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Abstract: Fatty acid ester perfume occupied an important position in food industry. The characteristics of them were variety, 

easy synthesis and low price. They were widely used in daily flavor, edible flavor and industrial flavor. POMs were a kind of 

stong acid bifunctional mild environment-friendly catalysts, their drawback was excellent solubility and could not be reused. 

Here, series of transition-metal-substituted phosphotungstate K6[PW11O39M
Ⅱ

(H2O)] (M = Cu, Co, Ni) Lewis acid heterogeneous 

phase catalysts based on mono-lacunary-Keggin type K7 [PW11O39] were prepared by stereoselect-eve method, K6 [PW11O39M
Ⅱ

(H2O)] (M = Cu, Co, Ni) were abbreviated as PW11M
Ⅱ
(H2O) (M = Cu, Co, Ni). They were characterized by FT-IR, PXRD and 

element analysis. The coordinating water of transition metal was Lewis acid catalytic sites after activated. When mole ratio of 

butanol and lactic acid was 2: 1, amount of PW11 M
Ⅱ

(H2O) (M = Cu, Co, Ni) was 0.125 g, volume of cyclohexane was 15 mL, the 

reaction temperature was 105°C, reaction time was 2 h, conversion rate of n-butyl lactate were in order: 85.9%, 79.6%, 66.3%. 

Activity of PW11X (X = Cu, Co, Ni) had no obvious changes after three times recycling. In addition, magnetic studies indicate 

that antiferromagnetic interactions exist in the three compounds. 
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1. Introduction 

Synthetic perfume especially ester synthetic perfume are 

the important materials for food industry, cosmetics and drugs 

manufacture industry. Strong inorganic acid such as H2SO4 is 

the classical acid catalyst for the industrial progress of 

synthesis of synthetic ester perfume. [1-3]
 
As we all know, the 

shortage of process route are equipment corrosion serious, 

poor selectivity and complicated process. [4, 5] With the 

enhancement of awareness of environment protection, 

scientist are working on small corrosion performance, low 

price, high performance catalyst. [6-9] 

Polyoxometalates (POMs), as a class of nanosized metal–

oxo clusters composed of group VI (Mo and W) and group V 

(V, Nb and Ta) elements in their highest oxidation state, have 

received increasing attention owing to their aesthetically 

appealing structures and wide applications such as in the fields 

of magnetism,
 

[10-12] catalysis,
 

[13-20] and proton 

conduction.
 
[22-24] Due to their strong acidity and fast 

multielectron transformation activity, POMs can be employed 

as acid, redox and bifunctional (acid and redox) catalyst for 

organic reactions. As homogeneous catalyst, POMs possess 

high activity, good selectivity and mild operation conditions. 

But there are still some difficulties for solve the problem of 

separation and recycling of POMs catalyst. 

Inspired by the properties of POMs, series heterogeneous 

catalyst PW11M
Ⅱ

(H2O) (M = Cu, Co, Ni) were explored by 

introducing transition metal (M = Cu, Co, Ni) into 

mono-lacunary-Keggin type K7 [PW11O39]. When low-valent 

transition metal ions such as Cu
2+

, Co
2+

, Ni
2+

 replace tungsten 

atom form substituted saturated POMs, these low-valence 

metal ions usually coordinated with one or more coordination 

water molecules. After a simple heating and activation, the 

coordination water lost and M
2+

 become the Lewis acid 

catalytic center. The Lewis acid catalytic performance of 

PW11M
Ⅱ

(H2O) (M = Cu, Co, Ni) has been investigated by 

their catalytic conversion rates for synthesis of n-butyl lactate. 
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2. Experiment 

2.1. Materials and Methods 

K7[PW11O39] was prepared according to the literature 

procedures. [25] Other chemicals were obtained commercially 

and used without further purification. Fourier transform 

infrared (FT-IR) spectra of skeletal vibration of materials 

were recorded using KBr flake on a SHIMADZU NICOLET 

AVATAR 370 DTGS spectrometer. Powder X-ray diffraction 

(PXRD) patterns were recorded on a Shimadzu XRD-6000 

diffractometer system equipped with Ni-filtered Cu target 

Kα-ray (operation at 40 kV, 40 mA, wavelength λ = 0.15418 

nm). Diffractions were carried out in the ranges (2θ) of 5
 o
 to 

80
 o

 at the scanning speed of 0.02
 o

 / min. The magnetic 

susceptibility data were obtained on a SQUID magnetometer 

(Quantum Design, MPMS-5) in the temperature range 2–300 

K with applied field of 1000 Oe. GC analyses were performed 

on an Agilent 6820 instrument with a flame ionization detector. 

Elemental analyses for C, N, and H were performed on a 

Perkin-Elmer 2400 CHN elemental analyzer, and for Cu, Co, 

Ni, P, W were determined with a PLASMASPEC (I) ICP 

atomic emission spectrometer. 

2.2. Preparation of PW11X (X=Cu, Co, Ni) 

K6[PW11O39M
Ⅱ

(H2O)](M = Cu, Co, Ni) were prepared 

according to the literature procedures. [26] Solution A: 6.0 

g K7[PW11O39] solid samples were dissolved in 18.0 mL 

distilled water. Solution B: 0.41 g CuSO4·5H2O were 

dissolved in 5.0 mL distilled water, solution B was heated 

to 30-40°C and slowly poured into solution A, the pH of 

mixed solution was adjusted to 5.0 with 1M HCl 

solution. Stirring for 30 min at 30-40°C, then mixed 

solution was cooled to room temperature and 6.0 g KCl 

was added. After stirring for 20 min, the shallow green 

precipitate PW11C
Ⅱ

(H2O) was filtered separation, washed 

with water and air-dried. Synthetic method of PW11Co
Ⅱ

(H2O) and PW11Ni
Ⅱ

(H2O) were similar to PW11Cu
Ⅱ

(H2O), 

excepted using CoSO4·7H2O and NiSO4·6H2O instead of 

CuSO4·5H2O. 

2.3. Catalytic Reaction 

The esterification reaction was performed in a 

three-necked round-bottomed flask with appropriate mass 

of PW11
Ⅱ

(H2O)(M = Cu, Co, Ni). Then, reasonable volume 

ratio of butanol and lactic acid, and cyclohexane 

water-carrying agent were added with magnetic stirring, 

the device was equipped with thermometer refluxing 

condenser tube and water segregator in atmospheric 

pressure in several hours. The solution was heated to boil 

and refluxed until no water flowed off. The resultant 

solution was distilled and purified. Samples should be 

taken every half an hour, and the sample should be diluted 

with acetone, the yield of n-butyl lactate can be measured 

by GC analysis with sample diluted by aceton solution. 

 

3. Results and Discussion 

3.1. FT-IR Studies 

The Fourier Transform infrared spectroscopy (FT-IR) of 

PW11M
Ⅱ

(H2O)(M = Cu, Co, Ni) between 4000 and 400 cm
-1 

with KBr pellet was showed in Figure 1. In which, the 

absorption in the region of 1060-510 cm
-1

 were attributed to 

characteristic vibration patterns of [PW11O39]
7- 

unit. The 

absorption at 1060 cm
-1 

and 950 cm
-1 

were terminal W = Ot (Ot 

was terminal O)
 
vibrations. The absorption at 900 cm

-1 
was 

attributable to the center W–Ob–W (Oc was center O atom) 

vibration. The absorption at 809 and 510 cm
-1

 were bridging 

W–Ob–W (Ob was bridged O atom) vibration. The absorption 

at 1673 cm
-1 

was the vibrations of P P-O. The characteristic 

absorption at 3428 cm
–1

 derived from the O–H stretching 

vibration of H2O. 

 

Figure 1. FT-IR patterns of catalysts. 

3.2. XRD Studies 

Figure 2 was PXRD patterns of PW11M
Ⅱ

(H2O)(M = Cu, 

Co, Ni) samples. All of those samples have perfectly 

confirmed with diffraction peaks of Keggin structure, whose 

2θ were 28°, 48° and 58°, which indicated that PW11M
Ⅱ

(H2O)(M = Cu, Co, Ni) samples were isomorphic 

mono-substituted Keggin type POMs. 

 

Figure 2. XRD patterns of catalysts. 
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3.3. Element Analysis 

The PW11M
Ⅱ
(H2O)(M = Cu, Co, Ni) solid samples were 

dissolved in 20 mL concentrated nitric acid (HNO3) then was 

transferred to a Teflon-lined stainless-steel autoclave and 

sealed. After being heated at 120°C for 24 h, it was cooled 

to room temperature and was transferred to 1L volumetric 

flask diluted into 1 µg/mL solution for elemental analysis. 

The experimental data were shown in Table 1. 

Table 1. Elemental anlysis for PW11M
Ⅱ
(H2O)(M = Cu, Co, Ni). 

Catalyst Anal. Calcd / % Found / % 

PW11Cu 

H 0.07; O 21.38; 

K 7.84; P 1.03; 

W 67.56; Cu 2.12. 

H 0.08; O 21.39; 

K 7.82; P 1.02; 

W 67.58; Cu 2.11. 

PW11Co 

H 0.07; O 21.41; 

K 7.85; P 1.04; 

W 67.66; Co 1.97. 

H 0.07; O 21.43; 

K 7.84; P 1.03; 

W 67.67; Co 1.96. 

PW11Ni 

H 0.07; O 21.41; 

K 7.84 P 1.04; 

W 67.67; Ni 1.97. 

H 0.06; O 21.40; 

K 7.85; P 1.05; 

W 67.65; Co 1.99. 

 

3.3. Chemical Stability Studies 

In order to further detect chemical stability of 

PW11Cu
Ⅱ
(H2O), PW11Co

Ⅱ
(H2O) and PW11Ni

Ⅱ
(H2O), PXRD of 

the three compounds were tested with different pH valules(2-12) 

aqueous solution and different organic reagents. Soaking in the 

same volume of aqueous solution with pH range between 2-12 

for 24 hours, as shown in Figure 3a, 3c, 3e, the PXRD peaks of 

the three compounds have no significant changes indicated that 

the three compounds were stable between the pH range of 2-12. 

Then soaking the three compounds in different organic solvent 

s (acetone, methanol, ethanol, dimdimethylformamide, 

n-butanol and lactic acid) with same volume after 24 hours then 

tested their PXRD. As shown in Figure 3b, 3d, 3f, PXRD peaks 

had no obvious changes compared with as-synthesized sample, 

which proved that the three compounds were stable in 

common organic solvents. All of experimental results shown 

that the three compounds were stable in these organic solvent 

(Figure 3b). The experimental results showed that the three 

compounds were chemical stable with strong acid and alkali 

aqueous solution and typical organic solvents. 

 

Figure 3. PXRD patterns of: (a) PW11Ni
Ⅱ
(H2O) was disposed with pH values of aqueous solutions; (b) PW11Ni

Ⅱ
(H2O) was soaked in different organic solvents; 

(c) PW11Co
Ⅱ
(H2O) was disposed with pH values of aqueous solutions; (d) PW11Co

Ⅱ
(H2O) was soaked in different organic solvents; (e) PW11Cu

Ⅱ
(H2O) was 

disposed with pH values of aqueous solutions; (f) PW11Cu
Ⅱ
(H2O) was soaked in different organic solvents. 
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3.4. Reaction Results 

3.4.1. Effect on Esterification Rate at Different Ratio of 

Lactate Acid and Butyl Alcohol 

When reaction time was 2 h, reaction temperature was 

100°C, amount of PW11M
Ⅱ

(H2O) (M = Cu, Co, Ni) was 0.125 

g, amount of cyclohexane was 15 mL, molar ratio of butanol 

and lactic acid were 1.25:1, 1.5:1, 1.75:1, 2:1, 2.25:1, the 

effects of molar ratio of n-butanol and lactic acid on 

esterification rate showed in Figure 4. The conversion rate of 

PW11Cu
Ⅱ

(H2O) were in order: 47.31%, 53.67%, 59.39%, 

82.92%, 82.98%. The conversion rate of PW11Co
Ⅱ

(H2O) 

were in order: 43.25%, 48.11%, 57.72%, 78.76%, 78.94%. 

The conversion rate of PW11Ni
Ⅱ

(H2O) were in order: 39.76%, 

43.75%, 53.19%, 64.39%, 63.97%. The activity of PW11M
Ⅱ

(H2O) were PW11Cu
Ⅱ

(H2O) > PW11Co
Ⅱ

(H2O) > PW11Ni
Ⅱ

(H2O). Conversion rate increases with increase of molar ratio 

of n-butyl alcohol and lactate acid. When conversion rate 

reached maximum, conversion rate did not increace with the 

increase of molar ratio of n-butyl alcohol and lactate acid, 

which might because effect of mole ratio of reaction 

equilibrium. 

 

Figure 4. Effect on esterification rate at different ratio of butyl alcohol and 

lactate acid. 

3.4.2. Effect of Amount of Catalyst on Esterification Rate 

When reaction time was 2 h, reaction temperature was 

100°C, molar ratio of butanol and lactic acid were 2:1, 

volume of cyclohexane was 15 mL, amount of PW11M
Ⅱ

(H2O) 

(M = Cu, Co, Ni) was 0.125 g, effects of amount of PW11M
Ⅱ

(H2O) (M = Cu, Co, Ni) on esterification rate shown in Figure 

5. Conversion rate increases with increase of amount of 

PW11M
Ⅱ

(H2O). When conversion rate reached maximum, 

conversion rate did not increace with increase of amount of 

catalysts, which might because the concentration of catalysts 

were too dense to reunite in the system lead to no further 

growth of conversion rate. The conversion rate of PW11Cu
Ⅱ

(H2O) were in order: 58.96%, 45.73%, 81.97%, 84.98%, 

83.67%. The conversion rate of PW11Co
Ⅱ

(H2O) were in order: 

49.16%, 63.71%, 73.86%, 77.29%, 79.91%. The conversion 

rate of PW11Ni
Ⅱ

(H2O) were in order: 36.36%, 53.19%, 

57.96%, 66.17%, 66.03%. The activity of PW11M
Ⅱ

(H2O) 

were PW11Cu
Ⅱ

(H2O) > PW11Co
Ⅱ

(H2O) > PW11Ni
Ⅱ
(H2O). 

 

Figure 5. Effect of amount of catalyst on esterification rate. 

3.4.3. Effect of Reaction Time on Estertification Rate 

When reaction temperature was 100°C, molar ratio of 

butanol and lactic acid were 2:1, volume of cyclohexane was 

15 mL, amount of PW11M
Ⅱ

(H2O) (M = Cu, Co, Ni) was 0.125 

g, reaction time was 1 h, 1.5 h, 2 h, 2.5 h, 3 h; Effects of 

reaction time on esterification rate showed in Figure 6. 

Conversion rate increases with increase of reaction time. 

When conversion rate reached maximum at 2.0 h, conversion 

rate did not increase with reaction time, which might because 

reaction equilibrium have been reached at 2 h. The 

conversion rate of PW11Cu
Ⅱ

(H2O) were in order: 58.73%, 

73.15%, 82.41%, 82.37%, 82.36%. The conversion rate of 

PW11Co
Ⅱ

(H2O) were in order: 44.92%, 53.96%, 78.35%, 

75.32%, 75.29%. The conversion rate of PW11Ni
Ⅱ

(H2O) were 

in order: 31.93%, 46.79%, 63.99%, 64.01%, 63.97%. The 

activity of PW11M
Ⅱ

(H2O) were PW11Cu
Ⅱ

(H2O) > PW11Co
Ⅱ

(H2O) > PW11Ni
Ⅱ

(H2O). 

 

Figure 6. Effect of different reactional time on esterification rate. 
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3.4.4. Effect of Reaction Temperature on Estertification 

Rate 

When reaction time was 2 h, molar ratio of butanol and 

lactic acid were 2:1, volume of cyclohexane was 15 mL, 

amount of PW11M
Ⅱ

(H2O) (M = Cu, Co, Ni) was 0.125 g, 

reaction temperature was 90°C, 95°C, 100°C, 105°C, 110°C, 

the effects of reaction temperature on esterification rate 

showed in Figure 7. Conversion rate increases with increase 

of reaction time. When conversion rate reached maximum at 

100°C, conversion rate did not increase with reaction 

temperature, which might because reaction equilibrium have 

been reached at 100°C. The conversion rate of PW11Cu
Ⅱ

(H2O) 

were in order: 47.92%, 61.38%, 82.59%, 82.53%, 82.52%. 

The conversion rate of PW11Co
Ⅱ

(H2O) were in order: 44.16%, 

58.46%, 78.17%, 78.13%, 78.11%. The conversion rate of 

PW11Ni
Ⅱ

(H2O) were in order: 36.03%, 51.07%, 66.18%, 

66.16%, 66.13%. The activity of PW11M
Ⅱ

(H2O) were 

PW11Cu
Ⅱ

(H2O) > PW11Co
Ⅱ

(H2O) > PW11Ni
Ⅱ
(H2O). 

 

Figure 7. Effect of different temperature on esterification rate. 

3.4.5. Effect of Volume of Cyclohexane on Estertification 

Rate 

When reaction time was 2 h, molar ratio of butanol and 

lactic acid were 2:1, amount of PW11M
Ⅱ

(H2O) (M = Cu, Co, 

Ni) was 0.125 g, reaction temperature was 100°C, volume of 

cyclohexane was 9 mL, 12 mL, 15 mL, 18 mL, 24 mL, effect 

of volume of cyclohexane on esterification rate showed in 

Figure 8. Conversion rate increases with increase of reaction 

time. When conversion rate reached maximum with 15 mL 

cyclohexane, conversion rate decrease with the increase of 

volume of cyclohexane, which might because too much 

cycl-ohexane might lead to decrease of concentration of 

catalyst. The conversion rate of PW11Cu
Ⅱ

(H2O) were in order: 

52.65%, 67.46%, 82.98%, 59.61%, 56.37%. The conversion 

rate of PW11Co
Ⅱ

(H2O) were in order: 45.13%, 61.39%, 

77.95%, 57.93%, 48.97%. The conversion rate of PW11Ni
Ⅱ

(H2O) were in order: 43.43%, 57.39%, 62.09%, 51.93%, 

32.87%. The activity of PW11M
Ⅱ

(H2O) were PW11Cu
Ⅱ
(H2O) > 

PW11Co
Ⅱ

(H2O) > PW11Ni
Ⅱ

(H2O). 

 

Figure 8. Effect of different volume of cyclohexane on esterification rate. 

3.4.6 Recycling of Catalysts 

The results of recycling test of PW11M
Ⅱ

(H2O) (M = Cu, Co, 

Ni) were listed in Table 2. Activity of PW11M (M = Cu, Co, Ni) 

had no obvious changes after three times recycling exhibited 

that they were stable Lewis acid catalyst. 

Table 2. Recycling experiment. 

Catalyst 
Times 
1 2 3 

PW11Cu 83.4 82.4 81.9 

PW11Co 79.9 79.3 78.4 

PW11Ni 65.3 64.2 64.0 

3.4.7. Hot Filtration Experiment 

At the best reaction conditions: reaction time was 2 h, 

reaction temperature was 100°C, amount of PW11M
Ⅱ

(H2O) 

(M = Cu, Co, Ni) was 0.125 g, amount of cyclohexane was 15 

mL, molar ratio of butanol and lactic acid were 2:1 with hot 

filteration experiment. After 30 min of reaction, the 

catalysts were removed through hot filtration and the 

filtrate was further heated for 2 h at 100°C. As shown in 

Figure 9, there were no further growth of the conversion 

indicated that they were heterogeneous catalysts in the 

catalytic reaction and were not dissolved in the reaction 

system. 

3.5. Magnetic Property 

The temperature dependence of magnetic susceptibility 

of PW11M
Ⅱ

(H2O) (M = Cu, Co, Ni) was investigated at 2–

300 K in an applied magnetic field of 1000 Oe. Because 

the molecular structures of the three compounds were 

very similar, take PW11Cu
Ⅱ

(H2O) as an example to 

introduce their properties. As shown in Figure 10(a), the 

M versus T plot demonstrated the M value slowly increases 

from 0.0071 emu mol
-1

 at 300 K to 0.087 emu mol
-1

 at 26 

K, and then exponentially reached the maximum value of 

0.63 emu mol
-1 

at 2 K. The MT value of 1 is 2.82 emu K 

mol
-1

 at 300 K (Fig. 4), which is larger than the theoretical 

value of 1.125 emu K mol
-1

 expected from three isolated 
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Cu
2+

 (S = 0.5, g = 2.0). As the temperature is lowered, the 

MT value decreases slowly up to 0.186 at 50 K and then 

sharply falls to a minimum value of 0.0063 emu K mol
-1

 

at 2 K. The temperature dependences of M and MT versus 

T plots for 1 suggest the presence of antiferromagnetic 

coupling interactions between Cu
2+

 centers. As shown in 

Figure 10(b), the M
-1

 versus T plot follows the Curie–

Weiss law with C = 2.98 emu K mol
-1

 and = −22.37 K in 

the range of 48–300 K, which further demonstrated the 

presence of antiferromagnetic interactions between Cu
2+

 

ions in PW11Cu
Ⅱ

(H2O). 

 

Figure 9. (a) (b) (c) Conversion rete versus time curves with PW11M
Ⅱ
(H2O) (M = Cu, Co, Ni) as catalyst at 100°C and catalyst was removed from the suspension 

after 30 min. 

 

Figure 10. (a) (c) (e) The plots of χM and χMT vs T in temperature of2– 300 K for PW11M
Ⅱ
(H2O) (M = Cu, Co, Ni); (b)(d)(f)The plots of χM

-1 vs T in 

temperature of 2– 300 K for PW11M
Ⅱ
(H2O) (M = Cu, Co, Ni). 

4. Conclusion 

In summary, series of transition-metal-substituted 

phosphotungstate K6 [PW11O39M
Ⅱ

(H2O)](M = Cu, Co, Ni) 

based on mono-lacunary-Keggin type K7 [PW11O39] were 

synthetized by stereoselect-eve method. They were chemical 

stable with strong acid aqueous solution and typical organic 

solvents. These compounds owned Lewis acid active sites 

after heating activation. They showed good Lewis acid 

activities for synthesis of n-butyl lactate, in which, The Lewis 

acid activity of them were PW11Cu
Ⅱ

(H2O) > PW11Co
Ⅱ

(H2O) > 

PW11Ni
Ⅱ

(H2O). The catalytic performance was stable after 

recycling three times. The presence of antiferromagnetic 

interactions between Cu
2+

, Co
2+ 

and Ni
2+ 

ions in 

PW11M
Ⅱ

(H2O)(M = Cu, Co, Ni). 
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