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Abstract The Keggin and Preyssler-structured tungsto-

phosphoric acid catalysts anchored on the surface of

modified SBA-15 (KNS and PNS) by grafting amine groups

into system, and were characterized by infra-red spectros-

copy, X-ray diffraction, N2-adsorption, Hammett indicator

and UV-Vis spectroscopy. Their catalytic behaviors were

investigated in the esterification of n-butanol with acetic

acid. Characterization results for obtained catalysts verified

the ordered hexagonal mesostructure of SBA-15 and pres-

ervation of the structures of heteropolyanions on amine-

modified SBA-15. KNS and PNS catalysts with the 37 and

25% loadings of Keggin and Preyssler acids exhibited

considerable conversions of n-butanol of 61.2 and 63.8%

with both 100% selectivity for n-butyl acetate in the ester-

ification reaction, respectively. Especially, tests of six-cycle

reaction revealed good reusabilities of KNS and PNS due to

their excellent water-resistance properties, and in contrast,

the catalysts prepared by direct impregnation lost their high

activities immediately at their second cycles. Active sites on

the amine-modified SBA-15 retained the Keggin or

Preyssler structure after reaction demonstrated by IR anal-

ysis. Also, reaction conditions such as the amount of

catalyst, reaction time and temperature were explored.

Keywords SBA-15 � Preyssler � Keggin �
Heteropolyacid � Grafting � Esterification

1 Introduction

Heteropolyacid (HPA) is a kind of significant catalytic

material in both academic and industrial fields due to its

unique properties such as strong Brønsted acidity, structure

alterability, high proton mobility and environmental

friendliness [1–3]. Keggin type heteropolyacid, for an

example the tungstophosphoric acid (PW) with formula of

H3PW12O40, has been widely studied and well known to be

an efficient catalyst for a variety of organic reactions [4, 5].

Comparatively, the catalytic application of Preyssler’s

anion has been largely overlooked. The Preyssler anion

[NaP5W30O120]14- with an unusual doughnut-shaped

structure consisting of a cyclic assembly of five PW6O22

units and with an approximate D5h symmetry, has gained

more research attention in recent years owing to its

exclusive physicochemical properties including large

number of balanced protons, strong acidity, high hydro-

thermal stability and wide pH range stability in solution [6–

8]. A few of previous studies [9–13] has applied Preyssler

HPAs as catalysts for organic synthesis. Majid et al. [14]

reported that Preyssler heteropolyacid exhibited a high

catalytic activity in the synthesis of 2,4,6-triarylpyridines

under solvent-free condition. Also, Rahim et al. [15]

revealed that Preyssler type catalyst showed high and sta-

ble long-term activity in the liquid phase alkylation of

phenol with 1-octene.

The major disadvantages of HPA lie in extremely low

surface area and water-solubility, which always limit its

practical applications [16]. Impregnation is an easy way to

increase its surface area by supporting HPA onto various

carriers, such as silica, active carbon, molecular sieves,

Al2O3 and so on [17]. However, HPA has the tendency to

leach from carriers into polar reaction media, which leads

to the poor catalytic reusability. Grafting method, mainly
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involving the pre-functionalization of carrier with organic

components and chemical linkage of HPA, has been chosen

to anchor HPA on carriers for avoiding leaching. Pizzio

et al. [18] revealed that PW supported on amine-func-

tionalized silica and SiMCM-41 exhibited negligible

solubility and high activity in the synthesis of isoamyl

acetate. Jin et al. [19] anchored Keggin-structured tungst-

ovanadogermanic HPA (H5GeW11VO40) on the amine-

silane functionalized SBA-15, through which HPA clusters

were attached firmly to the surface of SBA-15 evidenced

by spectroscopic characterizations. Very recently, our

research group [20] successfully supported Preyssler-

structured tungstophosphoric acid clusters on functional-

ized silica by grafting technique and observed excellent

reusability in the esterification of n-butanol with acetic

acid. SBA-15, a well-ordered hexagonal mesoporous silica

with an uniform pore size up to approximately 30 nm, is an

ideal support for acid catalyst for its thicker pore walls and

higher thermal and hydrothermal stability [21, 22]. Up to

now, the study of HPA catalysts grafted on the function-

alized SBA-15 was mainly based on the Keggin type HPA

for oxidation reactions.

In this work, we have successfully grafted Preyssler and

Keggin type HPAs on the functionalized SBA-15 and

observed their considerable catalytic activity with excellent

reusability in the esterification of n-butanol with acetic acid.

2 Experimental

2.1 Catalyst Preparation

The Keggin type tungstophosphoric acid was purchased

from Sinopharm Chemical Reagent Company, and SBA-15

was delivered by Prof. Dongyuan Zhao’s group of Fudan

University. The Preyssler-structured tungstophosphoric

acid catalyst was prepared according to the previous method

with some modifications [23]. About 33 g of Na2WO4 �
2H2O was dissolved in 30 mL of H2O by vigorously stir-

ring, into which 26.5 mL of aqueous solution of phosphoric

acid (85% by weight) was added. The mixture was sealed

into a Teflon bottle at 120 �C for 18 h. Following this,

30 mL of H2O and 10 g of KCl were added into the above

mixture to form the precipitate with a white color. The

white precipitate was obtained by filtration and washed

successively by 2 M of aqueous solution of CH3COOK and

methanol. The precipitate was dried and recrystallized

twice to obtain the potassium salt of Preyssler HPA. The

Preyssler acid was prepared by the passage of an aqueous

solution of the potassium salt through a column of H+ ion-

resin, followed by the evaporation of the elute in oven.

The preparation of amine-modified SBA-15 (NS) is as

follows. 2 g of SBA-15 dispersed in 50 mL of toluene was

refluxed, and then 10 mL of 3-aminopropyltriethoxy silane

(KH550) was injected into the above suspension with

further stirring for 24 h. The sample (designated as NS)

was obtained by filtration, washed by Soxhlet apparatus for

24 h, and finally dried in vacuum at 70 �C for 12 h. The

adsorption of HPA on the surface of NS was carried out by

the following procedure: 0.4 g of NS was added into an

aqueous solution of HPA (0.2 g of Keggin or Preyssler acid

in 100 mL of H2O) with vigorously stirring for 24 h at

room temperature. Solids were recovered by filtration,

washed with water and dried at 110 �C for 12 h. The

obtained samples are designated as KNS and PNS

respectively.

Supported Keggin and Preyssler HPA catalysts (desig-

nated as KS and PS, respectively) were also prepared by

impregnating SBA-15 into aqueous solutions of Keggin or

Preyssler acids. After constant stirring overnight at the

room temperature, the mixtures were subjected to evapo-

ration and drying to get the solid products. The loading of

HPA acid (37%KS and 25%PS) was prepared by changing

the concentration of aqueous solution of HPA. Before

charged into the reaction media, KS and PS were pre-

activated at 300 �C for 3 h.

2.2 Characterization

X-ray power diffraction (XRD) pattern was obtained on the

Bruker D8 Advance diffractometer using the Ni-filtered

CuKa radiation at 40 kV and 20 mA. The FT-IR spectra

were measured on Nexus 870 FT-IR spectrometer by KBr

pellets. BET surface areas were achieved by N2 adsorption

on the ASAP2020 Micromeritics analyzer. The loadings of

HPA for KNS and PNS samples were measured by UV–

Vis spectra. After the adsorption of HPA onto the surface

of NS, the amount of heteropoly species stayed in solution

were estimated by using a Perkin Elmer Lambda 35

spectrometer with a quartz cell of 10 mm optical path. For

the quantitative analysis, standard curves were obtained by

using aqueous solutions of HPA with different concentra-

tions. The HPA loadings by weight (37%KNS and

25%PNS) were obtained by calculating the weight differ-

ence of initially employed HPAs and leached HPAs in

filtrate. The acid strengths of catalysts were measured

with Hammett indicators, including anthraquinone (pKa =

-8.20), p-nitrotoluene (pKa = -11.35), p-nitrochloro-

benzene (pKa = -12.70), m-chloronitrobenzene (pKa =

-13.60) and 2, 4-dinitrofluorobenzene (pKa = -14.52).

2.3 Catalytic Test

The esterification of n-butanol with acetic acid was per-

formed in a three-necked glass flask with a Teflon-coated

magnetic stirrer and a water-removal accessory. 7.4 mL of
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acetic acid and 11.9 mL of n-butanol (1:1 molar ratio),

120 �C of reaction temperature, 360 min of reaction time,

and 0.6 wt.% of catalyst content in reaction media were

used as the typical reaction conditions. The products were

analyzed by Gas Chromatograph using SE-54 capillary

column with FID as the detector, and the conversion was

determined by the internal standard method with n-pentane

as the standard substance. The reusability of catalyst was

tested as follows. After a reaction, solid catalyst was sep-

arated from liquid by filtration and washed by water. Then

the water-treated catalyst was dried at 100 �C and putted

into reactant mixture of next reaction.

3 Results and Discussion

3.1 Comparison of Various Catalysts

Small-angle XRD patterns of various SBA-15 supported

samples are illustrated in Fig. 1. It can be seen that three

well-resolved diffraction peaks of pure SBA-15 can be

clearly observed at 2h = 0.98o, 1.66o and 1.88o and

assigned to crystal face (100), (110) and (200), respec-

tively. Compared with pure SBA-15, the intensity of

reflections of (100) peak of NS, PNS and KNS was sig-

nificantly decreased, which could be mainly attributed to

the effect of pore-filling of organic components and HPA

clusters that reduced scattering contrast between the pores

and the framework of SBA-15 [24, 25]. This is in agree-

ment with previous cases of assembling HPA into MCM-

41 and SBA-15[19, 26, 27]. Furthermore, (100) peaks of

parent SBA-15, NS, PNS and KNS gradually shifted to

higher angles, implying the decreasing tendency of pore

size due to the introduction of organic components and

HPA clusters into the pore channel of SBA-15. The more

shift of d100 of PNS than that of KNS is mainly resulted

from the larger size of Preyssler HPA molecular than the

Keggin one [28]. For PNS and KNS, the detection of (110)

and (200) reflections proved that both of them kept ordered

hexagonal pore arrays of SBA-15. Particularly, KNS did

not show as clear peaks of (110) and (200) as those of PNS.

This might be the result of the larger number of Keggin

HPA anions introduced into the channels of SBA-15. The

wide-angle XRD patterns of PNS and KNS gave no dif-

fraction peaks of HPAs rather than the base line for

amorphous SBA-15, which implies that attached HPAs did

not aggregate together into crystals, the size of which is

large enough to be detected by XRD. This means the high

dispersion of HPAs on the pore walls of SBA-15.

FT-IR spectra of the Preyssler HPA, PNS, 25%PS and

pure SBA-15 were illustrated in Fig. 2. The Preyssler HPA

sample prepared in this work showed all the IR vibration

peaks assigned to the Preyssler structure, and the locations

of featured peaks are in well agreement with those in the

previous reports [23, 26]. In detail, the Preyssler HPA

sample displayed vibrations at 1165, 1082 and 1021 cm-1

for P–O stretching, 940 and 913 cm-1 for W–O–W

stretching, 788 cm-1 for W = O stretching, and 573 cm-1

for P–O bending. For pure SBA-15, a strong absorption

band at 1100 cm-1 with a shoulder at 1165 cm-1 assigned

to Si-O-Si asymmetric vibrations were observed [29]. This

might hinder the clear observation of three P–O stretching

peaks for PNS due to the strong background. However, the

two W–O–W stretching peaks at 940 cm-1 and 913 cm-1

could be clearly detected for PNS, which strongly suggests

that the Preyssler’s anions was adsorbed onto the surface of

SBA-15 through KH550 and retained its own structure. A

previous study showed that the reaction of Preyssler HPA

1 2 3 4 5

In
te

ns
ity

/a
.u

.

PNSX8

KNSX8

In
te

ns
ity

/a
.u

.

2θ /°

2θ /°
Pure SBA-15

NS

KNSX4

PNSX4

(100)

(110)

54321

(200)

Fig. 1 Small-angle XRD patterns of pure SBA-15, NS, KNS and
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Fig. 2 The FT-IR spectra of Preyssler HPA (a), PNS (b), SBA-15

(c), and 25%PS (d)
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with amine groups on functionalized support affected the

position of the W-O-W stretching peaks [26]. However, in

Fig. 2, PNS only showed widening of W-O-W stretching

peaks without observing a clear shift. On the other hand,

for 25%PS, no peaks of Preyssler structure could be

observed obviously. This is partially because of the strong

background of pure SBA-15, but the more important reason

may be that the direct interaction between Preyssler’s

anions and hydroxyls in pore walls of SBA-15 mostly

caused distortion of anions, and thus substantially weak-

ened the IR vibrations.

The FT-IR spectra of the Keggin HPA, KNS, 37%KS

and pure SBA-15 are given in Fig. 3. The four character-

istic bands of Keggin-structured H3PW12O40 appeared at

1080 cm-1 (P-O), 982 cm-1 (W = O), 897 cm-1 (W–O–

W) and 800 cm-1 (W–O–W) [22]. After immobilizing

Keggin type HPA on amine-modified SBA-15, two

characteristic bands at 1080 and 800 cm-1 were obscured

by the background of SBA-15; the bands at 982 cm-1 and

897 cm-1 shifted to 947 cm-1 and 860 cm-1 respectively.

These shifts probably are the result of the interaction of

HPA with the amine groups in the functionalized SBA-15

and the formation of ion pair [26]. Additionally, the bands

of 37%KS turned out to be the same situation as the bands

of 25%PS that was obscured by the presence of SBA-15.

Table 1 listed BET surface areas of various catalysts.

Both pure Preyssler and Keggin type HPAs had extremely

low surface areas of 0.3 and 6.2 m2/g, respectively, and

pure SBA-15 possessed a high specific surface area of

424.8 m2/g. After modifying pure SBA-15 with 3-amin-

opropyltriethoxy silane, the surface area of NS drastically

dropped to 268.9 m2/g, which is attributed to the agglom-

eration of silica particles and/or occupation of pores with

organic components [26]. By supporting Preyssler and

Keggin type HPAs onto NS, the surface areas of PNS and

KNS samples further decreased to 208.1 m2/g and

154.1 m2/g, respectively, due to the immobilization of

HPAs. And surface areas of supported Preyssler and

Keggin HPA catalysts prepared simply by impregnation

were 337.5 m2/g for PS and 326.9 m2/g for KS. In addi-

tion, the pore volumes of SBA-15, NS, PNS and KNS were

also measured by N2 adsorption technique, which gave the

decreasing tendency in the following order: SBA-15

(0.81 cm3/g) [ NS (0.70 cm3/g) [ PNS (0.58 cm3/g) [
KNS (0.50 cm3/g). The change of pore volumes of the four

samples confirms the indication by Fig. 1 that the pore size

decreased after introducing the organic components and

HPA clusters into the pore channel of SBA-15.

The acid strength (H0) for various catalysts is also dis-

played in Table 1. As expected, both pure HPAs showed

superacidity with H0 being lower than -11.9. The

Preyssler one (-14.52) was stronger in acidity than Keggin

one (-13.6). When HPAs were supported on SBA-15, KS
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Fig. 3 The FT-IR spectra of Keggin HPA (a), KNS (b), SBA-15 (c),

and 37%KS (d)

Table 1 Physicochemical properties and catalytic activities of various catalysts for esterification of n-butanol with acetic acida

Entry Catalyst Acid strength (H0) SBET (m2/g) Conversion (%) TONb

1 Blank – – 35.8 –

2 SBA-15 – 424.8 32.1 –

3 NS – 268.9 36.4 –

4 Preyssler HPA -14.52 0.3 98.5 2.3 9 103

5 Keggin HPA -13.60 6.2 76.2 1.8 9 103

6 25%PS -13.60 337.5 92.7 3.6 9 103

7 37%KS -12.70 326.9 83.4 2.2 9 103

8 PNS -11.35 208.1 63.8 2.5 9 103

9 KNS -11.35 154.1 61.2 1.6 9 103

a Reaction conditions: 7.4 mL acetic acid, 11.9 mL n-butanol, 120 �C of reaction temperature, 6 h of reaction time, 0.12 g (0.6wt%) PNS, KNS,

25%PS and 37% KS, 0.05 g (0.25wt%) Preyssler and Keggin HPA)
b Turnover number calculated as moles of n-butyl acetate formed on one mole of HPA

Preparation of Keggin and Preyssler Heteropolyacid Catalysts 311

123



showed weaker acidity with H0 of -12.7 compared with

PS of -13.6. After HPAs anchored on NS, Both PNS and

KNS showed the same acid strength with H0 of -11.35.

The acidity of grafted HPAs was weaker than those of

impregnated ones, which might ascribe to the chemical

interaction of : Si(CH2)3NH3
+ and HPA anions with the

formation of the salt : Si(CH2)3NH � HPA [30].

The catalytic activities of various catalysts for esterifi-

cation of n-butanol with acetic acid are shown in Table 1.

Under the employed reaction conditions, n-butyl acetate

was the only detected product for all catalysts. One can see

from Table 1 that without any added catalysts, 35.8% of

conversion of n-butanol was obtained due to the acid

environment provided by one of the reactants, acetic acid.

The pure SBA-15 and NS showed very similar conversions

to the blank test for the absence of acidic sites. Pure

Preyssler HPA exhibited a very high conversion of 98.5%

and pure Keggin HPA gave a conversion of 76.2%. 25%PS

catalyst showed a higher conversion (92.7%) than 37% KS

did (83.4%) due to the more efficient active sites of PS.

PNS catalyst with HPA loading of 25% had a similar

conversion with KNS with 37% HPA loading (63.8% vs

61.2%). To compare the activities of various catalysts, the

turnover number was calculated. The turnover number

presented in Table 1 indicates that impregnated HPAs

(25%PS and 37%KS) were more active than their corre-

sponding pure HPAs (Preyssler and Keggin HPA) and

grafted HPAs (PNS and KNS). And also, considering much

lower surface areas of grafted HPAs than those of

impregnated HPAs, it was certain that grafted HPAs

showed a higher activity in terms of per square meter of

catalyst surface area than the later ones. It is also notable

that the catalytic activity of Preyssler HPA is more efficient

than that of Keggin HPA.

3.2 Catalytic Reusability

The catalytic reusability of four catalysts in the esterifica-

tion of n-butanol with acetic acid is illustrated in Fig. 4. It

can be seen that although fresh 25%PS and 37%KS cata-

lysts are very active with high conversions of 92.7% and

83.4%, both dropped largely to 64.5 and 54.9% at the

second run. This indicated very instable catalytic activities

for the PS and KS catalysts prepared by impregnation

mostly due to the severe leaching property of HPA. In

contrast, conversions over PNS and KNS catalysts reduced

very slowly when the catalysts were reused. At the third

run the conversions were 62.3 and 60.2%, which are very

comparative to 63.8 and 61.2% over fresh catalysts,

respectively. On the other hand, the decrease of conversion

arising from catalysts lost during separation and transfer of

catalysts into the next reaction cycle cannot be excluded.

This observation reveals satisfied reusabilities for PNS and

KNS catalysts, which means that HPAs have only a slight

tendency to leach from the functionalized SBA-15 in

reaction. The well stability of HPAs on functionalized

SBA-15 is attributed to the strong chemical interaction

of : Si(CH2)3NH3
+ and HPA, where modified SBA-15

with a positive charge provided sites for HPA as a charge-

compensating component [31, 32]. The above results imply

that the amine groups in the NS played a key role for the

immobilization of HPAs. Figure 5 compares FI-IR spectra

of PNS and KNS samples before and after reaction. The
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W–O–W stretching peaks for Preyssler structure at 940 and

913 cm-1 were still clearly recognized after reaction and

also bands assigned to Keggin structure at 947 cm-1

(W = O) and 860 cm-1 (W–O–W) of used KNS were

observed, demonstrating that Preyssler and Keggin HPAs

still stayed on the surface of amine-modified SBA-15 and

kept their own structures. Owing to the stable activity of

PNS and KNS, effects of some important reaction condi-

tions were measured over the two catalysts in the

following.

3.3 Effect of Reaction Time

Figure 6 showed the influence of reaction time on the

conversion of n-butanol over PNS and KNS. It is obvious

that the conversion increased with increase of reaction time

up to 240 min, and PNS played a bit higher catalytic effi-

ciency than KNS, the conversion of n-butanol increased

very slowly along with the increase of reaction time after

240 min.

3.4 Effect of Catalyst Content in Reaction Media

Influence of catalyst content in reaction media on the

conversion of n-butanol over PNS and KNS is shown in

Fig. 7. It can be seen that both conversions reached a pla-

teau value at the catalyst content of 0.6 wt.%, and beyond

this point, no increase of conversion could be observed.

3.5 Effect of Reaction Temperature

Figure 8 showed the effect of the reaction temperature on

the conversion of n-butanol over PNS and KNS. The

conversion increased steadily when the reaction tempera-

ture was enhanced from 110–140 �C, and the conversion

was nearly 80% when the temperature reached to 140 �C.

However, by-products were showed up when the reaction

temperature was up to 130 �C. Therefore, 120 �C is con-

sidered as a suitable reaction temperature.

4 Conclusions

In this work, catalysts PNS and KNS were prepared by

grafting Preyssler and Keggin type heteropoly acids,
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respectively, onto the 3-aminopropyltriethoxy silane mod-

ified SBA-15, and these acids retained their HPAs

structures and still possessed strong acidity. In the esteri-

fication of n-butanol with acetic acid at the 120 �C of

reaction temperature, 360 min of reaction time, 1:1 molar

ratio of acetic acid with n-butanol, and 0.6 wt.% of the

catalyst content in reaction media, PNS and KNS exhibited

conversions of n-butanol of 63.8 and 61.2%, respectively,

with 100% selectivity for n-butyl acetate. PS and KS cat-

alysts prepared directly by impregnating HPA on SBA-15

showed high conversion of 92.7 and 83.4%. However, their

catalytic activities in esterification decreased drastically at

the second reaction cycle, in contrast, both PNS and KNS

showed excellent reusabilities during six-cycle tests due to

water-resistant property of HPAs on the surface of func-

tionalized SBA-15.
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