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ABSTRACT: Three tetra-n-butylammonium (TBA) salts of
polyvanadotungstates, [n-Bu4N]6[PW9V3O40] (PW9V3), [n-
Bu4N]5H2PW8V4O40 (PW8V4), and [n-Bu4N]4H5PW6V6O40·
20H2O (PW6V6), have been synthesized and shown to be
effective catalysts for the aerobic oxidation of formaldehyde to
formic acid under ambient conditions. These complexes,
characterized by elemental analysis, Fourier transform infrared
spectroscopy, UV−vis spectroscopy, and thermogravimetric
analysis, exhibit a catalytic activity for this reaction comparable
to those of other polyoxometalates. Importantly, they are more
effective in the presence of water than the metal oxide-
supported Pt and/or Au nanoparticles traditionally used as
catalysts for formaldehyde oxidation in the gas phase. The
polyvanadotungstate-catalyzed oxidation reactions are first-order in formaldehyde, parabolic-order (slow, fast, and slow again) in
catalyst, and zero-order in O2. Under optimized conditions, a turnover number of ∼57 has been obtained. These catalysts can be
recycled and reused without a significant loss of catalytic activity.
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■ INTRODUCTION

Formaldehyde (CH2O) is a toxic compound that is ubiquitous
in human environments. As a consequence, it is of central
concern in the context of human health and also high on the list
of toxic industrial chemicals (TICs).1 Long-term exposure to
formaldehyde may cause irritation of the mucous membranes of
the eyes and is associated with diseases of the nasal and
respiratory tract.2 It was classified as a known carcinogen by the
State of California and the World Health Organization in
2004.3−11 Thus, the removal of formaldehyde is a crucial goal
for researchers.
Air-based catalytic organic oxidations have attracted much

attention recently, because they utilize only ambient O2, which
is less expensive and more abundant than other oxidants and
generates few if any deleterious byproducts.12−24 Moreover,
aerobic organic oxidation reactions are very attractive for
decontamination of a wide variety of toxic compounds in
human environments, including TICs20,25−29 and chemical
warfare agents (CWAs),23,30 under mild conditions. Therefore,
the aerobic catalytic oxidation of formaldehyde to formic acid,
CO, and/or CO2 under ambient conditions is very attractive
from multiple vantages.28

Generally, mixtures of metal oxides,31 precious metals,32 and
supported precious metals33−36 have been evaluated as catalysts
for the oxidation of formaldehyde. Among the metal oxides,
MnO2 has been shown to have a high reactivity for
formaldehyde oxidation at moderate conversions.31,32,37,38

Precious metals such as Au, Ru, Rd, and Pt have been found

to be effective catalysts for formaldehyde conversion at
moderate temperatures.39−42 For example, Zhang et al. and
Huang et al. reported that Pt nanoparticles supported on TiO2
are effective catalysts for formaldehyde oxidation at room
temperature,43,44 while catalysts such as Au and Ag supported
on TiO2, CeO2, Al2O3, MnOx−CeO2, and SBA-15 effected
formaldehyde oxidation with almost 100% conversion at
temperatures of ≥373 K.45,46 Unfortunately, most of the
systems reported so far are based on precious metals that are
prohibitively expensive for practical applications and not readily
available or involve catalytic oxidations that must be performed
at temperatures of ≥400−500 K. However, logistical
considerations dictate that many TIC and CWA decontamina-
tion and deodorization technologies are far more useful if they
can be applied under ambient conditions.
The second class of catalysts developed for the aerobic

oxidation of formaldehyde under ambient conditions (using air
at room temperature) consists of polyoxometalates (POMs),
and in particular POMs with 3d metals substituted at surface
positions.28,29,47,48 POMs make up a family of metal oxide
clusters with versatile applications in medicine, magnetism,
electrochemistry, and catalysis.49−54 In particular, organic
oxidations catalyzed by POMs have received much attention
because the acid−base and redox properties of POMs are
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highly tunable.51,55 In addition, POMs are thermally,
oxidatively, and hydrolytically stable under oxidative con-
ditions.51,56 In 2004, Kholdeeva, Hill, and their co-workers
reported that supported Keggin-type Co-containing POMs, [n-
Bu4N]4HPW11CoO39 and [n-Bu4N]5PW11CoO39, were effective
catalysts for the aerobic oxidation of aldehydes (including
formaldehyde) under ambient conditions.47 In 2005, they
further investigated the catalytic activity of the Keggin-type Ce-
containing POM (NaH3[SiW11Ce

IVO39]) for the aerobic
oxidation of formaldehyde.28 The Ce-containing POM was
shown to be a selective and effective catalyst for the production
of formic acid with a CH2O conversion of ∼20% under mild
conditions. Vanadium-substituted heteropolyanions,
PMo12−nVnO40

(3+n)− (PMo12−nVn) and PW12−nVnO40
(3+n)−

(PW12−nVn) (n = 1−6),57−61 have been reported to catalyze
the aerobic oxidation of many organic compounds, including
ketones and aldehydes (some of which are TICs) under
ambient conditions.53,58,60,62−72 However, formaldehyde oxida-
tion under ambient conditions catalyzed by polyvanadotung-
states has not been described.
We report here that the TBA salts of polyvanadotungstates,

[n-Bu4N]6[PW9V3O40] (PW9V3), [n-Bu4N]5H2PW8V4O40
(PW8V4), and [n-Bu4N]4H5PW6V6O40·20H2O (PW6V6)
POMs, are efficient catalysts for the aerobic oxidation of
formaldehyde to formic acid under ambient conditions (using
only air at room temperature). Comparison of four POMs ([n-
Bu4N]5[W3V3O19], [n-Bu4N]3H3V10O28, [n-Bu4N]7SiW9V3O40,
and [n-Bu4N]9P2W15V3O62), each with extensive and reversible
redox chemistry, confirms that the catalytic activity is derived
from the polyanion properties [structure, V(V/VI) potential,
etc.]. Importantly, these formaldehyde removal reactions are
less inhibited by water than these same oxidations catalyzed by
supported noble metals. Under optimized conditions, a
turnover number (TON) of ∼57 is obtained with PW6V6.

■ EXPERIMENTAL SECTION

General Methods and Materials. All chemical reagents
used were from commercially available sources and were used
without further purification unless otherwise noted. The
formaldehyde solutions were prepared by diluting 35% aqueous
formalin with acetonitrile (Fluka), N,N-dimethylacetamide,
N,N-dimethylformamide, or tetrahydrofuran as needed for
each catalytic entry. Infrared spectra (2% sample in KBr pellet)
were recorded on a Nicolet TM 6700 Fourier transform
infrared (FT-IR) spectrometer. UV−vis spectra were recorded
with an Agilent 8453 spectrophotometer equipped with a diode
array detector using a 1.0 cm optical path length quartz cuvette
with acetonitrile as the solvent. The thermogravimetric data
were collected on an STA 6000 thermal analyzer. Elemental
analyses (V and W) were conducted by Galbraith Laboratories
(Knoxville, TN). 1H and 31P nuclear magnetic resonance
(NMR) spectra were acquired on a Varian INOVA 400
spectrometer using deuterated chloroform (δ 7.24) and H3PO4
(δ 0) as external standards. Gas chromatography (GC) analysis
of the liquid phase was performed on a Hewlett-Packard 6890
instrument with a 5% phenyl methyl silicone capillary column
(while the formic acid was independently detected with an
Agilent J&W DB-FFAP column), a flame ionization detector, a
Hewlett-Packard 3390A series integrator, and N2 as the carrier
gas. The gas phase was analyzed using an Agilent 7890 gas
chromatograph with a 5 Å molecular sieve column and argon
carrier gas.

Preparation of Catalysts. Synthesis of [n-Bu4N]6[α-1,2,3-
PW9V3O40] (PW9V3). The TBA salt of the vanadium-substituted
Keggin-type POM was prepared by a modified literature
method.73 In a typical preparation, 8.2 g of sodium acetate (100
mmol) in 6 mL of acetic acid was added to 100 mL of distilled
water until a pH of approximately 5.0 was reached. To this
solution were added sodium metavanadate (3.05 g, 25 mmol)
and Na9[A-PW9O34] (20 g, 8.2 mmol). The solution was stirred
for 24 h and filtered. Subsequently, TBABr (15 g, 48 mmol) in
20 mL of distilled water was added to the solution to produce a
light orange product (17.7 g, 54% yield based on vanadium)
whose purity was confirmed by FT-IR spectroscopy: FT-IR
(2000−500 cm−1, KBr) 1482 (m), 1462 (sh), 1380 (w), 1152
(w), 1087 (s), 1053 (w), 1029 (sh), 994 (w), 949 (s), 879 (s),
792 (s), 732 (sh), 598 (w), 510 (w) cm−1. The number of TBA
cations was determined by thermogravimetric analysis (TGA).
Elemental analysis (calcd/found): W, 42.3/44.1; V, 3.9/4.2.

Synthesis of [n-Bu4N]5H2PW8V4O40 (PW8V4). The TBA salt
of the vanadium-substituted Keggin-type POM was prepared by
metathesis of (NH4)6HPW8V4O40·9H2O

74 with TBABr in
distilled water. Typically, 0.483 g of TBABr (15 mmol) was
added to an aqueous solution of (NH4)6HPW8V4O40·9H2O
(0.197 g, 0.1 mmol). The precipitate was centrifuged and
washed with distilled water to remove excess TBABr. The
product was recrystallized three times from acetonitrile [yield
o f 0 .214 g , 60% yie ld based on vanad ium in
(NH4)6HPW8V4O40·9H2O]. Its purity was confirmed by FT-
IR spectroscopy: IR (2000−500 cm−1, KBr) 1482 (m), 1380
(w), 1154 (w), 1100 (sh), 1078 (m), 1052 (sh), 950 (s), 882
(s), 789 (s), 595 (w), 509 (w) cm−1. The number of TBA
cations was determined by TGA. Elemental analysis (calcd/
found): W, 41.5/40.2; V, 5.7/5.9.

Synthesis of [n-Bu4N]4H5PW6V6O40·20H2O (PW6V6). The
TBA salt of the vanadium-substituted Keggin-type POM was
prepared by a method similar to that used for PW8V4 except
that 0.228 g of (NH4)5H4PW6V6O40·6H2O

74 was used [yield of
0.167 g, 49% yield based on vanadium in (NH4)5H4PW6V6O40·
6H2O]. Its purity was confirmed by FT-IR spectroscopy: IR
(2000−500 cm−1, KBr) 1481 (s), 1379 (m), 1152 (w), 1074
(m), 1030 (sh), 949 (s), 886 (s), 798 (s), 594 (s), 509 (s)
cm−1. The number of TBA cations was determined by TGA.
Elemental analysis (calcd/found): W, 32.0/31.4; V, 8.9/8.6.

Preparation of [n-Bu4N]5[W3V3O19], [n-Bu4N]3H3V10O28,
[n -Bu4N]7SiW9V3O40, [n -Bu4N]9P2W15V3O62, [n-
Bu4N]5PW11CoO39, and [n-Bu4N]4[SiW11Ce

IVO39]. [n-
Bu4N]5[W3V3O19] and [n-Bu4N]4[SiW11Ce

IVO39] were pre-
pared by metathesis of (NH4)2Na3[W3V3O19]·20H2O and
NaH3[SiW11Ce

IVO39] with TBABr in distilled water.28,75 [n-
B u 4 N ] 3 H 3 V 1 0 O 2 8 , [ n - B u 4 N ] 7 S iW 9 V 3O 4 0 , [ n -
Bu4N]9P2W15V3O62, and [n-Bu4N]5PW11CoO39 were prepared
following literature methods.47,76,77

Preparation of an Internal Standard Acetone DNP-
Hydrazone Solution. To a solution of 150 mg of 2,4-
dinitrophenylhydrazine (97%, 0.74 mmol) in 95 mL of
anhydrous acetonitrile was added 5 mL of acetic acid, followed
by addition of 50 μL of an aqueous solution of acetone (0.01
M). The formed product by reacting acetone with 2,4-
dinitrophenylhydrazine, denoted as acetone DNP-Hydrazone,
was stirred vigorously for at least 3 days before being used as an
internal standard solution.

Catalytic Aerobic Oxidative Removal of Formalde-
hyde. Typical reactions were conducted in 15 mL glass vessels
under ambient conditions (room temperature, 1 atm). The
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catalytic formaldehyde oxidations were conducted separately in
solutions of acetonitrile (CH3CN) and H2O [20/1 (v/v)],
N,N-dimethylacetamide (DMA) and H2O [20/1 (v/v)], N,N-
dimethylformamide (DMF) and H2O [20/1 (v/v)], and
tetrahydrofuran (THF) and H2O [20/1 (v/v)]. The water in
the reaction solutions was supplied by the aqueous form-
aldehyde (Formalin) solution. Typically, 0.004 mmol of catalyst
and 2 mL of solvent containing 0.52 mol of formaldehyde per
liter were mixed and stirred vigorously. The unreacted
formaldehyde was quantified by stoichiometric conversion to
the corresponding 2,4-dinitrophenylhydrazone (DNP-Hydra-
zone) derivative using the acetone DNP-Hydrazone as internal
standard by gas chromatography (GC). Typically, 10 μL of the
reaction solution was added to 1 mL of the internal standard
solution (which contains excess DNPH) and the mixture
stirred vigorously for 30 min. Aliquots were withdrawn from
the Schlenk tube, and the unreacted formaldehyde was
quantified by gas chromatography. The formic acid was
independently analyzed by GC using decane as an internal
standard. The postreaction solutions were dried under vacuum,
and the residue was weighed and the catalyst recycled. The
products in the reaction using PW9V3 as a catalyst in a DMA/
H2O [20/1 (v/v)] solvent system were also analyzed via 1H
NMR spectroscopy by diluting a 400 μL aliquot of the reaction
solution after 144 h with 400 μL of deuterated chloroform.

■ RESULTS AND DISCUSSION

Synthesis and Characterization of Catalysts. The
vanadium-substituted Keggin-type heteropolyanions
PMo12−nVn and PW12−nVn (n = 1−6) have been synthesized
previously by our group78−81 and other groups.57,59 They are
composed of a central PO4 tetrahedron surrounded by 12
randomly distributed WO6 and VO6 metal−oxygen octahe-
dra.82 In this work, we prepared the TBA salt of PW9V3 by
precipitation of the heteropolyanion using an excess of TBABr.
The TBA salts of PW8V4 and PW6V6 were prepared by
me t a t h e s i s o f (NH 4 ) 6HPW 8V 4O 4 0 · 9H 2O a n d
(NH4)5H4PW6V6O40·6H2O with TBABr in distilled water.
TGAs confirm the number of TBA counterions in PW9V3,
PW8V4, and PW6V6 (six, five, and four, respectively) and that
the first two POMs are anhydrous (no feature for the loss of
hydration water molecules) and the last POM is hydrophilic
[feature showing 12% weight loss of hydration water molecules
(Figure S1 of the Supporting Information)].
Figure 1 shows the polyhedral structures of the three

polyvanadotungstates studied in this work with three, four, and
six vanadium centers. The compositions of vanadium and
tungsten in each compound were determined by elemental
analysis. The VO6 octahedra in each compound are statistically

distributed between many positions, especially for compounds
synthesized using a one-pot method (e.g., PW8V4 and PW6V6
in this work). In other words, there are many heteropolyanion
positional isomers, which were identified some time ago for the
polyvanadomolybdates.58,83 These positional isomers cocrystal-
lize, leading to disorder in the solid state and general structural
complexity. The 31P NMR spectra of PW9V3 and PW8V4 show
major peaks at −44.5 and −41.9 ppm, respectively, confirming
the purity of these two compounds (Figure S2 of the
Supporting Information). However, the 31P NMR spectrum
of PW6V6 shows numerous signals indicating that multiple
positional isomers and different polyvanadotungstates with
varying V-to-W ratios (Figure S2 of the Supporting
Information) exist. The formula of [n-Bu4N]4H5PW6V6O40·
20H2O was based on elemental analysis as well as TGA. It is
common to have multiple positional and compositional isomers
in multi-vanadium-containing POMs.58,83

The FT-IR spectra of PW9V3, PW8V4, and PW6V6 are very
similar and display a fingerprint region that is characteristic of
substituted Keggin-type POMs (Figure 2). The bands around

1080, 980, 890, 800, and 590 cm−1 are related to asymmetric
vibrations of P−Oa, WOt, W−Ob−W, and W−Oc−W and
the bending mode of Oa−P−Oa, respectively. When the
tungsten is substituted with vanadium, the band for the P−
Oa asymmetric stretch (around 1080 cm−1) splits because of
the decrease in the degree of structural symmetry. The shift and
the split of the P−Oa band, as shown in the spectra, reflect the
substitution of tungsten with vanadium.82,84 Moreover, the
peak around 1100 cm−1 in the spectra of PW9V3 exhibits a
splitting that is greater than the splitting of the corresponding
peaks of PW8V4 and PW6V6, indicating a lower level of local
symmetry and greater deviation from idealized Td symmetry for
the former than the latter.
The normalized UV−vis absorption spectra of PW9V3,

PW8V4, and PW6V6 in anhydrous acetonitrile are presented
in Figure 3. The ligand-to-metal charge-transfer (LMCT) band
around 350−450 nm is attributed to the V(V) center. The
corresponding oxo-to-W(VI) band should appear between 250
and 300 nm (not shown). The new 350−450 nm band
indicates substitution of W(VI) with V(V). The intensity of this
band increases with increasing numbers of vanadium centers in
each polyvanadotungstate. Thus, the color intensity decreases
in the following order: PW6V6 (most intense) > PW8V4 >
PW9V3 (least intense).

Catalytic Aerobic Oxidative Removal of Formalde-
hyde. The TBA salts of PW9V3, PW8V4, and PW6V6 were
assessed for their catalytic activity in the aerobic oxidation of

Figure 1. Representative polyhedral representations of the vanadium-
substituted Keggin-type polyvanadotungstates of (a) PW9V3, (b)
PW8V4, and (c) PW6V6 based on X-ray crystal structures of the parent
Keggin POMs. Code: orange octahedra, VO6; yellow tetrahedra, PO4;
gray octahedra, WO6.

Figure 2. FT-IR spectra of PW9V3 (red), PW8V4 (blue), and PW6V6
(green).
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formaldehyde to formic acid (eq 1) under ambient conditions
(the O2 in air at room temperature). Initial studies show that a
catalytic amount of (NH4)6HPW8V4O40·9H2O added to an
aqueous solution of formaldehyde results in oxidation to formic
acid; no formaldehyde oxidation products are found in
independent control experiments without catalyst. No CO or
CO2 is detected by GC.

+ →CH O
1
2

O HCOOH2 2 (1)

However, the hydration equilibrium constant [Keq (eq 2)]
for formaldehyde is quite large (∼104 at 20 °C),85 indicating
that formaldehyde exists primarily in hydrated forms
(dihydroxymethane and polymers thereof). This in turn
makes it far harder to oxidize. We therefore decided to
investigate the effect of different solvents on the reaction
conversion by conducting the reaction at room temperature in
the presence of 0.52 M formaldehyde and 4.0 mM catalyst.

+ ⇌CH O H O CH (OH)2 2 2 2 (2)

The experimental results (Table 1) show that the extent of
reaction conversion for the aerobic oxidation of formaldehyde

using PW8V4 increases with solvent system in the following
order: THF/H2O < CH3CN/H2O < DMF/H2O < DMA/H2O.
The order of solvent polarity is parallel: THF < CH3CN <
DMF < DMA.86 In the polar solvent systems of CH3CN, DMF,
and DMA, the activity of PW8V4 is higher than that of
(NH4)6HPW8V4O40·9H2O in an aqueous solution. This likely
derives in part from the fact that the extent of formaldehyde
hydration in the polar solvent systems of CH3CN, DMF, and

DMA is lower than that in a 100% aqueous solution.87 The
THF/H2O mixed solvent system exhibits an aerobic form-
aldehyde oxidation activity similar to that of pure water with a
TON of ∼19. The DMA/H2O solvent system was used for
subsequent experiments because it was the most effective, and
DMA, unlike DMF, is not prone to decomposition. The effect
of solvent on the reaction (conversion, rates, and selectivity) is
not easily interpreted for these complex oxidations and was not
further addressed in this initial study. These PW8V4-catalyzed
air-based formaldehyde oxidations were studied as a function of
formaldehyde and catalyst concentration (Table S1 of the
Supporting Information) in a DMA/H2O [20/1 (v/v)] solvent
system. The optimal solvent system and concentrations
(substrate and PW8V4 catalyst) afford a TON of ∼47 (entry
4 in Table S1 of the Supporting Information).
Two different aspects of the kinetics of aerobic formaldehyde

oxidation by PW8V4, PW6V6, and PW9V3 in a DMA/H2O [20/
1 (v/v)] solvent system are shown in Figure 4. All of the
catalysts are quite active relative to the control (no activity). Of
particular interest are the aerobic formaldehyde oxidations
catalyzed by PW8V4 and PW6V6; these are faster than those
catalyzed by PW9V3, indicating that the number of V(V/VI)
redox sites and the number of counterions are significant
factors in catalytic activity.29 Some POM-catalyzed oxidation
reactions are known to be cocatalyzed by acid. Some more
highly protonated POMs are more reactive than less
protonated ones despite the fact that higher levels of POM
protonation parallel the number of V(V)-for-W(VI) substitu-
tions. The number of these metal substitutions increases the
polyanion charge, which lowers the POM V(VI/V) potential.
This, in turn, lowers the overall organic substrate oxidation rate
if POM oxidation of the substrate is the rate-limiting step in the
mechanism.52

It has been fairly well established that some of the organic
oxidations catalyzed by the analogous polyvanadomolybdate
systems, PMo12−nVn, proceed via the general two-step
mechanism (eqs 3 and 4).51,55,58,88 It was found that PMo12
(with n = 0) is not a highly reactive catalyst for the aerobic
oxidation of aldehydes under ambient conditions. The
reversible V(V/IV) redox couple is involved in the efficient
oxidation of organic compounds catalyzed by vanadium-
substituted Keggin-type heteropolyanions.51,55,89

+ +

→ +
−

‐

+mPMo V

PMo V

(organic substrate) H

H ( ) (organic substrate)
n n

n nm

12

12 ox (3)

+ → +‐ ‐m mPMo V PMo VH ( )
1
4

O
1
2

H On n n nm 12 122 2 (4)

However, several lines of evidence are consistent with a
radical chain mechanism90−92 for aerobic formaldehyde
oxidation catalyzed by PW9V3. First, the initial rate of the
reaction is pseudo-first-order in formaldehyde and parabolic-
order in catalyst; i.e., the rate increases, reaches a maximum,
and then decreases with an increasing catalyst concentration
(Figure 5a,b). Similar parabolic catalyst concentration depend-
encies are a well-documented and studied feature of metal-
catalyzed autoxidation reactions.93 Second, the rate is
essentially independent of oxygen pressure (Figure S3 of the
Supporting Information). Third, the reaction is retarded by
addition of small quantities of the radical scavenger 4-tert-
butylcatechol (1.0 μmol) or formic acid (0.6 mmol) (Figure S4
of the Supporting Information).94,95 Similar phenomena were

Figure 3. Normalized UV−vis absorption spectra of PW9V3 (red),
PW8V4 (blue), and PW6V6 (green) at 0.5 mM in 100% acetonitrile.

Table 1. Aerobic Oxidation of Formaldehyde Catalyzed by
PW8V4 in Different Solutionsa

solvent
CH2O conversion

(%)b
HCOOH yield

(%)c TONd

H2O 15 14 21
DMA/H2O [20/1 (v/v)] 35 32 47
CH3CN/H2O [20/1 (v/
v)]

30 28 43

THF/H2O [20/1 (v/v)] 14 14 19
DMF/H2O [20/1 (v/v)] 32 31 46
aReaction conditions: concentration of formaldehyde of 0.52 M,
concentration of catalyst of 4.0 mM, 1 atm of air, 2 mL of solvent,
room temperature, 144 h reaction time. bCH2O conversion (%) =
moles of CH2O consumed per mole of initial CH2O.

cGC yield based
on initial CH2O.

dTON = moles of CH2O consumed per mole of
catalyst.
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also identified for aerobic formaldehyde oxidation catalyzed by
NaH3[SiW11Ce

IVO39].
28

These observations not only indicate that oxygen is not
involved in the rate-limiting step but also argue against the well-
established two-step mechanism; they are more consistent with
radical chain autoxidation. The processes in eqs 5−10 are likely
based on the experimental results described above and
literature studies.28,93 These processes include the aldehyde
autoxidation steps (eqs 5−7) and the Haber−Weiss aqueous
phase hydroperoxide decomposition processes (eqs 8 and 9)
together with the Baeyer−Villiger oxidation of formaldehyde by
treatment with peroxy acid (eq 10). These processes taking
place simultaneously give rise to complex dependences on
catalyst/initiator concentration.

+ → + +• +initiation: RCHO V RCO V HV IV (5)

+ →• •propagation: RCO O RCO2 3 (6)

+ → +• •RCO RCHO RCO H RCO3 3 (7)

− + → +

+

•

+

Haber Weiss process: RCO H V RCO V

H
3

V
3

IV

(8)

+ → + +− •RCO H V RCO V OH3
IV

2
V

(9)

− + →Baeyer Villiger process: RCO H RCHO 2RCOOH3
(10)

Comparison of Supported Noble Metal and POM
Catalysts for Aerobic Formaldehyde Oxidation. Six
POMs, each with extensive and reversible redox chemistry,
were also prepared and evaluated as catalysts for the aerobic

oxidation of formaldehyde under ambient conditions (Table 2).
These POMs inc lude [n -Bu4N]5[W3V3O19] ; [n -

Bu4N]3H3V10O28, a POM with little documented ability to
catalyze aerobic organic oxidations;96−98 [n-Bu4N]7SiW9V3O40,
a Keggin-type trivanadium-containing POM with silicon as the
heteroatom; [n-Bu4N]9P2W15V3O62, a Wells−Dawson POM
with three incorpora ted vanad ium centers ; [n -
Bu4N]5PW11CoO39, a Keggin-type Co-containing POM with
phosphorus as the heteroatom; and [n-Bu4N]4[SiW11Ce

IVO39],
a Keggin-type Ce-containing POM. Four of the V-containing

Figure 4. (a) Time profile of formaldehyde consumption catalyzed by PW9V3 (red diamonds), PW8V4 (blue squares), PW6V6 (green triangles), and
blank (black circles) in a DMA/H2O [20/1 (v/v)] solvent system. (b) Formaldehyde DNP-Hydrazone peaks as detected by GC at various time
points over 120 h using PW9V3 as the catalyst in a DMA/H2O [20/1 (v/v)] solvent system.

Figure 5. (a) Initial rate of formaldehyde oxidation as a function of the initial reactant concentration (3.8 mM PW9V3). (b) Initial rate of
formaldehyde oxidation as a function of the initial catalyst (PW9V3) concentration (0.52 M CH2O).

Table 2. Aerobic Oxidation of Formaldehyde Catalyzed by
Different POMsa

entry catalyst

CH2O
conversion

(%)b
HCOOH
yield (%)c TONd

1 PW9V3 28 26 38
2 PW8V4 35 32 47
3 PW6V6 42 41 57
4 [n-Bu4N]5[W3V3O19] 0 − −
5 [n-Bu4N]3H3V10O28 0 − −
6 [n-Bu4N]7SiW9V3O40 0 − −
7 [n-Bu4N]9P2W15V3O62 0 − −
8 [n-Bu4N]5PW11CoO39 24 23 32
9 [n-Bu4N]4[SiW11Ce

IVO39] 39 39 53
aReaction conditions: concentration of formaldehyde of 0.52 M,
concentration of catalyst of 3.8 mM, 1 atm of air, 2 mL of solvent,
ambient temperature, 144 h reaction time. bCH2O conversion (%) =
moles of CH2O consumed per mole of initial CH2O.

cGC yield based
on initial CH2O.

dTON = moles of formaldehyde consumed per mole
of catalyst.
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complexes are effectively inactive. This finding also indicates
that the polyanion properties [structure, V(V/VI) potential,
etc.] dictate reactivity in the radical chain aerobic oxidation of
formaldehyde. The polyvanadotungstates exhibit an activity
comparable to that of the well-documented Keggin-type Co-
containing and Ce-containing POMs in a DMA/H2O [20/1
(v/v)] solvent system.
Some precious metals, e.g., Au, Ru, Pd, and Pt, in large-

surface area formulations are known to be very effective
catalysts for the gas phase aerobic oxidation of formaldehyde at
moderate temperatures.39,40 As noted above, Pt nanoparticles
supported on TiO2 have been shown to be an effective catalyst
for formaldehyde oxidation at room temperature.33,43 Impor-
tantly, most of these noble metal-catalyzed formaldehyde
oxidations to date are gas phase reactions. However, water is
ubiquitous in human environments, and thus, formaldehyde
exists nearly exclusively in its hydrated form [CH2(OH)2].
Therefore, in this work, metal oxide-supported Au and Pt
nanoparticles (Au/TiO2, reduced Pt/TiO2) with 1 wt %
loading (Figure S6 of the Supporting Information) were
prepared by the literature methods33,44 and assessed for their
ability to catalyze aerobic oxidation of formaldehyde in the
presence of water.
The catalytic activities of PW9V3, PW8V4, PW6V6, and the

supported noble metal catalysts in the presence of water at 40
°C are shown in Figure 6. In a DMA/H2O [20/1 (v/v)]

solvent system with ∼4 vol % water, the reduced Pt/TiO2
shows the highest activity with a formaldehyde conversion of
61%, a finding consistent with the results of Huang et al. and
other groups.99 The Au/TiO2 also catalyzes formaldehyde
oxidation with a conversion of 34%. Critically, however, with an
increase in the water concentration (volume percent), the
activity of the supported noble metal catalysts decreases
precipitously. In aqueous solutions (100 vol % water), the
activities of the supported noble metal catalysts for aerobic
formaldehyde oxidation are markedly lower than those of
PW9V3, PW8V4, and PW6V6. These results indicate that the
polyvanadotungstates are water-compatible active catalysts for
oxidative removal of formaldehyde.
Stability and Reusability of the Catalyst. From a

practical point of view, stability and reusability issues should be
taken into account when using catalysts for organic reactions. A
quite stable catalyst that can be recovered and reused several
times and does not become easily deactivated is highly

attractive. The stability and reusability of the TBA salts of the
polyvanadotungstates were investigated for aerobic form-
aldehyde oxidation in three successive runs. The postreaction
solutions in each run were completely dried under vacuum and
weighed, and the catalyst was recycled. The recovered catalysts
were reused in subsequent reactions under conditions identical
to those in the first run. Two lines of evidence indicate that the
vanadium-substituted POMs are quite stable under turnover
conditions. (1) The recycled POMs catalyze aerobic oxidation
of formaldehyde for at least three cycles without a significant
loss of activity. (2) The FT-IR spectra of PW9V3, PW8V4, and
PW6V6 after the catalytic reactions retain all the characteristic
peaks of the spectra of the substituted Keggin-type POMs
(Figure S7 of the Supporting Information). These results
indicate that TBA salts of the polyvanadotungstates exhibit
excellent stability and reusability for the aerobic oxidation of
formaldehyde.

■ CONCLUSIONS
This study reveals that the tetra-n-butylammonium (TBA) salts
of polyvanadotungstates, [n-Bu4N]6[PW9V3O40] (PW9V3), [n-
B u 4N ] 6HPW 8V 4O 4 0 · 9H 2O (PW8V 4 ) , a n d [ n -
Bu4N]5H4PW6V6O40·6H2O (PW6V6), can work as robust
catalysts for the aerobic oxidation of formaldehyde under
ambient conditions. This is of note because formaldehyde is
both a major TIC and a general health concern in human
environments. The catalysts work best in the DMA/water
mixed solvent system of [20/1 (v/v)]. Optimization of the
reaction conditions led to a system that affords 57 turnovers. A
kinetic study of a representative reaction (PW9V3 catalyst, 0.52
M aqueous formaldehyde reagent, and 1.0 atm of air)
establishes that the reaction is first-order in formaldehyde
substrate, parabolic-order in catalyst, and zero-order in O2,
findings that are all consistent with a radical chain mechanism.
Comparison with other related POMs and metal oxide-
supported Pt/Au catalysts indicates that the TBA salts of
polyvanadotungstates show promise as water-compatible
catalysts (can be made and used in water) for oxidative
removal of formaldehyde under ambient, high-humidity
conditions. Systematic optimization and mechanistic studies
are in progress.
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(40) Álvarez-Galvań, M. C.; Pawelec, B.; de la Peña O’Shea, V. A.;
Fierro, J. L. G.; Arias, P. L. Appl. Catal., B 2004, 51, 83−91.
(41) Chen, M. S.; Goodman, D. W. Science 2004, 306, 252−255.
(42) Chen, M.; Cai, Y.; Yan, Z.; Goodman, D. W. J. Am. Chem. Soc.
2006, 128, 6341−6346.
(43) Zhang, C.; He, H.; Tanaka, K.-i. Appl. Catal., B 2006, 65, 37−43.
(44) Huang, H.; Leung, D. Y. C.; Ye, D. J. Mater. Chem. 2011, 21,
9647−9652.
(45) Zhang, Y.; Shen, Y.; Yang, X.; Sheng, S.; Wang, T.; Adebajo, M.
F.; Zhu, H. J. Mol. Catal. A: Chem. 2010, 316, 100−105.
(46) Ma, C.; Wang, D.; Xue, W.; Dou, B.; Wang, H.; Hao, Z. Environ.
Sci. Technol. 2011, 45, 3628−3634.
(47) Kholdeeva, O. A.; Vanina, M. P.; Timofeeva, M. N.;
Maksimovskaya, R. I.; Trubitsina, T. A.; Melgunov, M. S.; Burgina,
E. B.; Mrowiec-Bialon, J.; Jarzebski, A. B.; Hill, C. L. J. Catal. 2004,
226, 363−371.
(48) Kholdeeva, O. A.; Maksimchuk, N. V.; Maksimov, G. M. Catal.
Today 2010, 157, 107−113.
(49) Pope, M. T. In Progress in Inorganic Chemistry; Lippard, S. J.,
Ed.; John Wiley & Sons, Inc.: New York, 1991; Vol. 39, pp 181−257.
(50) Pope, M. T.; Müller, A. Angew. Chem. 1991, 103, 56−70.
(51) Hill, C. L.; Prosser-McCartha, C. M. Coord. Chem. Rev. 1995,
143, 407−455.
(52) Hill, C. L. In Comprehensive Coordination Chemistry-II: From
Biology to Nanotechnology; Wedd, A. G., Ed.; Elsevier Ltd.: Oxford,
U.K., 2004; Vol. 4, pp 679−759.
(53) Neumann, R.; Levin, M. J. Org. Chem. 1991, 56, 5707−5710.
(54) Lv, H.; Geletii, Y. V.; Zhao, C.; Vickers, J. W.; Zhu, G.; Luo, Z.;
Song, J.; Lian, T.; Musaev, D. G.; Hill, C. L. Chem. Soc. Rev. 2012, 41,
7572−7589.
(55) Neumann, R. Prog. Inorg. Chem. 1998, 47, 317−370.
(56) Vickers, J. W.; Lv, H.; Sumliner, J. M.; Zhu, G.; Luo, Z.; Musaev,
D. G.; Geletii, Y. V.; Hill, C. L. J. Am. Chem. Soc. 2013, 135, 14110−
14118.
(57) Fujibayashi, S.-y.; Nakayama, K.; Hamamoto, M.; Sakaguchi, S.;
Nishiyama, Y.; Ishii, Y. J. Mol. Catal. A: Chem. 1996, 110, 105−117.
(58) Kozhevnikov, I. V. J. Mol. Catal. A: Chem. 1997, 117, 151−158.
(59) Kozhevnikov, I. V. Chem. Rev. 1998, 98, 171−198.
(60) Shinachi, S.; Matsushita, M.; Yamaguchi, K.; Mizuno, N. J. Catal.
2005, 233, 81−89.
(61) Kholdeeva, O. A.; Grigoriev, V. A.; Maksimov, G. M.; Fedotov,
M. A.; Golovin, A. V.; Zamaraev, K. I. J. Mol. Catal. A: Chem. 1996,
114, 123−130.
(62) Mizuno, N.; Watanabe, T.; Misono, M. J. Phys. Chem. 1985, 89,
80−85.
(63) Black, J. B.; Clayden, N. J.; Gai, P. L.; Scott, J. D.; Serwicka, E.
M.; Goodenough, J. B. J. Catal. 1987, 106, 1−15.
(64) Mizuno, N.; Watanabe, T.; Misono, M. J. Phys. Chem. 1990, 94,
890−894.
(65) Mizuno, N.; Watanabe, T.; Misono, M. Bull. Chem. Soc. Jpn.
1991, 64, 243−247.
(66) Combs-Walker, L. A.; Hill, C. L. Inorg. Chem. 1991, 30, 4016−
4026.

ACS Catalysis Research Article

dx.doi.org/10.1021/cs5000763 | ACS Catal. 2014, 4, 1154−11611160



(67) Lissel, M.; Jansen in de Wal, H.; Neumann, R. Tetrahedron Lett.
1992, 33, 1795−1798.
(68) Khenkin, A. M.; Rosenberger, A.; Neumann, R. J. Catal. 1999,
182, 82−91.
(69) Ali, B. E.; El-Ghanam, A. M.; Fettouhi, M. J. Mol. Catal. A:
Chem. 2001, 165, 283−290.
(70) Khenkin, A. M.; Weiner, L.; Wang, Y.; Neumann, R. J. Am.
Chem. Soc. 2001, 123, 8531−8542.
(71) Khenkin, A. M.; Neumann, R. J. Org. Chem. 2002, 67, 7075−
7079.
(72) Khenkin, A. M.; Neumann, R. J. Am. Chem. Soc. 2002, 124,
4198−4199.
(73) Domaille, P. J. In Inorganic Synthesis; Ginsberg, A. P., Ed.; John
Wiley and Sons: New York, 1990; Vol. 27, pp 96−104.
(74) Smith, D. P.; Pope, M. T. Inorg. Chem. 1973, 12, 331−336.
(75) Xu, Y.; Xu, J.-Q.; Yang, G.-Y.; Wang, T.-G.; Xing, Y.; LIN, Y.-H.;
Jia, H.-Q. Acta Crystallogr. 1998, C54, 563−565.
(76) Finke, R. G.; Rapko, B.; Saxton, R. J.; Domaille, P. J. J. Am.
Chem. Soc. 1986, 108, 2947−2960.
(77) Day, V. W.; Klemperer, W. G.; Maltbie, D. J. J. Am. Chem. Soc.
1987, 109, 2991−3002.
(78) Prosser-McCartha, C. M.; Kadkhodayan, M.; Williamson, M.
M.; Bouchard, D. A.; Hill, C. L. J. Chem. Soc., Chem. Commun. 1986,
24, 1747−1748.
(79) Williamson, M. M.; Bouchard, D. A.; Hill, C. L. Inorg. Chem.
1987, 26, 1436−1441.
(80) Gall, R. D.; Faraj, M.; Hill, C. L. Inorg. Chem. 1994, 33, 5015−
5021.
(81) Chen, Q.; Hill, C. L. Inorg. Chem. 1996, 35, 2403−2405.
(82) Nakka, L.; Molinari, J. E.; Wachs, I. E. J. Am. Chem. Soc. 2009,
131, 15544−15554.
(83) Hamamoto, M.; Nakayama, K.; Nishiyama, Y.; Ishii, Y. J. Org.
Chem. 1993, 58, 6421−6425.
(84) Rocchiccioli-Deltcheff, C.; Fournier, M. J. Chem. Soc., Faraday
Trans. 1991, 87, 3913−3920.
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