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Oxidation of cyclopentene catalyzed by tungsten-substituted molybdophosphoric acids
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Abstract—A series of Keggin type tungsten-substituted molybdophosphoric acids (H;PMo,,_,W,0,,-XH,0) were
synthesized and characterized by ICP-AES, FT-IR, TG-DSC, and XRD. The tungsten substitution extent signifi-
cantly affected their catalytic activity in the oxidation of cyclopentene and the selectivity of the resultant products. The
tungsten-substituted molybdophosphoric acids with tungsten substitution numbers in a range of 3-6.8 exhibited high
catalytic activity in the oxidation of cyclopentene. After reaction for 8 h, the conversion of cyclopentene was up to
97%; the oxidation products mainly consisted of glutaraldehyde, cis-1,2-cyclopentanediol and #rans-1,2-cyclopentanediol
with the yields of ca. 23%, 27%, and 45%, respectively.
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INTRODUCTION

Valuable derivatives of cyclopentene, such as glutaraldehyde and
1,2-cyclopentanediol, can be produced through the selective oxida-
tion of cyclopentene, which is a by-product produced in a large quan-
tity in oil refining. The derivatives of cyclopentene have important
practical applications in many fields, e.g., glutaraldehyde is exten-
sively used for disinfection, sterilization, leather tanning, and petro-
leum exploitation processes [1]; 1,2-Cyclopenediol is an important
feedstock to produce glutaric acid, which is an important interme-
diate for production of polyamide and polyurethane [2].

Several tungsten oxide-containing catalysts were reported as po-
tential catalysts for oxidation of cyclopentene in both homogeneous
and heterogeneous catalysis systems. For example, tungstic acid
was used as a homogeneous catalyst in the oxidation of cyclopen-
tene with aqueous hydrogen peroxide [3]; tungsten oxides [4], W-
doped MCM-41 [5] or SBA-15 [1], and SiO, [6,7] or TiO,-SiO,
[8] supported WO, were used as heterogeneous catalysts for oxi-
dation of cyclopentene.

Recently, heteropolyacids have been widely investigated as cat-
alysts for acid-catalyzed and oxidation reactions. The advantages
of Keggin type heteropolyacid catalysts are the low volatility, low
corrosiveness, nontoxicity, high Bronsted acid strength, and high
oxidation activity. The catalytic property of heteropolyacids can be
tuned by changing their central heteroatoms, framework polyatoms,
and charge-compensating cations because the substitution of these
atoms changes their acid and redox properties [9-13]. For example,
as compared with molybdophosphoric acid, vanadium-substituted
molybdophosphoric acids showed high activity and selectivity for
the lactonization of 1,4-butanediol to j<butyrolactone [14], the oxi-
dation of methacrolein to methacrylic acid [11], isobutene to meth-
acrylic acid and methacrolein [15], nitrobenzene to nitrophenol [16],
and benzene to phenol [17].

In our present work, a series of tungsten-substituted molybdophos-
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phoric acids were synthesized and characterized. The effect of tung-
sten substitution extent on the catalytic activity of the heteropolyacids
in the oxidation of cyclopentene with H,O, was investigated.

EXPERIMENTAL

1. Materials

Na,WO,-2H,0 (99%), Na,MoO,-2H,0 (99%), Na,HPO,-12H,0
(99%), H,SO, (98%), diethyl ether, aqueous hydrogen peroxide (50%),
2-propanol (99.7%), and cyclopentene (98%), all reagent grade,
were purchased from National Shanghai Chemical Co. Ltd. and
used as received. Distilled water was used throughout all of the ex-
periments.
2. Catalyst Preparation

Tungsten-substituted molybdophosphoric acids were prepared
by a modified classical ether extraction method. The preparation of
a tungsten-substituted molybdophosphoric acid with a desired for-
mula of H;PMo,;WO,,-XH,0 is presented as an example: 8.95 g
of Na,HPO,12H,0 and 66.54 g of Na,M00O,-2H,0O were dissolved
in 50 ml and 100 ml of distilled water, respectively. The above-men-
tioned solutions were mixed and heated at 90 °C for 30 min under
stirring. Then a 50 ml aqueous solution containing 8.25 g of Na, WO,
2H,0 was added to the above mixed solution. The resultant solu-
tion reacted at 90 °C for 30 min. After reaction, the reaction solu-
tion was cooled to room temperature and the pH value of the solution
was adjusted to 1.5-2 by adding 98% H,SO, dropwise under vigor-
ous stirring. The solution was heated to 90 °C and reacted for 8 h
under stirring. After reaction, the solution was cooled to room tem-
perature, standing over night. 100 ml of diethyl ether was added to
the solution with intense, thorough shaking, After that, 20 ml of H,SO,
(1:1, v/v) was added to the solution batchwise with shaking and
extracting until three layers appeared in the solution. In this extrac-
tion process, the oil-like yellow heteropolyacid-etherate compound
presented at the bottom layer; the middle layer was canary yellow
and probably contained tungstic and molybdic species; the top layer
was diethyl ether. After separation, a stream of air was passed through
the oil-like yellow heteropolyacid-etherate compound to free it of
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Table 1. Compositions of the resultant tungsten-substituted mlybdophosphoric acids determined by ICP-AES and TG-DSC and

the calculated formulas

Sample Desir.ed mole Mole ratios of . Endothermic Endothermic Exothermic peak
numbers 2108 of  P:Mo: W determined peak 1 peak 2 Calculated formulas
P:Mo: W by ICP-AES T(C) -H,0(%) T(C) -H0 (%) T(C) -HO (%)
A 1:12:0 1:12:0 74.9 6.44 116.7 436 416.0 1.52 H;PMo,,0,,-12H,0
B 1:11:1 1:10.6:1.1 98.2 10.54 117.0 6.82 435.0 145 H,PMo,, W, ,0,°22H,0
C 1:9:3 1:87:3.0 91.9 8.35 121.8 6.15 457.0 1.30 H,PMo,,W,0,,- 19H,0
D 1:7:5 1:6.5:48 851 466 1271 457 4690 125  HPMoyW,O, 12H,0
E 1:5:7 1:48:68 888 758 1580 354 4960 115  H;PMo,;W,O, 15H,0
F 1:3:9 1:33:85 720 433 1618 257 5189 107  H;PMos;WyO, 11H,0
G 1:1:11 1:12:10.6 681 433 1691 291 5611 101  HPMo,,W,0Ou 12H,0
diethyl ether. The remaining yellow substance (the coarse tungsten- DSCI{ miimg )
substituted molybdophosphoric acid) was dissolved in 25 ml of dis- T6% | heat release

tilled water, concentrated to the appearance of crystals in a vacuum
desiccator over concentrated sulfuric acid, and then allowed to crys-
tallize further. The yellow crystal that formed was filtered, washed
with water, and air dried.

The synthesis method of the other tungsten-substituted molyb-
dophosphoric acids was similar to the above-mentioned one. Only
the mole ratio of the reactants was changed according to that of P :
Mo : W in the desired formula H;PMo,,_,W,0,,XH,0.

3. Characterization

The bulk elemental composition of the as-prepared tungsten-sub-
stituted molydophosphoric acids was examined by inductive cou-
pled plasma atomic emission spectroscopy (ICP-AES) (VISTA-
MPX CCD simultaneous ICP-AES). Thermal gravimetry and dif-
ferential scanning calorimetry (TG-DSC) curves of the samples were
acquired by using a thermoanalysis instrument (NETZSCH STA
449C) under dynamic nitrogen atmosphere at a heating rate of 10 °C/
min. Fourier transform infrared spectra (FT-IR) of the samples were
recorded on a Nicolet-Nexus 470 FTIR spectrometer at room tem-
perature by the KBr pellet technique. Powder X-ray diffraction anal-
ysis was performed on a Shimada DX-D1 powder diffractometer
by using CuK « radiation at a wavelength of 0.154 nm, 30 kV and
30 mA.

4. Catalysis Test

The activity test was performed in a closed 250 ml three-neck
flask at 35 °C with magnetic stirring using aqueous H,0O, as an oxi-
dant and 2-propanl as a solvent. In the catalytic reaction, the amounts
of catalyst, aqueous H,O,, cyclopentene, and 2-propanol were 0.5
mmol, 24 ml, 18 ml, and 88 ml, respectively. The determination of
the resultant products was performed on a gas chromatograph cou-
pled with a mass spectrophotometer (TRACE DSQ-TRACE GC
ULTRA) by comparing their mass spectra with NIST library data.
The quantitative analyses of the unreacted cyclopentene and the
products were performed on a gas chromatograph (FID) with a cap-
illary column (SE-54).

RESULTS AND DICUSSION
1. Characterization of Tungsten-substituted Molybdophospho-

ric Acids
1-1. Elemental Analysis

300 400 500 600 700 800 900
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Fig. 1. TG-DSC curves of the sample with a mole ratio of P : Mo :
Wofl:4.8:6.8.

The main element contents of the tungsten-substituted molyb-
dophosphoric acids analyzed by ICP-AES are listed in Table 1. ICP-
AES analysis indicated that the mole ratios of P: Mo : W of the
samples were nearly in agreement with the desired ones.

1-2. TG-DSC Analysis

The contents of water present in the tungsten-substituted molyb-
dophosphoric acids were analyzed by TG-DSC technique. The TG-
DSC analysis of the sample with a mole ratio of P: Mo: W of 1:
4.8 : 6.8 was taken as a representative example. As shown in Fig. 1,
in the first weight-loss stage, free crystallized water, 7.58% of the
total sample weight, was lost and an endothermic peak correspond-
ingly emerged at 88.8 °C. The H'-combined water, 3.54% of the
total sample weight, was lost in the second weight-loss stage accom-
panied by an endothermic peak at 158 °C. In the third weight-loss
stage, the structural water, 1.15% of the total sample weight, was
lost and an exothermic peak at 496 °C appeared in the DSC curve,
characterizing the collapse of the heteropolyacid [18]. The as-pre-
pared tungsten-substituted molybdophosphoric acids are hydrated
crystals.

From Table 1, we also found that the temperatures of the second
endothermic peaks, corresponding to the weight loss of H'-com-
bined water, increased from 116.7 to 169.1 °C, while the tungsten
atom number in the formulas increased from 0 to 10.6. It is well
known that when the desorption temperature of the H'-combined
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Fig. 2. FT-IR spectra of the heteropolyacids.

water is high, the acid strength is high [19] and that the acid strength
of tungstophosphoric acid is higher than that of molybdophosphoric
acid [9,10,20] Therefore, an increase of tungsten content in the tung-
sten-substituted molybdophosphoric acids raises their acid strength.
1-3. FT-IR Analysis

Fig. 2 shows the FT-IR spectra of the as-prepared tungsten-sub-
stituted molybdophosphoric acids, and the data are listed in Table 2.
Over a range of 700-1,100 cm™, the absorption bands at 1,064-1,079,
963-983, 872-890, and 788-798 cn1™!, corresponding to the four char-
acteristic skeletal vibrations of the Keggin oxoanions, were observed
in the FT-IR spectra of each sample. These absorption bands are
attributed to the vibrations of v,(P-O,-(M),), v,(M=0,), v,(M-O,-
M) in corner shared octahedra, and v,(M-O.-M) in edge shared
octahedra (M=Mo, W), respectively [21-23]. These characteristic
bands are regarded as experimental evidences for the existence of
heteropolyacid molecules. Furthermore, the FTIR characteristic peaks
of the Keggin structure of the tungsten-substituted molybdophos-
phoric acids were similar to each other, indicating that the Keggin
structure was not changed after tungsten substitution. The bands of
U(P-O0,AM),), 0, (M=0,), v, (M-O,-M), and v,,(M-O-M) (M=Mo,
W) shifted to high frequency with the increase of the amount of
tungsten, which can be explained as being due to the substitution
of molybdenum with tungsten.

Table 2. FT-IR data of H,PMo,, ,W,0,XH,0 (cm™)

u] 10 20 30 40 50
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Fig. 3. X-Ray diffraction patterns of the heteropolyacids.

The bands at ca. 1,610 cm™ and 3,440 cm™ attributed to the bend-
ing and stretching vibrations of crystallized water [24] were present
in all of the FT-IR spectra, revealing that the resultant tungsten-sub-
stituted molybdophosphoric acids were hydrated.

1-4. XRD Analysis

As shown in Fig. 3, the X-ray diffraction patterns of the tung-
sten-substituted molybdophosphoric acids are primarily distributed
in four ranges of 26, which are 6-12°, 16-23°, 25-30°, and 31-38°,
revealing that the synthesized samples belong to the set of Keggin
type heteropolyacids [24]. The XRD pattern of heteropolyacid re-
flects its secondary structure, which strongly depends on its envi-
ronment. The variation in the intensities of diffraction peaks should
be due to the framework polyatom substitution and the hydration.
2. Catalytic Activity Test

GC/MS analysis showed that the main products in the oxidation
of cyclopentene catalyzed by tungsten-substituted molybdophos-
phoric acids were glutaraldehyde, cis-1,2-cyclopentanediol, and #rans-
1,2-cyclopentanediol. The ion peaks at m/z 27, 29, 39, 41, 44, 57,
72, 82 in the mass spectra (not shown) were attributed to glutaral-
dehyde. The major ion peaks present at m/z 27, 29, 41, 43, 55, 57,
83, 84, 101 were attributed to both cis-1,2-cyclopentanediol and
trans-1,2-cyclopentanediol, whose peaks appeared at different time
in the GC analysis.

Fig. 4 shows the conversion of cyclopentene catalyzed by tung-

Samples U(P-O,-(M);) v, (M=0,) U,(M-O,-M) U, (M-O-M)
H,PMo,,0,,- 12H,0 1064 963 872 788
H,PMo, W, ,0,,-22H,0 1067 967 873 790
H,PMoy,W,0,, 19H,0 1069 969 875 792
H,PMo, W, 0., 12H,0 1072 973 878 794
H,PMo, ;W ;0,, 15H,0 1075 976 882 796
H,PMo,,W; .0, 1 1H,0 1077 980 885 797
H,PMo, ,W 0O, 12H,0 1079 983 890 798

May, 2009
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Fig. 4. The conversion of cyclopentene catalyzed by the heteropoly-
acids.

sten-substituted molybdophosphoric acids. When tungsten-substituted
molybdophosphoric acids catalyzed oxidation of cyclopentene, the
conversion of cyclopentene was up to 97% after reaction for 8 h.
Tungsten-substituted molybdophosphoric acids exhibited good cat-
alytic activity in the oxidation of cyclopentene. The initial conver-
sions during the first 2 h showed that the catalytic oxidation activities
of tungsten-substituted molybdophosphoric acids were in an order
of H;PMo, sW,s0,,-12H,0>H,;PMoy,W0,, 19H,0>H,PMo, ;W s
O, 15H,0>H;PMo,,,W, 0, 22H,0>H,PMo; ;W; ;0,," 11H,0>
H,PMo,,0,, 12H,0>H,PMo, ,W,,(O,, 12H,0. The catalytic activ-
ity increased with increasing the tungsten substitution number from
0 to 4.8. Further increasing tungsten substitution number from 4.8
to 10.6 led to the decrease of the catalytic activity.

Fig. 5 shows the yield of glutaraldehyde catalyzed by tungsten-
substituted molybdophosphoric acids. For all of the tungsten-sub-
stituted molybdophosphoric acid catalysts, the yield of glutaralde-
hyde rapidly increased with prolonging the reaction time to 4 h. Then
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Fig. 5. The yield of glutaraldehyde catalyzed by the heteropolyac-
ids.
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Fig. 6. The yield of cis-1,2-cyclopentenediol catalyzed by the het-
eropolyacids.

the yields slightly increased with further prolonging the reaction
time from 4 to 12 h, revealing that glutaraldehyde was one of the
final products in the oxidation of cyclopentene. The yield order of
glutaraldehyde catalyzed by the tungsten-substituted molybdophos-
phoric acids is: H;PMog s W, 0,,-12H,0~=H;PMo, ;W ;O,, 15H,0=
H;PMos,W,0,' 19H,0>H,PMo; ; W, O, 11H,0>H,;PMo,, W, ,0,°
22H,0>H,PMo,,0,,' 12H,0>H,PMo, ,W, O, 12H,0.

Fig. 6 shows the yield of cis-1,2-cyclopentanediol catalyzed by
tungsten-substituted molybdophosphoric acids. The yield of cis-1,2-
cyclopentanediol rapidly increased with prolonging the reaction time
to 4 h, then the yield slightly increased with further prolonging the
reaction time from 4 to 12 h, revealing that cis-1,2-cyclopentanediol
was another final product in the oxidation of cyclopentene. The yield
order of cis-1,2-cyclopentanediol catalyzed by the tungsten-substi-
tuted molybdophosphoric acids is: H;PMo, s W, 0, 12H,0~H,PMo, 4
W50, 15H,0~H;PMo,;W0,, 19H,0>H,;PMo,( W, ,0,,,22H,0>
H;PMo, ;W; ;0,,' 11H,0>H,PMo,,0,," 12H,0~H,;PMo, ,W,, (O,
12H,0.
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Fig. 7. The yield of frans-1,2-cyclopentenediol catalyzed by the het-
eropolyacids.
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The yields of trans-1,2-cyclopentanediol catalyzed by tungsten-
substituted molybdophosphoric acids are shown in Fig. 7. When
the tungsten-substituted molybdophosphoric acids with tungsten
substitution numbers in a range of 1.1-8.5 were used as the cata-
lysts, the yields of #rans-1,2-cyclopentanediol increased with in-
creasing the reaction time to ca. 2 h, then slightly decreased with
further prolonging the reaction time. The yield of #rans-1,2-cyclo-
pentanediol catalyzed by molybdophosphoric acid and the tung-
sten-substituted molybdophosphoric acid with a tungsten substitution
number of 10.6 increased with prolonging the reaction time. As cer-
tified by the conversion of cyclopentene, the tungsten-substituted
molybdophosphoric acids with tungsten substitution numbers in a
range of 1.1-8.5 had higher oxidation activity than the molybdophos-
phoric acid and the tungsten-substituted molybdophosphoric acid
with a tungsten substitution number of 10.6, causing further oxidation
of the resultant frans-1,2-cyclopentanediol. After reaction for 8 h,
the yields of #rans-1,2-cyclopentanediol catalyzed by the tungsten-
substituted molybdophosphoric acids were in the order of H;PMo, ,
W 10040 12H,0>H,PMo, W, :0,o- 1 1H,0>H,PMo,,0,, 12H,0>
H;PMo, W, ,0,922H,0>H;PMo,,W;0,,' 19H,0~H,PMo, s W, s0,¢°
12H,0~H,PMo, ;W ;0,," 15H,0. The tungsten-substituted molybdo-
phosphoric acids with tungsten substitution numbers of 3-6.8 showed
lower trans-1,2-cyclopentanediol yields (ca. 40%) in the oxidation
of cyclopentene than the other heteropolyacids. The yield of #ans-
1,2-cyclopentanediol was more than that of cis-1,2-cyclopentanediol
due to that 7rans-1,2-cyclopentanediol has a more steady structure
than cis-1,2-cyclopentanediol.

3. Reaction Route

A plausible oxidation route of cyclopentene catalyzed by tung-
sten-substituted molybdophosphoric acids is shown in Scheme 1.
In the catalytic oxidation process of cyclopentene, H,O, reacted with
M=0 (M=Mo, W) bonds of tungsten-substituted molybdophos-
phoric acids to form peroxo-heteropolyacids as active components
[25]. In addition to the formation of glutaraldehyde, cis-1,2-cyclo-
pentanediol, and #rans-1,2-cyclopentanediol, a trace amount of cy-
clopentene epoxide was also detected in the catalytic oxidation of
cyclopentene catalyzed by the heteropolyacids. Therefore, we sug-
gested that cyclopentene was first oxidized by peroxo-heteropoly-
acids to cyclopentene epoxide. Then the resultant cyclopentene ep-
oxide was rapidly converted to glutaraldehyde, cis-1,2-cyclopen-
tanediol, and #rans-1,2-cyclopentanediol in two ways. One way was
to form cis-1,2-cyclopentanediol and #rans-1,2-cyclopentanediol via
hydrolysis of cyclopentene epoxide catalyzed by proton acid, and a
certain amount of #rans-1,2-cyclopentanediol was further oxidized
by peroxo-heteropolyacids to glutaraldehyde. Another way was to
form glutaraldehyde via the oxidation of cyclopentene epoxide by
peroxo-heteropolyacids.

s T
o, o] -
o H,0

OH
trans-
OH

M’? |/\(_HU M’? |
_ 0, ~0

CHO

Scheme 1. The reaction route of cyclopentene oxidation catalyzed
by heteropolyacids.

May, 2009

In the catalytic oxidation process, besides the heteropolyacids
having oxidation activity, their protons also play a role as acid cata-
lysts in the conversion of cyclopentene epoxide to cis-1,2-cyclo-
pentanediol and #rans-1,2-cyclopentanediol. The yield of both cis-
1,2-cyclopentanediol and #rans-1,2-cyclopentanediol is higher than
that of glutaraldehyde, meaning that the acid catalytic activity of
the heteropolyacids is higher than their catalytic oxidation activity.

When H,0; is used as an oxidant, the polyatoms of heteropoly-
acids are able to combine with H,O, to form peroxy bond [25]. Fur-
thermore, Rao et al. [21] reported that tungsten atom has stronger
combination ability with oxygen than molybdenum atom. There-
fore, it is reasonable to conclude that the combination ability of het-
eropolyacids with H,O, becomes stronger with increasing the tungsten
substitution number from 0 to 4.8, giving higher oxidation activity.
However, further increasing the tungsten substitution number from
4.8 to 10.6 excessively strengthens the combination ability of het-
eropolyacid with H,0,, resulting in the decrease of the capability to
release reactive oxygen, subsequently giving a lower catalytic activ-
ity. Adequate tungsten substitution extent is essential to the catalytic
oxidation activity. This is probably the reason why the heteropoly-
acids with tungsten substitution numbers ranging from 3 to 6.8 show
higher catalytic activity in the selective oxidation of cyclopentene
to glutaraldehyde.

CONCLUSIONS

Glutaraldehyde, cis-1,2-cyclopentanediol, and #rans-1,2-cyclo-
pentanediol were the main products in the oxidation of cyclopen-
tene catalyzed by tungsten-substituted molybdophosphoric acids.
H,PMo,,W;0,,'19H,0, H;PMo,sW, 0, 12H,0, and H;PMo, W
O, 15H,0 exhibited higher catalytic oxidation activity than the other
tungsten-substituted molybdophosphoric acids. After reaction for
8 h, the conversion of cyclopentene was up to 97% and the yields
of glutaraldehyde cis-1,2-cyclopentanediol, and trans-1,2-cyclo-
pentanediol were around 23%, 27% and 45%, respectively. The sub-
stitution extent of tungsten-substituted molybdophosphoric acids af-
fected their catalytic oxidation activity and their protons also par-
ticipated in the catalytic reaction.
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