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Abstract. Here we show that perchlorate reduction during pitting corrosion of zero-valent titanium
(ZVT) is likely caused by dissolved titanium species, especially Ti(II). Several possible mechanisms were
suggested based on the literature and were evaluated based on experimental observations. Direct reduction
of perchlorate on the bare metal of the ZVT electrode was thermodynamically infeasible due to the high
anodic potential that was applied. Other potential mechanisms were considered such as reduction by small
ZVT metal particles released from the electrode and direct reduction on the oxide layer of the electrode
where potential was sufficiently reduced by a high ohmic potential drop. However, these mechanisms
were not supported by experimental results. The most likely mechanism for perchlorate reduction was that
during pitting corrosion, in which ZVT is partially oxidized to form dissolved ions such as Ti(II), which
diffuse from the electrode surface and react with perchlorate in solution. This mechanism is supported by
measurements of the dissolution valence and the molar ratio of ZVT consumed to perchlorate reduced
(∆Ti(0)/∆ClO4−). The results shown in this study demonstrate that ZVT undergoing pitting corrosion has
the capability to chemically reduce perchlorate by producing dissolved Ti(II) and therefore, it has the
potential to be applied in treatment systems. On the other hand, the results of this research imply that the
application of ZVT undergoing pitting corrosion in treatment systems may not be feasible now due to
several factors, including material and electricity costs and possible chloride oxidation.
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1. Introduction
Perchlorate is a threat to public health through water but also food. However, there is no effective
chemical treatment process which can destroy perchlorate found in groundwater and surface water.
Thus, there is growing interest in developing effective technologies, especially chemical treatments,
to completely destroy trace levels of perchlorate present in drinking and groundwater. Recently, the
*Corresponding author, Manager of Process Engineering, E-mail: clee@doosanhydro.com

38

Chunwoo Lee et al.

U.S. Environmental Protection Agency (EPA) reported that perchlorate should be considered as a
contaminant to be listed on the Safe Drinking Water Act (SDWA) criteria because perchlorate is
frequently found in public water systems with levels that could pose a public health concern (EPA
2012). Perchlorate has been found in drinking water or groundwater because of contamination from
the anthropogenic activity including manufacture or use it, or disposal of rockets, fireworks, and
ammunition (Srinivasan and Sorial 2009).
Applications of zero-valent metals are familiar technologies for reducing organic and inorganic
contaminants in natural water. Physicochemical sorption and chemical reduction are the mechanisms
by which zero-valent metal technologies abate contaminants. In the chemical reduction mechanism,
the contaminant is reduced by direct contact with metal surface or by contact with partially oxidized
metal ions released from the metal surface, which is generally promoted via pitting corrosion.
Several studies have reported that the presence of chloride (Cl−), pretreatment with acid, or
pretreatment with ultrasound improved treatment efficiency by stimulating pitting corrosion (Farrell
et al. 2000, Gaspar et al. 2002, Geiger et al. 2002, Hernandez et al. 2004, Scherer et al. 1999).
Moreover, studies have reported that pitting corrosion is involved in reduction of perchlorate by
zero-valent metals (Gu et al. 2006, Lien et al. 2010, Wang et al. 2010, Wang et al. 2008, Wang et
al. 2007, Wang et al. 2009). Prinz and Strehblow (1998) reported perchlorate reduction by zerovalent iron at pitting sites during experiments that measured its pitting potential. They measured the
increase in the concentration of chloride over time at the pitting site using X-ray Photoelectron
Spectroscopy. Aluminum was reported to reduce perchlorate by a mechanism involving an unstable
aluminum ion (Al+) that was formed during anodic dissolution of Al(0) through the pitting corrosion
(Szklarska-Smialowska 1986). Reduction of perchlorate was also observed at the pitting site during
electropolishing of titanium in acetic acid solution that contained perchlorate (Mathieu and Landolt
1978, Mathieu et al. 1978). Chloride, which is the final reduction product of perchlorate, was found
in the solution and in the oxide film. In the oxide film, the chloride concentration increased at
locations closer to the interface between titanium metal and the oxide film. The presence of chloride
was explained by its production during reduction of perchlorate at discrete sites near the metal
surface that were formed through pitting corrosion.
Research has investigated the influence of electrochemical (potential, current, and surface area of
ZVT) and environmental parameters (solution pH) on perchlorate reduction at pitting sites on ZVT
electrodes (Lee et al. 2011). Results showed that rates of perchlorate reduction were strongly
dependent on the electrochemical parameters, especially current. In this study, perchlorate reduction
mechanisms are proposed and evaluated using visual observations, scanning electron microscopy
(SEM), and measurement on titanium ions for perchlorate. Additional evaluations were based on X-ray
diffraction (XRD) analysis of ZVT oxidation products, dissolution valence of ZVT, and molar ratio of
consumed ZVT to reduced perchlorate. Furthermore, a mechanism for perchlorate reduction at the
pitting site on ZVT was proposed in an effort to understand perchlorate reduction at the pitting site.

2. Materials and method
2.1 Chemicals
Sodium perchlorate (98.0 +%, Aldrich) was used in this study as a source of perchlorate.
1000 mg/L of stock solution was prepared by dissolving sodium perchlorate with deionized water.
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Appropriate perchlorate concentration in the electrochemical reactor was obtained by spiking the
calculated amount of the stock solution to the reactor. Ti(0) sheets (99.97%) were purchased from
ESPI Corp. Inc. and cut to appropriate sizes for the experiments. The Ti(0) sheets were washed with
acetone to remove organic impurities and rinsed several times with deionized water, then dried in
room temperature and stored in a desiccator.
2.2 Perchlorate reduction with Ti(II) and Ti(III) containing solution
Ti(III) solutions of 100 and 200 mM were prepared by dissolving TiCl3 (99.9%, Aldrich) in 1 N
and 5 N HCl (Fisher). A Ti(II) solution was prepared by a modification of the method reported by
Kölle (2003) and the modified method is based on the following reaction.
2Ti3+ + 6F− → [TiF6]2− + Ti2+

(1)

A solution containing KF (99.0%, ACS grade, EM) (600 mM) and TiCl3 (200 mM) in 1 N and
5 N HCl was prepared to generate a solution that would contain 100 mM Ti(II) if the reaction 1
were to go to completion. Absorption spectrums of Ti(II) and Ti(III) were measured using a UVVIS spectrophotometer (Hewlett Packard G1103A).
Batch kinetic experiments were conducted in 250-mL polyethylene bottles where the calculated
amount of the stock solution of perchlorate was added to the bottles containing the prepared
aqueous titanium solution (Ti(II) or Ti(III)). The initial concentration of perchlorate in the bottle was
1.18 mM together with 100 mM or 200 mM Ti(III), or 100 mM Ti(II). Then, all bottles were mixed
using a rotator for reduction of perchlorate. At specified sample time, 1 mL of sample was taken,
transferred to 10-mL test tube, and stored inside an anaerobic chamber before the analysis of
perchlorate. All experiments with Ti(II) and Ti(III) were conducted using an anaerobic chamber
filled with a mixed gas containing 5% hydrogen and 95% nitrogen. The deionized water was purged
with 99.99% argon gas for 2 hours and stored in an anaerobic chamber until use. All Ti(II) and
Ti(III) solutions were prepared fresh and discarded after 12 hrs.
2.3 Determinations of dissolution valence and molar ratio of ∆Ti(0)/∆ClO4−
Experiments to determine the dissolution valence of ZVT and the molar ratio of ZVT consumed
to perchlorate consumed (∆Ti(0)/∆ClO4−) were conducted with an electrochemical cell having two
ZVT electrodes (anode and cathode) and operated at constant current. The constant current was
supplied by a DC power supply (Kenwood, Model PW18-1.8AQ). The reactor system (anode and
cathode sizes, materials, and effective reactor volume) was the same as described in previous study
for experiments to determine the pitting potential (Lee 2007). The weight loss of the ZVT anode
was determined by measuring the weight of ZVT before and after experiments. After experiments,
ZVT was washed with tap water, and carefully scrubbed with a plastic brush to remove precipitates
from the ZVT surface. Washing and brushing were repeated several times. ZVT was rinsed several
times with deionized water and dried at room temperature before measuring its weight.
2.4 Analytical methods
Concentrations of ClO4−, ClO3−, ClO2−, and Cl− were analyzed using a Dionex 500 ion
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chromatograph equipped with a 4-mm Dionex AS–16 analytical and guard column. The eluent
concentration, gradient operation, and injection sample loop size were the same as in a previous
study (Moore et al. 2003), except that NaOH was used instead of KOH. Concentrations of
perchlorate less than 1 mg/L were analyzed isocratically with a 1.00 mL min−1 flow of 50 mM
NaOH as eluent and a 1000-µL injection sample loop. The compositions of the oxidation byproducts of ZVT were analyzed using XRD with a Riga automated diffractometer using Cu Kα
radiation. Samples were carefully collected after each experiment and washed several times with
deionized water (shake for 5-minutes, separate by centrifugation, decant supernatant). After
washing, the samples were placed in a vacuum drying oven held at 30oC (Thelco Inc, Model 19) for
one week and stored in caped bottles until analysis.

3. Results and discussion
3.1 Possible mechanisms for perchlorate reduction
In zero-valent metal systems, it has been shown that pitting corrosion enhances the rate of
contaminant removal. The localized breakdown of the surface oxide film due to pitting corrosion
promotes direct reduction by increasing the contact of contaminants to the exposed bare metal
surface (Gaspar et al. 2002, Gotpagar et al. 1999, Hernandez et al. 2004, Moore et al. 2003).
However, the direct reduction by the underlying ZVT is not an appropriate mechanism to explain
perchlorate reduction in this study. The standard electrode reduction potential for ClO4−/Cl− is 1.29
V (Emsley 1991) so substantial reduction of perchlorate to form chloride would not occur at the
potentials needed to induce pitting corrosion of ZVT (> 12.8 V).
There are some studies that have reported similar anomalous behavior of a reduction of a
dissolved compound occurring during anodic dissolution of other metals. Systems containing Al(0),
Be(0), Ti(0), and Zn(0) showed hydrogen evolution when these metals were anodically polarized by
imposition of an external potential or by contacting them with more noble metals (Beck 1973a, b,
Drazic and Popic 2005, James 1974). The potentials applied to the anode were above the H+/H2
equilibrium potential, so the behavior appeared to contradict thermodynamics. Several mechanisms
have been suggested to explain these anomalous behaviors observed during electrochemical
dissolution of metals. They include ejection of particles of bare metal during disintegration of the
electrode surface, a high potential drop caused by increased resistance of films, and formation of
transitory and unexpected partially oxidized metal ions (Beck 1973a, b, Drazic and Popic 2005,
James 1974). The first and third mechanisms would result in hydrogen production away from the
electrode surface and the second mechanism would result in hydrogen production at the external
surface of the film attached to the electrode.
3.2 Bare titanium metal particle ejection
Ejection of bare metal particles during metal corrosion by imposition of an external potential was
observed in the experiments using Be(0), Mg(0), Zn(0), Cd(0), and Al(0). The ejected metal
particles were either dispersed in solution as particles with diameters of the order of 10−1 µm or
associated with metal precipitates (Drazic and Popic 2005, James 1974). In order to investigate
possible ZVT particle ejections, optical microscopic observations were conducted to identify ZVT
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Fig. 1 SEM images of the precipitate produced at 100 mA: (left) × 1000; (right)× 3000

particles dispersed in solution. Analysis by SEM and XRD were also conducted to identify particles
associated with the precipitate. The optical microscopic observations found that no ZVT particles
were dispersed in the solution (data not shown). The precipitates were observed using SEM and no
ZVT particles were found in the precipitate as shown in Fig. 1.
Instead, dark gray ZVT particles were observed by eye on the bottom of the reactor after long
hours of operation. Some of these gray particles were over 1 mm. These particles were probably
disintegrated debris from ZVT edges during pitting corrosion. It is believed that these particles are
not responsible for the perchlorate reduction due to their larger size and color. ZVT is always
covered by a thin titanium oxide film that is transparent, thus ZVT has a metallic gray color.
However, as the oxide film on ZVT grows in thickness by imposition of electrochemical potential
or oxidizing chemicals, the oxide film reflects different wavelengths of light and produces different
colors (Delplancke et al. 1982, Delplancke and Winand 1988, Gaul 1993, Hrapovic et al. 2001). In
this study, long hours of imposing an electrochemical potential on ZVT changed its color from a
metallic gray to dark gray due to growth of the oxide film. This dark gray color was identical to
that of larger ZVT particles found in the precipitate. If micro-scale ZVT particles without oxide film
are ejected from the pitting site, they would be immediately oxidized due to its unstable
thermodynamic nature of bare ZVT. However, if these micro-scale ZVT particles are not completely
oxidized, then they would be passivated by the formation of surface oxide film and they could be
embedded in oxide precipitates which would make them undetectable by microscopic observation.
Previous studies reported that XRD can detect the presence of metallic ZVT even it was covered by
surface oxide film that was generated by electrochemical anodization and thermal oxidation
(Basame and White 2000, Guleryuz and Cimenoglu 2004, Park et al. 2007, Yan and Wang 2004).
Thus, the precipitates produced in 1 mM of perchlorate solutions at different currents were collected
and analyzed using XRD to investigate the possible presence of metallic ZVT particles associated
with precipitates.
Fig. 2 shows that the dried precipitates contain mainly TiO2 in the form of synthetic anatase
(tetragonal TiO2) and brookite (orthorthombic TiO2). No metallic ZVT was observed in the XRD
analysis. However, if ejected bare ZVT particles are completely oxidized or small amounts of
metallic ZVT remained in the precipitate, the XRD analysis could be inconclusive in providing
evidence of the presence of ZVT particles associated with precipitates. Thus, results of XRD
analysis cannot be used to completely rule out ejection of ZVT particles as a possible mechanism to
describe perchlorate reduction at the pitting sites.
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Fig. 2 XRD analysis of precipitates produced under different current conditions. (1) synthetic anatase; (2)
brookite

3.3 High ohmic drop
During electropolishing of ZVT in a mixture of perchloric and acetic acids, it was observed that
perchlorate was reduced to chloride in spite of imposed potentials that apparently would make that
reaction thermodynamically infeasible (Mathieu and Landolt 1978). This might be explained by
development of lower potential than standard electrode reduction potential for ClO4−/Cl− at the
pitting site because of the high ohmic resistance of the salt film. Several studies reported that during
pitting corrosion the bottom of the pit is covered by a salt film consisting of metal salts or metal
oxy-anion salts (Alkire et al. 1978, 1973a, Beck 1973b, Beck 1984, Beck and Alkire 1979, Clerc
and Landolt 1988, Grimm et al. 1992, Isaacs 1973, Mankowski and Szklarskasmialowska 1977,
Okada 1984, Sridhar and Dunn 1997). This salt film is produced by massive dissolution of the
metal at the pit, super-saturation of dissolved metal cations, and their precipitation at the bottom of
the pit. For titanium in halide solutions, the composition of the salt film was titanium tetrahalide or
oxy-halide (Beck 1973a). Beck (1973b) calculated a potential drop across the salt film formed in a
pit on ZVT in HBr solution that was 80 to 125% of the applied potential. However, his calculation
was based on the assumption that the potential inside the pit was negative compared to the H+/H2
equilibrium potential. This was based on observations of hydrogen gas evolution. This assumption
was used to calculate the potential drop across the salt film by simply subtracting summations of
open circuit potential, ohmic potential drop outside of the pit, and ohmic potential drop inside pit
from the applied potential. Thus, the calculated potential drop might not represent the actual
potential drop caused by the salt film. Moreover, there are other studies that contradict this result by
reporting that the potential drop by the salt film is very small (Danielson 1988, Hunkeler et al.
1987, Palit and Gadiyar 1987, Strehblow and Ives 1976). For example, the potential drop caused by
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the salt film near zirconium electrodes was only 0.03 V when the applied potential was 0.2 V (Palit
and Gadiyar 1987) and potential drop for nickel was 0.5 V when the applied potential was 0.9 V
(Danielson 1988). In this study, potentials over 12.7 V were imposed to develop pitting corrosion on
ZVT. Thus, it is questionable that the salt film could cause the potential drop below the ClO4−/Cl−
equilibrium potential at pitting site on ZVT. Other possible causes for a large potential drop in the
pit are formation of solid corrosion products, accumulation of hydrogen gas, and existence of
colloids (Palit and Gadiyar 1987, Pickering 1987). Among them, solid corrosion product would
more likely develop a potential drop that results in potential below the ClO4−/Cl− equilibrium
potential at pitting site on ZVT. Additionally, several other studies reported that direct cathodic
reduction of perchlorate is a very sluggish reaction on other metal electrodes (Lang and Horanyi
2003). Therefore, it is believed that perchlorate reduction by the high ohmic drop is not likely to be
the mechanism of observed perchlorate reduction.
3.4 Formation of titanium metal ions
Formation of partially oxidized metal ions is the most widely accepted hypothesis to describe the
anomalous behavior of compounds being reduced at metal electrodes during anodic polarization
(Drazic and Popic 2005, James 1974). ZVT could produce two partially oxidized ions (Ti2+ and
Ti3+) that would be intermediates before formation of the final product of Ti(IV). Ti(III) can exist in
solid phases such as titanium halide (Ti(X)3, where X = F, Cl, Br, or I) and titanium oxide (Ti2O3)
or in the aqueous phase as Ti3+ (Cotton et al. 1995, Webelements periodic table 2007). Ti(II) is not
common, but its existence has been shown by the presence of titanium halide (Ti(X)2, where X = F,
Cl, Br, or I), titanium hydride (TiH2), and titanium oxide (TiO) in solid phases (Webelements
periodic table 2007). Furthermore, several studies reported that Ti(III) can rapidly reduce perchlorate
compared to common metal reductants (Amadei and Earley 2001, Earley et al. 2000, Espenson
2000, Ivanenko et al. 2001). However, the presence of Ti(II) in the aqueous phase and reaction with
perchlorate are not well documented. Only a few studies have observed the formation of greenishbrown or greenish-yellow solutions believed to contain Ti(II) during dissolution of TiO by solutions
of non-oxidizing acids or dissolution of ZVT with solutions of acids containing excess fluoride (F−)
(Kölle and Kölle 2003, Pourbaix 1966).
Visual observations were made to identify the presence of transitory titanium metal species in
solutions during ZVT dissolution. However, there was no indication of Ti(II) or Ti(III) being present
in the solution during experiments, because there were no greenish-yellow (Ti(II)) or violet (Ti(III))
colors observed. Microscopic observations also failed to show the existence of any solid compounds
of Ti(II) and Ti(III) that are black and violet colors when they form either hydride or oxide
(Webelements periodic table 2007). However, it is possible that ZVT could undergo dissolution to
form Ti(II) and Ti(III) that exists only near the surface of ZVT. An especially likely location would
be inside the pitting sites.
In order to investigate whether perchlorate is reduced by partially oxidized titanium ions, experiments were carried out with solutions of Ti(II) and Ti(III). Fig. 3 shows absorption spectrums of Ti(II)
and Ti(III) solutions. The Ti(II) solution showed the same green color and the same absorption
spectrum with maximums at 430 and 660 nm as has been reported (Kölle and Kölle 2003). The
Ti(III) solution shows an absorption band at 505 nm, which is similar to that reported by previous
studies (Earley et al. 2000). The concentration of H+ had a negligible effect on the absorption
spectrum of Ti(II), but the absorption peak at 505 nm for Ti(III) was slightly shifted to longer
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Fig. 3 Adsorption spectrums of Ti(II) and Ti(III) solutions

Fig. 4 Perchlorate reduction with Ti(II) and Ti(III)

wavelength at higher concentrations of H+. Fig. 4 shows how concentrations of perchlorate were
reduced in solutions of Ti(II) and Ti(III). There is a higher rate of perchlorate reduction with Ti(III)
than with Ti(II) and higher rates with both were observed at higher concentrations of H+.
Experiments shown in previous study were conducted with an initial pH of 6.0 and a final pH of
7.5 (Lee 2007). Within this pH range, it is expected that perchlorate reduction by Ti(II) and Ti(III)
would be much slower than shown in Fig. 4. As expected, pitting corrosion produces lower pH
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conditions inside the pit that could promote the reaction rate. Pitting corrosion occurs in a localized
area in which substantial amounts of metal can dissolve. The dissolved metal ions undergo
hydrolysis reactions that develop a high concentration of H+ inside of the pit (Fontana 1986,
Szklarska-Smialowska 1986). Dissolution of ZVT would produce Ti(IV) as the primary product,
whether it is formed by oxidation of ZVT at the electrode or by oxidation of transitory species such
as Ti(II) and Ti(III). The hydrolysis of Ti(IV) would produce H+ ions as shown by the following
Ti4+ + H2O → TiO2+ + 2H+

(2)

TiO2+ + H2O → TiO2 + 2H+

(3)

These hydrolysis reactions would maintain the lower pH in the pit during the pitting corrosion of
ZVT. Furthermore, there is some evidence in the literature that suggests that concentrations of
anions such as perchlorate are dramatically increased inside pits because of the need to maintain
electro-neutrality during production of metal cations such as Ti4+ and TiO2+ (Fontana 1986,
Szklarska-Smialowska 1986). Measurements of chloride concentrations in pits developed on a
stainless austenitic steel showed that chloride concentrations accumulated in the pits at concentrations
up to 20 times higher than in the external solution (Mankowski and Szklarskasmialowska 1977). Thus,
pitting corrosion of ZVT could produce not only lower pH, but also higher perchlorate
concentrations in the pits which could induce faster perchlorate reduction. However, it is hard to
determine whether Ti(II) or Ti(III) is responsible for perchlorate reduction at the pitting site of ZVT
based on results presented in Fig. 4.
Two other measurements were made in order to further evaluate the role of Ti(II) and Ti(III) in
perchlorate reduction. One measured the dissolution valence using Faraday’s law and the other
calculated the molar ratio of ZVT consumed to perchlorate reduced. Faraday’s law states that the
amount of chemical change at the electrode is proportional to the total quantity of electric charge
passed. Application of this law allows calculation of the titanium dissolution valence using the
measured amount of ZVT lost by reaction
Mw Ti Q t
n Ti = ------------------∆M Ti F

(4)

where nTi represents the dissolution valence of titanium, ∆MTi is loss of mass of ZVT (g), MwTi is
atomic weight of titanium, and F is Faraday’s constant (= 96,485 C/mole). The total quantity of
electric charge passed, Qt (C), is defined as
Q t = ∫ Idt

(5)

where I represents current (A), and t is time (s). Three chemical reactions were assumed to be
possible at the ZVT electrode: titanium dissolution, water oxidation, and chloride oxidation.
However, the charge consumed by the water and chloride oxidations was assumed to be negligible
for following reasons. Vigorous formation of gas bubbles at the ZVT anode would be expected if
oxygen were being formed, but gas was observed during only the initial stage of an experiment
(Lee 2007). After pitting corrosion began, formation of gas bubbles on the ZVT electrode
diminished with only small gas bubbles being observed and these bubbles have been identified by
others as being hydrogen gas (Beck 1973a, Palit and Gadiyar 1987). Therefore, charge consumption
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by water oxidation would be negligible in the experiments after pitting corrosion had begun. The
amounts of electrical charge consumed by chloride oxidation were calculated using the amounts of
Cl lost from solution
∆M CI
-n F
Q CI = -------------MW CI CI

(6)

where QCl represents electrical charge consumption by chloride oxidation, ∆MCl is loss of mass of Cl (g),
MwCl is atomic weight of chlorine, and nCl is the number of electrons transferred per chlorine molecule
that undergoes oxidation (= 1). The chlorine loss (mol) (∆MCl / MwCl) was calculated by an elemental
balance on chlorine
∆M CI
-------------- = ( [ CIO -4 ] i + [ CI - ] i – [ CIO -4 ] f – [ CI - ] f ) × V R
MW CI

(7)

where [ClO4−]i and [Cl−]i represent the initial molar concentrations of perchlorate and chloride,
[ClO4−]f and [Cl−]f are the molar concentrations of perchlorate and chloride measured at the final
sampling time, and VR is effective solution volume. Other possible products containing chloride
such as chlorate and chlorite are not included in Eq. (7), because they were not detected in
substantial concentrations. Table 1 shows electric charge consumption by chloride oxidation relative
to total electric charge applied under various experimental conditions. The electric charge
consumptions by chloride oxidation were calculated to be less than 4% of total electric charge
applied, even in higher chloride concentration solutions. Thus, the electric charge consumption by
chloride oxidation was assumed to be negligible compared to titanium dissolution, so the titanium
dissolution valence was calculated only considering titanium weight loss.
Table 2 shows the dissolution valence of titanium calculated in experiments at various
concentrations of perchlorate and chloride. Experiments at each condition were replicated at least
three times. As the concentration of perchlorate increases from 1 mM to 500 mM, the dissolution
valence decreases from 3.77 ± 0.09 to 2.67 ± 0.01. However, when only chloride is present, the
dissolution valence is maintained around +4, and is independent of the concentration of chloride.
These results show that the valence of ZVT dissolution depends on whether the solution contains
perchlorate or chloride, and concentration of perchlorate.
Additionally, Table 2 implies that ejection of bare ZVT particles may not occur at the pitting site.
If bare ZVT particle were ejected at the pitting site, ∆MTi in Eq. 4 would be increased and
dissolution valence should be less than +4 in chloride solutions. However, the constant dissolution
Table 1 Electric charge consumptions by chloride oxidation under different concentrations of ClO4– and Cl–
ClO4–i (mM)

ClO4–f (mM)

Cl–i (mM)

Cl–f (mM)

Qt (C)

QCl,r (%)*

0.09
0.27
0.04
0.29
4.0 × 104
5.0 × 105

6.6 × 10
6.6 × 103
0.29
1.94
2.02
1.89

0.32
0.31
0.12
1.37
0.08
0.07

2112
1218
2160
2160
4140
4200

1.3**
1.6**
2.2***
2.7***
3.6***
3.3***

0.98
0.98
0.48
0.47
9.8 × 103
1.0 × 103
*

QCl,r = QCl/Qt × 100;

**

VR = 500 mL;

3

***

VR = 800 mL
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valence at different chloride concentrations and different amounts of charge passed indicate that no
bare ZVT particles were being ejected at the pitting site. However, it is also possible to observe a
dissolution valence of 4.0 with release of ZVT particles. This could occur if chloride is oxidized at
the electrode surface and then the HOCl produced reacts with the ZVT particles as follows
2Cl− = Cl2 + 2e−

(8)

Cl2 + H2O = HOCl + HCl

(9)

Ti(0) + 2HOCl + 2H+= Ti4+ + 2Cl− + 2H2O

(10)

The four chloride ions that are oxidized at the electrode to produce two HOCl required to oxidize
one ZVT would cause 4 e− to transfer through the electrode, so the measured dissolution valence
would be +4. However, previous results including optical microscopic observations, precipitates
observation using scanning electron microscope (SEM) (Fig. 1), and XRD analysis of precipitates
(Fig. 2) support the conclusion that ZVT particles were not being ejected from the pitting site. Thus,
perchlorate reduction is probably not caused by bare ZVT metal particles ejected from the ZVT
electrode.
Fig. 5 shows the molar ratio of ZVT consumed to perchlorate reduced (∆Ti(0)/∆ClO4−) as a
function of the amount of charge passed through the electrode for two different initial
concentrations of perchlorate. Values of ∆Ti(0)/∆ClO4− for both initial concentrations gradually
increase with increasing electric charge passed. In order to completely reduce one mole of
perchlorate to chloride, four moles of Ti2+ and eight moles of Ti3+ are required and most of the data
in Fig. 5 lies in the range between these two values. However, data early in the experiments show
ratios below 4. This could be caused by the formation of precipitates on the electrodes, which
primarily consist of TiO2. Small amounts of these precipitates remained on the electrodes, because
they were hard to remove completely, even with repeated cleanup with a plastic brush. The mass of
these precipitates on the electrodes would be measured as mass of ZVT and cause the measured
changes in ZVT to be too low, resulting in ratios that are too low. Results in Table 2 and Fig. 5 are
inconclusive concerning whether Ti(II) or Ti(III) is the primary product of dissolution of ZVT and
therefore the most likely reductant for perchlorate. However, there is a hypothesis in the literature
that describes formation of uncommon metal ions during electrochemical dissolution of metals
(Drazic and Popic 2005, James 1974). This hypothesis applied to the results in Fig. 5 and Table 2
strongly suggests that Ti(II) is the primary product of the dissolution of ZVT that could be
responsible for reduction of perchlorate. The hypothesis is that metals pass through stepwise
oxidations during electrochemical metal dissolution.
Suppose that metal has two oxidation states (+I and +II). The first step in electrochemically
dissolving the metal would produce M(I). Further oxidation of M(I) to M(II) could be caused by
two pathways. One is a chemical oxidation by an oxidizing agent that is present in solution. The
other pathway is further electrochemical oxidation at the anode (metal surface) and depends on M(I)
being strongly adsorbed to the anode metal surface (Drazic and Popic 2005). The relative
importance of chemical or electrochemical oxidation of M(I) to M(II) is determined by the presence
of oxidizing agents and their concentrations. If there are no oxidizing agents or they are present at
low concentrations, electrochemical oxidation is predominant and the dissolution valence of the
metal would be +2. However, if there are oxidizing agents present and they exist at high
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concentrations, chemical oxidation is predominant and the dissolution valence of the metal would be
less than +2. Higher concentrations of the oxidizing agent would result in more chemical oxidation
of M(I) and lower dissolution valences that would approach +1.
If this mechanism is applied to ZVT dissolution, the first step would produce Ti(II), because the
lowest oxidation state of titanium metal ion is +2. Further oxidation of Ti(II) would be caused by
reaction at the electrode surface or with dissolved oxidizing agents. The oxidizing agent used in this
study is perchlorate, so the chemical oxidation of Ti(II) could be described as follows
4Ti2+ + ClO4− → 4TiO2+ + Cl−

(11)

However, it is also possible that electrochemically produced chlorine would oxidize the Ti(II)
Ti2+ + Cl2 → Ti4+ + 2Cl−

(12)

The electrochemical oxidation of Ti(II) to Ti(IV) on the surface of an anodically polarized ZVT
electrode can be described as follows
Ti2+ → Ti3+ + e−

(13)

Ti3+ → Ti4+ + e−

(14)

Table 2 shows that the dissolution valence of ZVT gradually decreases from 3.77 to 2.67 when
perchlorate concentration increases from 1 mM to 500 mM. Increasing perchlorate concentrations
would increase the extent of the reaction described by reaction 11 and would result in lowering the
dissolution valence. However, when chloride is the only anion present, the reactions shown in
reactions 13 and 14 would be predominant and dissolved Ti(II) would tend to be electrochemically
oxidized to Ti(III) and Ti(IV), if dissolved Ti(II) is strongly adsorbed on the ZVT surface. This
would result in a dissolution valence of +4 in chloride solution. The other explanation is also
possible based on chlorine formation and reaction 12. If one mole of ZVT is oxidized to Ti(II), it
Table 2 Observed dissolution valence for pitting corrosion of titanium under different concentrations of ClO4–
and Cl–
Types of anion Concentration (mM)
1
10
ClO4–

50
100
250
500
10

Cl–

100

Total charge (C)

Average weight loss (mg)

Valence

1000
1000
1000
2000
1000
1000
1000

131.6
156.8
167.3
335.9
173.1
178.60
186.2

3.77 ± 0.09
3.17 ± 0.01
2.97 ± 0.01
2.95 ± 0.01
2.87 ± 0.02
2.78 ± 0.04
2.67 ± 0.01

1000
1000
2000

120.4
121.3
240.06

4.12 ± 0.03
4.09 ± 0.01
4.13 ± 0.09
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Fig. 5 Molar ratio of titanium consumed to perchlorate removed

will transfer 2 moles of electrons to the electrode. If 2 moles of Cl- are oxidized to chlorine, it will
transfer 2 more moles of electrons to the electrode. Then, the Ti(II) can react with the chlorine to
produce Ti(IV) and chloride. The net electron transfer for loss of one mole of ZVT is 4 moles (2
moles form production of Ti(II) and 2 moles from production of chlorine) and the dissolution
valence is +4.
Fig. 5 shows that values of ∆Ti(0)/∆ClO4− gradually increase with increasing electric charge
passed. This is related to the decrease in perchlorate concentration and the increase in chloride
concentration over the course of the experiment. The lower concentration of perchlorate would
cause the rate of reaction 11 to decrease, while the increasing concentration of chloride would cause
the rate of reaction 12 to increase. Therefore, as the amount of charge passed increases, a greater
fraction of the Ti(II) would react with chlorine rather than perchlorate, resulting in higher values of
∆Ti(0)/∆ClO4−. These results indicate that mechanism for perchlorate reduction that is based on
formation of transient metal ions fairly well describes experimental results for dissolution of ZVT.
3.5 Proposal of Ti(II) dissolution mechanism
Pitting corrosion on a metal surface develops unique environments inside the pits, such as higher
concentrations of aggressive anions and of metal ions than in the external solution. These unique
environments inside the pitting sites might be responsible for Ti(II) dissolution and perchlorate
reduction during the pitting corrosion of ZVT. In general, metal dissolution is described by a
hydroxo−ligand mechanism (Kedda 2002).
M + H2O → MOHads + H+ + e−

(15)

MOHads → MOH+aq + e−

(16)
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MOH+ + H+ → M2+ + H2O

(17)

However, several studies reported that aggressive anions are involved in metal dissolution during
pitting corrosion and electrochemical metal dissolution (Arvia and Podesta 1968, Chin and Nobe
1972, Eichkorn et al. 1968, Hackerma et al. 1966, Iofa and Batrakov 1964, Kim and Pyun 1995,
Kolotyrkin 1961, Kuo and Nobe 1978, Macfarlane and Smedley 1986, Mccaffer and Hackerma
1972, Murakawa et al. 1967, Pyun and Lee 1995, Smart et al. 1993). These studies proposed that
aggressive anions are adsorbed on the bare metal surface during pitting corrosion and stimulate
metal dissolution. Two types of models were proposed to describe how anions are involved in metal
dissolution: 1) indirect and 2) direct participation models. For the indirect participation model, the
aggressive anions stimulate metal dissolution after localized breakdown of the surface oxide film,
but the metal is dissolved as a hydroxo-metal complex (Arvia and Podesta 1968, Eichkorn et al.
1968, Hackerma et al. 1966, Mccaffer and Hackerma 1972, Murakawa et al. 1967). If ZVT is
dissolved with indirect participation of anions in the dissolution process during pitting corrosion,
ZVT would be dissolved as shown below (Arvia and Podesta 1968).
Ti + X− ↔ TiX−ads

(18)

TiX−ads + H2O → TiOH−ads + H+ + X−

(19)

TiOH−ads ↔ Ti2+ + OH− + 2e−

(20)

where X− is an aggressive anion that induces pitting corrosion. The direct participation model
proposes that the anions not only prompt metal dissolution, but also leave the metal surface by
forming complexes with dissolved metal ions (Chin and Nobe 1972, Iofa and Batrakov 1964, Kim
and Pyun 1995, Kolotyrkin 1961, Kuo and Nobe 1978, Macfarlane and Smedley 1986, Pyun and
Lee 1995). If ZVT is dissolved with direct participation of anions in the dissolution process during
pitting corrosion, ZVT would be dissolved through three possible pathways and they are presented
below (Kuo and Nobe 1978)
OH stimulated dissolution
Ti + H2O ↔ TiOHads + H+ + e−

(21)

TiOHads → TiOH+ + e−

(22)

TiOH+ + H+ ↔ Ti2+ + H2O

(23)

Ti + H2O + X− ↔ TiXOH−ads + H+ + e−

(24)

TiXOH−ads → TiXOH + e−

(25)

TiXOH + H+ ↔ Ti2+ + H2O + X−

(25)

X − stimulated dissolution
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H+−X− stimulated dissolution
Ti + H2O + X− ↔ TiXads + H2O + e−

(27)

TiXads + H+ → TiXH+ads

(28)

TiXH+ads + X− ↔ TiX2 + H+ + e−

(29)

TiX2 ↔ Ti2+ + 2X−

(30)

The relative importance of OH−, X− and H+−X− stimulated dissolutions is determined by the
presence of aggressive anions and solution pH. In general, reactions 21-23 might be predominant if
ZVT undergoes dissolution with low concentrations of aggressive ion. However, when solution
contains higher concentrations of aggressive anions, the ZVT would tend to undergo dissolution by
reactions 24-26. However, if the solution contains higher concentrations of aggressive anions at
lower solution pH, ZVT dissolution would tend to occur by reactions 27-30.
During pitting corrosion of ZVT, considerable enrichments of dissolved metal ions and anions in
the pit cause a salt film to be developed at the bottom of the pit. The salt film works as a barrier
and limits transportation of anions and dissolved metal ions to solution by separating bare metal surface
from solution (Beck 1973a, 1973b, Grimm et al. 1992, Mankowski and Szklarskasmialowska 1977). It
has been reported that the titanium salt film forms within 10−5 to 10−3 s following pit nucleation and its
thickness ranges from 2 to 10 nm during pitting corrosion (Alkire et al. 1978). However, the salt
film has a very short life that lasts several seconds after interruption of current (Danielson 1988).
Thus, it is hard to detect physical properties of a salt film. Beck (1973a, b) assumed that salt films
in pits of corroding ZVT form compact films. However, for other metals, several studies postulated
that the salt film is either porous (Beck 1982, Clerc and Landolt 1988, Danielson 1988, Hunkeler et
al. 1987) or contains both porous and compact film layers (Beck 1985, Grimm et al. 1992).
When ZVT undergoes dissolution to Ti(II), aggressive anions are transported from solution to the
bare ZVT surface through the salt film in order to balance the positive charge and concentrated at
the interface between the bare ZVT and salt film (Okada 1984). The dissolution of ZVT would be
accelerated by the adsorption of the aggressive anion on bare ZVT. If ZVT is dissolved with
indirect participation of anions in the dissolution process (Eqs. (18)-(20)), dissolved Ti2+ would
reduce perchlorate at the interface between the bare ZVT and salt film. However, if ZVT is
dissolved with direct participation of anions, ZVT would be dissolved by forming Ti(II) and anion
complexes. Since the pH in the pit is higher than pH in solution due to electrolytic migration of H+
away from the bare metal surface (Beck 1982, Danielson 1988), the formation of titanium anion
complexes might occur as shown in Eqs. (24)-(26), rather than by Eqs. (27)-(30). Then, bare ZVT
would be dissolved as Ti(ClO4)OH for solutions that contain perchlorate. This dissolved complex of
Ti(II) and perchlorate provides the opportunity for an oxidation/reduction reaction to occur that
would reduce perchlorate and oxidize Ti2+ to TiO2+. However, for solutions that contain chloride
without perchlorate, TiClOH would be formed and would dissociate to Ti2+ and Cl− without a redox
reaction occurring. As the salt film works as a barrier that limits transport of dissolved metal ions to
the solution, a high concentration of Ti2+ produced by dissociation of TiClOH (direct participation
model) or dissolution of ZVT to Ti2+ (indirect participation model) would accumulate at the interface

52

Chunwoo Lee et al.

between the salt film and bare ZVT. The majority of Ti2+ would be either electrochemically or
chemically oxidized to Ti(IV). The electrochemical oxidation of Ti2+ could occur on the bare ZVT
surface or on surface of the salt film, which is plausible because of a low potential drop across the
salt film. The chemical oxidation of Ti2+ could be developed by oxidizing agents present in solution,
such as water or chlorine that is produced by electrochemical oxidation of chloride. The Ti(IV)
produced by this oxidation would regenerate the salt film and keep the bare ZVT separate from the
bulk solution in the pit.

4. Conclusions
It has been shown that perchlorate is rapidly reduced to chloride during pitting corrosion of
titanium. Three possible mechanisms (ejection of bare ZVT particles, high ohmic potential drop
across an oxide film, and formation of partially oxidized titanium metal ions) were examined and a
mechanism involving Ti(II) as a partially oxidized ion is proposed as the one that best describes
experimental observations. The rate of perchlorate reduction is sufficiently rapid for application as a
treatment process. However, there are several limitations that currently restrict its application to
treatment systems. These limitations are: 1) high energy costs, 2) chloride oxidation, and 3) unwanted
titanium dissolution during treatment of trace levels of perchlorate. These limitations seem to be
caused by different problems. However, these restrictions are associated with the high potential (over
12 V) required to develop the pitting corrosion on titanium. Thus, this high pitting potential causes
the high energy cost and promotes oxidation of chloride to chlorine. Moreover, high electrical energy
input dissolves more titanium than needed to reduce perchlorate. Therefore, lowering the pitting
potential of titanium is a key to overcoming the high cost of the electrochemical titanium process and
making it feasible for field application. Furthermore, it would be advantageous for field applications
if the titanium were to undergo dissolution without any electrical energy input.
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