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Abstract Nitrogen-rich macroporous carbon (N-MC) was

prepared using melamine-formaldehyde resin as a carbon

precursor. The surface of N-MC was then modified to have a

nitrogen-derived functional group (amine group), and thus,

to provide an anchoring site for heteropolyacid (HPA) cat-

alyst. By taking advantage of the overall negative charge of

[PMo10V2O40]5-, H5PMo10V2O40 (PMo10V2) HPA catalyst

was chemically immobilized on the N-MC support as a

charge matching component. It was found that PMo10V2 was

finely dispersed on the N-MC support. In the model vapor-

phase 2-propanol conversion reaction, the PMo10V2/N-MC

catalyst showed a remarkably enhanced oxidation catalytic

activity and a suppressed acid catalytic activity compared to

the mother catalyst. The PMo10V2/N-MC catalyst served as

an efficient oxidation catalyst in the reaction where both acid

and oxidation reactions occurred simultaneously.

Keywords Heteropolyacid catalyst � Macroporous

carbon � Chemical immobilization � Oxidation catalysis

1 Introduction

Heteropolyacids (HPAs) are early transition metal-oxygen

anion clusters that exhibit a wide range of molecular sizes,

compositions, and molecular architectures [1]. Among

various HPA structural classes, the Keggin-type HPAs have

been widely employed as homogeneous and heterogeneous

catalysts for acid–base and oxidation reactions [2, 3]. A

great advantage of HPA catalysts is that their catalytic

properties can be tuned in a systematic way by changing the

identity of counter-cation, heteroatom, and framework

polyatom [4]. Their excellent thermal and chemical stabil-

ities also make them good candidates in catalytic

applications that may require harsh environments [5].

However, a disadvantage of HPA catalysts is that their

surface area is very low (\10 m2/g). To overcome the low

surface area, HPAs have been supported on inorganic

materials by a conventional impregnation method [6–9].

Another promising approach for enlarging the surface area

of HPA catalysts is to take advantage of the overall negative

charge of heteropolyanion. By this method, HPA catalysts

have been immobilized on the positively charged polymer

materials [10, 11]. Although such an attempt utilizing

inorganic materials has been restricted due to the difficulty

in forming a positive charge on the inorganic materials,

HPA catalysts have been successfully immobilized on the

inorganic supporting materials such as mesoporous carbon

[12] and mesostructured cellular foam silica [13].

Among various inorganic supporting materials, porous

carbons have attracted much attention as supporting

materials due to their excellent thermal stability and unique

textural property [14, 15]. Porous carbons have been

widely prepared using sucrose [16, 17], polydivinylben-

zene [18, 19], furfuryl alcohol [20], and phenolic resin [21]

as a carbon precursor. If a porous carbon is modified to

have a positive charge, it can serve as an excellent sup-

porting material for HPA catalyst. Although a porous

carbon with a nitrogen-derived positive functional group

has been developed from a nitrogen-free porous carbon

[12], it was found to have a limited number of positive

anchoring sites for the chemical immobilization of HPA

catalyst. This is because the formation of nitrogen-derived
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anchoring sites on the nitrogen-free porous carbon is

essentially restricted due to the hydrophobic nature and

chemical inertness of carbon material. The process for

obtaining a positively charged porous carbon from a

nitrogen-free porous carbon also requires many treatment

steps. If a nitrogen-containing porous carbon is prepared by

a single step, therefore, it can be easily modified to have a

nitrogen-derived functional group for the chemical immo-

bilization of HPA catalyst.

In this work, nitrogen-rich macroporous carbon (N-MC)

was prepared for use as a support for HPA catalyst. Mel-

amine-formaldehyde resin was used as a carbon precursor,

with an aim of increasing nitrogen content on the N-MC.

The surface of N-MC was then modified to have a positive

charge, and thus, to provide a site for the chemical

immobilization of HPA catalyst. The Keggin-type

H5PMo10V2O40 (PMo10V2) catalyst was immobilized on

the surface-modified N-MC support, by taking advantage

of the overall negative charge of [PMo10V2O40]5-. The

PMo10V2 catalyst immobilized on the N-MC support

(PMo10V2/N-MC) was applied to the model vapor-phase 2-

propanol conversion reaction to explore the oxidation cat-

alytic activity of PMo10V2/N-MC.

2 Experimental

2.1 Preparation of PMo10V2/N-MC Catalyst

Figure 1 shows the schematic procedures for the preparation

of PMo10V2/N-MC catalyst. Silica sphere with a diameter of

ca. 300 nm was synthesized according to the method in the

literature [22]. A precursor mixture with a weight ratio of

melamine ([99.5 wt%):formaldehyde (35 wt%):ammonia

(36 wt%) = 1.0:1.8:0.1 was prepared at room temperature

under vigorous stirring. After adding silica sphere to the

mixture, it was polymerized at 80 �C for 12 h. The polymer-

silica composite was then carbonized at 900 �C for 4 h at a

heating rate of 5 �C/min in a stream of nitrogen. After car-

bonization, silica sphere was removed using an aqueous

HF(48 wt%) solution. After filtering and washing the

resulting solid with deionized water, it was dried at 70 �C for

12 h to yield the nitrogen-rich macroporous carbon (N-MC).

The surface of N-MC was activated with a stream of

hydrogen at 200 �C for 2 h to form an amine functional

group. The activated N-MC was then treated with an

aqueous HCl solution for 12 h to have a positive charge.

Surface-modified N-MC (1.0 g) and PMo10V2 catalyst

(1.0 g) were added to acetonitrile (100 mL), and the slurry

was stirred at room temperature for 24 h for the chemical

immobilization of PMo10V2 on the amine functional group

of N-MC. The resulting slurry was filtered and washed with

deionized water several times, until the washing solvent

became colorless. The solid product was dried at 80 �C

overnight in a convection oven, and then it was finally cal-

cined at 300 �C for 2 h to yield the PMo10V2/N-MC catalyst.

2.2 Characterization

Nitrogen adsorption–desorption isotherms were obtained

using a Micromeritics ASAP-2010 instrument. Surface
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area was calculated using the Brunauer-Emmett-Teller

(BET) method. Pore volume was calculated using the

Barrett-Joyner-Halenda (BJH) method. CHN elemental

analyses were conducted with a LECO CHNS-932 ana-

lyzer. FE-SEM images were obtained with a JEOL JSM-

6700F microscope. TEM images were obtained with a

JEOL JEM-3010 microscope operated at 300 kV. FT-IR

spectra were obtained with a Nicolet Magna-IR 750 spec-

trometer. 31P CP-MAS NMR spectra were measured at

room temperature with a Bruker Avance 400WB spec-

trometer (spectrometer frequency = 162.0849 MHz, spin

rate = 8 kHz). XRD patterns were obtained with a MAC

Science M18XHF instrument using Cu Ka radiation.

2.3 Vapor-Phase 2-Propanol Conversion Reaction

Oxidation catalytic activity of PMo10V2/N-MC catalyst

was investigated by performing the model vapor-phase

2-propanol conversion reaction. The reaction was carried

out in a continuous flow fixed-bed reactor at atmosphere

pressure. Either supported or unsupported catalyst (60 mg

on PMo10V2 basis) was charged into a tubular quartz

reactor, and then it was pretreated with a mixed stream of

nitrogen (10 mL/min) and oxygen (5 mL/min) at 220 �C for

2 h. The reaction temperature was maintained at 180 �C.

2-Propanol (1.3 9 10-2 mol/h) was sufficiently vaporized

and was fed into the reactor together with a mixed stream

of nitrogen (10 mL/min) and oxygen (5 mL/min). Reaction

products were periodically sampled and analyzed with a

gas chromatograph (HP 5890II).

3 Results and Discussion

3.1 Characterization of N-MC and PMo10V2/N-MC

Figure 2 shows the nitrogen adsorption–desorption iso-

therms of N-MC support and PMo10V2/N-MC catalyst. Both

N-MC and PMo10V2/N-MC exhibited the type-IV isotherms

and type-H3 hysteresis loops with no great difference.

Chemical compositions and physical properties of N-MC

and PMo10V2/N-MC are summarized in Table 1. BET

surface area and pore volume of N-MC were 643 m2/g and

0.86 cm3/g, respectively. Even after the immobilization of

PMo10V2 on N-MC, PMo10V2/N-MC catalyst still retained

high surface area (590 m2/g) and large pore volume (0.80

cm3/g). CHN elemental analyses revealed that nitrogen

content in the N-MC was 10.6 wt%, while that in the

PMo10V2/N-MC was measured to be 8.4 wt%. The

decreased nitrogen content of PMo10V2/N-MC was due to

the loading of PMo10V2. PMo10V2 loading in the PMo10V2/

N-MC catalyst determined by ICP elemental analysis was

7.6 wt%. It is interesting to note that PMo10V2 catalyst

supported on N-MC by a conventional impregnation method

was totally dissolved out during the washing step with

deionized water. This indicates that the nitrogen-derived

functional group (amine group) of surface-modified N-MC

played a key role for the immobilization of PMo10V2.

Figure 3 shows the FE-SEM and TEM images of N-MC.

The images clearly show the formation of macropores with

an average pore size of ca. 300 nm. Surface morphology of

N-MC was almost identical to that of PMo10V2/N-MC. This

indicates that macropore structure of N-MC was still main-

tained even after the immobilization of PMo10V2 catalyst.

3.2 Chemical Immobilization of PMo10V2 on the

N-MC Support

Chemical immobilization of PMo10V2 on the N-MC sup-

port was well confirmed by FT-IR and 31P CP-MAS NMR

analyses. Figure 4 shows the FT-IR spectra of N-MC,

PMo10V2, and PMo10V2/N-MC. The primary structure of

PMo10V2 could be identified by the four characteristic IR

bands appearing in the range of 700–1,100 cm-1. The
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Fig. 2 Nitrogen adsorption–desorption isotherms of N-MC and

PMo10V2/N-MC

Table 1 Chemical compositions and physical properties of N-MC

and Pmo10V2/N-MC

Sample Nitrogen

content

(wt%)

Pmo10v2

content

(wt%)

BET

suface

area (m2/g)

BJH pore

volume

(cm3/g)

N-MC 10.6 – 643 0.86

Pmo10V2/N-MC 8.4 7.6 590 0.80
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four characteristic IR bands of unsupported PMo10V2

appeared at 1,063 cm-1 (P–O), 964 cm-1 (M(polyatom)=O),

864 cm-1 (interoctahedral M–O–M), and 781 cm-1 (in-

traoctahedral M–O–M). On the other hand, no

characteristic IR bands of N-MC were observed in the

range of 700–1,100 cm-1 due to the strong absorbance of

carbon material by infrared beam. The characteristic IR

bands of PMo10V2/N-MC appeared at 1,055 cm-1 (P–O),

945 cm-1 (M=O), 864 cm-1 (interoctahedral M–O–M),

and 793 cm-1 (intraoctahedral M–O–M). In other words,

the characteristic IR bands of PMo10V2 in the PMo10V2/N-

MC appeared at slightly shifted positions compared to those

of unsupported PMo10V2. This indicates that PMo10V2 was

successfully immobilized on the N-MC support via strong

chemical interaction between two components.

Figure 5 shows the 31P CP-MAS NMR spectra of

PMo10V2 and PMo10V2/N-MC. Unsupported PMo10V2

showed a chemical shift at d = -3.9 ppm, while PMo10V2/

N-MC showed a chemical shift at d = -6.3 ppm. It is

believed that the difference in chemical shift of structural

phosphorous between PMo10V2 and PMo10V2/N-MC was

attributed to the strong chemical interaction between

PMo10V2 and N-MC.

3.3 Fine Dispersion of PMo10V2 on the N-MC Support

Fine dispersion of PMo10V2 on the N-MC support was

confirmed by XRD analyses. Figure 6 shows the XRD

patterns of N-MC, PMo10V2, and PMo10V2/N-MC. Unsup-

ported PMo10V2 showed the characteristic XRD peaks of the

Fig. 3 (a) FE-SEM and (b)

TEM images of N-MC
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HPA. However, N-MC showed no characteristic XRD

pattern due to its amorphous nature. Interestingly, PMo10V2/

N-MC also showed the same amorphous XRD pattern as N-

MC. This indicates that PMo10V2 was not in crystal state but

in an amorphous-like state on the N-MC support. The above

result strongly supports that PMo10V2 was finely and

molecularly dispersed on the N-MC in the PMo10V2/N-MC

catalyst.

3.4 Catalytic Performance in the 2-Propanol

Conversion Reaction

Figure 7 shows the typical catalytic performance of

PMo10V2 and PMo10V2/N-MC catalysts in the vapor-phase

2-propanol conversion reaction at 180 �C after a 6 h-reac-

tion. It is known that propylene and isopropyl ether are

formed by the acid catalysis of HPA, while acetone is pro-

duced by the oxidation catalysis of HPA [23]. As shown in

Fig. 7, the PMo10V2/N-MC catalyst showed a higher 2-

propanol conversion than the PMo10V2 catalyst. Further-

more, the PMo10V2/N-MC catalyst showed an enhanced

oxidation catalytic activity (formation of acetone) and a

suppressed acid catalytic activity (formation of propylene

and isopropyl ether) compared to the PMo10V2 catalyst. The

remarkably enhanced 2-propanol conversion over

PMo10V2/N-MC catalyst was due to the fine dispersion of

[PMo10V2O40]5- on the N-MC support formed via chemical

immobilization. As attempted in this work, it is believed that

[PMo10V2O40]5- was chemically and strongly immobilized

on the N-MC support as a charge-matching component by

losing the proton (Brönsted acid site) of PMo10V2. There-

fore, the PMo10V2/N-MC catalyst showed an enhanced

oxidation catalytic activity and a suppressed acid catalytic

activity compared to the mother catalyst.

4 Conclusions

Nitrogen-rich macroporous carbon (N-MC) was prepared

by a templating method using melamine-formaldehyde

resin and silica sphere as a carbon precursor and a tem-

plate, respectively, for use as a support for HPA catalyst.

The H5PMo10V2O40 (PMo10V2) catalyst was successfully

immobilized on the surface-modified N-MC support by

taking advantage of the overall negative charge of

[PMo10V2O40]5-. The nitrogen-derived functional group

(amine group) of N-MC played a key role for the chemical

immobilization of PMo10V2. It was revealed that PMo10V2

was finely immobilized on the N-MC support via strong

chemical interaction between two components. In the

model vapor-phase 2-propanol conversion reaction, the

PMo10V2/N-MC catalyst showed a higher 2-propanol

conversion and a better oxidation catalytic activity than the

mother catalyst. The remarkably enhanced oxidation cata-

lytic activity of PMo10V2/N-MC was due to the fine

dispersion of [PMo10V2O40]5- on the N-MC support

formed via chemical immobilization by sacrificing the

proton of PMo10V2. Thus, the PMo10V2/N-MC served as a

selective oxidation catalyst in the model reaction where

both acid and oxidation reactions occurred simultaneously.
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