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Owing to newly established water quality standards, the use of the zero-valent iron (ZVI) method for
arsenic removal is gaining attention. The spontaneous chemical oxidation of ZVI by dissolved oxygen,
a complex process involving a variety of metastable ferrous-ferric intermediate species, was studied in
short-term batch experiments using two different commercially available ZVI materials. Differences in
corrosion rates may be attributed to the different specific reactivity of these materials. The effects of
PH, ZVI loading, initial conductivity and dissolved oxygen concentration on both Fe(II) and Fe(III) kinetic
profiles were investigated. ZVI corrosion rates in the presence of As(Ill) and As(V) were also studied.

VI Depending on the pH, the concentrations of Fe(Il) and Fe(III) are significantly influenced by the presence

Iron corrosion

of As(Ill) and As(V). Our results may be important from a technological point of view, since it is well

known that iron corrosion rates govern the generation of sites for arsenic removal.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The presence of arsenic compounds in groundwater, one of
the main sources of drinking water, is a serious environmental
and health problem. Increased concentrations of arsenic in natural
waters have been reported in many regions of the world. The pre-
dominant oxidation states of inorganic arsenic in water are As(III)
and As(V). The pH of most natural waters lies between 5 and 9,
the important As species being HyAsO4~, HAsO4~2 and H3AsO3
[1,2]. As(IlI) is more mobile and more toxic than As(V). Long-term
exposure to high levels of arsenic in drinking water may cause skin
alteration, damage to major body organs and many types of cancer.

Several techniques have been proposed for arsenic removal
from water. Current technologies include precipitation, coagula-
tion and filtration, reverse osmosis, electrodialysis, ion exchange
and adsorption.

In recent years, the zero-valent iron (ZVI) method for the in
situ remediation of groundwater has gained considerable inter-
est [4,5,26,33,35]. The detoxification effectiveness, low cost, and
benign environmental impact of Fe(0) facilitate the development of
water treatment processes, and several studies [4,5,20,24,25] have
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demonstrated that ZVI effectively reduces the concentration of sev-
eral organic and inorganic pollutants. In particular, the ZVI method
has also been intensively studied due to its ability to remove arsenic
compounds [2,4-11] and has been successfully applied for ground-
water remediation. In comparison with other methods, ZVI can
simultaneously remove As(V) and As(IIl) without previous oxida-
tive treatment and does not require the use of additional chemical
products, since metallic iron is used for the sustained production of
colloidal hydrous ferric oxides (HFO) [5,9].

The mechanism of arsenic removal by ZVI is rather complex
since different processes are involved. It is generally accepted
that As uptake from aqueous systems at near neutral pH is based
on adsorption and co-precipitation phenomena coupled with the
continuous generation of iron oxyhydroxides [7,10]. Several spec-
troscopic and electrochemical studies have confirmed the strong
interaction among ZVI-corroded surfaces and inorganic arsenic
species [4,8,11]. However, depending on the operating conditions
different processes, such as redox reactions associated with iron
corrosion and arsenic speciation, co-precipitation and adsorption,
may have an important role in controlling the overall effectiveness
of arsenic removal. Therefore, in order to gain a better understand-
ing of the overall uptake mechanism, it is desirable to analyze in
detail the effect of key variables, such as pH and dissolved oxygen
concentration, on each one of the individual processes.

The spontaneous chemical oxidation of ZVI in the presence of
dissolved oxygen (i.e., corrosion) is a complex process involving a
variety of metastable ferrous-ferric intermediate species, which are
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ultimately transformed into different stable iron oxides. It is known
that Fe(Il), which is the primary product of ZVI oxidation, may stay
at the interface, where it may either form ferrous precipitates (i.e.,
carbonate, hydroxide, etc.) or oxidize further; or may be transported
away from the surface, where it is subject to homogeneous oxida-
tion and precipitation of Fe(Ill) [3,5,14,34]. Many research groups
have discussed the stratified nature of the corrosion coating formed
on the metallic iron surface that, depending on the reaction condi-
tions, involve different stable and metastable phases of iron oxides
[7,12,13]. Moreover, Fe(Ill) can be reduced to Fe(Il) by Fe(0), espe-
cially in oxygen-depleted environments where this heterogeneous
autoreduction reaction is a potentially important process for ZVI
systems [12]. However, it has also been reported that aerobic and
high ionic strength conditions are likely to promote the formation
of Fe(IlI) colloidal species away from the Fe(0) surface [19,20].

In spite of the physicochemical complexity associated with the
removal of arsenic in ZVI systems, reactions 1-6 [2,5,6,35] roughly
represent the most relevant processes that may be involved in the
formation of iron species associated with As uptake at circumneu-
tral pH.

Fe(0) + 2H,0 — Fe(Il) + Hy +2HO™ (R1)
Fe(0) + H,0 + 1/20, — Fe(Il) + 2HO™ (R2)
Fe(0) + 2Fe(Ill) — 3Fe(Il) (R3)
Fe(Il) + 1/2H,0 + 1/40, — Fe(lll) + HO™ (R4)
Fe(Illl) + 3H,0 — Fe(HO)3 +3H" (R5)
Fe(Il) + CO3~2/HO~ — ferrous precipitates (R6)

The kinetics of Fe(0) oxidation as well as the sorption prop-
erties of iron corrosion products can be strongly affected by the
operating conditions, and some aspects concerning the relative
contribution of (R1)-(R6) to the mechanism of ZVI corrosion have
not been completely clarified. This poses a serious disadvantage
for the development of efficient treatment facilities, since corro-
sion rates are closely related to the kinetics of arsenic uptake [4,7].
In addition, most studies have focused on arsenic removal and the
characterization of the oxide coating on the Fe(0) surface, but only a
few researchers [5,6,19,20] have addressed the behavior of soluble
and colloidal iron. Given that column tests [6,21] have shown an
inverse correlation between effluent concentrations of arsenic and
iron, the investigation of suspended iron species is a key issue for
reactor design purposes.

Since both the production rates and the distribution of iron par-
ticles are critical factors affecting arsenic removal, we focused our
efforts on the characterization of the suspensions resulting from ZVI
corrosion. The aim of the present work was to study the influence
of different variables, such as metal/aqueous phase contact area,
solution conductivity, pH, dissolved oxygen concentration and the
presence of arsenic species, on the production kinetics of soluble
and colloidal iron species. The particular approach adopted is use-
ful for assessing the partial contribution of iron corrosion rates to
the overall mechanism of arsenic removal.

2. Materials and methods
2.1. Materials

Analytic grade NaCl (99.5%), CaCl, (99.0%), FeSO4-7H, 0 (>99.0%),
MgCl,-6H,0 (99.0%) and NaOH (>97.0%) were supplied by Riedel-
de Haén; NaHCO3 (>99.7%), NaNOs (>98.0%) and HCI (36.5-38.0%)
were purchased from Merck, and NaySO4 (>99.0%) supplied by
Sigma; they were all used as received. Stock solutions were pre-
pared using deionized water (<3 wS/cm). Stock solutions containing
1000 mg/L of As(IIl) or As(V) were prepared from reagent-grade

As;03 (>99.0%, Merck) and NayHAsO4.7H,0 (>98.5%, Sigma),
respectively. Nitrogen, oxygen and analytic air were supplied by
AGA.

Two commercially available iron-based materials were used,
without previous treatment, as ZVI sources: lost head iron nails
(EGA® 8-25: C % <0.03, Mn % 0.20-0.30, S % <0.025, P % <0.025,
Si % <0.05) and steel wool (Mapavirulana®: C % 0.076-0.84, P %
0.015-0.018, S % 0.011-0.014, Mn % 0.810-0.86, Si % 0.115-0.146).
Specific surface areas, determined by N, adsorption at —195.8°C
(BET method) using a Micromeritics ASAP 2020 instrument, were
0.80+0.07 and 2.02 +0.09m?/g for the lost head nails and steel
wool, respectively.

2.2. Experimental setup and conditions

Batch experiments were conducted in a 500-mL cylindrical glass
reactor at 21+ 1°C in the dark. The reactor was equipped with a
manifold for gas bubbling and a lateral sampling port. ZVI sam-
ples were placed at the bottom in direct contact with the gas inlet.
The pH, pO, and conductivity were continuously recorded. Vigor-
ous stirring was performed using a magnetic bar at 300 rpm. At
different periods of mixing time, representative samples of 10-mL
were withdrawn from the center of the reactor by a Teflon tube
connected to a plastic syringe. Most of the experiments were per-
formed in the presence of oxygen under continuous air purging.
Unless otherwise stated, an air flow rate of 0.8 L/min was used.

The working solutions were prepared using either tap water
from La Plata or a synthetic aqueous matrix of well-known com-
position (Table S1, Sup. Mat.). For the experiments presented in
Section 3.3, the solutions were prepared using deionized water. Dif-
ferent amounts of 1000 mg/L solutions of NaCl, NaNO3 or Na;SOg4
were employed in order to set the conductivity to desired values.
Stock solutions of 1 g Na3AsOy4/Land 1 g As,O3/L were used to adjust
arsenic concentrations for the experiments shown in Section 3.6.
In all cases, before starting the experiments, solutions were purged
with air (or N, for the tests conducted in the absence of oxygen)
for 30 min. Then, the initial pH was adjusted to the desired value
using HCI or NaOH; however, the pH was not controlled during the
course of the experiments.

2.3. Analysis

In order to characterize the production of suspended and soluble
iron species we used two operationally defined fractions, namely
“total” and “filterable” iron based on physical separation through
0.45 pm syringe filters [2,15]. Although we recognize that the fil-
terable fraction includes not only soluble iron but also colloidal
particles of amorphous oxyhydroxides capable of passing through
the nylon filter, the operational definition is useful from an engi-
neering viewpoint. Thus “total Fe(Il)” (Fe(Il)y,¢) and “total Fe(III)”
(Fe(Iltot) concentrations were obtained by sampling the working
suspensions and acidifying them with concentrated HCl to dissolve
any suspended precipitates before the analysis. On the other hand,
“filterable Fe(II)” (Fe(Il)g;) and “filterable Fe(III)” (Fe(Ill)g)¢) concen-
trations were measured by passing the samples through plastic
filters (Whatman, 25 mm GD/X Syringe Filters, 0.45 wm) before
the addition of HCl in order to retain nonfilterable particles. The
concentrations of Fe(Ill) and Fe(Il) in the acidified samples were
quantified by spectrophotometry, through the complexes formed
with KSCN and o-phenantroline, respectively, as described else-
where [22].

Quantitative determination of arsenic concentrations was per-
formed by applying the silver dithiodiethylcarbamate standardized
method [23], before analysis samples were filtered through the
aforementioned plastic filters. All analytic data were assessed for
accuracy and precision using a quality control system involving
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duplicates, blanks and standard samples during the analytical pro-
cedure.

Physicochemical analyses of the drinking water used to prepare
the working solutions were conducted according to the follow-
ing standardized techniques: conductivity (HANNA Instruments,
HI 9033); fluoride (Orion, model 96-04 ionalizer); nitrate (Orion,
model 9707 ionplus); sulfate (nefelometry, Hach 2001); chloride
(argentometer method); hardness (titrimetric method with EDTA);
and nitrite (Llosva von llosva method). The pH was determined
by using a pH electrode (HANNA Instruments, model 8521/Orion
720), whereas dissolved oxygen concentrations were recorded with
a selective electrode (Orion, model 850A+/083005D).

3. Results and discussion
3.1. Effect of dissolved oxygen concentration

3.1.1. Corrosion kinetics and iron oxidation states

Batch experiments were carried out in order to characterize
the formation of different iron corrosion products with differ-
ent dissolved oxygen concentrations. Steel wool was used as ZVI
source. The concentration profiles were tracked during the first
60 min since preliminary corrosion and adsorption experiments,
performed in our laboratory in air-saturated vessels for at least
8 h, showed that iron species attain a stationary state during the
first 30 min, whereas arsenic concentrations reach a 90% of their
sorption equilibrium values within 60 min. For the experiments
conducted in the absence of oxygen, no change in pH was recorded.
On the other hand, during the aerated tests pH shifts of less than one
unit were observed during the first 15 min, then the pH remained
constant.

In the absence of dissolved oxygen, a negligible production of
suspended and soluble iron species was observed during the ana-
lyzed timescale (Section 3.5.1), whereas the results presented in
Fig. 1 show that the oxygen concentration has a decisive effect on
both the rates of formation and the oxidation states of suspended
and soluble iron species. The experiments conducted under contin-
uous air supply showed that filterable iron reaches a steady value
after the first 10-20 min and that Fe(Ill )i increases linearly with
time (Fig. 1a), whereas the experiments performed in closed vessels
showed a first-order kinetic law for the consumption of dissolved
oxygen (Fig. 1b); both results are in agreement with previous stud-
ies [2,24].

Interestingly, during the analyzed timescales, no visible cor-
rosion coating was observed on the steel wool surface for the
experiments performed under continuous air supply. Although we
cannot completely rule out the formation of a corrosion layer of
increasing thickness onto the ZVI surface, the absence of visible
changes on the steel wool, together with the observation and quan-
tification of considerable amounts of suspended particles through
Fe(Il)tor and Fe(Ill)or measurements, suggests that the amount of
corroded iron attached to the steel wool surface is of minor impor-
tance under our experimental conditions.

It is worth mentioning that for the experiments performed
in closed reaction vessels, the corrosion products evolved with
time since the initial colorless solution became yellow during
the first minutes and the colors of the precipitates (obtained by
sedimentation in Imhoff cones) changed from reddish, for oxygen-
saturated suspensions, to dark brownish and finally to black when
the dissolved oxygen was depleted. Although a structural analy-
sis of the solid particles is beyond the scope of our work, direct
inspection of the observed precipitates suggested a shift from
particles containing mostly Fe(IIl) to particles containing a mix-
ture of Fe(Il) and Fe(IIl) as dissolved oxygen diminished, which is
in good agreement with previous studies [3,16,24,25]. This result
may be ascribed to the reduction of Fe(Ill) by ZVI (R3), which is

6.0
(a)

":: 451 —e— [0,]/2 I
> —v— [Fe(lll],
- a— [Fe(l)lo
S 304 o [Fe(llg
§ —a— [Fe(Il)lgye
e
Q
=
S 15
(3]

o
o
&
4
8 orn
Eel 20
O—L:

0 10 20 40 50
Time (min)
6.0
(b) —e— [0;]/2
—v— [Fe(ll)],
L a— [Fe(ll)]y
4.5 o [Fe(lll)]gy, =

—a— [Fe(ll)]g;

Concentration (mg L‘1)

0.0 T T Y T

0 10 20 30 40 50
Time (min)

Fig.1. Concentration profiles of oxygen and iron species in the working suspensions:
(a) continuous air purging at 0.8 L/min; (b) closed vessel initially saturated with air.
Conditions: tap water; ojpi =820 wS/cm; pHinj = 7.1; Mgeel wool =3 8/L.

likely to play an important role in oxygen-restricted environments
[12].

The simultaneous analysis of the oxidation states observed for
total and filterable iron fractions allows drawing useful conclusions
concerning the corrosion mechanism under different conditions.
Total Fe(III) profiles show that the amount of ferric species produced
in air-saturated suspensions increases linearly with time (Fig. 1a).
On the other hand, when the availability of dissolved oxygen is
limited (Fig. 1b), the production rate of suspended Fe(III) species
decreases and becomes negligible under anoxic conditions. Besides,
the amounts of Fe(Il) species in air-saturated solutions are lower
than the ones observed under oxygen-restricted conditions. The
increase in the Fe(Ill )¢t /Fe(Il)tot ratio observed for the air-saturated
tests is associated with the oxidation of Fe(Il) species to Fe(IIIl)
species by dissolved oxygen (R4), which is known to occur rela-
tively fast under neutral and basic conditions [17,18]. These results
show that suspended particle generation is connected to dissolved
oxygen consumption.

The formation of ferric species from zero-valent iron involves
two consecutive processes. During the first stage, metallic iron is
oxidized to ferrous iron by heterogeneous reactions, whereas the
second stage involves the oxidation of ferrous ions to ferric ions
(R4), which can be both homogeneous and heterogeneous [17,34].
The experiments performed under air saturation suggest that Fe(II)
profiles quickly achieve relatively low steady values where ferrous
species production and consumption rates are equated. This behav-
ior, which was observed for all the conditions tested provided that
oxygen was continuously supplied, can be explained taking into
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account that R4 follows first-order kinetics with respect to both [O5 |
and [Fe(II)] and displays a high rate constant at circumneutral pH
values [18]. Consequently, our results indicate that the oxidation of
zero-valent iron to yield ferrous species is the rate-controlling step
of corrosion product formation.

3.1.2. Enhancement of ZVI reactivity by Fe(Il)

The comparison of the kinetic profiles observed for Fe(II) (Fig. 1)
reveals that larger amounts of Fe(Il) are detected for low dissolved
oxygen concentrations. This behavior is partially related to the
increase of Fe(Il) lifetime for the oxygen-limited experiment since
Fe(II) oxidation rates are proportional to the concentration of dis-
solved oxygen.

In addition, it is also worth pointing out that the analysis of
apparent ZVI corrosion rates suggests that the oxidation of metal-
lic iron is faster for the oxygen-limited experiment. Therefore, in
order to test the effect of Fe(II) concentration on ZVI corrosion rates,
we performed a set of experiments using different initial Fe(II)
concentrations (Fig. S1, Sup. Mat.). After 60 min, the experiments
started without adding Fe(Il) and with initial additions of 0, 3.9 and
5.9 mg/L Fe(Il) showed [Fe(Il)];ota Values of 4.5, 9.6 and 12.6 mg|/L,
respectively. These results show that the reactivity of steel wool is
somewhat enhanced in the presence of ferrous species, a behav-
ior that has already been reported in previous studies involving
zero-valent iron [24,25]. The mechanism whereby iron corrosion
caused by dissolved oxygen is accelerated by the presence of Fe(II)
has been discussed by Huang and Zhang [25]. They proposed that
the enhanced reactivity of Fe(0) is related to the adsorption of Fe(II)
on the corrosion coating formed on the ZVI surface. Thus, adsorbed
Fe(Il) is believed to facilitate the electron transfer between oxy-
gen and metallic iron that is otherwise shielded by the corrosion
coating.

The results presented in Sections 3.1.1 and 3.1.2 indicate that the
higher Fe(Il)io; values recorded during the experiments conducted
under oxygen-restricted conditions (Fig. 1b) may be related to the
following issues: (i) the decrease in Fe(Il) consumption due to the
unavailability of dissolved oxygen, (ii) the relative increase in the
reduction of Fe(Ill) by ZVI and (iii) the increase in Fe(Il) production
due to the enhanced ZVI oxidation at higher [Fe(II)]. Since both iron
corrosion rates and arsenic oxidation states may be influenced by
the concentrations of Fe(II) and oxygen [7,9], and considering that
[Fe(I)] is strongly dependent on [O,], the availability of dissolved
oxygen is a key parameter for the design of efficient treatment facil-
ities due to its complex relationship with both the rates and the
mechanism of arsenic removal.

3.1.3. Oxygen transport to the ZVI/solution interface

In order to ascertain the effect of the oxygen supply rate on
Fe(Ill);or production, batch tests were performed varying the air
flow rate from 0.10 to 0.80 L/min. The production rate of Fe(Ill)o¢
was practically independent of air bubbling for flow rates larger
than 0.42 L/min. Nevertheless, for lower air supply rates, there was
a strong inhibition of total Fe(Ill)y: generation. This result confirms
that dissolved oxygen concentration plays a key role in the overall
process.

An additional test was conducted with the aim of characterizing
the transport of dissolved oxygen to the ZVI/solution interface. The
steel wool was placed inside the reactor and, after bubbling with
an air flow rate of 0.8 L/min for 2 h, the air supply was interrupted.
Then the system open to the atmosphere was unperturbed for 24 h.
The resulting distribution of dissolved oxygen was determined by a
pO, selective electrode (Fig. S2, Sup. Mat.) and shows that a concen-
tration gradient of O, is produced inside the batch reactor owing
to oxygen consumption and mass transfer limitations. The low-
est pO, values were observed in the ZVI neighborhood, indicating
a local O, consumption due to the oxidation of ZVI and some of

its corrosion products. On the other hand, the largest pO, values
were observed near the air/solution interface due to diffusion of
atmospheric oxygen into the reactor.

Mass transfer limitations for arsenic species adsorption onto
iron oxide surfaces have already been discussed [7,21,36]. Addi-
tionally, our results show that the inhomogeneous distribution of
dissolved oxygen may also be important from a technological per-
spective since the transport of O, through the diffusion layer may
have a critical impact on iron corrosion rates.

3.2. Effect of ZVI exposed area

A comparative study of the Fe(Ill),o generation rates was per-
formed using different loadings of lost head nails or steel wool. The
pH and conductivity of the solutions showed slight increases during
the first 15 min, and then constant values were recorded. It should
be pointed out here that, unlike in steel wool, in lost head nails there
were visible corrosion products on the ZVI surface and the initial
metallic glaze faded with time.

The results presented in Fig. 2 show that the rates of corrosion
product generation are intimately related to the contact area for
both ZVI sources. However, for contact areas smaller than 5 m?, the
corrosion rates in steel wool are about 10 times larger than in lost
head nails, indicating that the steel wool surface is much more reac-
tive than the surface of lost head nails. These results are in line with
the studies reported by Su and Puls [4], who found that arsenic
removal efficiencies are not uniquely correlated with the exposed
ZVI area. It should be noted that many factors such as Fe(0) com-
position, surface properties, mechanical abrasion and the nature of
the iron oxide coating may influence the reactivity of ZVI [4,12,24].

In addition, within the analyzed range, the rates of Fe(IIl) pro-
duction recorded with lost head nails are linearly dependent on the
area of ZVI employed, further suggesting that the overall corrosion
rate is controlled by the initial heterogeneous stages of metallic
iron oxidation. On the other hand, the tests made with commercial
steel wool show a more complex dependence, since total Fe(III) for-
mation rates reach a maximum for contact areas close to 6m? and
then slightly decrease for larger iron loadings. Thus, although the
exposed area may be a decisive factor in the kinetics of iron oxida-
tion, the absence of linearity observed in the tests with steel wool
suggests that for large contact areas other factors may limit the rate
of ferric species formation. In particular, the latter behavior could
be related to the decrease of the ratio Fe(Ill )¢ /Fe(Il)wor expected for
the low dissolved oxygen concentration at the ZVI/suspension inter-
face due to mass transfer limitations discussed in Section 3.1.3. From
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Fohag
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 [Fe()],,, (mg L™ min”)

0 5 10 15 20 25 30 35
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Fig. 2. Effect of exposed surface BET-area on Fe(lll)r production rates.
Conditions: synthetic water; ojy =1500 wS/cm; pHiyi=7.0; air flow=0.8 L/min;
Mteel wool = 0=5 &/L; Miost head nails = 0-40 g/L.
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Table 1

[Fe(IlI )t ] production rates at different initial conductivities®.

Salt Conc. (g/L) Oinj (mS/cm) rsteady,Fe(III)tot (mg/L min)b pHsteady
NaCl 0.99 2.72 0.17 7.6
NaCl 0.40 133 0.12 7.6
NaCl 0.20 0.73 0.08 7.7
NaCl 0.09 0.30 0.04 6.7
NaNO3 0.78 2.80 0.13 7.3
NaNO3 0.20 1.35 0.09 6.7
NaNOs 0.03 0.41 0.03 6.7
Na,S04 0.99 3.14 0.20 7.1
NayS04 0.17 1.84 0.17 7.1
Na,S04 0.09 0.46 0.14 7.0

a Initial conditions: Mgeel wool =2 &/L; PHini = 7.0, air flow =0.8 L/min.
b Relative standard deviations for replicate runs were smaller than 8% (n=4).

an engineering viewpoint this suggests that for long-term reactors,
steel wool loadings should be well above the cutoff value (6 m?2
for the conditions of this study) in order to prevent the corrosion
rates from being controlled by decreasing contact areas owing to
the exhaustion of iron fillings.

3.3. Effect of dissolved salts

In some regions, natural groundwater sources may have large
amounts of dissolved ions that may vary with seasonal conditions
and population demands. Since the presence of dissolved salts may
influence iron corrosion rates, a set of experiments was performed
exposing identical amounts of steel wool to solutions of differ-
ent initial electrolyte concentrations. Although differences in the
Fe(Ill)or profiles were observed at early reaction stages, in all cases
steady production profiles were achieved after 30 min. As shown in
Table 1, the steady rates of Fe(lll)y,¢ production increase with the
solution conductivity within the analyzed ranges.

Interestingly, the measured concentration of NO3~ remained
constant within the analyzed timescale, indicating that the reduc-
tion of NO3~ by Fe(0) is negligible during our experiments. It should
also be mentioned that the rates observed in the presence of Cl~ are
somewhat higher than the ones observed with NO3 ~ but lower than
the ones measured with SO4~2, thus pitting corrosion due to the
ability of Cl~ to destabilize ferric oxides seems to play a secondary
role in the studied experimental domain.

In agreement with the dependence on the contact area observed
for corrosion product generation, the increase of Fe(Ill)¢¢ pro-
duction rates with the solution conductivity confirms that the
rate-controlling processes for the overall oxidation are of elec-
trochemical nature. Hence, at high electrolyte concentrations the
charge transport between anodic sites (wherein Fe(0) oxidation
takes place) and cathodic sites (where both H,0 and O, reductions
take place) increases, thus promoting the electrochemical corrosion
of ZV1[7,19,20].

Biterna et al. have recently reported [33] the effect of several
anions on the removal of arsenate by ZVI. They found an accelera-
tion of arsenate removal in the presence of several ions including
chloride, nitrate and sulfate in concentrations similar to the ones
reported in the present study. Their results for As removal could
likely be explained, at least partially, by taking into account the
increase in ZVI corrosion rates.

3.4. Distribution of corrosion products

Preliminary adsorption experiments conducted in our labora-
tory showed that freshly prepared colloidal particles (~30min)
are more efficient for As removal than aged particles (30 days).
Therefore, studies concerning the behavior of colloidal iron oxy-
hydroxides produced in situ are relevant since treatment facilities

based on the short-timescale interaction between nascent particles
and arsenic species may be advantageous in some specific cases.

Several authors have reported the formation of a passive oxide
layer on the iron surface that mediates iron corrosion [4,7], and
it is known that the nature of this corrosion coating is critical in
the observed ZVI reactivity [12]. In addition, it has been proposed
[19,20] that the spatial relationship between Fe(0) surfaces and
corrosion products, rather than the overall quantity of corrosion
products, determines the reactivity of ZVI. Therefore, two different
experimental approaches were taken in order to analyze the dis-
tribution of suspended particles produced by steel wool corrosion
inside the batch reactor.

The first experiment compared the Fe(Ill)¢: profiles obtained
with and without stirring (Fig. 3). Linear Fe(Ill)o; profiles were
observed in both cases during the first 60 min. However, for longer
elapsed times, the Fe(Ill)¢y; profiles for the unstirred system showed
a clear bend until [Fe(Ill)¢] reached a constant value, whereas the
Fe(Ill)tor profiles for the stirred system remained linear. It is worth
mentioning that in both cases the steel wool was free of a visible oxi-
dized layer and retained its characteristic metallic glaze even after
more than 8 h. These results differ from those obtained by Zhang
and Huang [24] who reported the formation of a visible brownish
coating during the first 3 h, which turned black after 6 h. Hence,
for the conditions tested, the steel wool used in the present work
behaves differently.

In order to clarify the behavior observed for the unstirred sys-
tems, a second experiment was conducted. The Fe(Ill)¢; produced
by the same steel wool sample was measured in an unstirred sys-
tem for 300 min by replacing the liquid phase every 60 min (Fig. 3,
inset). The profiles of Fe(Ill);: obtained during the different cycles
did not show significant differences, suggesting that even for the
unstirred systems the reactivity of steel wool is not influenced by
the accumulation of corrosion products.

The above results indicate that the curvature in Fe(Ill)i: pro-
files in the unstirred system can be attributed to a sampling effect.
For periods longer than 60 min, a nonuniform distribution of sus-
pended particles is established inside the unstirred batch reactor.
This phenomenon can be associated with the enhancement in the
particle sedimentation rates that accompanies the increase of par-
ticle size due to maturation and growth [16]. Thus, the plateau
in Fe(Ill)¢r concentration is related to a stationary state of pro-
duction/sedimentation of corrosion particles achieved for aging
periods longer than 60 min.

It is worth pointing out that the absence of a visible corrosion
coating on the steel wool surface indicates that the formation of
colloidal corrosion particles in our system could be more likely asso-

60 2
e 1 & O Unstirred
v 2 - ® Stirred
504 " 3 8 8 g’ o
-l = =
45" = o
- p t3 =
a 404 P =
o =® L,
E & ' 0
23040 15 30 45 60
= Time (min)
£ 201

0 60 120 180 240 300

Time (min)

Fig.3. [Fe(Ill)] profiles measured with and without stirring. Conditions: tap water;
Oini =820 wS/cm; pHiy; =7.2; air flow = 0.8 L/min; Mgtee] wool =3 &/L.
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ciated with homogeneous processes (either in the neighborhood of
the ZVI/solution interface or in the bulk solution) rather than with
the stripping of surface oxides from mechanical abrasion. It has
been suggested [19] that oxygenated, high ionic strength solutions
promote the formation and stabilization of ferrihydrite clusters
away from Fe(0) surfaces [20], whereas anoxic corrosion promotes
the formation of magnetite films that passivate the Fe(0) surface.
Thus, depending on the ZVI source and the reaction conditions used,
the homogeneous formation of colloidal particles should not be
disregarded and deserves special attention for designing efficient
reactors. In the particular case of batch systems, vigorous stirring
should be applied since a proper distribution of suspended oxyhy-
droxides will reduce mass transfer limitations (i.e., arsenic species
to the adsorption sites and molecular oxygen to the corrosion sites).

3.5. Effect of pH

Anumber of studies have reported the effect of pH on the uptake
of arsenic species in ZVI systems [2,6,26,27]. In addition, the pH
effect on the removal of arsenic species by iron oxides and iron
hydroxides is well established [4,28,29], whereas only a few papers
[2,6] have addressed the effect of pH on iron corrosion rates at cir-
cumneutral conditions within the framework of the ZVI technique
for As removal. Therefore, we tested Fe(Ill),o¢ production rates by
steel wool under continuous air supply in the pH range 3.5-10.0.
The rates of total Fe(Ill) production as a function of the initial pH
showed a broad maximum for values comprised between 6 and
8 (Fig. S3, Sup. Mat.). Besides, the final pH values obtained after
60 min were very similar for the whole set. It is worth emphasiz-
ing that these results are important from a technological point of
view since although iron corrosion rates strongly depend on the pH,
Fe(Ill)or production rates are practically constant within the usual
pH range of drinking water.

3.5.1. Fe(Il)r and Fe(Ill )y production

As previously noticed by Noubactep [30], the pH dependence
of the iron corrosion mechanism is usually overlooked in the lit-
erature about ZVI technology, since two different processes may
contribute to the corrosion of iron: “the hydrogen evolution mech-
anism” and “the oxygen adsorption mechanism.” Hence, in order to
characterize some key features of steel wool corrosion, additional
experiments were conducted both in the absence and in the pres-
ence of dissolved oxygen at pH 3.5, 7.0 and 9.0. Table 2 shows the
steady values of pH and [Fe(Il )i ] achieved after 45 min of reaction
time as well as the initial rates of iron species production.

3.5.1.1. N,-purged experiments. For the N,-purged experiment ini-
tiated in alkaline media, the pH remained constant and no Fe(II)
production was detected in the analyzed timescale. On the other
hand, the anoxic test started in neutral media showed a fast pH
shift of one unit within the first 10 min and then remained constant.
Besides, a rather small amount of total Fe(Il) was produced within
the first 10 min, and then ferrous iron production stopped. These
results indicate that corrosion does not take place at an apprecia-
ble rate in the absence of dissolved oxygen at pH values higher than
7.5.

During the experiment initiated in acid conditions, a noticeable
pH increase was accompanied by the formation of Fe(II) during the
first 60 min. After this time period, both the pH and Fe(Il) concen-
tration reached constant values. Noteworthy, the steel wool surface
retained its metallic glaze, and the analysis of Fe(Il)wr and Fe(Il)g,
fractions yielded identical values within experimental error, sug-
gesting that Fe(Il) precipitation (R6) has a minor contribution in
the studied pH range. In addition, no Fe(Ill) was detected in any of
the experiments conducted with N,-purged solutions, which is in
line with the results discussed in Section 3.1.1.

Consequently, in agreement with previous studies [12], the
above results show that the contribution of reaction (R1) to the
continuous production of species for arsenic uptake at circumneu-
tral pH is negligible unless dissolved oxygen is severely exhausted.
In such case, Fe(Il) production occurs at a much lower rate. It is also
important to point out that while the analysis of Fe(Il) fractions indi-
cates that reaction (R6) may be neglected for N,-purged solutions,
in the presence of dissolved oxygen the co-precipitation/adsorption
of Fe(II) species with/on nascent particles should not be completely
ruled out.

3.5.1.2. Air-purged experiments. Although a wide range of initial pH
conditions was tested, the steady pH values obtained under con-
tinuous air supply are very close, especially for the experiments
started in neutral and alkaline media. The pH increase recorded
under acidic and neutral conditions is in agreement with the results
previously reported by other authors in ZVI systems for arsenic
removal [4,5]. It is also observed that the concentration of Fe(Il) is
strongly pH dependent, being much higher for the acid experiment.
This difference is at least partially related to the pH dependence of
Fe(II) oxidation rates [18,31,34].

The pH profiles showed a slight increase for the experiment
initiated at neutral conditions and a small decrease for the exper-
iment initiated at pH 9.0. As for the N,-purged test, an important
pH increase is accompanied by the production of Fe(Il) species in
the experiment initiated in acid medium. However, in contrast with
the oxygen-free experiment, significant amounts of Fe(III) are also
produced.

The inspection of Table 2 values shows that the rates of ZVI oxi-
dation decrease when the initial pH is increased; a similar behavior
has been previously reported [6]. Since for pH values between 7 and
9 the contribution of anoxic corrosion may be neglected within the
spanned timescale, the latter result suggests that oxygen-mediated
iron corrosion also decreases with increasing pH in the analyzed
range.

3.5.2. pH evolution

The pH profiles observed with different initial [H*] values and
dissolved oxygen concentrations can be qualitatively explained
using the reaction scheme presented in the introduction. For the
experiments initiated in acid media, the oxidation of one mole
of metallic iron mediated by both water and dissolved oxygen
((R1) and (R2)) is accompanied by the production of two moles
of HO~ and one mole of Fe(Il) ions. In addition, in the presence
of dissolved oxygen, the oxidation of ferrous species yields an
additional HO~ (R4). The aforementioned processes allow explain-
ing the differences in the observed initial rates of pH increase
(Fig. S4, Sup. Mat.) since for the N,-purged experiment only (R1)
contributes to HO~ generation, whereas in the presence of oxygen
the faster pHincrease is related to the contribution of two additional
reactions (i.e., (R2) and (R4)).

However, the constant pH values reached in both N,-purged and
air-saturated solutions are associated with two distinct phenom-
ena. In the absence of dissolved oxygen, Fe(Il) production continues
until pH values wherein water-mediated iron oxidation rates are
negligible (R1), then both Fe(Il)ior and pH values remain constant
with time. On the contrary, in the presence of dissolved oxygen the
oxidation of Fe(II) to Fe(Ill) (R4) is coupled with the generation of a
third mole of HO~ per mole of oxidized ZVI. While the rate of Fe(II)
oxidation increases with the pH increase [18,31,34] and the result-
ing ferric species are quickly hydrolyzed yielding 3 moles of H* per
mole of Fe(Ill) (R5), steady-state values for both [Fe(II)]g;; and [HO™]
are attained when their rates of production by redox reactions are
balanced with their rates of consumption through redox and pre-
cipitation processes. A simple kinetic analysis further supports the
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Table 2

Effect of pH on steel wool corrosion®®.

pHini pHsteady [Fe(ll)tot]steady (mg/L) r‘;‘;z]])tot (mg/L min)c rli:];i(m)mt (mg/me)C

Anaerobic conditions
3.00 7.80 7.6 0.73 -
7.00 8.05 0.8 0.08 -
9.00 9.00 n.dd - -

Aerobic conditions
3.50 6.45 24.4 1.37 0.24
7.05 7.65 34 0.42 0.31
9.00 8.05 34 0.08 0.26
a riF:iH)m = initial rate of Fe(Il);; production; riF:im)m = initial rate of Fe(Ill), production.

b Initial conditions: synthetic water; ojp; = 1700 WS/CM; Mteel wool = 3.4 &/L; gas flow =0.8 L/min (N or air).
¢ Replicate runs showed good reproducibility, the relative standard deviations being smaller than 7% in all cases (n=3).

4 n.d.=not detected.

latter hypothesis. The Fe(Il).q concentration is governed by Eq. (1)

d[Fe(II), -
% — Throd — kra x [Fe(ll)yq] x [HO™]* x pO; 1)

where 1p,oq represents the rate of Fe(ll) production through the
parallel pathways of ZVI oxidation, while the second term shows
the reported rate law for (R4) [18,34]. Assuming d[Fe(Il)]/dt~0,
the steady pH value can be roughly estimated. By combining
kr4~8.0 x 1013 min~! atm~1 mol-2 L% [31] with the values pre-
sented in Table 2, an estimation of 6.67 is obtained for the steady
pH value recorded during the experiment started in acidic media.
Although the predicted value differs from the observed one (6.45),
it should be pointed out that the values reported in Table 2 corre-
spond to total Fe(II) and that several interfacial phenomena [31,34],
which have not been taken into account in this simple model, may
also be involved.

The small pH increase observed for the experiment initiated
at pH 7.0 in air-saturated systems can be explained using the
same argumentation. On the other hand, the small decrease in pH
observed for the aerobic test initiated at pH 9.0 might be ascribed
to the formation of Fe(HO)4~, which is the dominant soluble iron
species at pH > 8.5 [14]. Thus, three moles of HO~ are produced per
mole of Fe(0) oxidized to Fe(IIl), but four moles of HO~ would be
consumed in the formation of Fe(HO)4 ™.

It is worth mentioning that other authors have discussed the
buffering effects of Fe(II), Fe(Ill) and inorganic carbon in ZVI sys-
tems [25,32]. Since the steady pH value reached in the N,-purged
experiment is related to the inhibition of steel wool corrosion and
we observed no differences in blank experiments performed with
solutions free from inorganic carbon species, the buffering effects of
both Fe(Il) and COy,q)/HCO3~ may be neglected in our conditions.
Consequently, our results show that the complex pH evolution
observed is linked to the combination of redox and Fe(III) precipita-
tion reactions, rather than to the contribution of a single buffering
process.

Thus, the dependence on the initial pH of average Fe(Ill)ot pro-
duction rates discussed at the beginning of this section is related

to two factors. On the one hand, the relative small differences in
the observed rates may be attributed to the pH evolution since
for oxygen-saturated solutions the initial pH quickly shifts towards
circumneutral values. On the other hand, the interplay of the oppo-
site dependencies of Fe(0) and Fe(Il) oxidation rates on the pH
may explain the observed maximum since the oxidation of Fe(0)
decreases with pH increase (Table 2), whereas Fe(II) oxidation rates
increase with pH.

3.6. Effect of the presence of arsenic species on iron corrosion

Previous studies on ZVI systems for As removal [7,8] have estab-
lished that arsenic species may play a significant role as corrosion
inhibitors. Therefore, we conducted a set of experiments comparing
the release of iron species in the presence of As(V) or As(Ill) in both
acidic and basic media. Table 3 compares concentrations of iron
species measured for a set of ZVI corrosion experiments performed
at different initial pH values, in the absence and in the presence of
As(III) or As(V) species.

In acid solutions, As(Ill) inhibits about 70% the release of iron
species, whereas As(V) has a minimal effect. On the other hand, the
concentrations obtained in alkaline media clearly show that As(III)
and As(V) markedly decrease the rates of metallic iron oxidation
since in both cases an inhibition of more than 80% is observed. It
has been reported that removal of As(V), by both adsorption onto Fe
oxides [4] and co-precipitation with Fe(III) [28], decreases from pH
5.5 to pH 9, whereas removal of As(IIl) increases in the same range.
Table 3 results clearly show that the pH dependence observed for
arsenic uptake in ZVI systems is not only associated with differ-
ent removal properties of the iron oxyhydroxides, but also with
the influence of arsenic species on the rates of corrosion product
release.

In addition to surface adsorption, precipitation and co-
precipitation processes [35], redox reactions such as As(V) or As(III)
reduction and As(III) oxidation may play a role in ZVI/As systems.
Although it is known that Fe(0) can reduce As(V) to As(Ill) and As(0)

Table 3
Effect of arsenic species on iron species concentrations?®:>-¢,
Conc. given in mg/L Initial pH=5.5 Initial pH=8.5

Blank As(III) As(V) Blank As(III) As(V)
[Fe(IDgie] 2.06 1.20 1.53 0.58 n.dd 0.34
[Fe(IDtot] 5.85 1.67 3.77 2.32 0.61 1.05
[Fe(Iot ] 15.8 4.75 15.3 15.7 1.72 2.52
[Fe(INot ] + [Fe(IM o] 21.6 6.42 19.1 18.0 2.33 3.57

2 Values measured at 75 min.

b Initial conditions: [As]o = 1 mg/L; tap water; oy = 1700 pLS/Cm; Mteel wool = 3.4 g/L; air flow 0.8 L/min.

¢ The reported results are the mean of 3 replicated measurements.
4 n.d.=not detected.



438 J.M. Triszcz et al. / Chemical Engineering Journal 150 (2009) 431-439

20 @ 0.12
a 4
As(V)yyi Ve
4 3 i L 0.10
15 A /
— /
" 5 L 0.08 ~
o s ol
E A )
3 10 / toos E
= 54 =
s / @
i / Loos =
5 & A [Aslg
—o— [Fe(Mlot | oo
0 : . : ; —L 0.00
0 30 60 90 120 150
Time (min)
20 0.12
) Asty,, i
Ini J
4 7 k0.0
15 A /
= 7/
- 4 - 0.08 ~
o / -
E 7 4 g
5 10 . +— 006 E
= =
= 2
2 X t0.04 =
— 4
5 i
A [As)g
[As]g | 56
—o— [Fe(ll]y
0 . . ‘ ‘ —L 0.00
0 30 60 90 120 150
Time (min)

Fig. 4. Fe(Ill);« production profiles obtained in the absence and in the presence
of As(V) or As(Ill). Conditions: synthetic water; oy, =1.50 mS/cm; pHi, =7.1; air
flow = 0.8 L/min; Mggeel wool = 3 &/L. Solid lines show profiles observed in the presence
of As(V) or As(Ill), dashed lines show profiles in the absence of arsenic.

[2], for the timescales analyzed in the present work these processes
are probably too slow to be important. On the other hand, the co-
oxidation of Fe(Il) and As(lIIl) in the presence of dissolved oxygen
[3,5,9] may be important in our experimental conditions. Since the
amount of dissolved oxygen consumed by As(IIl) will depend on the
ratio [As(III)]/[Fe(II)] [3], the performance of a removal process may
be dramatically affected by the arsenic levels in the contaminated
waters. In particular, As(IIl) species may deplete dissolved oxygen in
the neighborhood of the ZVI/suspension interface, where the con-
centration of Fe(Il) is expected to be high. In addition, as discussed
in Section 3.5, the oxidation of Fe(II) is one of the main factors con-
trolling the pH evolution, so the above-mentioned redox processes
may affect the steady value of pH reached in these experiments.

In order to gain insight into the correlation between arsenic and
ferric species production, the concentration profiles of arsenic and
Fe(Ill);or were analyzed in a set of corrosion experiments started at
pH 7.0 under aerobic conditions. Fig. 4 compares the production of
Fe(Ill)o: in the presence (solid lines) and in the absence (dashed
lines) of arsenic species.

In the presence of penta-valent arsenic, Fe(Ill),r concentration
quickly deviates from the profile observed in arsenic-free solu-
tions, the rate of corrosion being about 90% slower. However, as
the concentration of soluble As(V) decreases, the rate of Fe(Ill)¢¢
production increases and after 120 min the concentration profile
exhibits a slope similar to the one obtained in arsenic-free solu-
tions. This result indicates that once As(V) has been removed, ZVI
corrodes at the rate observed in the absence of arsenic.

A different behavior is observed in the presence of trivalent
arsenic since during at least the first 40min the produc-
tion of Fe(Ill)i: is equal to or slightly higher than the one
observed in arsenic-free solutions. Subsequently, Fe(Ill )it produc-

tion decreased about 75% and at the same time soluble arsenic
concentration reached a plateau, the removal efficiency being only
38%.In addition, the absence of recovery in the Fe(Ill )i+ production
rate within the analyzed time window may be related to the high
residual arsenic concentration.

While several features of corrosion inhibition mechanisms by
As(V) and As(IIl) species remain unclear, the results of the present
study show that there is a strong interaction between iron species
and arsenic anions that prevents the release of colloidal corrosion
particles to the bulk solution. More research is needed in order to
ascertain the mechanism of corrosion inhibition.

4. Conclusions

e The simultaneous analysis of the oxidation states observed for
total and filterable iron fractions allows drawing useful con-
clusions concerning the corrosion mechanism. The experiments
conducted in oxygen-free solutions showed that the mechanism
of steel wool oxidation that is linked to H, evolution (R1) is only
capable of yielding Fe(Il) species at low rates and becomes negligi-
ble at circumneutral pH values unless dissolved oxygen is severely
exhausted. In addition, the analysis of Fe(Il) fractions indicates
that the processes represented by (R6) may also be neglected
for N,-purged solutions. However, in the presence of dissolved
oxygen the co-precipitation/adsorption of Fe(Il) species with/on
nascent particles should not be completely ruled out.

In the presence of dissolved oxygen, Fe(Il) concentration achieves

a steady state where the rate of Fe(Ill )¢ generation is determined

by the rate of Fe(0) oxidation. The increase of corrosion rates

with both contact area and solution conductivity further indi-

cates that the rate-controlling step for the overall processes is a

heterogeneous oxidation of electrochemical nature. In addition,

the inhomogeneous distribution of dissolved oxygen is important
from a technological perspective since mass transport limitations
may have a critical impact on ZVI corrosion rates.

e The distribution of corrosion products is strongly dependent on
the ZVI source. A visible corrosion layer was observed with lost
head nails but not in the case of steel wool. This latter result indi-
cates that the formation of colloidal particles from steel wool is
more likely associated with homogeneous processes (eitherin the
neighborhood of the ZVI/solution interface or in the bulk solution)
rather than with the stripping of surface oxides from mechani-
cal abrasion. Thus, depending on the ZVI source and the reaction
conditions used, the homogeneous formation of particles should
not be disregarded and deserves special attention for designing
efficient reactors.

e The production of Fe(Ill)i,: after 60 min is practically constant
for initial pH values comprised within the usual range of drink-
ing water. The complex pH evolution observed is related to the
combination of redox and precipitation reactions, rather than
to the contribution of a single process. Besides, the interplay of
the opposite dependencies of Fe(0) and Fe(Il) oxidation rates on
the pH may explain the observed maximum since oxidation of
Fe(0) decreases with pH increase, whereas Fe(Il) oxidation rates
increase with pH.

¢ The results of the present study show that there is a strong inter-
action between iron species and arsenic anions that prevents the
release of colloidal corrosion particles to the bulk solution. This
inhibition effect is dependent on the solution pH and the arsenic
oxidation state.
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