
 

0023-1584/03/4406- $25.00 © 2003 

 

MAIK “Nauka

 

/Interperiodica”0778

 

Kinetics and Catalysis, Vol. 44, No. 6, 2003, pp. 778–787. Translated from Kinetika i Kataliz, Vol. 44, No. 6, 2003, pp. 849–859.
Original Russian Text Copyright © 2003 by Timofeeva, Matrosova, Il’inich, Reshetenko, Avdeeva, Kvon, Chuvilin, Budneva, Paukshtis, Likholobov.

 

INTRODUCTION

Heteropoly acids (HPAs), which are strong Brøn-
sted acids, are widely used as homogeneous and heter-
ogeneous acid catalysts [1, 2]. Interest in supported
HPAs has increased in the past few years because their
activity is often higher than the activity of bulk HPAs
[2–5].

Many porous materials are widely used as supports
for HPAs. The adsorption of HPAs with the Keggin
structure (primarily, 

 

H

 

3

 

PW

 

12

 

O

 

40

 

 and 

 

H

 

4

 

SiW

 

12

 

O

 

40

 

) on
various supports has been studied systematically. It was
found that, on the surfaces of many supports, HPAs
underwent partial or complete degradation (

 

SiO

 

2

 

, acti-
vated carbons, 

 

MgF

 

2

 

,

 

 and 

 

Al

 

2

 

O

 

3

 

) or entered into vari-
ous chemical reactions with the supports to form HPA
salts [5–7]. Moreover, the acid sites of adsorbed HPAs
weakened in the following order of supports: 

 

SiO

 

2

 

 >
Al

 

2

 

O

 

3

 

 > activated carbon [5–7]. In the case of HPA/acti-
vated carbon, the weakening of acid sites on the carbon
surface is most likely due to the strong interaction of
HPA molecules with the surface groups of carbon. This
is evidenced by the irreversible adsorption of HPAs in
an amount of ~5–10% (on a support basis) on carbons
[5–7]. Although the acidity of proton centers is
reduced, HPA/activated carbon systems are sufficiently
active catalysts for a number of reactions (the esterifi-
cation of ethanol with acetic acid [5] and the dehydra-
tion of methanol [8, 9]).

Presently, a vast number of structurally different
carbon materials are known. Catalytic fibrous carbon
(CFC), which is prepared by the decomposition of
hydrocarbons in the presence of catalysts based on iron

subgroup transition metals, occupies a prominent place
among these materials. The structural and textural char-
acteristics of CFC can be purposefully changed by
varying the conditions of the synthesis, the nature of the
metal, the dispersity of metal particles at which nanofi-
bers are grown, the composition of hydrocarbon raw
materials, and the conditions of hydrocarbon decompo-
sition [10]. Because of its mesoporous structure, CFC is
considered a promising material for use in the adsorp-
tion–catalytic conversion of bulky substrates. Previ-
ously [11], the adsorption of 

 

H

 

3

 

PW

 

12

 

O

 

40

 

 on the surface
of CFC, which was prepared by methane decomposi-
tion on a nickel–copper catalyst, was studied; the char-
acter of adsorption was found to be analogous to HPA
adsorption on 

 

SiO

 

2

 

.

The fixation of nitrogen heteroatoms on the surface
of porous carbon materials, which results in the forma-
tion of C–N bonds in pyridine- and pyrrole-like struc-
tures, aromatic amines, and other N-containing groups,
seems promising for the development of new function-
ally active sorbents and supports and a new class of cat-
alysts. The simplest procedure for the modification of
carbon materials consists in the treatment of their sur-
face with 

 

NH

 

3

 

 or HCN at temperatures up to 

 

900°ë

 

[12–16]. However, spatially modified carbon materials
[17–22], in which heteroatoms are the constituents of
structure-forming associates of carbon atoms (because
of which the physicochemical properties of the entire
carbon skeleton can be changed), have attracted partic-
ular attention. These carbon materials can be prepared
by the decomposition of N-containing hydrocarbon raw
materials (heterocyclic compounds, such as pyridine
(

 

ë

 

5

 

ç

 

5

 

N

 

) [20–22] and melamine (

 

C

 

3

 

N

 

3

 

(NH

 

2

 

)

 

3

 

) [18, 19],
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Abstract

 

—The adsorption of H

 

3

 

PW

 

12

 

O

 

40

 

 (HPA) from methanol solutions on mesoporous carbon supports
(multiwall carbon nanotubes (CFC-3) and CFC modified with nitrogen atoms (N-CFC)) was studied. It was
found that up to 10 wt % HPA was irreversibly adsorbed on the surface of CFC. This character of adsorption is
indicative of the strong interaction of the adsorbate (HPA molecules) with coal surface groups (carboxylic, lac-
tone, etc.) to form intermolecular hydrogen bonds with 

 

π

 

-electron interactions. It was found that N-containing
surface centers affected the adsorption of HPA on N-CFC. The acid and catalytic properties of HPA/CFC sys-
tems in the esterification reaction of 

 

n

 

-butanol with acetic acid were studied ([BuOH]/[HOAc] = 1 : 15 mol/mol;
80

 

°

 

C). It was found that the strength of proton centers, which was determined as proton affinity, decreased upon
supporting HPA. The HPA/CFC-3 systems most actively catalyzed the reaction. The catalytic activity of
HPA/N-CFC depended on the nature of N-containing groups at the support surface, and it decreased with con-
centration of pyridine-like structures.
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or acetonitrile (

 

ëç

 

3

 

ëN

 

) [20, 21]) in vapor–gas mix-
tures with an inert gas, 

 

ç

 

2

 

, and/or hydrocarbons on
metal catalysts (Ni, Co, and Fe).

Many publications were devoted to the XPS studies
of the chemical states of nitrogen atoms in carbon
matrices and on the surfaces of carbon materials [12–
14, 22–25]. Based on semiempirical quantum-chemical
calculations of a carbon cluster, Strelko

 

 et al. 

 

[26] pre-
dicted the effects of various N-containing groups (pyri-
dine and pyrrole), as well as nitrogen atoms that replace
carbon atoms in a hexagonal planar structure, on an
increase in both the donor–acceptor properties of the
surface and the catalytic activity of the modified carbon
materials in electron-transfer reactions. These data are
consistent with the experimental results obtained by
Boehm and coauthors [12, 27], Jansen and van Bekkum
[13], Li

 

 et al. 

 

[16], and Pels

 

 et al. 

 

[23]. The effect of
nitrogen on the formation of basic coals with relatively
high ion-exchange capacities was noted [15, 28].

The aim of this work was to study the synthesis of
supported HPA/carbon (HPA/C) catalysts and to test
their catalytic activity in the esterification reaction of 

 

n

 

-
butanol with acetic acid

 

(I)

 

The following new mesoporous fibrous carbon materi-
als were used as supports for the catalysts: multiwall
carbon nanotubes (CFC-3) and nitrogen-containing
CFC (N-CFC).

Reaction (I) is of practical importance for the pro-
duction of butyl acetate, which is widely used in
organic synthesis [29].

BuOH HOAc BuOAc H2O.+ +

 

EXPERIMENTAL

 

Reagents

 

Chemically pure 

 

H

 

3

 

PW

 

12

 

O

 

40 

 

· 

 

15.41ç

 

2

 

é

 

 was
recrystallized from water. HOAc of analytical grade;
chemically pure 

 

n

 

-butanol; and reagent-grade MeOH,

 

ortho

 

-xylene, decane, and hexane were used in this
study without additional purification.

 

Preparation of Supports

 

Mesoporous CFC with a nanotubular structure
(CFC-3) and N-CFC with different nitrogen contents
were used as supports. CFC-3 was prepared by methane
decomposition at 

 

625°ë

 

 with the use of an iron-con-
taining catalyst. The samples of N-CFC were synthe-
sized by the decomposition of an 

 

H

 

2

 

–CH

 

4

 

–N

 

-contain-
ing additive (

 

ë

 

5

 

ç

 

5

 

N

 

 or 

 

ëç

 

3

 

CN

 

) vapor–gas mixtures
on Ni–Cu metal catalysts at 550, 650, and 

 

750°ë

 

. The
catalysts were reduced 

 

in situ

 

 in a flow of 

 

ç

 

2

 

 immedi-
ately before the onset of decomposition of the reaction
mixture. In the synthesis of N-CFC from 

 

ç

 

2

 

–ë

 

5

 

ç

 

5

 

N

 

mixtures (molar ratio of 9 : 1) at 

 

650°ë

 

 (Table 1, sam-
ple nos. 2, 4, 5), the conditions of catalyst reduction
were varied (temperature over the range 

 

550–750°ë

 

and time from 1 to 2 h). As can be seen in Table 1, the
conditions of catalyst reduction had almost no effect on
the pore-structure parameters of N-CFC and on the
nitrogen content of the samples. According to electron-
microscopic data, the morphology of fibers also
remained unchanged. At 

 

750°ë

 

, 

 

ç

 

2

 

–ë

 

5

 

ç

 

5

 

N

 

 vapor–gas
mixtures were decomposed by varying pyridine con-
centration in the initial reaction mixture (

 

ç

 

2

 

/ë

 

5

 

ç

 

5

 

N

 

molar ratios of 9 : 1 and 6 : 1; sample nos. 6 and 7,

 

Table 1.  

 

Characteristics of the carbon supports

No. Carbon
support

Conditions of preparation Texture parameters Nitrogen 
content,

wt %

Adsorption
of H

 

3

 

PW

 

12

 

O

 

40

 

from CH

 

3

 

OH

composition of the 
starting material, mol %

 

T

 

, 

 

°

 

C

 

D

 

a

 

, Å

 

S

 

sp

 

, m

 

2

 

/g

 

Σ

 

V

 

pore

 

,
cm

 

3

 

/g

 

a

 

max

 

,
mmol/g

 

a

 

ib

 

,
mmol/g

1 N-CFC(301) C

 

5

 

H5N/H2 (10 : 90) 550 53 282 0.4 1.0 0.086 0.038

2 N-CFC(259) 650 61 283 0.4 1.4 0.103 0.038

3 N-CFC(259)* 650 61 283 0.4 1.4 0.069 0.030

4 N-CFC(293) 650 50 309 0.4 1.4 – –

5 N-CFC(295) 650 48 324 0.4 1.5 – –

6 N-CFC(258) 750 79 290 0.6 2.7 0.103 0.038

7 N-CFC(286) C5H5N/H2 (15 : 85) 750 85 201 0.4 3.4 0.030 0.009

8 N-CFC(122) CH3CN/H2 (15 : 85) 550 51 239 0.3 2.4 0.076 –

9 N-CFC(141) C5H5N/H2/CH4
(10 : 20 : 70)

750 150 110 0.4 4.8 0.024 0.007

10 CFC-3 CH4 625 129 125 0.4 0 0.054 0.028

11 CFC-3* 625 129 125 0.4 0 0.038 0.019

* Adsorption of Na3PW12O40.
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respectively). At a constant composition of the reaction
mixture, an increase in the reaction temperature was
accompanied by an increase in the nitrogen content of
the carbon deposit. The procedures for the synthesis of
CFC were described elsewhere [21, 22, 30]. Table 1
summarizes the main characteristics of the supports.
All the supports were washed with methanol and dried
in air. Pellets with a size of 0.5 mm were used.

HPA Adsorption on CFC

The adsorption of HPAs on CFC was studied in a
thermostatted shaken reactor. The adsorbent (1 g) was
loaded in the reactor and heated in a vacuum (10 Pa) at
120°ë for 0.5 h. The reactor was cooled and 10 ml of an
HPA solution in methanol ([HPA] = 10–150 g/l) was
poured into it; the contents were allowed to stand until
the establishment of equilibrium at atmospheric pres-
sure and 25°ë (the time of equilibration was < 2 h).
The samples of the solution (0.1 ml) were taken at reg-
ular intervals, and the HPA concentration in the solu-
tion was measured, after dilution, with the use of a
Specord UV-VIS M-40 spectrophotometer (ν =
32000–42000 cm–1; determination error of ±10%). In
the study of HPA desorption from the support, 10 ml of

the pure solvent or an HPA solution with a concentra-
tion lower than equilibrium was added to 1 g of
HPA/CFC. The equilibration time was < 2 h. The limit-
ing values of HPA adsorption (amax) were determined
from adsorption isotherms at a region where the
adsorption curve flattened out. The irreversible adsorp-
tion value (aib) was determined by boiling 1 g of the
HPA/C sample in 20 ml of the pure solvent followed by
separation from the solvent using vacuum filtration and
ignition at 800°ë in a muffle furnace. The value of aib
was determined from the amount of the solid residue.

Preparation of HPA/CFC Catalysts

The supported HPA/CFC catalysts were prepared by
H3PW12O40 adsorption from a methanol solution. The
support was kept in the HPA solution in methanol for 2 h;
thereafter, it was filtered off, washed with methanol,
and dried in air. Before use, the catalysts were calcined
in air at 100°C for 2 h.

Kinetic Measurements

Esterification reaction (I) was performed in an aque-
ous acetic acid solution in a thermostatted glass reactor
equipped with a magnetic stirrer and a reflux con-
denser. The reactor was loaded with HOAc, BuOH, and
H2O (molar ratio [BuOH]/[HOAc]/[ç2é] = 1 : 15 :
0.05), and the mixture was heated to 80°ë. Next, the
HPA/CFC catalyst was added in an amount of 3 wt %
on a basis of the entire reaction mass. Samples were
taken at regular intervals; the catalyst was removed by
shaking with an ortho-xylene–water mixture (1 : 5, by
volume), and the organic layer was analyzed by GLC.
A Tsvet-500 chromatograph with a metal column (2 m ×
3 mm) packed with 5% SE-30 on Chromaton AW-
DMCS (0.16–0.25 mm) was used; nitrogen was the car-
rier gas (30 ml/min). The column temperature was
50°ë; hexane was an internal standard, and a flame-ion-
ization detector was used. Under conditions of a con-
siderable excess of HOAc, the buildup of the reaction
product, butyl acetate, obeyed the rate equation for a
reversible first-order reaction. On this basis, the rate
constants of the reaction were calculated from the
ln[BuOAc] – τ linear anamorphosis, where τ is the
reaction time.

Physicochemical Characterization
of Supports and Catalysts

The pore structure of the supports was determined
from the adsorption isotherm of nitrogen (77 K); the
specific surface area (Ssp) of the samples was deter-
mined by the BET method. The average pore size was
calculated from the equation Da = 4Vpore/Ssp.

The samples of powdered H3PW12O40/CFC for IR-
spectroscopic studies were sprayed onto a NaCl plate.
The IR spectra were measured on a Shimadzu FTIR

(a)

(b)

500 Å

500 Å

Fig. 1. Electron micrographs of (a) CFC-3 and
(b) NCFC(141).
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8300 spectrometer in the frequency region 700–1800 cm–1

with a resolution of 4 cm–1.

Samples for transmission electron microscopy
(TEM) were prepared by the ultrasonic dispergation of
H3PW12O40/CFC in hexane followed by applying the
suspension to a standard electron-microscopic grid
coated with a carbon film. The samples were examined
on a JEM-2010 instrument.

The XPS study of N-CFC was performed on a VG
ESCALAB HP photoelectron spectrometer with the
use of MgKα and AlKα primary radiation at a back-
ground gas pressure of 2 × 10–8 mbar. The spectrometer
was calibrated against the positions of Au4f7/2 (84.0 eV)
and Cu2p3/2 (932.7 eV) lines, and the internal standard
method was used to take charging into account (carbon
peak with a binding energy of 284.4 eV). Sample pel-
lets were pressed in a double-sided adhesive tape,
which was fixed in a standard sample holder.

RESULTS AND DISCUSSION

Characterization of Supports

It is well known that the carbon fibers of CFC grow
at the active centers of a catalyst; in the course of this
growth, they randomly interlace to form a carbon mate-
rial granule as a three-dimensional matrix. In this case,
the mesoporous volume of CFC is formed by hollows
between individual nanofibers. According to electron-
microscopic data, CFC-3 consists of multiwall carbon
nanotubes, which include 7–15 graphite-like layers
arranged in parallel with the fiber axis as cylinders with
increasing diameters, which are embedded in one
another (Fig. 1a). The diameter of nanotubes is 25–
30 nm, whereas the size of the inner hollow channel is
10 nm. Partition walls were formed within carbon nan-
otubes because of closing graphite layers. The partition
walls are oriented perpendicular to the fiber axis.
According to electron-microscopic data, fibers as
porous filaments (up to 90 wt %) are predominant in the
structure of N-CFC (Fig. 1b); these fibers are formed of
graphite-like carbon layers with a turbostratic structure.

394 398 402 406 Eb, eV

1

2

Fig. 2. XPS N 1s spectra of (1) N-CFC(293) and (2) N-CFC(295) samples.

Table 2.  Surface characteristics of N-CFC according to XPS data

Sample Binding energy
of N 1s, eV

Surface composition, wt %
CxNOy NPy/NS, %

[NPy],
wt %Ni* O N*

N-CFC(301) 398.4 400.7 1.06 (1.80) 3.2 1.0 (1.0) C68NO4 53 0.53

N-CFC(293) 398.6 400.9 – ~1 1.0 (1.4) C103NO0.9 37 0.37

N-CFC(295) 398.5 401.0 – ~1 1.0 (1.4) C118NO0.8 40 0.40

N-CFC(286) 398.5 401.1 0.41 3.1 3.1 (3.4) C22NO1.2 49 1.52

N-CFC(141) 398.8 401.0 0.43 (2.17) 4.0 4.3 (4.8) C26NO1.2 45 1.94

* The elemental analyses of the samples are given in parentheses. 
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The layers are perpendicular to the fiber axis at its cen-
tral part. The ends of the basal planes of carbon out-
cropped at the surface of carbon fibers at an angle or
almost parallel to the axis. The fibers are 15–150 nm in
thickness. A special feature of the structure consists in
its significant loosening: individual packs can be sepa-
rated by gaps up to 1 or 2 nm. This is consistent with
data on the low-temperature adsorption of nitrogen;
according to these data, N-CFC samples can contain
considerable amounts of micropores (Vmicro ≤ 7% of the
total pore volume). In this case, a change in the param-
eters of N-CFC synthesis, for example, an increase in
the pyridine content of the initial reaction mixture
(Table 1, sample nos. 6 and 7) or a decrease in the par-
tial pressure of hydrogen with a ëç4–ç2 mixture in

place of ç2 (Table 1, sample no. 9), was accompanied
by a decrease in the specific surface area of N-CFC and
by a reduction in the micropore volume up to the com-
plete disappearance of micropores. One of the most
important reasons for the above phenomenon is the
occurrence of side reactions in the reaction system at
temperatures higher than 600°ë. These side reactions
include the thermocatalytic conversion of pyridine, in
particular, the dehydro-oligomerization of pyridine
[22] followed by the slow pyrolysis of oligomers on the
surface of carbon fibers. Even in the early 1990s,
Downs and Baker [31] proposed the optimization of
CFC synthesis conditions (temperature and hydrocar-
bon of choice) to eliminate undesirable side processes
of uncatalyzed hydrocarbon polymerization to form
disordered carbon, which can be accumulated in the
structure of CFC.

The chemical composition of the surface of N-CFC
was studied by XPS (Table 2). It was found that surface
nitrogen can occur in at least two chemical states (Fig. 2).
The N 1s peak with a binding energy (Eb) of 398.6 ± 0.2 eV
belongs to the nitrogen atom NPy in pyridine-like struc-
tures [12–25], which are localized at the lateral faces
and defects of carbon layers, that is, primarily at the outer
surface of nanofibers. The N 1s peak with Eb = 401 eV is
a superposition of peaks with close binding energies
(Fig. 2): it is most likely that a peak with Eb = 400.8 eV
can be ascribed to the nitrogen atom of amine or aniline
groups (ë−NH2, NAm) [22] and/or protonated pyridine
[26, 32], whereas a peak with Eb = 401.9 eV can be
attributed to nitrogen that replaces a carbon atom in a
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0.04

0.06

0.08

0.10
1

2

3

4

0.02

0 20

‡, mmol/(g support)

[HPA]eq, mmol/l
40 60

0.04

0.06

0.08

0.10
1

2

3

10 nm(a)

(b) 10 nm

Fig. 3. Isotherms of adsorption from methanol solutions:
(1) H3PW12O40 on N-CFC(259), (2) Na3PW12O40 on
N-CFC(259), (3) H3PW12O40 on CFC-3, and
(4) Na3PW12O40 on CFC-3.

Fig. 4. Isotherms of H3PW12O40 adsorption on N-CFC from
methanol solutions: (1) N-CFC(259), (2) N-CFC(258), and
(3) N-CFC(141).

Fig. 5. Electron micrographs of H3PW12O40 supported on
mesoporous carriers: (a) 5.3% H3PW12O40/CFC-3 and
(b) 10% H3PW12O40/N-CFC(259).
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hexagonal planar structure (nitrogen inserted into
graphene layers) [16, 25].

In addition to N-containing groups, a significant
amount of adsorbed oxygen occurred on the surface of
N-CFC (Table 2). Because the conditions of the synthe-
sis of N-CFC completely excluded the contact of reac-
tants and the resulting carbon deposit with oxygen, it is
evident that the presence of O-containing groups can be
explained by the adsorption of oxygen, water vapor,
etc., on the surface of the supports in storage of the
samples in air. The presence of great amounts of oxy-
gen adsorbed on the surface of porous carbon materials
is a well-known fact.

Adsorption of H3PW12O40 on CFC

One of the most important requirements imposed on
catalysts for liquid-phase reactions consists in the ease
of catalyst separation from the reaction mass. In this
context, an important stage of this work was the prepa-
ration of heterogeneous catalysts for reaction (I) based
on H3PW12O40 immobilized on the surface of mesopo-
rous carbon materials with the use of an adsorption
method.

Because the type of the support, the concentration of
an initial HPA solution, and the nature of the solvent
have a pronounced effect on the character of adsorption
and the surface state of HPAs, we studied the adsorp-
tion of H3PW12O40 by catalytic fibrous carbons of dif-
ferent chemical origins [2, 6, 11]. Methanol was chosen
as a solvent to prevent HPA hydrolysis by the strongly
basic N-containing surface groups of N-CFC.

Figures 3 and 4 demonstrate the shapes of HPA
adsorption isotherms depending on the type of CFC. In
all cases, the adsorption was partially irreversible: ~20–
110 mg (0.007–0.038 mmol) of H3PW12O40 per gram of
support. The further adsorption was reversible, and the
desorption curve coincided with the adsorption one.
Table 1 summarizes the limiting values of HPA adsorp-
tion (amax) and the irreversibly bound HPA (aib). It was
noted [6, 11] that the complete desorption of HPA from
the surfaces of CFC and activated carbon was impossi-
ble even upon boiling in water or methanol. This char-
acter of adsorption is usually indicative of the strong
interaction of adsorbed molecules (HPA molecules)
with the surface of the support [33–37]. Note that irre-
versible adsorption can also be due to the possibility of
the encapsulation of bulky HPA molecules (“landing”
surface area of 100 Å2) [1] in the narrowest pores of the
adsorbent because of the adsorption deformation of
carbon. The adsorption deformation was easily observ-
able in microporous carbon materials [38]; however, in
the case of CFC, the issue of grain extension still
remains open.

The concentrations of acidic (carboxylic, lactone,
etc.) and basic groups that occurred on the surfaces of
CFC-3 and N-CFC(259) were determined by back titra-
tion as described in [39]. The amounts of acidic groups
were equal to 88 and 90 µmol/g for CFC-3 and
N-CFC(259), respectively. The amount of basic groups
in N-CFC(259) was equal to 120 µmol/g, whereas these
groups were not detected in CFC-3. These data indicate
that the interactions of HPA with the surface groups of
the CFC-3 and N-CFC(259) supports exhibited some
differences. In CFC-3, a weak intermolecular hydrogen
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Fig. 6. IR spectra of bulk H3PW12O40 and H3PW12O40 supported on CFC of different origins: (1) 8% H3PW12O40/CFC-3,
(2) 10% H3PW12O40/N-CFC(258), and (3) H3PW12O40.
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bond can be formed because of the π-electron interac-
tion of HPA molecules with surface acidic groups,
whereas a strong chemical interaction with basic
groups is characteristic of N-CFC(259). In addition,
according to electron-microscopic data, the adsorption
of H3êW12O40 on N-CFC occurred at the outer surface
of a carbon fiber (Fig. 5a). At the same time, the adsorp-
tion on CFC-3 can occur either at the outer surface of a
fiber (Fig. 5b) or at centers located within the hollow
channel of a CFC nanotube. Consequently, the value of
aib for CFC-3 primarily depends on the tubular mor-
phology of fibers (texture characteristics), whereas this
value for N-CFC considerably depends on the binding
energy of protons of the HPA molecule to basic N-con-
taining groups.

An insignificant difference between the values of
aib(H3PW12O40) and aib(Na3PW12O40) for N-CFC(259)
may be due to the ability of heteropoly anions to form
insoluble pyridinium and ammonium salts; this also
provides support for the effect of N-containing surface
centers on adsorption.

Figure 6 demonstrates the IR spectra of the samples
of 8% H3PW12O40/CFC-3 and 10% H3PW12O40/N-
CFC(258) supported catalysts prepared by the adsorp-
tion method. The IR spectra clearly exhibit absorption
bands at 820, 905, 980, and 1075 cm–1. According to
published data [7, 40], these bands can be ascribed to
the absorption bands of HPAs with the Keggin structure:
νas(W–Oc–W) = 820 cm–1, νas(W–Ob–W) = 905 cm–1,
νas(W=Od) = 990 cm–1, and νas(P–Oa) = 1090 cm–1.
Insignificant shifts of bands at 990 and 1090 cm–1 could
be due to the interaction of the HPA anion with the sur-
face groups of CFC. According to Wu et al. [5], additional
bands in the regions 1100–1300 and 1400–1600 cm–1 can
be attributed to C=O vibrations in carbonyl, carboxyl,
and lactone groups.

The effect of the pore structure of CFC on adsorp-
tion is no less than the effect of the surface chemistry.
Thus, a correlation between the values of Ssp and amax
was observed (Table 1): the values of amax changed
symbatically with Ssp. These results are consistent with
the assumption that multilayer adsorption primarily
occurred on the outer surface of the support. It is likely
that the adsorption of HPA associates on the outer sur-
face and, probably, in impurity macropores makes a
small contribution.

The effect of N-containing surface centers remains
unclear. However, experimental data suggest that, in N-
CFC samples prepared from reaction mixtures of the
same composition (ë5ç5N–H2) (Table 1) and charac-
terized by approximately equal specific surface areas
but different amounts of nitrogen-containing centers,
the values of amax referenced to the total nitrogen con-
tent of these samples decrease in the following order:
N-CFC(301) > N-CFC(259) > N-CFC(258). This order
corresponds to the order of increasing concentration of
pyridine-like groups. It is likely that this dependence is
related to both a decrease in the accessibility of nitro-
gen-containing centers to HPA molecules and solvation
effects, because of which the protonation of pyridine-
like groups becomes less favorable than the protonation
of amino-like groups [41].

The effect of N-containing surface centers was more
pronounced in samples prepared from reaction mix-
tures of different composition (Table 1). However, the
degree of this effect is difficult to evaluate because sev-
eral parameters undergo simultaneous changes: Ssp, Da,
nitrogen content, and the ratio between amino- and
pyridine-like groups.

Esterification of n-Butanol with Acetic
Acid Catalyzed by H3PW12O40/CFC

The esterification reaction was used [4, 5, 7–9] as a
test reaction for comparing the acidities of bulk HPAs
and HPAs supported on various carriers. The catalytic
activity of bulk HPAs was found to be much higher.
Moreover, it was found that the catalytic activity of sup-
ported HPAs correlated with the strength of surface
acid sites [3].

In this work, we studied the acidic and catalytic
properties of the HPA/CFC systems prepared by the
adsorption method in reaction (I) of butanol esterifica-
tion with acetic acid. Reaction (I) was heterogeneous
under conditions of our catalytic experiments because
(1) the catalyst visually appeared to be an individual
solid phase, which could be easily separated from the
reaction mass and (2) the reaction did not occur in the
reaction mixture filtered from the catalyst. Note that 9–
15 wt % HPA supported on CFC was not washed off
from the carbon surface into a solution of HOAc even
upon boiling for 5 to 6 h.

We found for H3PW12O40/N-CFC(293) that the
order of reaction (I) with respect to HPA was close to

–1.0

1120

logk ' [s–1 g–1]

PA, kJ/mol
1160 1180

–1.5

–2.0

–2.5

1140 1200

1
2

Fig. 7. Rate constant of reaction (I) as a function of the
strength of proton sites for (1) NaxH3 – xPW12O40 (x = 1–3)
or (2) HZSM-5 zeolites.
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unity, as in the case of bulk HPA, and the activation
energies were equal to 22 ± 2 and 30 ± 3 kcal/mol,
respectively. Because in the presence of supported
HPA, as distinct from bulk HPA, reaction (I) was heter-
ogeneous, it is most likely that the initial step of the

reaction is the rapid reversible adsorption of butanol
and HOAc followed by reactions at the catalyst surface.
This fact may be responsible for the difference in acti-
vation energies for H3PW12O40 and H3PW12O40/N-
CFC(293).

H+

HPA
Carbon

Bu

O—H
Ac

O H+

HPA
Carbon

O
O

H

H+

HPA
Carbon

O

Bu

O—H

H+

HPA
Carbon

O

BuOH HOAc

–BuOAc
–H2O

––––

Table 3.  Esterification of n-butanol with acetic acid in the presence of HPA immobilized on various carbon supports

Catalyst k × 104, s–1 g–1 k' × 104, s–1 g–1 ks × 106, s–1 m–2 Ssp, m2/g PA*, kJ/mol

H3PW12O40**,*** 470 470 – 2 1120 ± 20 

NaH2PW12O40** 1026 1026 – 3.4 1130

Na2HPW12O40** 462 462 – 3.7 1135

Na3PW12O40** 88 88 – 3.8 1160

HZSM-5 (Al)** 106 126 44.3 402 1170 

HZSM-5 (Ga)** 137 137 29.7 461 1180 

HZSM-5 (Fe)** 106 126 28.3 375 1200 

10% H3PW12O40/N-CFC(301) 15 150 5.3 282 (1175 ± 10)

15% H3PW12O40/N-CFC(259) 45 300 16 283 (1150 ± 10)

10% H3PW12O40/N-CFC(259) 13 130 4.5 283 (1180 ± 10)

10% H3PW12O40/N-CFC(293) 15 150 4.8 309 (1175 ± 10)

10% H3PW12O40/N-CFC(295) 15 150 4.5 324 (1175 ± 10)

10% H3PW12O40/N-CFC(258) 12 120 4.1 290 (1185 ± 10)

10% H3PW12O40/N-CFC(286) 12 120 6.0 201 (1185 ± 10)

10% NaH2PW12O40/N-CFC(286) 7 70 3.5 201 (1205 ± 10)

10% Na2HPW12O40/N-CFC(286) 7 70 3.5 201 (1205 ± 10)

10% Na3PW12O40/N-CFC(286) 3 30 1.5 201 (1245 ± 10)

10% H3PW12O40/N-CFC(122) 15 150 6.3 239 (1175 ± 10)

10% H3PW12O40/N-CFC(141) 16 160 14 110 (1170 ± 10)

9% H3PW12O40/CFC-3 40 444 32 125 (1130 ± 10)

N-CFC(259) 5.9 – 2.1 283

N-CFC(293) 2.1 – 0.6 309

CFC-3 0.2 – 0.1 125

Notes: [BuOH]/[HOAc] = 1 : 15 mol/mol; 80°C; [HPA/C] = 3 wt %.
k' is the reaction rate constant per gram of active component; ks = k/Ssp.

* PA values were determined spectroscopically in accordance with the published procedure [42] using pyridine as a probe. The values
of PA obtained from the data of catalytic experiments are given in parentheses.

** The catalyst concentration was 0.3 wt %.
*** The reaction temperature was 60°C.
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Such behavior was also observed in the dealkylation
reaction of 2,6-di-tert-butylphenol in the presence of
H3PW12O40 and H3PW12O40/SiO2 [3].

Bulk H3PW12O40 is a strong Brønsted acid, whose
strength is greater than that of proton sites in HZSM-5
zeolite [1, 2]. Table 3 summarizes the rate constants k'
and ks of reaction (I), specific surface areas, and
strength of acid sites determined as proton affinity (PA)
for HZSM-5 zeolites and HPA (bulk and supported on
CFC). Figure 7 demonstrates the dependence of the rate
of reaction (I) on the strength of the acid sites. Although
the reaction was homogeneous in the presence of
NaxH3 − xPW12O40 (x = 1–3) or heterogeneous in the
presence of zeolites, a Brønsted-type correlation was
observed in both cases. The strength of acid sites in the
HPA/CFC samples was evaluated from kinetic data
(with the use of curve 2 in Fig. 7). It was found that the
acidity of proton sites decreased upon supporting HPA
onto CFC. The strongest sites were detected in the sam-
ple of 9% H3PW12O40/CFC-3, whereas the strength of
proton sites significantly decreased upon supporting HPA
onto N-CFC and became close to the strength of proton
sites in HZSM-5 (Al) zeolites (PA = 1170 kJ/mol). It is
most likely that the difference in the strength of the acid
sites of HPA/CFC-3 and HPA/N-CFC is related to the
character and strength of the interaction of HPA proton
sites with the surface groups of carbon. The fact that the
replacement of ç+with Na+ in the case of NaxH3 –

 xPW12O40/N-CFC resulted in a greater change in the
strength of proton sites than in bulk salts (Table 3) is
indicative of the strong interaction of HPA with the sur-
face N-groups of the support.

It is well known that catalytic activity increases with
increasing HPA concentration on the support surface as
a consequence of competition between increasing
strength of acid sites and decreasing number of these

sites [3]. This is consistent with data obtained in the cat-
alytic tests of 15% H3PW12O40/N-CFC(259) and 10%
H3PW12O40/N-CFC(259) samples. An increase in the
HPA content from 10 to 15 wt % resulted in an increase
in activity by a factor of ~2 and in an increase in the
strength of acid sites: PA changed from 1180 ± 10 to
1150 ± 10 kJ/mol (Table 3).

The relationship between the amount of nitrogen-
containing centers in a carbon support and the cata-
lytic activity of HPA remains unclear. The nature of
nitrogen-containing centers has the greatest effect on
the catalytic activity of HPA (Tables 1, 3). Thus,
samples with approximately equal specific surface
areas and different nitrogen contents exhibited the
same activity (10% H3PW12O40/N-CFC(301) and
10% H3PW12O40/N-CFC(295)). However, in the
10% H3PW12O40/N-CFC(141) sample with a high
nitrogen content, HPA exhibited greater activity than in
the case of other N-CFC supports.

We failed to determine the effect of the nature of
N-containing surface centers on the acidic and catalytic
properties of HPA because quantitative data on the true
chemical composition of the surface of N-CFC are cur-
rently unavailable. However, some regularity can be
followed. Figure 8 illustrates the effect of the concen-
tration of pyridine-type nitrogen atoms (calculated
from XPS data using a peak with Eb = 398.6 ± 0.2 eV)
on the catalytic activity of H3PW12O40. It can be seen
that the higher the concentration of pyridine-like
groups, the lower the catalytic activity of HPA. The
strength of the proton sites of the acid decreased in the
same order. However, this correlation does not just
result from changes in the number of pyridine-like
groups because the concentration of amine, aniline, and
other nitrogen-containing groups and the ratio between
them can change simultaneously.
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