the zerovalent surface 

to oxidizing species. Formation of the secondary oxide phase was also associated with a 

decrease in R^, from 115,000 to 70,000 Cl between 3 and 7 days elapsed. The decreasing 

cathodic currents and increasing anodic currents accompanying the overall decrease in R^t 

shows that the overall rate of iron corrosion, and thus Cr(VI) reduction, was anodically 

controlled during this time. 

Figure 6 shows Tafel profiles for iron wires with different initial surface conditions 

approximately I week after their immersion in the 10,000 ng/L Cr(VI) solutions. Also 

shown is a profile for an iron wire immersed in the blank electrolyte after 6 days elapsed. 

For the water-formed and initially oxide-free wires, the cathodic currents at potentials 

near the Econ for each wire were the same as those for the blank. This shows that there 

was no permanent effect of Cr(VI) on the cathodic reactions and cathodic sites after all 

the Cr(Vl) had been removed from the solutions. The cathodic Tafel slopes for the blank, 

oxide-free, and water-formed oxide cases of )3'c=0.006 to 0.0068 dec/mV are indicative of 

water reduction {61, 66, 72, 73). The lower cathodic slope for the air-formed oxide can 

likely be attributed to reduction of Cr(VI), iron oxides, and water. The lower cathodic 

currents for the air-formed oxide wire at potentials below -550 mV show that there was 

permanent cathodic passivation. 

The anodic profiles in Figure 6 show that there was permanent anodic passivation on 

all three wires after exposure to chromate. The wire with the water-formed oxide showed 

the least passivation, most likely attributable to protection of the iron from Cr(VI) by the 



oxide film. The high degree of anodic passivation for the wire with the air-fonned oxide 

can be attributed to the ability of Cr(VI) to enforce the air-formed oxide and create a 

continuous protective film. 

The Tafel and EIS analyses showed that in the absence of an air-formed oxide, Cr(VI) 

was able to directly oxidize the iron, at least at early elapsed times. The Faradaic current 

efficiency for Cr(VT) reduction can be determined by integrating the corrosion currents in 

Figure 2b. Assuming three moles of electrons were associated with each mole of Cr(VI) 

removed, the Faradaic current efficiency for Cr(VI) reduction ranges from 12% for the 

iron with the air-formed oxide, to 60% for the oxide-free iron. If the reducing capacity of 

the Fe~^ that was released at anodic sites is considered, the Faradaic current efficiency for 

the air-formed oxide decreases to 8%, while that for the oxide-free case decreases to 

40%. The low current efficiency associated with the air-formed oxide suggests that water 

is much more facile at penetrating the outer Fe(IlI) oxide to reach cathodic sites. The 

high current efficiencies in absence of an air-formed oxide show that chromate was able 

to gamer a substantial fi^ction of the corrosion current at cathodic sites. However, the 

cathodic Tafel slopes after 1 day elapsed were more indicative of water reduction than 

that for chromate reduction, which has a Pc value that is more than 3 times greater than 

that for water reduction. These two facts suggest that in addition to direct electron 

transfer, chromate may also be indirectly reduced by atomic hydrogen produced from 

water reduction. 

Although chromate was capable of directly oxidizing the iron, the corrosion currents 

were not proportional to the aqueous Cr(VI) concentrations. This can be attributed to 
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competition between chromate and water for cathodic sites on the iron surface, and to the 

anodic control of iron corrosion for chromate concentrations above 2500 |ig/L. Because 

of anodic control, rates of the cathodic reactions were not proportional to the 

concentration of oxidants in the solution, but were limited by the iron's ability to release 

Fe""^ at anodic sites. This mechanism is consistent with Cr(VI) reduction rates that are 

zero order in chromate concentration. 
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Figure 3.2 a. Chromate removal versus time for an iron surface covered with an oxide 

formed by initial exposure to chromium-free water for 6 days (WFO), and for an iron 

surface covered with an air-formed oxide (AFO). The zero order constant (ko) for the air-

formed oxide represents the removal after the fast initial removal (dotted line) for the first 

day elapsed, b. Corrosion rates versus time for iron surfaces with different exposure 

histories, c. Corrosion potentials corresponding to the corrosion currents shown in Figure 

2b. 



AFO 

Ar =l.2±0.4-^ 
A cm'd 

a 

WFO 

A, =10±1.3-^ 
o I J cm a 

0.8 

0 2 4 8 8 10 12 

Elapsed Time (Days) 

6.E-06 W attr Formed 0 l idc 

Air Farmed 0 irde 
« 4.E 06 " 

2.E 06 J 

0 1 2 3 4 S S 7 

Elapsed Time (Days) 

-350 

•400 
lil 

«« .450 
» 
E 

-500 0 l id* Fret 

«• 
W attr Formed 0 tide -550 

Air Farmed 0 l ide 
-600 

0 5 7 1 2 3 4 6 
Elapsed Time (Days) 



72 

1 Cr30min C r 30 tnin 
Blank 

Blink E 1.E-Q5 

1.E-0S 

-700 -600 -500 -400 -300 

E (mV SHE) 

6000 

Blink 

R-11750 

CrDi»5 

CrOiy 3 f  -17750 

R-15400 
2000 

C r 30 m in 
R-azoo R-11050 

Cr 6 hrs 

R-9500 
0 

0 5000 10000 15000 
Zr(ni 

Figure 3.3 a. Tafel diagrams at different elapsed times for an initially oxide-free iron 

surface, b. Nyquist plots at different elapsed times for the oxide-free surface. The 

surface was cathodically polarized to remove oxides. Blank measurements were taken 

prior to chromate addition. 



73 

l .E-03 -

Blank Day S 
CrOay 7 

C r Q ay 7 
—. l .E-04 y 

^ Cr Day 4 

CrOay 1 
— l.E-05 

Blank Day 8 

1 . E 0 6  

-400 •700 •500 •300 

E (mV SHE) 

6000 

Cr Oay 4 

Jt *15550 
4000 -

g 
J 

2000 • 
Cr Day 1 

R*13300 

10000 5000 0 

Zr(a) 

Figure 3.4 a. Tafel diagrams for an iron surface covered with a water-formed oxide, b. 

Nyquist plots at different elapsed times for an iron surface surface covered with a water-

formed oxide. The iron surface was exposed to chromium-free water for 6 days prior to 

chromate addition. The blank shown is for 6 days elapsed in the chromium-free solution. 
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Figure 3.5 a. Tafel diagrams for an iron surface with an air-formed oxide, b. Bode 

phase plots for the iron surface with an air-formed oxide. 
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Figure 3.6 Tafel diagrams produced at the termination of each experiment for a water-

formed oxide (WFO), an air-formed oxide (AFO) and an oxide-free (OF) initial 

condition. The blank diagram corresponds to the surface exposed at chromium-free 

water for 6 days. 
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UNDERSTANDING SOLUBLE ARSENATE REMOVAL IQNETICS BY 

ZEROVALENT IRON MEDIA 

4.1 Abstract 

Zerovalent iron filings have been proposed as a filter medium for removing arsenic 

compounds from potable water supplies. This research investigated the kinetics of 

arsenate removal from aqueous solutions by zerovalent iron media. Batch experiments 

were performed to determine the effect of the iron corrosion rate on the rate of As(V) 

removal. Tafel analyses were used to determine the effect of the As(V) concentration on 

the rate of iron corrosion in anaerobic solutions. As(V) removal in colunm reactors 

packed with iron filings was measured over a one-year period of continuous operation. 

Comparison of As(V) removal by freely corroding and cathodically protected iron 

showed that rates of arsenate removal were dependent on the continuous generation of 

iron oxide adsorption sites. In addition to adsorption site availability, rates of arsenate 

removal were also limited by mass transfer associated with As(V) diffusion through iron 

corrosion products. Steady state removal rates in the column reactor were up to 10 times 

faster between the inlet-end and the first sampling port, than between the first sampling 

port and the effluent-end of the column. Faster removal near the influent-end of the 

column was due to a faster rate of iron oxidation in that region. The presence of 100 

^g/L As(V) decreased the iron corrosion rate by up to a factor of five compared to a 

blank electrolyte solution. However, increasing the As(V) concentration from 100 to 

20,000 ^ig/L resulted in no fiuther decrease in the iron corrosion rate. The kinetics of 
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arsenate removal ranged between zeroth and first-order with respect to the aqueous As(V) 

concentration. The apparent reaction order was dependent on the availability of 

adsorption sites and on the aqueous As(V) concentration. X-ray absorption spectroscopy 

analyses showed the presence of iron metal, magnetite (Fe304), a Fe(III) oxide phase, and 

possibly a Fe(n,Iir) hydroxide phase in the reacted iron filings. These mixed valent 

oxide phases are not passivating and permit sustained iron corrosion and continuous 

generation of new sites for As(V) adsorption. 

4.2 Introduction 

The concern over arsenic in drinking water has increased in recent years due to the 

discovery of high levels of arsenic in potable water supplies in several developing nations 

{74, 75). In the United States, the Environmental Protection Agency has recently 

decreased the maximum contaminant level (MCL) for arsenic in drinking water firom 50 

to 10 ng/L (75). The heightened awareness of arsenic toxicity and the proposed 

regulatory changes have prompted considerable research efforts towards developing new 

methods for removing arsenic fi'om drinking water. 

Several investigators have proposed the use of zerovalent iron filings as a filter 

medium for removing As(V) (arsenate) and As(III) (arsenite) compounds from drinking 

water (77-82). The operational simplicity of zerovalent iron filters make them suitable 

for point of use, individual well-head, or other small-scale treatment systems. Some 

investigators (82) have reported that As(V) species may be reduced by zerovalent iron to 

AsCm), but others have reported no reduction of As(V), even after more than 1 year of 



contact time (80, 81). Reduction notwithstanding, the removal mechanism for both 

As(III) and As(V) compoupd? involves adsorption to iron oxides (77, 80-82). Some 

investigators have reported more favorable adsorption of As(III) versus As(V), while 

others have reported more favorable adsorption of As(V) {80. 82). Differences in the 

relative ease of As(V) versus As(III) removal can likely be attributed to differences in 

iron oxide morphology, iron oxidation state, water chemistry, and pH between 

investigations (77). 

Adsorption and coprecipitation of arsenite and arsenate on Fe(III) oxides have been 

thoroughly investigated (83-92). The removal mechanisms involve both mono- and bi

dentate complex formation with ferric oxyhydroxides (86, 87, 91). Grossl et al. (87) 

showed that arsenate uptake by goethite initially occurs via a ligand exchange mechanism 

that replaces a surface bonded OH' (>Fe-OH) by a monodentate arsenate ion. The 

monodentate complex may then transform into an iimer-sphere bidentate complex. X-ray 

absorption spectroscopy (XAS) studies indicate the predominance of bidentate arsenate 

surface complexes over monodentate, but that may be a function of the As(V) 

concentration, pH, equilibration time, and the properties of the iron oxide phase (86, 91, 

93-95). 

Reactions of arsenic compounds with Fe(II) have received much less attention than 

those involving Fe(III). This is likely due to the instability of ferrous oxides in water, 

which convert to magnetite or one of many possible ferric oxide phases over time periods 

of hours to days (96). However, one study investigating the effect of Fe"* and Fe^^ ions 

on arsenate removal by activated carbon showed that Fe~^ was more effective in 



promoting arsenate removal (97). Enhanced removal of arsenate by Fe^* was attributed 

to precipitate formation, since the adsorption process appeared to be irreversible. 

The kinetics of arsenate removal by a range of ferric oxides has been investigated in 

several studies {84, 85, 87, 88). Grossl et al. (87) used a pressure jump/relaxation 

technique to investigate the kinetics of arsenate siuface complex formation with goethite. 

That study found that formation of monodentate ferric-arsenate complexes occurred on a 

time scale of milliseconds, while transformation to bidentate complexes occurred on a 

time scale of seconds. Given the rapidity of surface complex formation, the stow 

approach to sorptive equilibrium (often requiring hours or days to reach) has been 

attributed to the slow diffusion of arsenic species through porous iron oxides (85). Aging 

of amorphous iron oxides to more stable phases with different arsenate sorption 

capacities may also contribute to the slow approach to sorptive equilibrium. 

The kinetics of arsenic removal by zerovalent iron media has been the subject of 

several recent investigations. Lackovic et al. (80) reported on the removal kinetics of 

As(III) and As (V) in terms of removal efficiencies. This type of kinetic information is 

case specific, and is therefore not useful for extrapolation to other experimental 

conditions. Su and Puis (82) used a first-order model to describe As(III) and As(V) 

removal kinetics in short-term batch tests lasting less than 4 days. In that study, the 

capacity of iron for arsenic removal was described using a Langmuir adsorption model. 

However, because iron is reactive and continuously generates new adsorption sites via 

corrosion, short-term batch tests conducted at high concentrations may not be useful for 
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assessing iron's long-term performance for removing arsenic from low concentration 

solutions. 

In a recent study, Farrell et ai (81) showed that arsenate removal kinetics by 

corroding iron in batch tests could be described by a kinetic model of the form: 

where [As] is the arsenate solution concentration, t is time, ko is the zeroth-order rate 

constant, and ki is the first-order rate constant. This form of kinetic expression yields 

removal rates that approach first-order in [As] in the limit of infinite dilution, and zeroth 

order in [As] at infinite concentration. First-order removal kinetics occur when there is 

an excess of adsorption sites, and thus, there is no sorptive competition among dissolved 

As(V) species for these sites. In this case, arsenate removal rates are limited by the rate 

of mass transport to adsorption sites within the porous oxides. 

At early elapsed times after an oxide-coated zerovalent iron sample is placed into an 

arsenate solution, approximately pseudo-first-order kinetics may be observed due to mass 

transfer limitations. However, with increasing elapsed time, deviation from pseudo-first-

order kinetics will occur if the rate of Fe"^ generation is less than the rate of arsenate 

removal. This arises from competition between arsenate species for a decreasing number 

of adsorption sites. For a fixed rate of iron conosion, competition for adsorption sites 

increases with increasing As(V) concentration. At high As(V) concentrations, the 

removal kinetics approach pseudo-zeroth order, and are limited by the rate of adsorption 

site generation. 

( I )  
dt kolky + [As] 



The purpose of this investigation was to assess the validity of the kinetic model in 

equation I for describing the long-term removal of arsenate by packed beds of zerovalent 

iron filings. Batch experiments were performed to assess the effect of the iron corrosion 

rate on the rate of arsenate removal, and to assess the effect of the arsenate concentration 

on the rate of iron corrosion. Column experiments were performed to determine long-

term arsenate removal rates by packed beds of iron filings as a function of the influent 

arsenate concentration. X-ray absorption spectroscopic analyses were performed to 

determine the identity of iron corrosion products and their relationship to arsenate 

removal rates. 

4.3 Materials and Methods 

4.3.1 Batch Reactors 

Two batch experiments were performed to determine the influence of the iron corrosion 

rate on rate of the arsenate removal. Arsenate removal by freely corroding and 

cathodically protected iron wires was measured in 3 mM CaS04 background electrolyte 

solutions containing Na2fiAs04 at an initial As(V) concentration of 100 ^ig/T-. Cathodic 

protection in one of the reactors was accomplished by polarizing the iron by -100 mV 

with respect to its free corrosion potential. Each glass batch reactor contained 850 mL of 

solution at pH 7, a 10 cm long by 1.2 mm diameter iron wire of 99.9% purity (Aesar, 

Ward Hill, MA), a calomel reference electrode (EG&G, Oak Ridge, TN)> and a stainless 

steel wire counter electrode. A platinum wire electrode that was intermittently inserted 

through the sampling port on each reactor was used to measure the solution redox 

potential. The reactors were purged with 50 mL/min of humidified nitrogen gas in order 



to agitate the solutions and maintain anaerobic conditions. The solution potentials of-

390 to -425 mV, with respect to the standard hydrogen electrode (SHE), confirmed that 

dissolved oxygen concentrations in both reactors were low. 

A batch experiment was also performed to measure arsenate removal by a freely 

corroding iron wire under steady state conditions. In this experiment a 117 ^ig/L solution 

of As(V) in a 3 mM CaS04 electrolyte was pumped through a 250 mL stirred, batch 

reactor at a flow rate of I miymin. Iron corrosion rates and effluent arsenate 

concentrations were then periodically measured. 

A fourth batch experiment was performed to determine the effect of arsenate 

concentration on the iron corrosion rate. In this experiment, a single 10 cm long iron 

wire was placed in a nitrogen-purged, 3 mM CaS04 electrolyte solution. The corrosion 

rate of the iron in the blank solution was then measured over a ten-day period until it 

reached a steady state. On subsequent days, arsenate was added to the reactor through 

the sampling port to achieve As(V) concentrations ranging from 100 to 20,000 ^ig/L. The 

corrosion rate of the iron was then measured after one day elapsed at each arsenate 

concentration. 

4.3.2Coluiiui Experiments 

Column experiments were performed using either a 50 cm long by 2.5 cm outer diameter 

(o.d.) glass column, or a 25 cm long by 0.9 cm o.d. stainless steel column. Both columns 

were packed with Master Builder's Supply (Cleveland, OH) iron filings GX-27 blend. 

The iron filings were coated with an air-formed oxide and were used as received. The 

glass column contained an inlet and three intracolumn sampling ports at 0, 12.5, 25, and 



37.5 cm from the influent end. One port at each location served for taking aqueous 

samples and for measuring the redox potential of the solution. The other port was used to 

determine how the iron corrosion rate and free corrosion potential varied along the length 

of the column. The corrosion rates and potentials were measured using an iron wire 

permanently inserted into the column through a rubber septum at each port. A stainless 

steel screen placed above each sampling port was used to prevent the filings in the 

column from contacting the iron wire probes. The columns were operated with As(V) 

concentrations ranging from 100 to 50,000 ^ig/L in nitrogen-purged, 3 tnM CaS04 

background electrolyte solutions. The glass column was operated with mean hydraulic 

residence time of 20 minutes, and was operated at each influent concentration until a 

steady state effluent concentration was attained. The stainless steel column was operated 

with hydraulic residence times of 20 seconds or 25 minutes, but in several instances the 

influent concentrations were changed before reaching steady state arsenic removal. 

4.3.3 Analytical Methods 

Total arsenic and iron concentrations in the aqueous phase were determined with a 

graphite fumace atomic absorption (AA) spectrophotometer (Perkin Elmer, San Jose, 

CA) using a published method (9S). The oxidation state of aqueous arsenic species was 

determined via ion chromatography (IC) using an atomic fluorescence detector (PS 

Analytical, Kent, UK). The detection limits for the AA and IC methods (99) were both 

~l ng/L. Corrosion currents (fcorr) and free corrosion potentials (Ecorr) were measured by 

analysis of Tafel diagrams produced by polarizing the iron wire electrodes ±150 mV with 

respect to their open circuit potentials (8/, 100). The polarization experiments were 



performed using an EG&G model 273A scanning potentiostat and EG&G M270 

software. 

4.3.4 X-ray Absorption Spectroscopy 

Iron K-edge X-ray absorption spectra for iron filing samples from the influent and 

effluent ends of the stainless steel column were collected at the Stanford Synchrotron 

Radiation Laboratory (SSRL) on wiggler beamlines 4-1 and 4-3 under dedicated 

conditions (3 GeV, 70-90 mA). Spectra for the filings and solid reference compounds 

were collected in transmission mode at room temperature using Si(220) monochromator 

crystals and gas-filled ion chambers. All samples were prepared in an anaerobic glove 

box and placed in airtight containers prior to analysis (81). Bulk samples were powdered 

and mounted as thin, uniform smears on adhesive tape. Beam energy was calibrated by 

setting the first inflection of an iron foil spectrum to 7112.0 eV. Four scans were 

collected and averaged for each sample. First-derivative X-ray absorption near-edge 

structure (XANES) spectra were fit by linear combination with reference compounds 

using the program DATFIT {100) to qualitatively determine the primary iron phase(s). 

Numerical results were extracted fi-om extended X-ray absorption fine structure (EXAFS) 

spectra using the computer program EXAFSPAK (101), and theoretical phase-shift and 

amplitude reference fimctions were calculated using the program FEFF6 (102). 

Numerical values for interatomic distances (R), number of backscatters (N), Debye-

waller factor (a') and aEo (one variable for all atomic shells) were determined by non

linear least-squares fits to background-subtracted, normalized spectra. To reduce the 

number of independent variables in fits, was fixed on typical values determined fix>m 



reference compounds {103), and interatomic distances (R) for selected atomic shells were 

fixed on crystallographic values of phases identified in the XANES analyses. 

4.4 Results and Discussion 

4.4.1 Batcii Reactors 

The relationship between the arsenate removal rate and the rate of iron oxidation was 

investigated by comparing arsenate removal rates by fi-eely corroding and cathodically 

protected iron. Aqueous arsenate concentrations in the batch reactors as a function of 

elapsed time are shown in Figure I. In all batch reactors, solution pH values remained 

constant at 7 ± 0.5. The rate of arsenate removal by the freely corroding iron wire 

conformed to the kinetic model described by equation 1. Over the first three days, the 

arsenate removal rates by the cathodically protected iron were similar to those observed 

with the freely corroding iron. However, after that time the rate of arsenate removal by 

the cathodically protected iron was significantly slower than that for the freely corroding 

iron. The As(V) removal rate between 3 and 14 days elapsed for the cathodically 

protected wire yielded a first-order rate constant (ki) of 0.010 d"', which is 10 times 

smaller than the ki for the freely corroding iron of 0.1 d"'. 

The similar removal rates during the first three days can be explained by arsenate 

adsorption to oxides present on the iron wires at the time of their immersion into the 

As(V) solutions. The slower removal by the cathodically protected iron after 3 days can 

be attributed to a slower generation rate of new adsorption sites. Cathodic protection 

decreased the iron oxidation current by two orders of magnitude fix)m 0.2 to 0.002 jiA. 



The decrease in removal rate with the decrease in anodic current clearly shows that the 

removal rate was tied to the rate of Fe"^ generation. Although the freely corroding anodic 

current was two orders of magnitude larger than the cathodically protected anodic 

current, its first-order rate constant was only one order of magnitude larger. The lack of 

proportionality between the corrosion rate and the removal rate is consistent with greater 

mass transfer limitations associated with a thicker oxide on the freely corroding iron. 

The relationship between the arsenate removal rate and the iron corrosion rate was 

investigated under steady state removal conditions. Figure 2a shows the effluent arsenate 

concentrations from the flow-through reactor, and Figure 2b shows the associated 

corrosion currents. The steady state removal of 40 ng/L As(V) corresponds to a removal 

rate of 0.78 ^moles per day. This compares to an Fe*^ generation rate of 3.6 nmoles/day, 

based on an average corrosion rate of 8 nA. The factor of 4.6 greater rate of Fe"^ 

generation versus As(V) removal suggests that arsenate removal under steady state 

conditions was limited by diffusion through the oxide layer to adsorption sites. This 

conclusion is supported by comparing rates of As(V) removal and iron corrosion in the 

nitrogen-purged and flow-through reactors. At a concentration of 77 ng/L, the removal 

rate in the flow-through reactor of 0.78 (xmoles/d was a factor of 9 times greater than the 

removal rate of 0.087 ^moles/d in the nitrogen-purged reactor. However, the corrosion 

rate in the flow-through reactor was approximately 40 times greater than that in the 

nitrogen-purged reactor (due to higher dissolved oxygen concentrations). This suggests 

that there were greater mass transfer limitations associated with the thicker oxide on the 

faster corroding iron in the flow-through reactor. 



The effect of arsenate concentration on the corrosion rate of an iron wire immersed in 

solutions with concentrations between 0 and 20,000 ^g/L is shown in Figure 3. An 

arsenate concentration of 100 ng/L decreased the iron corrosion rate by a factor of 5 as 

compared to that in a blank electrolyte solution. However, increasing the arsenate 

concentration from 100 to 20,000 |ig/L had no measurable effect on the corrosion rate. 

This can be explained by the mechanism through which arsenate affects iron corrosion, as 

determined in a previous investigation (81). Adsorption of arsenate at cathodic sites 

blocks water reduction, and thereby lowers the iron corrosion rate, becaues arsenate itself 

is not reduced (81). The absence of a concentration dependence in Figure 3 can therefore 

be attributed to cathodic site saturation at As(V) concentrations as low as 100 ng/X. 

4.4.2 Column Reactors 

The applicability of the kinetic model in equation I to column reactors was 

investigated for influent arsenate concentrations ranging from 100 to 50,000 ^ig/L. The 

influent concentration history for the glass column reactor is summarized in Table 1. In 

all column reactors, effluent pH values were identical to influent values of 7 ± 0.5. Iron 

concentrations in the column effluent remained at ~40 )ig/L regardless of the influent 

As(V) concentration. The low dissolved iron concentrations and the constant pH values 

can be attributed to precipitation of Fe(OH)2(s) on the iron surfaces. All the arsenic 

adsorbed to the iron particles was in the +5 oxidation state (81). 

For influent concentrations below 1,000 ^.g/L, complete arsenate removal was 

observed before the first sampling port. However, for influent As(V) concentrations of 

2,500 ^g/L and greater, breakthrough was observed at all sampling ports, as shown by the 



data in Figure 4a for influent concentrations between 2,500 and 10,000 (ig/L. Arsenate 

breakthrough at all ports shows that site saturation limited As(V) removal rates for feed 

concentrations of 2,500 M-g/L and greater. 

For all feed concentrations, the arsenate removal rate was faster before the first 

sampling port than between the first port and the effluent end of column. A similar 

observation of faster removal near the inlet end of several columns packed with iron 

filings was reported by Lackovic et al. (80) for both As(V) and As(III) removal. The 

faster removal near the column inlet can be explained by the corrosion current data in 

Figure 4b. Throughout the month-long test, the iron corrosion rate at the influent end of 

the column was at least a factor of seven times greater than the corrosion rate at any of 

the three intracolumn sampling ports, as illustrated in Figiu'e 4b. The faster corrosion 

rates near the column inlet were present in both the blank and As(V) containing solutions. 

Therefore, they cannot be attributed to differences in As(V) concentration between the 

inlet and the three intracolumn sampling ports. 

The faster corrosion rate near the column inlet can be attributed primarily to trace 

amounts of oxygen in the influent water. Although the influent water reservoir was 

purged with nitrogen, analysis of Tafel diagrams shows the presence of oxygen at the 

inlet port. Figure 4c shows representative Tafel diagrams produced at the inlet and 

middle ports of the column. For the middle sampling port, the cathodic Tafel slope of 

0.006 dec/mV was close to slopes of 0.0060 to 0.0072 dec/mV that have been observed 

for water reduction in several previous investigations (104-106). However, the cathodic 

Tafel slope of 0.003 dec/mV for the inlet sampling port was considerably smaller. This 



smaller cathodic slope can most likely be attributed to mass transfer limited oxygen 

reduction. The presence of oxygen in the influent water is also indicated by the higher 

redox potential of the influent solution compared to that observed at the intracolumn 

sampling ports. The nitrogen-purged influent solution had a redox potential range of 300 

to 400 mV, while the solution potential within the column was always less than 250 mV. 

The higher corrosion rate near the influent end of the column is also reflected in the 

anodic Tafel scans in Figiure 4c. The anodic Tafel slope for the inlet sampling port was 

always less that that for the middle port. This can be attributed to the presence of a 

greater mass of iron oxides near the column inlet that provided a greater anodic area, and 

thus a greater current at low anodic overpotentials, as shown in Figure 4c for potentials 

between -528 and -480 mV. However, at more positive potentials, the rate of Fe"^ 

generation increased sufficiently that iron oxidation became limited by the rate at which 

Fe^^ was able to enter the solution. Under these conditions, the greater oxide mass served 

as a greater barrier to Fe^"*" diffusion, and thereby decreased the anodic current at the inlet 

relative to the middle port. 

Differences in corrosion rate along the length of the column will give rise to varying 

ko values, since ko reflects the rate of adsorption site generation. Also, differences in the 

speciation and morphology of the iron oxides along the length of the column may give 

rise to variation in ki values. To examine this effect, the kinetic model was fit to the 

steady state profiles for influent As(V) concentrations between 2,500 and 23,500 ng/L. 

Because of differences in corrosion rates, the column was divided into two sections for 

independent parameter evaluation. For the section of the column between the inlet and 



the first sampling port, the best-fit kt and ko values were 0.25 min'^ and 1111 ^gL•Wn'^ 

respectively. For the section of the column between the first sampling port and the 

colunm outlet, the best-fit ki and ko values were 0.09 min ' and 92 ngL*'min"', 

respectively. A model fit using these parameters is shown in Figure 4a. 

The different rate parameters for the two sections of the column gave rise to 

differences in the apparent reaction order. Figure 5 shows the As(V) removal rate as a 

function of the average concentration for the section of the column before the first 

sampling port, and for the section of the column after the first sampling port. The slope 

of this graph yields the apparent reaction order with respect to the arsenate concentration 

(107). As shown in Figure 5, the apparent reaction order before the first sampling port 

was 0.69, while after the first sampling port the reaction order was only 0.38. The 

intermediate result between zero and first-order indicates that both mass transfer and site 

saturation effects were important in the column reactor. The smaller apparent reaction 

order downstream of port I indicates that site saturation effects were more important in 

this part of the column, despite the lower arsenate concentrations. This supports the 

hypothesis that removal rates were limited by iron corrosion rates. 

The different kt values between the two sections of the column can also be attributed 

to differences in iron oxidation products. Analyses of both XANES and EXAFS spectra 

of two column samples show the presence of magnetite (Fe304) (or maghemite, which is 

a defect form of magnetite enriched in Fe^^ and containing cation vacancies (96)), a 

Fe(III) hydroxide or oxyhydroxide, and possibly a mixed Fe(II,III) hydroxide. Because 

these are bulk samples, the spectra represent an average of all iron phases in the reacted 



iron filings, including surface phases. Magnetite and maghemite were likely present in 

the air-formed oxide coating the iron at the commencement of the experiments {108). 

Figure 6a compares the first-derivative XANES spectra of samples from the influent 

and effluent ends of the column to best-fit linear combinations of reference compounds. 

The sample from the effluent end is less oxidized than that from the influent end, and 

contained a mixture of iron metal, magnetite, and an Fe(III) oxide phase (represented by 

goethite (FeOOH); however, other Fe(III) oxides and hydroxides have similar spectral 

features (103)). Mismatch between the effluent sample data and the fit from 7110-7117 

eV can be attributed to the presence of iron metal (no reference spectrum was available) 

that is expected to have strong absorption features at lower energy because of its lower 

oxidation state {109, 110). In contrast, the influent sample spectrum shows a lack of 

absorption features from iron metal at these energies. It can be fit with a combination of 

magnetite, Fe(III) oxide, and Fe(II,III) hydroxide (freshly precipitated sample), and 

indicates oxidation of the original iron metal. This interpretation is also supported by the 

position of the pre-edge absorption peak for the influent and effluent samples (Fig. 6a, 

inset). Maximum pre-edge adsorption is higher in the influent sample than in the effluent 

sample, which is consistent with an average higher oxidation state for iron. Pre-edge 

peaks in both column samples are similar to pre-edge peak positions in reference 

mixtures of Fe(II), Fe(III), and Fe (0,111) oxide reference compounds (when corrected for 

differences in calibration energy) {110). 

Interatomic distances determined from EXAFS analyses are also consistent with a 

mixture of iron metal, magnetite, and a Fe(III) oxide (Fig. 6b and Table 2). Interatomic 



Fe-Fe distances in the effluent sample attributed to scattering in iron metal are found at 

very short distances (2.49 A and 2.89 A) and between 4-5 A (Table 2). These 

backscattering atoms are strong in the less oxidized efHuent sample spectrum (Fig. 6b). 

First-neighbor oxygen atoms represent a mixture of magnetite, in which iron is both 4-

and 6-coordinated by oxygen atoms, and Fe(III) oxide, in which iron is 6-coordinated. 

Iron backscattering at 2.97 A and 3.48 A is characteristic of magnetite. Another shell of 

iron atoms at ~3.I0 A does not correspond to crystallographic distances in either iron 

metal or magnetite, but is consistent with interatomic distances in Fe(III) hydroxides and 

oxyhydroxides (94, 103). In the more oxidized influent sample, backscattering from iron 

metal and magnetite is diminished and stronger backscattering from iron atoms at 3.06 A 

is observed (Fig. 6b), suggesting a greater proportion of the Fe(III) oxide phase. 

Interatomic Fe-Fe distances in the range of -3.0-3.1 A are typical for edge sharing of 

Fe(III) octahedra in oxide and phyllosilicate phases. Iron(II) hydroxide (Fe(OH)2) and 

mixed Fe(II)/Fe(III) hydroxide phases ("green rust", pyroaurite-type double hydroxides) 

have second-neighbor iron atoms at slightly longer distances (~ 3.20-3.27 A), reflecting 

the larger ionic radius of Fe^^ (103, 110). A small proportion of Fe(II/III) hydroxide 

suggested by the XANES data could not be confirmed in the EXAFS spectra due to 

strong scattering from second-neighbor iron atoms in the dominant phases, but it may 

form under these solution conditions as a metastable intermediate (96, 110). 

Effluent arsenate concentrations for the stainless steel column are shown in Figure 7a, 

and the history of the column is siunmarized in Table 3. Arsenate removal to below the 

detection limit was observed for an influent concentration of 100 ^g/L and a hydraulic 



residence time of 20 seconds. The removal below I ng/L was observed for more than 

500 pore volumes until the hydraulic residence time was changed to 25 minutes. With a 

residence time of 25 minutes, removal below 1 |ig/L was observed for 220 days (12,600 

pore volumes). At 220 days the influent concentration was increased to 5,000 |ig/L, and 

the resulting effluent concentration increased to ~l,000 ^g/L, as shown in Figure 7a. 

A feed concentration of 5,000 ^g/L was not maintained for a sufficient period of time 

to reach steady state removal. However, at feed concentrations of 10,000 and 15,000 

Hg/L, approximate steady state removal was observed for a period of 75 days (4,300 pore 

volumes), between 230 and 305 days elapsed. Not only was steady state achieved, but 

the C/Co values were approximately the same for feed concentrations of 10,000 and 

15,000 ^g/L. The similar C/Co values are consistent with pseudo-first-order removal, and 

suggest that removal rates were limited by mass transfer limitations. This contrasts with 

the behavior after 305 days elapsed where there was no increase in removal when the 

influent concentration was increased from 15,000 to 20,000 |ig/L, as shown in Figure 7b. 

This is consistent with pseudo-zeroth order removal kinetics. 

The switch between pseudo-first and pseudo-zeroth order kinetics can be attributed to 

a shift from an excess to a shortage of adsorption sites. At low influent concentrations 

the rate of adsorption site generation was greater than the rate at which sites were being 

occupied by arsenate. This resulted in an excess of unoccupied adsorption sites. With 

increasing arsenate concentration, the rate of site depletion eventually became greater 

than the rate of site generation. This resulted in a loss in the number of available sites, 

and increasing competition for adsorption sites over time. The declining removal rates 
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shown in Figure 7b for feed concentrations above 20,000 jig/L is consistent with a 

depletion in the number of available sites with increasing elapsed time. 

The sustained performance of zerovalent iron for arsenic removal is dependent on the 

continuous generation of iron oxide adsorption sites, and on the ability of arsenic to reach 

adsorption sites via diffusion. The iron corrosion products formed in this study using 

waters with low levels of dissolved oxygen appear to be sufficiently porous to allow 

arsenic diffusion to adsorption sites. Furthermore, for low As(V) concentrations, iron 

corrosion rates appear to be sufficiently fast to produce adsorption sites more rapidly than 

they become occupied by adsorbed arsenic. However, competition for adsorption sites by 

other anions that form complexes with iron oxides, such as phosphate and silicate, may 

lead to a shortage of available sites for arsenic adsorption. In that case, it may be 

necessary to increase the rate of adsorption site generation by adding oxygen to the water. 

Although higher levels of dissolved oxygen will promote faster iron corrosion, the 

resultant thicker oxide layers may lead to greater mass transfer resistance for arsenic 

removal. Additionally, the morphology and porosity of the iron oxides may be adversely 

affected by higher rates of iron corrosion in more aerobic waters (95, III). More 

research is needed to resolve these issues in order to design effective treatment schemes 

employing zerovalent iron media. 
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Table 4.1 Influent and effluent As(V) concentrations for the SO cm column 

with a mean hydraulic detention time of 20 minutes. 

Days 

Elapsed 

Influent 

Concentration ()ag/L) 

ECQuent Concentration 

0-4 100 0 

4-7 1 500 
i 

0 

7-10 1,000 0' 

10-13 2,500 468 

13-16 5,000 2140 

16-19 10,000 5,539 

19-23 23,500 13,558 

'a concentration of 278 ^g/L was observed at port I. 
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Table 4.2 Iron K-edge EXAFS fit results®. 

Atom N RfA) a^fA-') Phase" 

Influent End 0 5.1 2.00 0.0121 mg, ox 
Fe 0.1 2.49" 0.0050*= mt 
Fe 1.5 2.90 0.0070= mg, ox? 
Fe 2.8 3.06 0.0070"= ox? 
Fe 0.9 3.48*= 0.0070"= mg 

Effluent End 0 4.2 2.01 0.0166 mg, ox 
Fe 1.5 2.49*= 0.0050"= mt 
Fe 1.5 2.9T 0.0070"= mg 
Fe 1.8 3.10 0.0070"= ox? 
Fe 1.9 3.48*= 0.0070"= mg 
Fe 2.8 4.09 0.010"= mt 
Fe 9.3 4.81 0.010"= mt 

Reference Comoounds: Crvstalloaraohic Values 
Atom N RfA) a^fA-') Atom N RfA) 

Magnetite'^ 0 1.3 1.87 0.0015 Fe^-O 4 1.887 
0 4.0 2.03 0.0048 Fe^'-O 6 2.060 
Fe 4.0 2.98 0.0073 Fe^'-Fe 6 2-968 
Fe 6.0 3.48 0.0075 Fe^'-Fe 6 3.480 

Fe'^-Fe 12 3.480 
Fe 1.3 3.63 0.0016 Fe'^-Fe 4 3.635 

Iron metal' Fe 8 2.486 
Fe 6 2.870 
Fe 12 4.059 
Fe 24 4.759 

'N is the number of backscatters at interatomic distance (R); is the Debye-Waller 
term (absorber-backscatterer root-mean-squared disorder). 

'^ackscattering attributed to a particular phase based on a characteristic interatomic 
distance (R): mt = iron metal; mg = magnetite, ox = iron oxyhydroxide. 

'^Parameter fixed in least-squares fit. R is taken from published X-ray diffraction 
refinements; was estimated from EXAFS fits to reference compounds. 

•^Commercial, synthetic magnetite; structure verified by X-ray diffraction. 
Crystallographic R calculated from the structure refinements reported in Waychunas 
{39); N fixed in least-squares fit on the weighted average of iron in octahedral and 
tetrahedral sites; was varied. 



Table 4.2 continued Iron K-edge EXAFS fit results'. 

interatomic distances calculated from the structure refinement of Kittel {40); only 
single-scattering paths are shown. A large number of 3-legged multiple-scattering 
paths occurs at 3.921 A. 



Table 4.3 Influent and effluent As(V) concentrations for the 25 cm column 

with a mean hydraulic detention time of 25 minutes. 

Days Influent Effluent Concentration 

Elapsed Concentration (ng/L) (^g/L) 

0-140 100 0 

140-155 300 0 

155-170 600 0 

170-210 1,000 0 

210-220 1,500 0 

220-230 5,000 1,100' 

230-270 10,000 5,600 

270-305 15,000 7,500 

305-315 20,000 12,600' 

315-335 25,000 20,000' 

335-365 35,000 32,000' 

365-393 50,000 49,300' 

Not steady state concentrations but averaged values over the 
operation time. 
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Figure 4.1 Normalized As(V) aqueous concentrations in two batch reactors with initial 

As(V) concentrations of 100 ^ig/L. Solid lines are model fits to the experimental data 

using equation 1. 
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Figure 4.2 a) Effluent As(V) concentrations from the flow-through iron wire reactor for 

an influent As(V) concentration of 117 \i.sfL. The reactor was operated at a flow rate of I 

mL/min and had a mean hydraulic detention time of 250 min. b) Corrosion currents 

{fcorr) for the iron wire in the flow-through reactor. 
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Figure 4.3 Corrosion currents Ucon) and free corrosion potentials {Econ) for a single 10 

cm long iron wire immersed in anaerobic As(V) solutions after one day elapsed at each 

concentration. 
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Figure 4.4 a) Aqueous As(V) concentrations as a function of the hydraulic detention time 

in the 50 cm long column reactor packed with iron filings. The solid lines are model fits 

to the experimental data using equation 1 for influent As(V) concentrations between 

2,500 and 23,500 ng/L. b) Corrosion currents for the iron wire probes inserted into the 

inlet and three intracolumn sampling ports for influent As(V) concentrations of 0 and 

23,500 jig/L. c) Tafel scans for the iron wire probes inserted into the inlet and middle 

sampling ports. 
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Figure 4.5 Average As(V) removal rates as a function of the average aqueous As(V) 

concentration for the section of the column between the inlet and the first sampling port, 

and for the section of the column between the first sampling port and the effluent end of 

the column. 
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Figure 4.6 a) First derivative spectra of normalized Fe K-edge XANES for reacted iron 

filings from the influent and effluent ends of the 25 cm column reactor (solid black) 

compared to reference spectra of magnetite (solid dark gray), Fe(III) oxyhydroxide 

(goethite; light gray), and precipitated Fe(II,III) hydroxide (dashed gray). Dashed black 

line is the best-fit linear combination of the reference spectra. Mismatch between data 

and fit for the effiuent sample between 7110 and 7115 eV is attributed to the presence of 

iron metal (reference spectrum not available). Inset shows a blow-up of the pre-edge 

region of the normalized iron absorption spectrum for the column influent and effluent 

samples, b) Normalized EXAFS spectra for iron column samples compared to reference 

magnetite spectrum (x-axis uncoaected for backscatterer phase shift). Solid lines are 

experimental data; dashed lines are non-linear least squares fits (numerical fit results are 

given in Table 2). Arrows indicate strong backscattering from near-neighbor iron atoms 

at 2.49 A that are indicative of iron metal. 
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Figure 4.7 a) Normalized effluent As(V) concentrations for the 25 cm column reactor 

packed with iron filings. The operating conditions for the reactor are summarized in 

Table 3. b) Average As(V) removal by the 25 cm column reactor as a function of elapsed 

time. 
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CHAPTERS 

ELECTROCHEIVUCAL STUDY OF ARSENATE AND WATER REDUCTION 

ON IRON MEDIA USED FOR ARSENIC REMOVAL FROM POTABLE WATER 

5.1 Abstract 

Zerovalent iron filings have been proposed as a filter medium for removing As(lII) 

and As(V) compounds firom potable water. The removal mechanism involves complex 

formation of arsenite and arsenate with the iron surface and with iron oxides produced 

from iron corrosion. There is conflicting evidence in the literature on whether As(V) can 

be reduced to As(III) by iron filter media. This research uses electrochemical methods to 

investigate the redox reactions that occur on the surface of zerovalent iron in arsenic 

solutions. The effect of arsenic on the corrosion rate of zerovalent iron was investigated 

by analysis of Tafel diagrams for iron wire electrodes in anaerobic solutions with As(V) 

concentrations between 100 and 20,000 |ig/L. As(V) reduction in the absence of surface 

oxides was investigated by analysis of chronoamperometry profiles for iron wire 

electrodes in solutions with As(V) concentrations ranging from 10,000 to 10® The 

effect of pH on As(V) reduction was investigated by analyses of chronopotentiometry 

profiles for iron wire electrodes at pH values of 2, 6.5, and 11. For freely corroding iron, 

the presence of As(III) and As(V) decreased the iron corrosion rate by a factor of five 

compared to that in a 3 mM CaS04 blank electrolyte solution. The decrease in corrosion 

rate was independent of the arsenic concentration, and was due to the blocking of 

cathodic sites for water reduction by arsenic compounds chemisorbed to the iron surface. 

The chronoamperometry and chronopotentiometry experiments showed that elevated pH 
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and increased As(III) to As(V) ratios near the iron surface decreased the thermodynamic 

favorability for As(V) reduction. Therefore, reduction of As(V) occurred only at 

potentials that were significantly below the apparent equilibrium potentials based on bulk 

solution pH values and As(III) to As(V) ratios. The potentials required to reduce more 

than 1% of the As(V) to As(III) were below those that are obtainable in freely corroding 

iron media. This indicates that there will be minimal or no reduction of As(V) in iron 

media filters under conditions relevant to potable water treatment. 

5.2 Introduction 

The recent discovery of widespread arsenic contamination in potable water supplies 

in developing nations has brought new attention to the problem of arsenic in drinking 

water. In the United States, the Environmental Protection Agency has recently proposed 

to lower the maximum contaminant level of arsenic in drinking water from SO to 10 ^g/L 

(//2). The increased attention on arsenic toxicity has incited considerable research for 

developing new methods of removing arsenic compounds from potable water. One new 

method for arsenic removal employs filter media containing zerovalent iron (113-118). 

Several investigators have reported that iron filter media removes As(V) (arsenate) 

and As(III) (arsenite) compounds via mono- and bidentate complex formation of the 

arsenic species with iron oxides produced from iron corrosion (/13-115). In the limit of 

infinite dilution of adsorbing species with respect to the number of adsorption sites, 

arsenic removal is limited by mass transfer to adsorption sites, and is therefore first order 

in arsenic concentration (//< 119). In the limit of high solution concentrations, arsenic 
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removal becomes limited by the rate of adsorption site generation, and is therefore zeroth 

order in arsenic concentration {114, 119). 

The issue of arsenic redox reactions in iron filter media has not been resolved. 

Several investigations using column reactors packed with iron filings have reported that 

the relative concentrations of As(V) to As(III) in the effluent solutions were the same as 

those in the feed solutions (113, 119). Spectroscopic analyses of iron filings from 

column reactors treating As(V) have found no discemable As(III) or As(0) associated 

with the iron particles, even after more than one year of operation {114). These 

observations suggest that there is no reduction of As(V) in iron media filters. 

Although column studies have not observed changes in the arsenic oxidation state, 

reduction of As(V) and oxidation of As(ni) has been observed in batch experiments 

conducted in sealed vials containing iron filings (//i). Su and Puis reported that the ratio 

of As(V) to As(UI) on iron filings after 60 days elapsed was approximately I to 3. This 

ratio was independent of whether As(V) or As(III) was the initial reactant, which strongly 

suggests that the I to 3 ratio is representative of equilibrium between As(V) and As(III) 

on the iron surfaces. 

The issue of As(V) reduction and As(III) oxidation in iron filter media is important 

because As(III) exhibits different binding characteristics than As(V). The relative 

binding strength of As(III) versus As(V) depends on the type of iron oxide, the solution 

pH, and the solution concentration of each species (120-123). For example, As(V) is 

more strongly bound to ferrihydrite and goethite at subneutral pH values, while there is 

stronger binding of As(III) to these iron oxides at neutral to alkaline pH values {120-
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1233). Thus, understanding the arsenic redox chemistry is important since 

transformation of arsenic from an oxidation state that is more strongly bound to one that 

is less strongly bound may lead to release of arsenic from the filter media. 

The equilibrium potential for the As(III)/A5(V) redox couple depends on the relative 

concentrations of As(III) and As(V), and on whether reduction occurs to bound or 

solution phase arsenic species. For the As(III) and As(V) species that are expected to 

predominate under the pH conditions near the siuface of freely corroding iron (i.e., pH = 

9.5 (124)), reduction of As(V) may be described by: 

H A s O r - + 2 e  ^ A s q + 2 H , 0  (1) 

The equilibrium potential (£«?) for this reaction at 25 °C is given by {125): 

\HAs(X"\ 
= 0.609-0.0887 pH + 0.0295 log^^^— * (2) 

[AsCf^] 

where and [As(X ] are the molar concentrations of each species, and Yas(V) and 

YAsdio the activity coefficients of the As(V) and As(ni) species, respectively. The 

relative concentrations of As(III) and As(V) at the iron surface will depend on their bulk 

solution ratio, and on the difference in potential between the iron surface and the bulk 

solution (vj/s). For an As(III) compound with a charge of m, and an As(V) compound 

with a charge of n, the ratio of As(III) to As(V) at the iron surface is given by: 

As(Iir) 

lAs(V) 
As(ni) I J {n-m)Fy/, 

(3) 
'^surface 

If reduction occurs to As(V) species that are bound to the iron surface or to iron oxides, 

differences in binding strength between As(III) and As(V) will affect the equilibrium 



113 

potential for the redox couple. Figure 1 illustrates how differences in binding strength 

leads to differences in standard reduction potentials (£^ for free and bound As(V) 

species. For example, stronger binding of As(III) means that AG°>AG^, and thus 

£3° Therefore, bound As(V) will be reduced at higher potentials than aqueous 

arsenate. 

This research investigated the electrochemical reactions that occur on the surface of 

zerovalent iron media in arsenate solutions. Tafel polarization diagrams were analyzed to 

determine the contributions of hydrogen evolution and As(V) reduction to the overall rate 

of iron corrosion. Chronoamperometry and chronopotentiometry experiments were 

performed using iron wire cathodes to investigate the potential and pH conditions 

necessary for reduction of adsorbed and solution phase As(V). 

5.3 Materials and Methods 

5.3.1 Batch Reactors 

All experiments were performed in sealed glass reactors in 3 mM CaS04 background 

electrolyte solutions at neutral pH, except where otherwise noted. As(V) concentrations 

were controlled by adding ACS reagent, 99.7% assay, Na,HAsO^ (Sigma, St. Louis, MI) 

to the background electrolyte solutions. Ion chromatography analyses showed that 

As(III) was an impurity in the Ma,HAsO^ at a level of 1%; therefore, all starting solutions 

possessed an As(V) to As(III) ratio of 100 to I. 

To assess the effect of arsenic concentration on the rate of iron corrosion, a single 10 cm 

long iron wire of 99.9% purity (Aesar, Ward Hill, MA) was placed in 0.75 L of a 3 mM 
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CaS04 electrolyte solution in the glass reactor containing a calomel reference electrode 

and a stainless steel counter electrode. The solution was continuously purged with 50 

mL/min of humidified nitrogen gas in order to exclude dissolved oxygen and to mildly 

agitate the solution. After one week in the blank electrolyte solution, the corrosion rate 

of the iron had stabilized and sodium arsenate was added to the reactor through the vent 

tubing to produce dissolved As(V) concentrations ranging from 100 to 20,000 ^ig/L. The 

wire was exposed to each concentration for one day, at which point a Tafel scan was 

performed to determine the iron corrosion rate {114). 

Chronoamperometry experiments were performed to assess the effect of potential and 

As(V) concentration on arsenate reduction. Chronoamperometry measures the current 

associated with a fixed electrode potential as a function of time (126). These experiments 

utilized a 3.5 cm long iron wire immersed in 15 mL of electrolyte solution in a glass 

electrochemical cell (EG&G, Oak Ridge, TN). Upon immersion of the iron wire in the 

electrolyte solution, a potential of -2,000 mV with respect to the standard hydrogen 

electrode (SHE) was applied for one minute in order to reduce any air formed oxides 

present on the iron. The potential was then changed to -885 mV/SHE and the resulting 

current was monitored as a function of time. Once the current reached a steady value, 

arsenate was added to produce concentrations of lO'*, 10^ or 10^ Hg/L. After 10 minutes 

elapsed the potential was further lowered to -1,385 mV/SHE. 

Chronopotentiometry experiments were performed to assess the effect of As(V) 

concentration, current density, and pH on arsenate reduction. Chronopotentiometry 

measures the potential associated with a fixed current as a flmction of time (126). In 
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these experiments, a 3.5 cm long iron wire was immersed in 15 mL of electrolyte solution 

in a glass electrochemical cell. After immersion of the electrode, a constant cathodic 

current was applied and the resulting potential was monitored as a function of time until 

the potential reached a steady value. Chronopotentiometry profiles were recorded at 

constant pH values of 2, 6.5, and 11 at fixed currents of0.5, 1, 5, 10, 20, 30, and 50 ^lA. 

Both the chronoamperometry and chronopotentiometry experiments used a 

Hg/Hg2S04 reference electrode and a platinum wire counter electrode. The platinum 

anode was covered with a Nafion membrane to prevent oxidation of any As(III) in 

solution. The reaction cells were purged with humidified nitrogen gas at a rate of 20 

mL/min in order to agitate the solutions and maintain anaerobic conditions. The pH 

values were determined using pH test paper (Micro Essential Laboratory, Brooklyn, NY) 

and were adjusted by the addition of H2SO4 or NaOH. There were no detectable changes 

in pH over the course of any experiments. 

53.2 Analytical Methods 

Total arsenic concentrations in the aqueous phase were determined with a graphite 

furnace atomic absorption (AA) spectrophotometer (Perkin Elmer, San Jose, CA) using a 

published method (127). The oxidation state of the aqueous arsenic species was 

determined via ion chromatography (IC) using an atomic fluorescence detector (PS 

Analytical, Kent, UK). The detection limits for the AA and IC methods (128) were both 

~1 ^ig/L. Corrosion currents (Icon-) and free corrosion potentials (Ecorr) were measured by 

analysis of Tafel diagrams produced by polarizing the iron wire electrodes ±200 mV with 

respect to their open circuit potentials (129). The polarization experiments were 
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performed using an EG&G model 273A scanning potentiostat and EG&G M270 

software. All potentials are reported with respect to the standard hydrogen electrode. 

5.4 Results and Discussion 

The effects of arsenic on the cathodic and anodic reactions were assessed by analysis of 

Tafel diagrams for an iron wire electrode in solutions containing As(V) and As(III) at a 

molar ratio of 100 to 1. Figure 2a shows Tafel diagrams for an iron wire exposed to 

As(V) concentrations ranging from 0 |ig/T. to 20,000 ^ig/L. The currents shown in Figure 

2a represent the net sum of the cathodic (/c) and anodic (/<,) currents. The Ic and la at each 

potential (£) depend on the cathodic (I^) and anodic (1^) exchange currents, and the 

equilibrium potential for the cathodic (£^) and anodic (reactions according to {129): 

where and fia the cathodic and anodic Tafel slopes, respectively. The exchange 

currents depend on the electroactive surface area and the concentrations of electroactive 

species at the electrode surface. The Tafel slopes are indicative of the specific cathodic 

and anodic reactions that occur on the electrode surface. Since the Tafel slope is 

proportional to the fraction of the applied overpotential {E-Eeq) that goes towards 

overcoming the chemical activation energy for the reaction, higher Tafel slopes indicate 

more chemically facile reactions {129). 

(4) 

(5) 
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The cathodic slopes of 0.007 dec/mV in the blank and arsenic solutions in Figure 2a 

indicate that water was the primary oxidant, and that arsenate reduction was insignificant 

at all As(V) concentrations. The lower cathodic currents at each potential in the four 

arsenic solutions indicate that the presence of As(V) and/or As(III) decreased the TJ for 

water reduction. At all arsenic concentrations, theTj was decreased by a factor of -5 as 

compared to the blank electrolyte solution. The observed decrease in can be attributed 

to the blocking of cathodic sites for water reduction by adsorbed arsenic compounds. 

The absence of a concentration effect for As(V) concentrations between 100 and 20,000 

\isfL can be attributed to saturation of the adsorption sites at a concentration of only 100 

^ig/L. 

Several lines of evidence indicate that the blocked sites for water reduction involved 

chemisorbed As(V) or As(III), rather than electrostatically adsorbed compounds. At an 

As(V) concentration of 100 ^ig/L, HAsCf^ makes up only 0.044% of the anions in the 

CaS04 electrolyte solution, and thus should dominate over HAsCf^ for electrostatic 

adsorption sites. However, increasing the HAsC^' concentration should increase the 

contribution of HAsC^' to the total amount of electrostatic adsorption. Since all As(V) 

concentrations exhibited the same blocking efTect on water reduction, an electrostatic 

blocking mechanism can be ruled out. 

Evidence for electroactive site blocking by chemisorbed As(V) or As(III) can also be 

seen in the free corrosion currents shown in Figure 2b. The factor of ~5 lower current in 

the arsenic solutions compared to the blank solution indicates that there was a factor of 

~5 decrease in the ^ for water reduction. The similar decrease in II under polarized 
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(Figure 2a) and unpolarized conditions (Figure 2b) proves that the site blocking was not 

due to electrostatic adsorption, since there were different electrostatic charges on the 

electrode under polarized and unpolarized conditions {129). 

The presence of arsenic compounds also affected the iron oxidation reaction, as 

indicated by the anodic Tafel scans in Figure 2a. The anodic scans can be divided into 

two regions by the potential where the slope changes at approximately -475 mV. For 

potentials lower than -475 mV, the values in the four arsenic solutions were similar to 

that in the blank solution. The value of 0.016 dec/mV is characteristic of zerovalent 

iron oxidation (/JO). Although the Pa values were the same, the lower anodic currents at 

each potential in the As(V) solutions indicate that the presence of arsenic decreased the 

At a potential of approximately -475 mV the Pa in all arsenic solutions began to 

change. This change in slope may be attributed to oxidation of iron complexed with 

As(III) or As(V), or to oxidation of As(III) chemisorbed to the iron surface. 

The decrease in can be attributed to the blocking of anodic sites by adsorbed 

arsenic compounds. Addition of only 100 ^g^ arsenate resulted in a 60% decrease in 

as compared to the blank solution. Since the is proportional to the anodic area, this 

suggests that there was a 60% decrease in the electroactive surface area for iron 

oxidation. Increasing the arsenate concentration to 5,000 ^g/L resulted in a further 

decrease of 20% in anodic current, and the presence of 20,000 ^ig/L As(V) lowered the 

anodic current by an additional 18%. 

The absence of detectable As(V) reduction in the cathodic Tafel scans may be 

attributable to several possible phenomena. Even at potentials as low as -740 mV, it may 
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not have been thennodynamically favorable for As(V) reduction. Alternatively, the rate 

of arsenate reduction may have been too slow to be detected amperometrically, or 

reduction was impeded by an oxide film on the iron that blocked electrical contact of 

solution species with the metal surface. To distinguish among these possible 

explanations, chronoamperometry and chronopotentiometry experiments were performed 

to determine the conditions favoring As(V) reduction. 

To determine if As(V) reduction would occur in the absence of an oxide coating on the 

iron wire, chronoamperometry experiments were performed using iron cathodes at 

potentials of -885 and -1,385 mV. Since these potentials are in the stability domain of 

zerovalent iron, the oxide coating on the iron was eliminated. However, the outer layer 

of iron atoms were still hydroxylated (/J/), and therefore may contain chemisorbed 

As(V) or As(III) species. 

Figure 3a shows chronoamperometry profiles for an iron wire cathode at an applied 

potential -885 mV. For solutions with final concentrations of 10"* and 10^ ^ig/T., As(V) 

was added to each solution at the indicated concentration at 5.5 minutes elapsed. In the 

solution with a final concentration of 10*^ the As(V) was added in three increments 

at 5.5, 5.8 and 6.1 minutes elapsed. Upon addition of arsenic to the reactors, the currents 

in all three As(V) solutions declined to below that of the blank. This can be attributed to 

the blocking of cathodic sites for water reduction by adsorbed arsenic compounds. The 

blocking of cathodic sites in the absence of an oxide layer indicates that As(V) or As(III) 

may bind to the metal surface itself. 
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In contrast to the decline in current in the 10"* and 10^ ^ig/L solutions, the current sharply 

increased in the reactor with the highest As(V) concentration once the solution 

concentration reached its final value of 10^ Hg/L. The increase in current was short-lived, 

and the current soon fell to a level below that in the blank solution. The fact that the 

current in the 10*^ ^g/L solution dropped to that in the 10^ ^ig/L solution after 5 minutes 

suggests that there was no sustained reduction of solution phase As(V). Additionally, 

despite the current pulse in the 10^ |xg/L reactor, there was no detectable increase in the 

solution concentration of As(III). These observations indicate that the pulse of current in 

the 10^ |ig/L solution can be attributed to reduction of As(V) that was chemisorbed to the 

iron surface. A similar reduction mechanism that first requires surface complexation has 

been previously observed for pertechnetate (Tcd^) reduction by magnetite {132, 133). 

The absence of a discemable reduction pulse in the 10** and 10^ ^g/L solutions suggests 

that As(V) reduction was insignificant. This was confirmed by aqueous As(III) 

concentrations that declined over the course of these experiments. 

To determine if lower potentials could lead to reduction of solution phase As(V), the 

potential in the chronoamperometry experiment was decreased to -1,385 mV at 10 

minutes elapsed. As shown in Figure 3b, the decrease in potential resulted in a sustained 

increase in current in the 10^ ^g/L solution. The sustained increase in current over that in 

the blank solution indicates reduction of dissolved As(V). This was confirmed by an 

increase in the solution phase concentration of As(III). 

Upon lowering the potential to -1,385 mV, a current increase was also observed in the 

10^ ^ig/L solution, but there was no siurge in current in the. 10** ^ig/L solution, as shown in 
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Figure 3b. The current pulse in the 10^ ^.g/L solution can be attributed to reduction of 

As(V) that was bound to the iron surface. However, the current in the 10^ solution 

was never greater than that in the blank, indicating that the decrease in the current for 

water reduction was more significant than the current increase due to As(V) reduction. 

The absence of reduction in the 10"* and 10^ ^g/L solutions at -885 mV suggests that 

As(V) reduction was not thermodynamically favorable at that potential for the 

As(III)/As(V) ratio on the iron surface. Although the bulk solution ratio of As(V) to 

As(III) was 100 to I, the relative concentrations bound to the iron surface may have been 

significantly different. In the absence of specific adsorption, the potential for zero charge 

on iron surfaces is -500 mV {129). Therefore, at an electrode potential of-885 mV, the 

iron surface was negatively charged with respect to the bulk solution. The value of \\is 

depends on whether there was specific adsorption of anions or cations to the iron surface; 

but in the absence of specific adsorption, i|/s was -385 mV. Specific adsorption of 

anionic species decrease *|/s to a value more negative than -385 mV, while specific 

adsorption of cationic species increase tj/j. For the solutions in this investigation, the 

compounds capable of specifically adsorbing to iron are either uncharged or negatively 

charged. Therefore, at a potential of -885 mV, the vj/, is this study was most certainly 

below -385 mV. For the arsenic species depicted in equation 1, equation 3 indicates that 

a v|/s of-385 mV increases the As(III)/As(V) ratio at the iron surface by a factor of 4 x 

10® compared to that in the bulk solution. The effect of \|fs on the ratio of the arsenic 

species that predominate at neutral pH values (/.e., HAs(\ andH-^Ol) is also increased 

by this same factor. Thus, although the molar ratio of As(III) to As(V) in the bulk 



122 

solution was only 0.01, the ratio at the iron surface may have been more than 4 x 10"*. 

This analysis showing that electrostatic effects may have favored selective adsorption of 

As(III) over As(V) at the iron surface was confirmed by measurements of solution phase 

concentrations of As(III). In all chronoamperometry experiments at -885 mV, final 

solution concentrations of As(III) were less than initial concentrations; and in the ID"* 

|xg/L solution, the As(III) was completely removed. 

The hypothesis that the negatively charged iron surface impeded As(V) reduction by 

favoring selective adsorption of As(lII) was confirmed by investigating the effect of ionic 

strength on As(V) reduction. The fact that there was As(V) reduction in the 10^ ng/L 

solution but not in solutions with lower concentrations can be attributed to the effect of a 

higher ionic strength on the relative concentrations of As(III) and As(V) in the solution 

adjacent to the electrode surface. A higher ionic strength decreases the magnitude of the 

charge at the outer Helmholtz plane {134), and thereby decreases the ratio of As(III) to 

As(V) in the solution adjacent to the electrode surface. This hypothesis was confirmed 

by the data in Figure 3c which shows that at a higher ionic strength, addition of 10^ ^g/L 

of arsenic resulted in a current pulse indicative of reduction of bound As(V). 

The effect of pH on As(V) reduction was investigated using chronopotentiometry. Figure 

4 shows steady state potentials associated with fixed cathodic currents at different 

arsenate concentrations at pH values of 2, 6.S, and 11. For cathodic currents above ~3 

^ in the pH 2 solutions, the potentials in the As(V) solutions were lower than those in 

the blank electrolyte solution. However, the Pc values were approximately the same 

(0.0081 to 0.0084 dec/mV), indicating that hydrogen evolution was the predominant 



123 

cathodic reaction in all solutions. This shows that lower potentials were required to 

maintain the same rate of water reduction in the presence of arsenic as compared to the 

blank solution. 

The lower potentials were required due to the blocking of cathodic sites by adsorbed 

arsenic compounds. The blocking of cathodic sites resulted in a decrease in the II for 

hydrogen evolution, as illustrated by the diagram in Figure S, where the ll decreased to 

/;'. In this case, the sum of the currents for As(V) reduction and hydrogen evolution at 

each potential were lower than those for hydrogen evolution alone in the blank solution. 

For a fixed current, this resulted in a decrease in the electrode potential from E to E". 

For currents smaller than ~3 ^lA in the pH 2 solution, the equilibrium potentials in the 

presence of As(V) were greater than those in the blank solution. In this potential range 

As(V) reduction measurably contributed to the overall cathodic current, and the current at 

each potential was greater than the hydrogen evolution current in the blank solution. 

Therefore, the equilibrium potentials at the fixed total currents were greater than those for 

hydrogen evolution in the blank solution, as illustrated in Figure S. This interpretation of 

the chronopotentiometry experiments was confirmed by up to threefold increases in 

solution phase As(III) concentrations in the low pH solutions. 

In the solutions with pH values of 6.5 and 11 with As(V) concentrations of 10** ^g/L, the 

chronopotentiometry profiles do not indicate any As(V) reduction. The absence of As(V) 

reduction was confirmed by a decrease in the solution concentration of As(III) in these 

experiments. This shows that reduction of As(V) was not thermodynamically favorable 

at the final potential reached in each experiment, which was -660 mV at pH II and -500 
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mV at pH 6.5. According to equation 2, the equilibrium potential for aqueous As(III) and 

As(V) species at pH values of 11 and 6.5 should be -310 mV and 84 mV, respectively, 

based on the bulk solution As(V) to As(III) ratio of 100 to 1, and a Yas(V) of 0.63 (Debye-

Huckel eqn.) at both pH values, and a Yas(UI) of 0.89 at pH 11 and l.O at pH 6.5. The 

absence of reduction must then be attributed to \|;s effects and differences in binding 

strength of As(V) and As(III) that control their relative concentrations at the iron surface. 

This conclusion is supported by the presence of As(V) reduction in the 10^ ^g/L solution 

at a pH value of 11. The higher ionic strength at this concentration resulted in an 

As(III)/As(V) ratio at the iron surface that was more favorable for reduction. The 

observed reduction at pH 11 shows that unfavorable pH values at the iron surface caimot 

solely account for the absence of As(V) reduction at lower concentrations. 

The electrochemical experiments show that As(V) reduction at iron surfaces occurs only 

at potentials that are significantly below the apparent equilibrium potential that is based 

on the bulk solution pH and ratio of As(V) to As(III). The predominance of As(III) on 

the surface of corroding iron serves to decrease the thermodynamic driving force for 

reduction of bound As(V). Although solution phase As(V) may be reduced, very 

negative surface potentials are required in order to compensate for the potential drop 

between the iron surface and the adjacent solution. The absence of measurable aqueous 

As(V) reduction at potentials as low as -740 mV in the Tafel scans suggests that there 

will be little or no reduction of dissolved As(V) in freely corroding iron media, where the 

potentials are -550 mV and above, as indicated in Figure 2b and in previous 

investigations {135). 
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The conclusion that significant As(V) reduction does not occur in freely corroding iron 

media is not inconsistent with results from previous investigators that reported reduction 

of As(V) to As(III) (115). That prior study was conducted using sealed vials over a 60 

day period. When As(III) was the original species in solution, immediate oxidation to 

As(V) was observed. This indicates that the iron surface potential was above the 

equilibrium potential of the As(V)/As(III) redox couple. In contrast, when As(V) was the 

original species, reduction was not observed until 30 days elapsed. The lag time before 

reduction was observed can likely be attributed to the time required for the corrosion 

potential to reach the equilibrium potential of the As(IIl)/As(V) redox couple. Declining 

corrosion potentials in sealed vials can be attributed to the buildup of hydrogen gas that 

lowers the equilibrium potential for water reduction. This effect has been experimentally 

observed by Reardon {136) who reported that corrosion rates in sealed containers 

declined by 33% over a 20 day period. As shown by equation 4, a decline in cathodic 

current (le) accompanying a decline in equilibrium potential (Eeq), and an in increase in 

exchange current (7^) must be associated with a decline in electrode potential (£). Not 

only do lower iron potentials make As(V) reduction more favorable, but lower corrosion 

rates also favor As(V) reduction. Oxidation of the iron by water increases the pH in the 

vicinity of cathodic sites, which then increases the equilibrium potential for As(V) 

reduction. Thus, lower corrosion rates in closed systems make the pH conditions at the 

iron surface more favorable for As(V) reduction. 

Studies showing reduction in closed systems but no reduction in open systems have also 

been reported for uranyl ( ) reduction by zerovalent iron. Experiments conducted in 
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sealed, glass vials showed reduction of U(VI) to U(IV) on the surface of zerovalent iron 

{137). However, analysis of iron foil exposed to U(VI) solutions purged with nitrogen 

gas showed no detectable reduction of U(VI) to U(IV) {138). This suggests that small 

differences in redox potential and pH between open and closed systems can be important 

in determining contaminant fate in iron treatment media. 

This study showed that bound arsenic species decrease the corrosion rate of 

zerovalent iron, and reduction of As(V) may occur on both oxide-free and oxide-coated 

iron surfaces. Reduction of bound As(V) occurs at higher potentials than reduction of 

aqueous arsenate. This is consistent with stronger binding of As(III) versus As(V) to the 

iron surfaces. The stronger binding of As(III) results in an elevated As(III) to As(V) ratio 

on the iron surface with respect to their bulk solution ratio. The elevated As(III) 

concentrations on the iron surface decrease the equilibrium potential for fiirther As(V) 

reduction. The pH and potential conditions necessary for significant As(V) reduction 

will be difficult or impossible to achieve in an open system under freely corroding 

conditions. Therefore, in the absence of biological reduction, there will be little 

conversion of As(V) to As(III) in zerovalent iron filter media. 
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Figure 5.1 Thermodynamic cycle for reduction of aqueous and bound As(V). As(V) 

and As(III) may bind to the iron surface itself, and to iron oxides coating the metal 

surface. 
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Figure 5.2 a) Tafel scans for an iron wire electrode in anaerobic 3 mM CaS04 

electrolyte solutions containing As(V) at the indicated concentrations. The electrode was 

equilibrated with each solution for 1 day prior to performing the scan, b) Corrosion 

currents (Icotr) and free corrosion potentials (Ecorr) determined from the Tafel scans. 
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Figure 5.3 a) Chronoamperometry profiles for an iron wire electrode in anaerobic 3 mM 

CaS04 electrolyte solutions at a potential of -885 mV. To assess the effect of dissolved 

oxygen in the spike solutions, 500 ^iL of deionized water was added to the blank solution 

at 5.5 minutes. The small increase in current was due to reduction of dissolved oxygen. 

Addition of the NaJlAsO^ spike solutions increased the ionic strength from 12 mM in 

the blank to 12.4, 16, and 52 mM in the 10"*, 10^, and 10^ ng/L solutions, respectively, b) 

Continuation of the chronoamperometry profiles after decreasing the potential from -885 

to -1385 mV. c) Chronoamperometry profile at a potential of -885 mV in an anaerobic 

NaCl electrolyte at an ionic strength of 100 mM. At 6 minutes elapsed NaJLisOt was 

added to the solution to produce an As(V) concentration of 10^ Hg/L. 
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CaS04 electrolyte solutions containing As(V) at the indicated concentration at pH values 
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CHAPTER 6 

CONCLUSIONS 

This research showed that iron media can effectively remove chromate and arsenate 

from water over extended periods of time. The principal removal mechanism for 

chromate is reduction to Cr(III), while for arsenate the removal mechanism involves 

complex formation with no reduction. Although both chromate and arsenate decrease the 

rate of iron corrosion, chromate is a more potent passivator of the iron. For 

concentrations below 5,000 ^g/L, the iron corrosion rate in a packed bed of filings is 

sufficiently fast to remove both chromium and arsenic to levels below 1 ng/L. However, 

higher feed concentrations overwhelm the ability of the iron to provide electrons for 

reduction, or adsorption sites for complexation. 

At low arsenate concentrations the rate of arsenate removal is limited by diffusion of 

As(V) to adsorption sites. At high concentrations the rate of arsenate removal is limited 

by the corrosion rate which is proportional to the rate of adsorption site generation. 

Adsorbed arsenate blocks electroactive sites on the iron surface and decreases the 

corrosion rate. Arsenate is expected to remain as the principal adsorbed species since 

electrochemical reduction of As(V) to As(III) is not favorable at the potentials of 

corroding iron media. 

Increasing chromium concentrations result in a decline in the removal rates due to 

increased passivation of the iron surface. The condition of the iron surface prior to 

exposure to chromate determines the kinetics of chromate removal. Air-formed oxides 
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significantly inhibit chromate removal whereas oxides formed in anaerobic waters result 

in higher removal rates. Although initial direct reduction of chromate on the iron surface 

was observed, with time chromate removal was limited by the rate at which Fe^^ is 

released by the corroding iron. 
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