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In this study, the removal of perchlorate (0.016 mM ) using Fe®-only (325 mesh, 10gL~")and Fe® (10gL1)
with UV (254 nm) reactions were investigated under oxic and anoxic conditions (nitrogen purging). Under
anoxic conditions, only 2% and 5.6% of perchlorate was removed in Fe®-only and Fe®/UV reactions, respec-
tively, in a 12 h period. However, under oxic conditions, perchlorate was removed completely in the
Fe®-only reaction, and reduced by 40% in the Fe®/UV reaction, within 9 h. The pseudo-first-order rate
constant (k;) was 1.63 x 103 h~! in Fe®-only and 4.94 x 10~3 h~! in Fe®/UV reaction under anoxic con-
ditions. Under oxic conditions, k; was 776.9 x 103 h~! in Fe%-only reaction and 35.1 x 10-3 h~! in the
Fe®/UV reaction, respectively. The chlorine in perchlorate was recovered as chloride ion in Fe®-only and
Fe®/UV reactions, but lower recovery of chloride under oxic conditions might due to the adsorption/co-
precipitation of chloride ion with the iron oxides. The removal of perchlorate in Fe®/UV reaction under
oxic conditions increased in the presence of methanol (73%, 9 h), a radical scavenger, indicating that OH
radical can inhibit the removal of perchlorate. The removal of perchlorate by Fe®-only reaction under oxic
condition was highest at neutral pH. Application of the Langmuir-Hinshelwood model indicated that
removal of perchlorate was accelerated by adsorption/co-precipitation reactions onto iron oxides and
subsequent removal of perchlorate during further oxidation of Fe?. The results imply that oxic conditions
are essential for more efficient removal of perchlorate in Fe®/H,0 system.
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1. Introduction

Perchlorate (ClO4~), which is derived primarily from military
equipment such as weapons, explosives, and rocket fuel, is a toxic
chemical and is considered recalcitrant due to its high stability and
tendency to participate in thermodynamically favorable reactions
in both natural groundwater and surface water [1]. It has also been
detected in firework powder, roadside flares, airbag inflators, and
fertilizers [2]. Recently, perchlorate has been found in lakes, surface
water, groundwater, milk, urine, and blood [3-6] and is included on
the US EPA contaminant candidate list (CCL) [7].

Ingestion of perchlorate leads to a decrease in thyroid hormone
[8]. The U.S. Centers for Disease Control (CDC) reported that new-
borns, children, and pregnant women showed increased sensitivity
to and adverse effects of perchlorate [9]. Recently, the U.S. EPA
set the drinking water equivalent level (DWEL) of perchlorate at
4.5pngL-1[10].

Because perchlorate is highly water-soluble, non-complexing,
non-volatile, and chemically stable in the environment, removal of
perchlorate using traditional water treatment methods is difficult
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[2,11]. Sorption on activated carbon and ion exchange techniques
has been applied to remove perchlorate from water [12,13]. How-
ever, application of these technologies is limited due to the
slow sorption rate and generation of unwanted brine by-products
[14,15].

Recently, a reduction process using zero-valent iron (ZVI, Fe9)
was introduced to treat perchlorate under anoxic condition (purg-
ing N, or argon gas) [16]. However, removal of perchlorate in the
presence of Fe® was very slow (only 66% degradation within 2
weeks, respectively) at pH 7 [16]. In order to enhance the removal
rate of perchlorate, external energy source was needed; for exam-
ple, complete degradation of perchlorate was reported within
60 min using Fe2* at 195 °C[17]. The degradation rate of perchlorate
using Fe has also been enhanced with increased reaction tem-
peratures using microwaves [14,18,19]. These results imply that
external energy can potentially facilitate the reaction of Fe? and
perchlorate under anoxic condition, lowering the kinetic barrier
for perchlorate reduction. However, providing such a high external
energy source is too costly for treating perchlorate.

Adsorption onto and co-precipitation with iron corrosion prod-
ucts, possibly followed by reduction with dissolved or sorbed Fe2*
was proposed as a fundamental contaminant removal mecha-
nism in Fe?/H,0 systems by Noubactep and co-workers [20-24].
This mechanism could explain the efficiency of Fe?/H,0 systems
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for the removal of any aqueous species (ionic, neutral, organic
and inorganic). The mechanism adsorption/co-precipitation in
Fe0/H,0 system can be described as follows; Fe(Il) species from
Fe0 oxidation are released in the aqueous solution and are fur-
ther oxidized to Fe(Ill) species by dissolved O,. The solubility of
Fe(Ill) hydroxides/oxides at pH>4.5 is very low; therefore, pre-
cipitates are formed. The most common Fe(III) species in natural
waters is hydrated Fe(Ill) hydroxide oxide, which commonly posi-
tively charged [25]. The precipitates of Fe(Ill) can electrostatistically
co-precipitate negatively charged anions such as perchlorate. The
different perchlorate removal rate under anoxic and oxic conditions
can be from the difference of corrosion rate of Fe?, and the con-
tinuous generation rate of co-precipitation products of Fe%*/Fe3*
[21,22]. This mechanism implies that enhancing removal of per-
chlorate can be achieved by the formation of iron oxides in Fe®/H, 0
systems, and fast corrosion can be predicted under the presence of
dissolved oxygen [26].

Therefore, in the present study, the effect of oxygen on the
removal of perchlorate was investigated in both Fe®-only and
Fe®/UV reactions. The effects of pH and initial concentration of per-
chlorate on the removal of perchlorate, and the effect of radical
scavenger on in the Fe®/UV reaction were also examined. Fur-
thermore, adsorption phenomenon using Langmuir-Hinshelwood
model was discussed. Finally, based on the results, the main
removal mechanism of perchlorate in the aqueous solution was
suggested.

2. Materials and methods
2.1. Materials

Sodium perchlorate (NaClO4, ACS reagent, >98%) was pur-
chased from Sigma-Aldrich. As reference materials for determining
ionic by-products from perchlorate removal, sodium chlorate
(NaClOs, ACS regent, 99%), sodium chlorite (NaClO,, ACS regent,
80%), sodium hypochlorite (NaOCl, available chlorine 10-13%), and
sodium chloride (NaCl, >99%) were purchased from Sigma-Aldrich.
Sodium hydroxide solution (NaOH, ACS reagent, 50%) was pur-
chased from Mallinckrodt. Iron powder (ZVI) (325 mesh, 99%) was
purchased from ACROS Organics. Hydrofluoric acid (ACS regent,
64%) was purchased from Merck. A 1000mgL~! stock solution of
perchlorate was prepared in deionized water (R=18.2MQcm™1,
Milli-Q). All chemicals were used as received without further purifi-
cation.

2.2. Pretreatment of ZVI with acid

To increase the removal efficiency of perchlorate in the presence
of Fe?, acid washing of FeY was performed[16,27,28]. To avoid inter-
ference in the quantification of chloride residue from perchlorate
removal [16], iron (Fe®) particles were washed using 1 N hydrofluo-
ric acid for 10 min (50 g Fe?:50 mL HF solution) instead of washing
with hydrochloric acid. The particles were rinsed 10 times with
deaerated Milli-Q water (50 g Fe?:1000 mL water) for 1h until the
pH of the solution was neutral.

From ion chromatography analysis, no chloride or fluoride lev-
els were detected from iron-rinsed water. The wet iron was then
freeze-dried using a vacuum suction device for 24 h prior to use.
The color (gray) of the treated Fe® was the same before and after
acid washing. After acid washing, the specific surface area of Fe?
increased from 19.3 to 32.4m?2 g, as determined by BET analysis.

2.3. Reactor system

Fig. 1 illustrates the photoreactor system consisting of a UV
(254nm) lamp cover, agitator, and a reservoir. The intensity
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Fig. 1. Schematic of the photoreactor system consisting of a UV-C lamp cover, an
agitator, and reservoir bath.

of one UV lamp measured using a VLX-3W radiometer (Cole-
Parmer, USA) was 3.4mW cm~2. The UV intensity was controlled
by adjusting the number of UVC lamps and the cover of the reac-
tor system, which was designed to open and shut manually for
sampling convenience. The reservoir (reactor) within the pho-
toreactor system was shaken at 70 rpm to maximize the mixing
between the solution and acid-washed Fe®. To provide anoxic
conditions, nitrogen purging during the overall reaction was con-
ducted to make anoxic condition in both Fe®-only and Fe®/UV
reactions.

2.4. Analysis

After filtration of iron particles using a 0.2 pm mixed cel-
lulose ester (MCE) membrane filter and subsequent treatment
with an OnGuard Il H cartridge (Dionex) to remove dissolved
iron species, perchlorate and ionic by-products such as chlo-
rate (ClO3~), chlorite (ClO,~), and hypochlorite (OCl~), and
chloride (CI7) in the solution were analyzed using a Dionex
DX-120 ion chromatography system with an AS-40 autosam-
pler.

To measure perchlorate, a Dionex lonPac AG-16 column
(4 x 250 mm) and lonPac AS-16 guard column (4 x 50 mm) were
used. The injection volume was 1000 L, and the eluent was 60 mM
NaOH. Cl03~, Cl0,~, and OCl~ were analyzed using an AS-9 column
(4 x 250 mm) and an AS-9 guard column (4 x 50 mm) with 3.5 mM
Na,CO3 and 1 mM NaHCOs5 as the eluent. The injection volume was
250 L.

Chloride and fluoride ions were also measured using a
Dionex DX-120 ion chromatography system with an AS14 col-
umn (4 x 250 mm) and an AS14 guard column (4 x 50 mm) with
9mM NaHCOj3 as the eluent. The flow rate for the elution of all
these ions was set at 1.0mLm~!, and the detection limits of ClO4~,
Cl03-, ClO,—, and OCI~ were 5, 11, 10, 9.5, and 10 wgL~!, respec-
tively.

Measurement of pH was performed using a model 52A instru-
ment (Orion). The specific surface area of the Fe® was determined
using a Brunauer-Emmett-Teller (BET) krypton gas adsorption
isotherm and a Micromeritics ASAP 2010 system. The surface mor-
phology of the ZVI was observed with a field-emission scanning
electron microscope (FE-SEM; SUPRA 55VP, Carl Zeiss, Germany)
at 1000x magnification.
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Fig. 2. Removal of perchlorate (ClO4~) and production of chloride ions (Cl~) in the
Fe®-only reaction under oxic and anoxic conditions ([perchlorate[iyiia =0.016 mM,
[Fe®]=10gL~'; pH 6).

3. Results and discussion

3.1. Removal of perchlorate in the Fe%-only reaction under anoxic
and oxic conditions

Under anoxic conditions, perchlorate was barely removed by
Fel-only reaction, even after 12h, while under oxic conditions,
its removal was significantly improved (Fig. 2). Perchlorate by
the Fe®-only reaction was completely removed within 9h under
oxic conditions. Thus, perchlorate can be more effectively removed
under oxic conditions than anoxic conditions.

Fig. 2 also shows the mass balance of chlorine under anoxic and
oxic conditions. Although the removal of perchlorate was poor, the
recovery of chlorine under anoxic conditions approached 100%. In
contrast, the recovery of chloride under oxic conditions was signif-
icantly lower compared to the removal of perchlorate (Fig. 2). This
result indicates that chloride ion produced during the removal of
perchlorate existed in the bulk solution under anoxic conditions. In
contrast, the chloride ion produced under oxic condition might be
absorbed onto iron oxides surface.

The mechanism of perchlorate removal has been reported to
consist of adsorption onto the iron surface followed by removal
with dissolved or sorbed Fe%* [16,29]. The different perchlorate
removal rate under anoxic and oxic conditions can be from the
difference of corrosion rate of Fe? [21,22].

Iron corrosion is initiated by

Fel + %OZ+H20~> Fe?t + 20H" (1)
in oxic environment, or by
Fe® + 2H,0 — Fe** + H, + 20H"~ (2)

in anoxic environments [30].

Under anoxic condition, the slower perchlorate removal is due
to slower Fe corrosion rate, and lack of iron corrosion products.
Magnetite, which is formed under anoxic condition, passivates the
Fe0 surface. This iron product can suppress the reactivity of Fe?,
resulting in slower removal of perchlorate [30]. On the other hand,
ferrihydrite is known to form in the presence of oxygen, and to be
stabilized by the adsorption of perchlorate in the presence of oxy-
gen in Fe®/H,0 system [30]. These iron oxides with large surface

areas may be beneficial for the immobilization of contaminants
through sorption or co-precipitation with perchlorate and/or its
intermediates. This mechanism implies that enhancing removal
of perchlorate can be achieved by the formation of iron oxides
in Fe%/H,0 system, and fast corrosion can be predicted under the
presence of dissolved oxygen [26].

The unbalance in the chloride recovery under oxic condition
can be due to the co-precipitation for iron oxides with chloride. In
fact, Moore and co-workers [16,29] showed perchlorate removal by
increasing chloride concentration, indicating the removal mecha-
nism might be the perchlorate sorption and subsequent removal
on the iron surfaces under anoxic condition when purging with
nitrogen and argon gas. The slow perchlorate removal under anoxic
condition can be due to slow Fe? corrosion rate. In contrast, the
fast corrosion rate of Fe? surface under oxic condition signifies fast
generation of electron for perchlorate removal and fast genera-
tion of Fe2*[Fe3* for co-precipitation with perchlorate and/or its
intermediates.

Since the mechanism of adsorption and co-precipitation of
products or intermediates with iron oxides was regarded as a non-
specific removal mechanism [22], along with perchlorate, chloride
ion can adsorb onto iron oxide surface. Fig. 3 shows the SEM images
(1000x) of Fe9 after perchlorate removal under anoxic and oxic
conditions. The difference in the iron surface also may have been
due to the adsorption of materials such as chloride produced during
the removal of perchlorate, which were subjected to adsorbed and
co-precipitated with iron oxides under oxic conditions. This result
can explain the unbalance recovery of chloride concentration under
oxic conditions.

3.2. By-product identification and removal during perchlorate
removal

Perchlorate is biologically removed by the reductive reaction
from perchlorate to chlorate (ClO3 ™), to chlorite (ClO, ™), and finally
to chloride under anoxic conditions [31]. This reductive mechanism
can also be applied to abiotic processes. However, in this study,
only chloride was detected in the bulk solution during perchlo-
rate removal; other by-products such as chlorate (ClO3~), chlorite
(Cl037), and hypochlorite (CIO~) were not detected in the solu-
tion. This result indicates that perchlorate and other chlorinated
by-products may have combined with iron oxide. In fact, Moore
et al. [16,30] reported that the chloride adsorbed on Fe® was
released into the bulk solution when the concentration of Fe2*
from oxidation of Fe® was exhausted. Previous research has also
reported that the reduction of perchlorate to chlorate (CIO3™) is
a rate-determining step due to the unstable formation of chlorate
[16-18].

To examine the removal mechanism of perchlorate in the Fe®-
only reaction under oxic conditions, the removal trend of chlorate
as chlorinated by-products and chloride from Fe?-only reaction was
investigated.

Fig. 4(a) shows the trends of chlorate (ClO3~) removal and chlo-
ride production in the Fe®-only reaction under oxic conditions.
Chlorate was almost completely removed within 3 hin the Fe-only
reaction. The imbalance of chlorate removal and chloride produc-
tion in the Fe®-only reaction supports the adsorption of chloride
onto the surface of iron oxide under oxic condition.

The removal of chloride in the Fe%-only reaction under oxic
conditions is also shown in Fig. 4(b). Because chloride could not
be further reduced, the result in Fig. 4(b) indicates that chloride
is removed from the solution by the co-precipitation with iron
oxides. This result explains the lower recovery of chloride from
perchlorate removal in the Fe®-only reaction under oxic conditions
(Fig. 2).
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Fig. 3. SEM images of Fe? after perchlorate removal under (a) anoxic and (b) oxic conditions (1000x ).
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Fig.4. Removal of (a) chlorate (CI03~) and (b) chloride (Cl-) in the Fe®-only reaction
under oxic conditions (experimental conditions: (a) [chlorate];yita =0.02 mM, (b)
[chloride]inita =0.02 mM, [Fe®]=10gL-1).

3.3. Effect of pH on perchlorate removal under oxic conditions

To examine the effect of pH, the removal of perchlorate in
the Fe®-only reaction under oxic conditions was performed at ini-
tial pH of 3, 6, and 11. Fig. 5 shows that, while only 33% of the
perchlorate was removed within 12h at pH 3 (kops =0.019h~1),
in the same reaction time, approximately 75% of the per-
chlorate was removed at pH 11 (kg,s=0.115h"1). In contrast,
near complete removal of perchlorate was achieved at pH 6
(kops =0.772h71).

Fe® has been reported to oxidize to dissolved Fe2* and Fe3*,
which precipitate as iron oxides with increasing pH in the Fe®/H,0
reaction [32]. It is also known that the adsorption of oxygen onto
iron oxides is active at neutral pH [23,33]. Also, the production of
iron oxides can be inhibited in acidic solution due to the reduction
of oxygen to H,0, according to Eq. (1) [29,34]. This result implies
that the oxidation reaction of Fe? is favorable at higher pH, and
the direct removal of perchlorate from the oxidation of Fe? in bulk
solution occurs at pH<4. Based on the results presented in Fig. 5,
the direct removal of perchlorate by electrons produced by Fe® can
be major perchlorate removal mechanism at acidic pH, and the
adsorption on the iron oxide followed by the co-precipitation or

C/Cy (%)

Time (hour)

Fig.5. Effectof pH in solution on the removal of perchlorate in the Fe®-only reaction
under oxic conditions ([perchlorate]iyiia =0.016 mM, [Fe®]=10gL-1).
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Fig. 6. Effect of the initial concentration of perchlorate in the Fe®-only reaction
([Fe%initia =10gL~1; pH 6).

reduction is an important removal mechanism at higher pH in the
FeY-only reaction under oxic condition.

0, +4H" + 4e~ — 2H,0 (3)

Interestingly, the removal rate of perchlorate at pH 11 was less
than at pH 7 (Fig. 5). This may have been due to the solubility of
iron oxides at pH 11 than pH 7. The solubility of Fe(Ill)-oxides such
as Fe(OH)3 is known as much higher at pH 11 than at pH 7 [35].
Therefore, lesser Fe(OH); precipitates are formed at pH 11 than pH
7. Since adsorption and co-precipitation of perchlorate with iron
oxides is the main mechanism, the perchlorate removal rate at pH
11 can be less than at pH 7.

3.4. Applying adsorption model during the reaction of perchlorate
with Fe?

In order to investigate the adsorption mechanism of perchlorate
with Fe®, Langmuir isotherm and Langmuir-Hinshelwood model
were applied.

Fig. 6 showed that the perchlorate removal rates decreased
with increasing perchlorate concentration in the Fe®-only reac-
tion. Based on R2 values, the removal of perchlorate was fitted to a
pseudo-first-order kinetic model. This result implies that the con-
centration of Fe® was important in the removal rate of perchlorate,
and the removal of perchlorate was a surface reaction on Fe?.

To further investigate the removal mechanism of perchlorate in
the Fe%-only reaction, the data in Fig. 6 were applied to the Lang-
muir isotherm (Eq. (4)) and Langmuir-Hinshelwood model (Eq.
(5)),

1 1 1

4~ dn " KeamC @
1 1G]

kobs ~ Kadskrxn ~ Krxn

(5)

where q and ¢ are the amount and the maximum amount
adsorbed on the adsorbent (Mg,gsorbate/Eadsorbent )» FESPECtively; K¢
and K,4s are equilibrium adsorption constants (Lmg~') for the
Langmuir isotherm and Langmuir-Hinshelwood model, respec-
tively; kops and kixn represent the pseudo-first-order rate constant
(h~1) and the second-order rate constant (mgL-1h-1), respec-
tively; and C and C, represent the equilibrium and initial
concentrations of perchlorate (mgL-1), respectively.
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Fig. 7. Lines fit to the removal data of perchlorate in the Fe®-only reaction using (a)
the Langmuir isotherm and (b) the Langmuir-Hinshelwood model (experimental
conditions: [Fe®]=10gL~', pH 6).

Fig. 7 shows the result of fitting data to these two mod-
els. The removal in the Fe®-only reaction conformed to the
Langmuir-Hinshelwood model rather than to the Langmuir
adsorption isotherm, according to the R? values of each model.
The K. value (16.3964Lmg~!) was much greater than K4
(0.8107L mg~1), and kxn, was 1.4535mgL-!h~!. Considering the
significant decrease in the adsorption constant, this result implies
that the removal of perchlorate in the Fe®-only reaction was ini-
tiated by the adsorption of perchlorate on Fe?, followed by the
reduction reaction at the surface of Fe®. However, based on the
result of the intermediates analysis, the removal of perchlorate
occurs only slightly. That is, perchlorate was primarily removed
by the adsorption and co-precipitation on Fe?.

3.5. Removal of perchlorate in the combined reaction of Fe® with
uv

Fig. 8 shows the removal of perchlorate in the combined reac-
tion of Fe® with UV under anoxic and oxic conditions. The removal
of perchlorate was improved under oxic conditions compared with



462 J-K. Im et al. / Journal of Hazardous Materials 192 (2011) 457-464

100!\"_\“‘\-‘\0\4
AN
=
\\\.\
80 S~
\'\\
~~
—~ 60+ . .
9 —&— CIO, (anoxic)
S —@— CIO, (oxic)
o —O— CI (anoxic)
40+ - (i
—{— CI (oxic)
20
0T ; e U |
0 2 4 6 8 10 12
Time (hour)

Fig. 8. Removal of perchlorate (ClO4~) and production of chloride (Cl~) ion in the
Fe®/UV reaction under oxic and anoxic conditions ([perchlorate];yiia =0.016 mM,
[Fe®]=10gL-', UV-C intensity =3.4 mW cm~2, pH 6).

anoxic conditions, however, the production of chloride was smaller
under oxic conditions compared with anoxic conditions. Interest-
ingly, the degree of chloride production under anoxic conditions
almost completely matched perchlorate removal in both the FeC-
only (Fig. 2) and the Fe%/UV reactions (Fig. 8).

It is reported that the chlorine in Fe®-related reactions of chlo-
rinated compounds is usually changed to chloride ions in bulk
solution, or precipitate on iron oxides [36]. Also, perchlorate can
react with hydrogen ions (H*) in the presence of Fe?, resulting in
the reduction of perchlorate to chloride in the absence of oxygen
(Eq. (6)) [29]. This result implies that perchlorate may be directly
reduced to chloride by Fe® under anoxic conditions, and the chlo-
ride ion produced is not adsorbed on the Fe? surface, but can exist
in bulk solution under anoxic condition.

Clo, +4Fe® + 8H' — 4Fe?* 4+ Cl™ 4 4H,0 (6)

Table 1 shows that the removal of perchlorate under anoxic
conditions increased in the Fe®/UV reaction compared with the Fe-
only reaction. It was recently reported that the oxidation rate of
FeY to Fe2* and Fe3* could be enhanced by UV irradiation [37] (Eq.
(7)). Therefore, the resulting electron can be efficiently used for the
perchlorate removal.

Fe® + hv — Fe?" 4 2e- (7)

However, the removal rate of perchlorate in the Fe9/UV reac-
tion under oxic condition was significantly decreased than Fe®-only
reaction than (Table 1).

Son et al. [38] and Morgada et al. [39] found that the com-
bined reaction of Fe® and UV induced a Fenton-like reaction, which
produced more OH radicals. This result implies that OH radicals
produced in the Fe®/UV reaction might inhibit the removal of per-

Table 1

Pseudo-first-order rate constants (k;) for perchlorate removal and R? values in the
Fe®-only and Fe®/UV reactions ([perchlorate]iisa =0.016 mM, [Fe®]=10gL~'; UV-C
intensity =3.4mW cm~2, pH 6).

Reaction Anoxic conditions Oxic conditions

ki x 1073 (h™1) R? ki x 1073 (h™1) R?
Fel-only 1.63 0.963 776.9 0.904
FelJUV 4.94 0.931 35.1 0.975
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Fig. 9. Effect of methanol on the removal of perchlorate (Cl04~) in the Fe®/UV reac-
tion ([perchlorate]iyisia =0.016 mM, [Fe®]=10gL-!; UV-C intensity: 3.4 mW cm 2
pH 6).

chlorate due to the competing reaction of perchlorate and OH
radicals with electrons.

Thus, finally, the experiment in the presence of methanol as a
radical scavenger was conducted to investigate the role of OH rad-
ical generated during the Fe®/UV reaction. Fig. 9 shows that the
removal of perchlorate in Fe?/UV reaction under oxic conditions
increased in the presence of 60 mM methanol (73%, 9 h), indicating
methanol, a radical scavenger, inhibited OH radical.

In fact, the effect of methanol on the degradation of azo dye
in FeO/H,0 system was studied by Devi et al. [40]. In this study,
methanol was used to quench hydroxyl radical.

CH30H + OH* — CH30° + H,0 (8)

They found that Fenton reaction occurred in Fe®/H,0 under
irradiating UV, and methanol reacts with hydroxyl radical, with
second-rate constant 9.7 x 108 min~!s~! as shown in Eq. (8), and
the rate decrease in azo dye removal was observed. This result
can support methanol effect in our study. Since perchlorate is
reduced by electron produced from Fe® oxidation, and OH radi-
cals are known to be effectively produced by Fenton-type reaction
in Fe9/UV system [40], the presence of UV in Fe9/H,0 system can
inhibit perchlorate removal by the reaction of OH radical with elec-
tron. Therefore, adding methanol can increase perchlorate removal
by scavenging OH radical produced by Fenton-type reaction in
Fe®/UV system under oxic condition.

3.6. The mechanism of perchlorate removal in Fe?-only reaction
under anoxic and oxic conditions

The mechanism of perchlorate removal using Fe® under anoxic
conditions can be summarized as following two reactions (Eqs.
(9)-(11)) [22]:

Fe® + Ox — Fe?* 4+ Red (9)
Fe® + 2H,0 — Fe** + H, + 20H" (10)
Fe?* + Ox — Fe3* + Red (11)

where Ox is oxidized form such as perchlorate, red is reduced form
of perchlorate such as chloride ion.

In contrast, Fe® under oxic conditions was oxidized to Fe2* (Eq.
(12)) or settled as Fe(OH)y(s) (Eq. (13)). The oxidized Fe2* iron from
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Fe® under oxic conditions can be further oxidized to Fe3* (Eq. (14))
or Fe(OH)s(5) (Eq. (15)) [39].

2Fe? + 0, + 2H,0 < 2Fe?* + 40H™ (12)
2Fe® + 05 + 2H0 <> 2Fe(OH)y) | (13)
4Fe’* + 0, + 2H,0 < 4Fe>* 4+ 40H" (14)
4Fe*" 4 0, + 10H,0 <> 4Fe(OH)3() | +8H" (15)

According to the reaction shown in Eq. (15), the net reaction
resulted in decreased solution pH. Different Fe(II)/(Ill) oxides or
hydroxides (Eqgs. (13) and (15)) are formed as corrosion products,
which is called here generically ferric (or ferrous) oxides [39]. Su
and Puls [41] also reported that the green rust, composed of solid
precipitates, usually existed at neutral pH (pH 6.5-8.0).

The perchlorate and the generated chloride from perchlorate
reduction can combine with existing iron oxides or Fe?* and Fe3*
iron, resulting in the co-precipitation [36], as shown in Eq. (16)
through Eq. (19);

C1""'0; + Fe(OH)3(5) <> €105 — Fe(OH)34 | (16)
CI™ + Fe(OH)s() <> CI” — Fe(OH)3 | (17)

3Fe?" + Fe’™ + Cl” + 8H,0 « Fe2*Fe*"(OH)gClysy | +8HT  (18)
3Fe?t + Fe’™ + Cl0; + 8H,0 < FeZ*Fe*"(OH)gClOy) | +8HT (19)

These reactions can explain the lower recovery of chloride in the
FeV-only reaction under oxic conditions.

4. Conclusions

Fe®-induced perchlorate removal was significantly enhanced
at neutral pH under oxic conditions. The removal of perchlo-
rate in the Fe®/UV reaction under oxic conditions increased in
the presence of methanol, a radical scavenger, indicating that
removal of perchlorate in the combined reaction of Fe® with
UV under oxic conditions was inhibited by OH radical produc-
tion. Applying the Langmuir-Hinshelwood model indicated that
the removal of perchlorate was accelerated by adsorption onto
iron oxides and subsequent reaction by the oxidation of FeC. The
results from this study imply that oxic conditions are essential
for more efficient removal of perchlorate in Fe®-only reaction to
provide adsorption and co-precipitation between perchlorate and
iron oxide. Thus, this process can be more practical in real-world
applications without providing external energy such as higher
temperature.
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