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Abstract

In the presence of oxygen, organic compounds can be oxidized by zero-valent iron or dissolved Fe
(I1). However, this process is not a very effective means of degrading contaminants because the yields
of oxidants are usually low (i.e., typically less than 5% of the iron added is converted into oxidants
capable of transforming organic compounds). The addition of polyoxometalate (POM) greatly
increases the yield of oxidants in both systems. The mechanism of POM enhancement depends on
solution pH. Under acidic conditions, POM-mediates the electron transfer from nanoparticulate zero-
valent iron (nZV1) or Fe(Il) to oxygen, increasing the production of hydrogen peroxide, which is
subsequently converted to hydroxyl radical through the Fenton reaction. At neutral pH values, iron
forms a complex with POM, preventing iron precipitation on the nZVI surface and in bulk solution.
At pH 7, the yield of oxidant approaches the theoretical maximum in the nZV1/O, and the Fe(ll)/
O, systems when POM is present, suggesting that coordination of iron by POM alters the mechanism
of the Fenton reaction by converting the active oxidant from ferryl ion to hydroxyl radical.
Comparable enhancements in oxidant yields are also observed when nZV1 or Fe(ll) are exposed to
oxygen in the presence of silica-immobilized POM.

Introduction

Several investigators have recently reported the oxidation of pesticides, aromatic compounds,
and chelating agents when granular or nanoparticulate zero-valent iron (nZV1) is exposed to
oxygen (1-7). The rapid oxidation of recalcitrant compounds during iron oxidation provides
a new approach for remediating contaminated soil and groundwater. Under acidic conditions,
the two-electron oxidation of ZVI by oxygen produces hydrogen peroxide (H»0O5), which is
subsequently converted to hydroxyl radical ("OH) or ferryl ion (Fe[IV]) through reaction with
ferrous ion (Fe[ll]) (3,7). In the neutral pH range, the oxidation of Fe(ll), the primary product
of ZVI oxidation by oxygen, also produces H,0, with superoxide radical (O,"") serving as an
intermediate (8-10). The subsequent oxidation of Fe(ll) by oxygen is responsible for the most
of the oxidants produced by nZVI at neutral pH values (7). Although the oxidation of Fe(ll)
and ZV1 by oxygen could provide a means of producing strong oxidants without the need for
unstable reagents, like H,O, or 0zone, this approach is unlikely to be competitive with existing
advanced oxidation processes because less than 5% of the iron added is converted into oxidants
species capable of degrading contaminants (7). Possible explanations for the low efficiency of
the reaction include loss of oxidants through competing reactions and precipitation of iron
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oxides and hydroxides (7). Furthermore, the main oxidant produced at neutral pH values, which
is believed to be Fe(IV), is unable to oxidize aromatic compounds and other recalcitrant
contaminants.

The efficiency of the oxidative ZVI system appears to improve in the presence of
ethylenediaminetetraacetate (EDTA) (1,5). However, EDTA consumes oxidants produced in
the oxidative ZV1 system, and must be added continuously with iron. A recent study indicates
that polyoxometalate (POM), a metal-oxygen cluster anion, also enhances the rate for oxidation
of several recalcitrant organic compounds in the granular ZV1/0O, system under acidic
conditions (6). POM is known to resist oxidation and to catalyze redox reactions by serving as
an electron shuttle (11).

The objective of the present study was to assess the potential for POM to enhance oxidant
yields in the nZV1/0, and the Fe(11)/O, systems under conditions that might be used in
treatment systems. For this purpose, a series of experiments was carried out with compounds
that are known to react with "OH or Fe(1V). To evaluate the potential for retaining the catalyst
in a treatment system, silica-immobilized POM, capable of mediating the transformation of
contaminants at neutral pH values using Fe(ll) and oxygen, was synthesized and evaluated.

Materials and Methods

Reagents

All chemicals were of reagent grade and were used without further purification except for 2,4-
dinitrophenyl hydrazine (DNPH), which was recrystallized three times from acetonitrile. All
chemicals were obtained from Fisher Scientific Inc. except for DNPH, ferrous sulfate, and
benzoic acid, para-hydroxybenzoic acid, and phenol which were obtained from Sigma-Aldrich
Co.. All solutions were prepared using 18 MQ Milli-Q water from a Millipore system.
Nanoparticulate zero-valent iron (nZV1) was synthesized by aqueous-phase reduction of
ferrous sulfate as described previously (7,12). The nZVI stock solution was prepared daily.
The total iron concentration in the nZV1 stock solution was determined to be 52 £ 2.6 mM by
analyzing an acidified aliquot. Fe(ll) stock solution (50 mM) was prepared by dissolving
ferrous sulfate in 0.1 mM HCI solution. The POM selected in this study was sodium
polyoxotungstate (NazgPW1,040), which exhibited higher yields for oxidation of organic
compounds relative to other POMs in the granular ZV1/O, system (6). Silica-immobilized
POM (SiO»-POM) was prepared by a sol-gel hydrothermal method (13,14). The SiO,-POM
ca;alyst prepared by this method had a POM content of 20 wt% and a BET surface area of 326
m</g (13).

Measurement of Oxidant Yields Using Probe Compounds

Methanol, 2-propanol, and benzoic acid (pK; = 4.2) were used as probe compounds for
detecting hydroxyl radical or ferryl ion. Details regarding the selection of probe compounds
and their reactivity with *OH and Fe(IV) are described elsewhere (7). An excess of probe
compound (i.e., 100 mM methanol and 2-propanol, 10 mM benzoic acid) was employed to
ensure that all of the oxidants were scavenged by the probe compound. In all three cases, the
major oxidized product of the probe compound was quantified by high-performance liquid
chromatography (HPLC). With the exception of several experiments conducted in the absence
of oxygen, the concentration of nZV1 or Fe(ll) (initial concentration of 0.1 mM) did not result
in depletion of oxygen during the experiments which used solutions that were air-saturated
([O2]p = 0.25 mM) at the start of the expeirments.
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Experimental Setup and Procedure

All experiments on the oxidation of probe compounds were performed in 60-mL Pyrex vials
at room temperature (20 £ 2°C). A pH buffer was not used for reactions at pH 2 — 4. No
significant change in pH was observed at pH 2 — 3. At pH 4, the pH varied by less than 0.5
units during the reaction. The pH of neutral and alkaline solutions was buffered with 1.5 mM
piperazine-N,N’-bis(ethanesulfonic acid) (PIPES) for pH 6 — 7 or 2 mM borate for pH 8.5 -
10. PIPES buffer was selected because it does not form complexes with dissolved iron (15).
The solution pH was adjusted using 1 N HCI or 1 N NaOH solutions. The experiments were
initiated by adding an aliquot of freshly prepared nZV1 stock suspension or Fe(l1) stock solution
to an air-saturated, pH-adjusted solution containing the probe compound. Samples were
withdrawn at predetermined timed intervals using a 5-mL glass syringe and filtered
immediately through a 0.22-um nylon syringe filter. 1,10-Phenanthroline was used to prevent
the possible reactions of Fe(Il) with oxygen or H,O5 that could have occurred after filtration.
For experiments conducted in the absence of oxygen, ultra-pure argon gas was bubbled with
a needle-type diffuser for 15 min prior to the initiation of the reaction and during the entire
experiment. Most of experiments were carried out in triplicate, and average values and the
standard deviations are presented.

Analytical Methods

Results

The concentration of HCHO and acetone (i.e., the oxidized products of methanol and 2-
propanol, respectively) were determined using DNPH derivatization followed by HPLC and
UV absorbance detection at 350 nm (16). Benzoic acid, para-hydroxybenzoic acid (p-HBA),
and phenol were analyzed using HPLC with UV detection at both 255 and 270 nm. Separation
was performed on a Waters Symmetry C18 column (150 mm x 4.6 mm, 5 um), using water
with 10 mM formic acid and acetonitrile as the eluent, at a flow rate of 1.0 mL min~1. Analysis
of Fe(ll) was carried out using 1,10—phenanthroline (17). Total iron concentration was
determined by analyzing Fe(ll) after Fe(l11) was reduced with hydroxylamine hydrochloride.
UV /isible absorption spectra of POM and iron solutions were obtained using a Perkin Elmer
Lambda 14 spectrophotometer with a quartz cell with a 1 cm optical path length.

Enhanced Oxidation of Methanol in the Presence of POM

The oxidation of methanol (100 mM) to HCHO in the nZV1/O, or the Fe(11)/O, systems was
investigated in the absence and presence of POM. In the presence of 2 mM POM, HCHO
production was enhanced by approximately an order of magnitude both at pH 2 and 7 (Figure
la & 1b). At pH 2, POM increased the HCHO production from 1 to 67 uM, and from 0.1 to
36 uM after 180 min in the nZV1/O, and Fe(11)/O, systems, respectively (Figure 1a).
Significant enhancements of HCHO yields were also observed at pH 7 in these two systems
(from 6 to 36—40 uM, Figure 1b). The concentrations of HCHO slowly increased over 180 min
at pH 2, whereas HCHO production at pH 7 was almost instantaneous. Likewise, HCHO
production after 180 min slowly increased as the concentration of POM increased at pH 2,
whereas the yields plateaued after the addition of 0.5 mM POM at pH 7 (Figs. 1¢ & 1d). These
different trends of HCHO formation at pH 2 and 7 suggest that the mechanism of the POM
enhancement depends on solution pH.

Effects of Solution pH on Oxidation of Probe Compounds

The addition of 2 mM POM enhanced the oxidation of all three probe compounds in the nZV1/
O, and the Fe(11)/O, systems from pH 2-10 (Figure 2). The highest yields for HCHO formation
were observed at around pH 2 and 7, which supports the hypothesis that different reaction
mechanisms are involved in the POM enhancement under acidic and neutral pH conditions.
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The trends in pH dependence for production of acetone (from oxidation of 2-propanol) and p-
HBA (from oxidation of benzoic acid) were similar to those observed for HCHO (Figure 2).
The low concentration of p-HBA relative to those of HCHO and acetone is due to the formation
of the ortho and meta isomers of HBA, which were not quantified due to their co-elution in the
HPLC.

Total HBA yields were calculated based on the reported product ratio from the reaction of
benzoic acid with *OH (i.e., o-HBA:m-HBA:p-HBA = 1.7:2.3:1.2; 18). It has been reported
that HCHO, acetone, and HBAs account for more than 90% of the primary products from
oxidation of methanol, 2-propanol, and benzoic acid by *OH (18-21).

Spectrophotometric Measurements of POM™ and Iron-POM Complexes

At pH 2, under both air-saturated and deaerated conditions, the colorless solution of POM
rapidly turned blue-black upon the addition of nZV1 or Fe(ll), with broad visible absorption
bands centered at around 490 and 750 nm (Figure 3). These visible absorption bands were
consistent with the reported spectrum of reduced POM, POM™ (22). The increase of the visible
absorbance occurred rapidly, and was complete in approximately 60 sec under all conditions.
However, the maximum values of the absorbance were different, depending on the form of
iron (i.e., nZVI or Fe[l1]) and the aeration condition.

A solution containing POM and Fe(l11) exhibited a UV absorption spectrum at both pH 2 & 7
(Figure 4), that was different from the physical summation of the individual spectra of POM
and Fe(l11) (compare dashed to heavy solid lines), indicating that POM formed complexes with
Fe(I11).

Silica-Immobilized POM

POM immobilized into a silica matrix (SiO,-POM) was insoluble in water, and was readily
separable by filtration or settling. At pH 2 & 7, SiO»-POM also enhanced the oxidation of
probe compounds in both the nZV1/0, and the Fe(I1)/O, systems (Figure 5). Attaching the
POM to silica resulted in a slightly lower yield of the oxidized products (i.e., SiO-POM
showed approximately 60-90% of the yields observed in the unsupported systems).

Discussion

Oxidant Production by Reactions of nZVI and Fe(ll) with Oxygen

ZV1 oxidation by dissolved oxygen produces H,0, via a two-electron transfer from the particle
surface to oxygen (reaction 1; 23, 24). The H,0, produced by reaction 1 is either reduced to
water by another two-electron transfer from ZV1 (four-electron transfer; reactions 1 & 2), or
converted to *OH or Fe(1V) (e.g., FeO%*) by reaction with Fe(ll) (Fenton reaction; reactions
3a & 3b). Our previous study showed that the nZV1 oxidation by oxygen occurs mainly through
the four-electron mechanism, and depending on the solution pH, only 1-5% of the nZVI
participates in the Fenton reaction to produce oxidants (7).

Fe’(,+0,+2H" — Fe(Il)+H,0, ()
Fe’ ) +Hy0,+2H* — Fe(l)+2H,0 )
Fe(I1)+H,0, — Fe(Il))+ *OH+OH" (3a)
Fe(Il)+H,0, — Fe(IV) (FeO**)+H,0 (3b)
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Under neutral pH conditions, the oxidation of Fe(l1) by oxygen also produces H,O, via a series
of one-electron transfers (reactions 4 & 5), which subsequently yields oxidants through the
Fenton reaction (8-10). The oxidation of Fe(Il), produced as the primary product of ZVI
oxidation (reaction 1), accounts for the most of the oxidants produced by nZV1 at neutral pH
values (7). Previous studies have suggested that Fe(1V) rather than *OH is the predominant
oxidant produced by the Fenton reaction at neutral pH (7,25,26). According to reactions 3-5,
the theoretical yield of Fe(IV) should be 33% with respect to Fe(Il) added, because three moles
of Fe(ll) are oxidized to produce one mole of Fe(1V). However, the precipitation of iron oxides
and hydroxides on the nZVI surface, and the co-precipitation of Fe(Il) and Fe(l1) in bulk
solution may limit the iron availability at neutral pH, leading to the low oxidant yields observed
in both nZV1 and Fe(Il) systems.

Fe(I)+0, — Fe(Il)+0,*" @

Fe(ID)+0," +2H" — Fe(Ill)+H,0, ®)

POM as an Electron Shuttle in nZVI and Fe(ll) Systems at Acidic pH

POM (PW1,0403" in this study) mediates the transfer of electrons from ZVI to oxygen to
increase H,O, production (6). When POM reacts with ZVI, it is reduced to POM™
(PW1,040%") (reaction 6). POM~, which is a stable blue-black species, slowly reduces oxygen
via a series of one-electron transfers to produce H,0, (reactions 7 & 8;27). Some investigators
have also suggested that the reduction of oxygen to H,O, by POM™ occurs via an inner-sphere
complexation mechanism without producing O, as an intermediate (6,28). In either case, the
electron shuttle process mediated by POM separates H,O, from ZVI surfaces, and decreases
the loss of H,O, by reaction 2. As a result, the oxidant yields at pH 2 (with respect to nZVI1
added) approached the theoretical maximum (i.e., one *OH for each Fe9; Figure 1a & 1c).

Fe?,)+2POM — Fe(I1)+2POM™ ©
POM~+0, — POM+0,*" o
POM~+0,* +2H* — POM+H,0, ®

POM also mediates the transfer of electrons from Fe(l1) to oxygen. The oxidation of Fe(ll) by
oxygen is negligible at acidic pH due to its slow reaction rate (10); no production of HCHO
was observed in the Fe(11)/O5 system without POM at pH 2 (Figures 1la & 1c). However,
significant production of HCHO was observed in the presence of POM, indicating that the
electron transfer from Fe2* to POM (reaction 9) followed by oxidant production (reactions 7,
8, & 3) occurred under acidic conditions. The occurrence of reaction 9 was also supported by
observing the blue-black color (due to the production of POM™) during the reaction of Fe2*
with POM at pH 2. The HCHO yield obtained in the Fe(11)/O, system with POM at pH 2
(Figure 2a) approached the theoretical yield of oxidants from reactions 3, 7-9 (one *OH for
every three Fe(ll) added).

Fe(II)+POM « Fe(II1)+POM ™ (9)

Reaction 9 can be reversible. According to the redox potentials of Fe3*/Fe2* (E0 = +0.771
V; 29) and POM/POM ™ (E{O[PW12040% /PW12040% ] = +0.218 V; 27), the transfer of
electrons from POM™ to Fe3* (the reverse reaction) is thermodynamically favored.

Spectrophotometric measurements of POM™ provide a better understanding of the mechanism
by which the redox reactions of POM occur (Figure 3). Under air-saturated conditions, the
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initial rapid increase of absorbance was followed by a slow decrease due to the reaction of
POM™ with oxygen (reaction 7). In the reaction of nZV1 with POM, the lower absorbance
observed in the presence of oxygen is attributable to the competitive reaction of nZVI with
oxygen (reaction 1). The reactions of Fe(ll) with POM showed nearly identical absorbance in
the initial stage of reaction in the presence and absence of oxygen, which is consistent with the
extremely slow reaction of Fe(ll) with oxygen (reaction 4) at acidic pH.

The concentration of POM™ produced under each condition can be calculated from the reported
molar absorption coefficient of POM™ (e750,m = 2000 M2 cm™2; 22). In the absence of oxygen,
0.25 + 0.015 mM POM™ was produced from the reaction of 0.1 mM nZVI with 1 mM POM,
whereas only 0.037 = 0.0014 mM POM™ was produced from the reaction of 0.1 mM Fe(ll)
with 1 mM POM. POM™ produced from Fe(ll) is attributed to reaction 9, and the POM™
produced from nZV1 is by reactions 6 & 9. The low yield of POM™ (3.7%) from Fe(ll) suggests
that the reverse reaction of reaction 9 is faster than the forward reaction, which is consistent
with the half-cell potentials. Based on the stoichiometry of reaction 9, the initial concentrations
of Fe(ll) and POM, and the equilibrium concentration of POM™ (i.e., 0.1, 1, and 0.037 mM,
respectively), the equilibrium constant for reaction 9 is calculated to be (0.037)2 / (0.063 x
0.963) = 2.26 x 102, This value is much higher than that estimated from the redox potentials
of free iron ions, Fe3*/Fe2* and POM/POM" (i.e., Kestimated = 3.06 % 10710). However, the
coordination of iron by POM, an electron-withdrawing ligand (described in the following
section) may lower the redox potential of the Fe3*/Fe2* couple. For example, complexation of
iron by oxalate lowers the redox potential of the Fe3*/Fe2* couple to +0.035 V (28). Based on
the equilibrium constant determined above, the redox potential of Fe(l11)-POM/Fe(11)-POM
couple is estimated to be +0.314 V (for details, see Supporting Information, S1). The trend of
HCHO production at pH 2 can be explained by the reactions described above. The production
of HCHO with time (Figure 1a) appears to be controlled by reaction 7 (k; = 7.5 M1 s1 at pH
2; 27). Assuming [O2]g = 0.25 mM, the half life of POM™ is estimated to be approximately 6.2
min, which is in reasonable agreement with the rates of HCHO production (Figure 1a). The
increase in HCHO yield with increasing concentrations of POM (Figure 1c) results from the
competitive reactions of nZV1 with oxygen and POM (reactions 1 & 6) for the nZV1/0, system,
and the reversible reactions of Fe2* and POM (reaction 9) for the Fe(11)/O, system.

Hydrolysis of POM and Formation of Iron-POM complexes at Neutral pH

In neutral and alkaline solutions, POM undergoes hydrolysis, with increasing hydrolysis rates
as pH increases (30,31). At pH 7, POM (PW1,0403") is hydrolyzed to PWgO34%~ (denoted as
POMp) in less than 10 seconds, which subsequently decomposes over several hours to yield
PO,3~ and WO42~ (31). At pH 7, the measured spectrum of POM was consistent with that of
POMy (31). When the pH was lowered to 2, the UV absorption spectrum changed into that of
POM, indicating that the primary hydrolysis of POM to POMy is reversible (reaction 10;
Supporting Information, S2).

POM+120H™ & POM,,+3 WO,>~ (10)

No significant visible absorption band of POM™ or any other species was observed at pH 7 in
the solution containing POM and nZV1 (or Fe[ll]), indicating that the hydrolysis of POM to
POMy limits its role as an electron shuttle (i.e., reactions 6 — 9 are unimportant at pH 7).

Spectrophotometric measurements of the solutions of POM and Fe(l11) at pH 2 & 7 indicated
that both POM and POMy formed complexes with Fe(l11) (Figure 4). Although the exact
structure of the Fe(l11)-POM complexes is unknown, the spectrum of the complex shifted with
pH. It was also verified that Fe(Il) forms complexes with POMy at pH 7 in the absence of
oxygen (Supporting Information, S2).
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The formation of Fe(l11)-POM complexes prevents the precipitation of Fe(l11) and Fe(11) oxides
and hydroxides on the nZVI surface and in bulk solution at neutral pH, which increases the
availability of nZVI and Fe(ll), and subsequently increases oxidant yields. The addition of
EDTA, a well-known iron-chelating agent also enhances methanol oxidation in the nZV1/0O,
system, indirectly supporting this explanation (Supporting Information, S3). In the Fe(11)/O,
system with POM at pH 7, the HCHO vyields (Figure 1) are close to the maximum theoretical
yield of oxidants (33% with respect to Fe(ll) added) from the Fe(ll) oxidation by oxygen
(reactions 3-5), indicating that no significant loss of Fe(Il) occurred through iron precipitation.
The higher yields of HCHO in the nZVI1/O, system is probably due to the reaction of nZVI
with oxygen (reactions 1-3). The slight difference of HCHO yield between the Fe(11)/O, and
the nZV1/0, systems at neutral pH is in agreement with the previous observation that the
oxidation of Fe(Il) by oxygen is mainly responsible for the oxidant production by nZVI (7).

Experiments conducted with different probe compounds (methanol, 2-propanol, and benzoic
acid; Figure 2) suggest that POM coordination to Fe(ll) may alter the mechanism of Fenton
reaction at neutral pH, converting the active oxidant from Fe(IV) to *OH. "OH reacts with all
of the probe compounds at nearly diffusion controlled rates (32). In contrast, Fe(IV) is more
selective than *OH, exhibiting low reactivity toward 2-propanol and benzoic acid (e.g.,
Kee(1v),benzoic acid = 8.0 x 101 M1 s71) (25,26,33,34). In the absence of POM, the maximum
yield of HCHO from methanol was observed at pH 7, whereas benzoic acid and 2-propanol
oxidation was observed only under acidic conditions, supporting the presumption that the
Fenton reaction produces Fe(IV) rather than *OH at neutral pH in the absence of Fe(ll)-
complexing ligands (25,26). However, in the presence of POM, significant oxidation of benzoic
acid and 2-propanol was observed at neutral pH, with the formation of 20 — 30 uM of oxidation
products at pH 7. The similar trends in pH dependence regardless of the probe compound
suggest that, for Fe(11)-POM complexes, the Fenton reaction predominantly produces *OH over
a wide pH range. Previous studies have shown that the mechanism of the Fenton reaction
depends on the coordination of Fe(ll) (33,35,36), but additional research is needed to assess
the role of ligands on the oxidant yield in the nZV1/O, and the Fe(11)/O5 systems.

Implications for Contaminant Oxidation

Both the nZV1/0, and Fe(I1)/O, systems combined with POM could be useful approaches for
the oxidative treatment of wastewater, with iron providing an electron source for converting
oxygen to *OH. However, the Fe(l1)/O, system is probably more cost-effective method than
the nZV1/05, system because the synthesis of nZVI requires sodium borohydride to reduce Fe
(11). In the absence of POM, the low yields of oxidants produced by both systems require high
doses of iron for significant degradation of contaminants. For example, the nZV1/0O, system
required approximately 5 - 20 mM ZVI for 60 — 80% degradation of 100 ppb molinate (0.55
uM) at the optimum pH (pH 4) (2). The addition of POM can reduce the iron dose and eliminate
the need for acidification in both the nZV1/0, and the Fe(l1)/O, systems by increasing oxidant
yields and shifting the oxidant from Fe(IV) to "OH. In experiments with 1 mM nZV1 or Fe(ll)
with 10 pM phenol or benzoic acid at pH 2 & 7, less than 10% of the contaminants were
transformed in the absence of POM. When 1 mM of POM was added, 50 — 90% of the
contaminants were transformed (Supporting Information, S4).

POM and its hydrolyzed products (PO,43~ and WO,2") are relatively nontoxic (37), and
therefore their potential release to the aquatic environment is unlikely to be a serious concern.
However, POM is expensive and the reuse of POM would be necessary for the cost-effective
application of these systems. A combined process with nanofiltration to retain POM or a
process using a supported catalyst such as SiO»-POM (Figure 5) may provide a means of
recovering and recycling POM. In addition, SiO,-POM is insoluble (11) and likely resistant
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to hydrolysis at neutral pH. Additional research is needed to assess the feasibility of these
processes under conditions likely to be encountered in treatment systems.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Effect of POM on HCHO production from nZVI and Fe(ll) in air-saturated solution as a
function of reaction time (a) & (b) and POM concentration (c) & (d): [POM]y =2 mM for (a)
& (b); reaction time = 180 min for (c) & (d); [Feo = [Fe(I1)]p = 100 uM; [methanol]y = 100
mM.
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Figure 2.

HCHO, acetone, and pHBA production as a function of pH: [Fe%o = [Fe(1)]o = 100 uM;
[POM]g = 2 mM; [methanol]g for (a) = [2-propanol]g for (b) = 100 mM; [benzoic acid] for
(c) = 10 mM; reaction time = 180 min; [HBA]iq in () indicates the calculated values from the
yields of pHBA.
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(a) UV-vis absorption spectra of POM solutions with nZV1 and Fe(l1) under air-saturated and
deaerated conditions (reaction time = 60 sec) and (b) time-dependent variations in the
absorbance at 750 nm: [Fe%]q = [Fe(I1)]p = 100 uM; [POM]p = 1 mM; pH = 2.
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[POM]o = 20 uM.
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