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Abstract

In order for successful application of heteropolyacids (HPAs) as heterogeneous catalysts to liquid-phase lactonization of
1,4-butanediol, B PMo12_ V040 (x = 0-3) HPAs were immobilized on polyaniline (PANI) by one-step and two-step
methods. Aniline was polymerized in the presence of HPA in the one-step preparation method, while HPA was immobilized
on the ready-made PANI support in the two-step method. It was found that HPAs were molecularly dispersed and strongly
immobilized in/on the PANI support as charge-compensating components. Most HPAs in the two-step HPA—-PANI catalysts
were immobilized only on the surface of PANI support. The surface areas of the two-step HPA—PANI catalysts were much
higher than those of the one-step catalysts, which is important from the practical point of applications. Thermal stability
of PANI support was much enhanced by the binding with HPA, and thermal stability of the two-step HPA—PANI catalysts
was superior to the one-step catalysts. In the lactonization of 1,4-butanediol, catalytic activities were in the following order:
two-step HPA—PANI> one-step HPA-PANI> unsupported HPA; EPMogV3040—PANI > HsPMo01gV2040-PANI >
H4PM011V1040—PANI > H3PMo;2040—PANI. High activity of V-containing two-step catalysts and easiness of catalyst
recovery in the liquid-phase reaction make them good candidates for an energy-saving lactonization process of 1,4-butanediol.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction make solid HPAs promising catalysts are their
pseudo-liquid-phase behaviors and adsorption char-
Heteropolyacids (HPAs) are inorganic acids as well acteristics depending on the properties of adsorbates
as strong oxidizing agents [1-7]. Generally, the acid [12]. Vapor-phase oxidation of methacrolein into
and redox catalytic properties of HPAs have been methacrylic acid [13—-15] and hydration of isobutene
modified by replacing the protons with metal cations into tert-butanol [16-18] are typical commercialized
and/or by changing the heteroatom or the framework processes utilizing HPA as a heterogeneous catalyst

addenda atoms [8-11]. Other unique features that and as a homogeneous catalyst, respectively.
Polymer materials have been widely used in chem-
"+ Corresponding author. Tek82-2-880-7404: ical reactions as supports or catalysts [19-24]. Al-
fax: +82-2-888-7205. though application of polymer materials to chemical
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due to their thermal and mechanical instability, much nature of the growing polymer chains requires the
attention has also been paid to polymer materials presence of anionic species to preserve the neutrality
because of their flexible applicability. As one of the of the system. In the two-step preparation, aniline
promising approaches to the modification of novel is polymerized in the absence of HPA, and then
catalysis of HPAs, polymer materials have also been heteropolyanions are inserted into PANI via simple
introduced into the HPA catalyst system as supporting protonation reaction of ready-made polyemeraldine
materials. One typical example can be found in the base. HPAs are anchored not only on the surface
HPA—polymer composite film catalysts prepared by a but also in the bulk of PANI support as a result of
membrane preparation technique, which takes advan-the one-step preparation. In the case of the two-step
tage of solubility properties of HPA [25—-28]. Another preparation, however, HPAs are immobilized only on
approach is to combine HPAs with ion-exchange the surface of PANI. It has been demonstrated that
resins such as poly-4-vinylpyridine [29] or conjugated HPAs are bound with conjugated conducting poly-
conducting polymers such as polyaniline (PANI) and mers via quasi-ionic bond [32]. This means that the
polypyrrole [30-38], by taking advantage of the over- binding of HPA with conducting polymer is much
all negative charge of heteropolyanions. These HPA stronger than any other interactions between HPAs
catalysts immobilized on conjugated conducting poly- and conventional inorganic supports. This makes
mers have found successful applications as heteroge-HPA-conducting polymers good candidates as het-
neous catalysts in some vapor-phase reactions sucherogeneous catalysts for liquid-phase reactions, as
as ethanol and 2-propanol conversions. For example,attempted in this work. The easiness of catalyst re-
it was reported that EPMo;2040—polyacetylene film covery in the heterogeneous liquid-phase reactions
catalyst exhibited higher activities for both oxida- also allows us to expect an energy-saving catalytic
tion and acid-catalytic reactions in the vapor-phase process utilizing HPA-conducting polymer catalysts.
ethanol conversion than the bulksPIMo1204¢ [31]. In this work, Hs1xPM012_,VOyg0 (x = 0-3 cat-
On the other hand, #PW;2040—PANI [32] and alysts were immobilized in/on PANI, and they were
H3PW;1Mo01040—PANI [36] catalysts were reported applied as heterogeneous catalysts to the liquid-phase
to show a higher oxidation activity but a lower lactonization of 1,4-butanediol intg-butyrolactone.
acid-catalytic activity in the 2-propanol conversion 1,4-Butanediol can be converted into a series of in-
than the corresponding solid bulk catalysts. Thus, teresting chemicals via two major reactions, dehydra-
conjugated conducting polymers have served as ex-tion and dehydrogenation [40]. Dehydration produces
cellent supports for dispersion and immobilization of tetrahydrofuran (THF), which is useful as a solvent
HPA catalysts, as far as heterogeneous vapor-phaseand as a precursor for polytetramethylene ether glycol
oxidation reactions are concerned. The enhanced ox-(PTMEG). Dehydrogenation of 1,4-butanediol leads to
idation activities of HPA-conducting polymers have +y-butyrolactone, which is an important chemical as a
been understood in terms of any electronic modi- solvent and as a precursor fdrmethyl-2-pyrrolidone
fication of HPAs contributed by the characteristic and 2-pyrrolidone. It is known that HPA catalysts are
reduction—oxidation property of conducting poly- active in the lactonization of 1,4-butanediol [41-43].
mers [31,32,34], which distinguishes them from other
types of polymer materials. That is also the reason
why HPA-conducting polymer systems have been 2. Experimental
widely studied as electrode functionalization materi-
als [35,39]. 2.1. Preparation of HPA—PANI catalysts

Two general preparation methods, one-step and
two-step preparation, have been reported in the prepa- H3PMo012040 (PMo0y2) catalysts immobilized on
ration of HPA-conducting polymer catalysts such as PANI were prepared by one-step and two-step pro-
HPA—PANI [32]. In the one-step process, aniline is cedures, according to published methods [32-38].
polymerized in the presence of HPA. Heteropolyan- Solid PMay> catalyst and organic chemicals used in
ions are inevitably incorporated into the polymer this work were purchased from Aldrich Chemical Co.
matrix during the polymerization because the cationic PMoy» catalyst was thermally treated at 30D for
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the precise quantification prior to use. In the one-step
preparation of PMg—PANI, 3.9 ml of distilled ani-
line and 16.8 g of PMg were dissolved in 250 ml of
CH3CN (ACN). An amount of 7.85 g of (Nk)2S,0s
was dissolved in 9 ml of water, and then this solution
was added dropwise into the PMseaniline—ACN
solution. After 24 h polymerization at room temper-
ature, the reaction was terminated by precipitation
of the solid product in excess amounts of methanol.

The solid product was washed several times succes-

sively with methanol, diethylether, and water until the

washing solvents became colorless, and then it was

dried to yield the final form. The resultant catalyst
was abbreviated as PMe-PANI(I) by the sequence
of catalyst—PANI (preparation step).

For the two-step preparation of Pls-PANI cata-
lysts, the emeraldine salt (PANIS) of PANI was pur-
chased from Aldrich Chemical Co. Deprotonation of
PANIS was achieved in 3% aqueous INPH solu-
tion to obtain emeraldine base (PANIB), according to
the method in [32]. Immobilization of PMg on the
surface of PANIB was done by the reaction (proto-
nation) of PANIB (5g) with PMa, (1g) dissolved
in ACN (200 ml). The solid product was washed and
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batch-wise Pyrex reactor with a reflux condenser. An
amount of 30ml oftert-butanol (reaction medium)
and 0.2 g of HPA—PANI catalyst were charged into the
stirred reactor under Nstream. Then the reactor was
heated up and maintained at 8D for 30 min. The
reaction was initiated by introducing 1,4-butanediol
(5ml) and B0, (34%, 2ml) into the reactor by a
syringe. Vaporizedert-butanol was condensed and re-
fluxed to the reactor continuously. After 20 h reaction
in each run, the product was sampled and analyzed
with a GC equipped with an FID.

In order to confirm the HPA immobilization on the
PANI supports, FT-IR studies of the unsupported and
immobilized catalysts were carried out on a BOMEM
MB-100 spectrometer equipped with a NaCl window
using a KBr pressed-pellet technique. All the samples
were previously evacuated at 10D for 30 min for
the FT-IR measurements. Thermal stabilities of the
supports and immobilized catalysts were examined
by performing thermogravimetry analyses (TGAS)
on a Perkin-Elmer TGA7 instrument. In the mea-
surements, identical amount of sample (6 mg) was
used for each run, and thermal scanning was done at
temperatures ranging from 100 to 60D at the heat-

dried as described above. The resultant catalyst wasing rate of 10°C/min with an air flow (20 ml/min).

abbreviated as PMg-PANI(Il) by the sequence of
catalyst—PANI (preparation step).
Vanadium-containing mixed addenda HPAs,
H3. PM012_,V,Og0 (x = 1-3), were also immo-
bilized on PANI supports. These mother HPAs were
purchased from Nippon Inorganic Color and Chem-
ical Co. As described above, siH.PMo12_,V,Oa0
(x = 1-3—-PANI catalysts were prepared by one-step
and two-step methods. In the one-step preparation,
50ml of aniline, 3g of HPA, 400 ml of ACN, and
20g of (NH;)2$,0g were used. The polymerization
was carried out at 15C for 24 h. In the two-step
preparation, 5g of PANIB, 0.5g of HPA, and 200 mi
of ACN were used. Abbreviation of the resulting
catalysts was the same as PMePANI catalyst sys-
tems. For example, PMe@V1—PANI(Il) represents
H4PMo11V 1040 catalyst immobilized on PANIB via
two-step preparation method.

2.2. Reaction and characterization

Heterogeneous liquid-phase lactonization of
1,4-butanediol was carried out in a constantly stirred

XRD patterns of the catalysts were obtained using a
Rigaku MXP-18XHF32 diffractometer with Cu &K
radiation at the scanning rate of/Bin. Surface areas

of the samples were measured by BET method on a
Micromeritics ASAP2010 analyzer using nitrogen as
an adsorbed gas. Elemental analyses of the supported
catalysts were done by ICP method using a VG PQ-2
TURBO instrument.

3. Results and discussion

3.1. Immobilization of PMo12 on PANI support

Immobilization of PMa» on PANI in the PMa>—
PANI catalysts was confirmed by FT-IR analyses, as
shown in Fig. 1. The primary structure, the Keggin
structure [44], of PM@040° can be identified by
the observation of four characteristic IR bands ranging
from 700 to 1100 cm? [2,45]. Four IR bands of the
unsupported PMg@ catalyst were observed at 1064
(P-O band), 964 (MO band), 868 and 789 cm
(Mo—O-Mo bands). IR spectrum of PANIB was
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Fig. 1. IR spectra of (a) unsupported PMo (b) PANIB, (c)
PMo;2—PANI(l) and (d) PMa>—PANI(Il) samples.

basically different from that of either PMg-PANI(I)

or PMo>—PANI(Il) sample. The four character-
istic IR bands of PMg in PMoj>—PANI(l) and
PMo12—PANI(Il) catalysts were observed at slightly
shifted positions, compared to those of the unsup-
ported PMa@». In fact, these shifts might be due to
some reasons; overlapping of spectra of RMand
PANI, any unexpected interaction between RMo
and KBr matrix, or genuine interaction between
PMoj2 and PANI formed via immobilization. More
importantly, however, a strong IR band at 1164¢m
observed in PANIB sample, the characteristic band
of the non-protonated base form, became weak in
both PMa >—PANI(l) and PMa>—PANI(Il) catalysts.
Furthermore, an IR band at 1134 cthy the character-
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Fig. 2. XRD patterns of (a) unsupported PMp (b) PMo—
PANI(l) and (c) PMa2—PANI(Il) catalysts.

50 60

3.2. Dispersion of PMo;2 on PANI support

Fig. 2 shows the XRD patterns of unsupported
PMop2 and PMa@2>—PANI catalysts. PANIB showed no
characteristic XRD patterns due to its amorphous na-
ture. Itis noticeable that PMe-PANI(ll) catalyst also
showed no characteristic XRD patterns. This result
represents that PMg catalyst in the PMg—PANI(I1)

did not exist as a crystalline form, but instead was
highly dispersed as fine particles on the PANI matrix.
It is believed that PMg was selectively immobi-
lized on the cationic sites of PANI matrix in the
PMop2—PANI(I) catalyst via quasi-ionic bond [32],
and consequently, PMo would be finely dispersed
in the support. On the other hand, PMePANI(I)
catalyst showed weak XRD peaks, which are different
in positions and intensities from those of the unsup-
ported PMa». Upon reducing the portion of PMg

in the preparation of PMo—PANI(l) catalyst, how-
ever, the resulting catalyst exhibited an amorphous
XRD pattern with no peak-like features. Considering

istic band of the protonated states, clearly appearedthat XRD pattern of an HPA reflects its secondary

in both PMq>—PANI catalysts, as demonstrated in a
previous report [32]. These results clearly show that
PMo2 was successfully immobilized on the PANI

structure which strongly depends on its environments
even in a single HPA compound [2], it is inferred that
the weak XRD peaks observed for PMePANI(I)

matrix in both catalysts as a charge-compensating catalyst were possibly due to unsuccessfully immo-

component.

bilized PMay2 clusters (just trapped in the PANI) in
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Table 1
Empirical formulas and surface areas of PMePANI catalysts
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Catalyst Empirical formula determined by ICP Weight content of PMavt.%) BET surface area (ffg)
PMoy—PANI(I) CeHa5sN(PMo012)0.0831 62.6 49.4
PMo2—PANI(IT) CesHa5N(PM012)0.0214 23.3 139.9

the one-step polymerization process. It can also be
inferred that the environments of these PMaom-
ponents would be different from those of the unsup-
ported catalyst, which produced non-identical XRD
patterns as observed in Fig. 2(a) and (b). Although
all the PMq2 ingredients in the PMp—PANI(I)
catalyst were not finely dispersed enough to show
an amorphous XRD behavior, it is believed that the
PMoj—PANI(I) catalyst may have comparable surface
dispersion of PMg, to the PMa>—PANI(ll) catalyst.

3.3. Surface area and elemental analysis

Empirical formulas and surface areas of Pie
PANI catalysts determined by ICP and BET measure-
ments, respectively, are summarized in Table 1. The
amount of PM@, in the one-step PMp—PANI(I) was
much larger than that in the two-step PMePANI(II)
catalyst, as previously demonstrated in [32]. In a
previous work [37], it was also reported that the max-
imum HPA content with respect to aniline monomer
in the two-step HPA—-PANI catalysts could not ex-
ceed 0.03, which is in good agreement with the
result observed for PM@—PANI(Il) catalyst. BET
surface area of PMg—PANI(ll) was much higher
than that of PM@>—PANI(l), in a general fashion that
surface area is inversely proportional to the RMo
content. All these results support that Pevas an-
chored not only on the surface but also in the bulk of
PMo12—PANI(]) catalyst, whereas PMgwas mainly
immobilized on the surface of PMg-PANI(Il) cat-
alyst, which is of great importance from the practical
point of view of catalytic applications.

3.4. Thermal stability of PMo;,—PANI catalysts

Fig. 3 shows the thermogravimetries of PANI and
PMo;2—PANI samples. Thermal scanning was done
at temperatures ranging from 100 to 6@ over the
identical amount of sample for each run. Scanning
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Fig. 3. Thermogravimetry analyses of (a) PANIS, (b) PANIB,
(c) PMo2—PANI(l) and (d) PMas—PANI(Il) samples; heating
rate= 10°C/min.

at temperatures below 10Q was not done because
slight weight changes in this region were not as-
sociated with the decomposition of PANI but with
the release of solvents and water from the sam-
ples. According to the conventional definition gen-
erally used in polymer sciences, the temperature at
which 5% loss of the initial weight was detected
was taken as the decomposition temperature of the
polymer. The decomposition temperatures of PANI
and PMa>—PANI samples were also presented in
Fig. 3. These decomposition temperatures are below
the thermal decomposition temperature of RMo
catalyst, which is known to be near 400 [46,47].
This means that the decomposition temperatures are
attributed to only PANI ingredient in the samples.
Fig. 3 also shows that thermal stability of PANIB
was superior to PANIS, and furthermore, thermal
stability of two-step PM@—PANI(ll) catalyst was
much superior to one-step Pis-PANI(I) catalyst.
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Table 2
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Empirical formulas and surface areas of PMaV, (x = 1-3—-PANI catalysts

Catalyst Empirical formula Weight content of BET surface
determined by ICP PMoyo_ .V, (Wt.%) area (mM/g)
PMoy1V1—PANI(I) CeHasN(PM011V1)0.0435 47.4 70.1
PMor1V1—-PANI(II) CeHa.5N(PMo11V1)0.0067 11.4 183.9
PMoyoV2—PANI(I) CsHa.5N(PMo10V2)0.0489 48.3 51.8
PMoyoVo—PANI(IT) CeHa.5N(PMo1oV2)0.0090 14.7 100.3
PM09V3—PAN|(|) CGH4'5N(PM09V3)0>0435 44.8 65.8
PMogV 3—PANI(II) CeHa.5N(PMogV3)0.0084 13.6 142.1

Importantly, PMa>—PANI(ll) was more thermally
stable than the mother support (PANIB), representing
that thermal stability of PANIB was much enhanced
by the binding with PMg,. This result also means
that PMq did not serve as a mere additive for PANI,
and that the interaction between PMoand PANI
support was not physical.

3.5. Characteristics of PMo12_, Vy
(x = 1-3)-PANI catalysts

PMoio_,Vy (x = 1-3—PANI catalysts were also

the case of PMgV3-based catalysts. The intensity
of the diffracted radiation was plotted as a function
of wave vectorg defined as # siné/x, wheref and

A represent X-ray diffraction angle and wavelength,
respectively. As can be seen from the deconvoluted
curves for each sample, the peak originating from
PANI chain atg ~ 1.3 A~ (Fig. 4(a)) became broad
and split into two peaks upon PMd@3 immobiliza-
tion. This indicates that PANI chain was somewhat
disordered and experienced structural changes upon
PMaogV3 immobilization. As also shown in Fig. 4,
PMogV3—PANI(l) sample exhibited a well-developed

prepared by one-step and two-step methods as de-sharp peak ay ~ 0.51 A~1 (d-spacing~ 1_2~4A),_
scribed earlier. Empirical formulas and surface areas While PMayV3—PANI(Il) sample showed an intensity

of PMo2_ .V ,—PANI catalysts determined by ICP and

curve under developing in the region smaller than

BET measurements, respectively, are summarized in¢ ~ 0.51A~1. Although the maximum point was

Table 2. As previously observed for the PMePANI
catalysts, the amounts of PMo .V, in the two-step
PMoy2_,V,—PANI(Il) catalysts were much smaller
than those in the one-step PMa, V,—PANI(I) cata-
lysts. The HPA weight contents were in the range of
44-49% for the PMg_,V,—PANI(I) catalysts, and
11-19% for the PMg_,V,—PANI(Il) catalysts. The
HPA contents with respect to aniline monomer in the
PMoy2_,V—PANI(Il) catalysts were found not to

not detected in the PM¥ 3—PANI(Il) sample in that
region, the intensity maximum would be at a smaller
g-value than the lower bound of(~0.31 A-1) which
corresponds to the-spacing of 20.2 A. When taking
into account the size of the Keggin-type [44] HPA
(ca. 10-12 A), these results suggest that B¥Wipwas
molecularly dispersed in both PM@3s—PANI(l) and
PMogV 3—PANI(II).

exceed 0.03. As expected, BET surface areas of the3.6. Lactonization of 1,4-butanediol by PMo12_, V,

PMoi2_,V,—PANI(Il) catalysts were much higher
than those of the corresponding PMo, V .—PANI(I)

catalysts, in the same fashion as those observed for

the PMa2>—PANI catalysts. All these results sug-
gest that PMg_,V, ingredients in the two-step
PMoi2_,V,—PANI(Il) catalysts were mainly immo-
bilized only on the surface.

Dispersion of PMey_,V, (x 1-3 catalyst
infon PANI support was precisely examined by XRD
analyses. A typical example is shown in Fig. 4 for

(x = 0-3)-PANI catalysts

Fig. 5 shows the catalytic activities of PMao , V
(x = 0-3—PANI catalysts in the liquid-phase lac-
tonization of 1,4-butanediol intoy-butyrolactone.
The reaction was carried out for 20h in each run
to yield considerable amounts of product for com-
parison. Catalytic activities with respect to the
preparation method were in the following order:
PMoio_Vy (x 0-3—PANI(l) > PMoio—_,V,
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PMo,V;-PANI(II)
PMo,V;-PANK(I)
PMo,V, [
PMo,,V,-PANI(II)
PMo,,V,-PANI(I)
PMo,,V, |
PMo,,V,-PANI(II)
PMo,,V,-PANI(I)
PMo,,V, |l
PMo,,-PANKII) |
PMo,,-PANIKI)
PMo;, | . , . , , ,
000 001 002 003 004 005 006 007
v-Butyrolactone(mole)/g-HPA

Fig. 5. Productivity ofy-butyrolactone from 1,4-butanediol by unsupported RPM@V, (x = 0-3 and PMay_,V, (x = 0—-3—PANI
catalysts in the liquid-phase reaction; reaction temperatir80°C, reaction time= 20h, catalyst= 0.2g, tert-butanol = 30ml,
1,4-butanediok= 5ml, H,O, (34%) = 2ml.

(x = 0-3—-PANI(l) > unsupported PMp_,V, 4. Conclusions

(x = 0-3. The enhanced activities of the one-step

and two-step catalysts compared to the corresponding In this work, PMa,_,V, (x = 0-3—PANI cata-
unsupported catalysts were attributed to the follow- lysts were prepared by one-step and two-step meth-
ing two factors: one is the molecular-level dispersion ods, and they were used as heterogeneous catalysts
of PMop2_,V, (x = 0-3 catalyst infon PANI sup-  in the liquid-phase lactonization of 1,4-butanediol.
port, and the other might be a certain electronic HPA catalysts were molecularly dispersed and
modification of PMaz,V, (x = 0-3) catalyst con-  strongly immobilized in/on the PANI support as
tributed by PANI support via ionic immobilization,  charge-compensating components. Most HPA in-
as demonstrated in some gas—solid reactions overgredients in the two-step HPA—PANI catalysts were
the HPA-conjugated conducting polymer catalysts immobilized only on the surface of PANI matrix, and
[31,32,34]. The enhanced activities of the two-step therefore, the surface areas of the two-step HPA—PANI
PMoo_,V, (x = 0-3-PANI(ll) catalysts compared  were much higher than those of the one-step catalysts.
to the corresponding one-step catalysts were believedThermal stability of PANI support was much en-
to be due to the fact that PMp V. (x = 0-3 hanced by the binding with HPA, and thermal stability
HPAs were mainly immobilized on the surface of of the two-step HPA—PANI catalysts was superior to
the two-step catalysts; the two-step catalysts yield the one-step catalysts. In the heterogeneous lactoniza-
high surface areas and efficiently provide surface tion of 1,4-butanediol, HPA-PANI catalysts showed
species active for the reaction. The catalytic activities higher performances than the unsupported mother cat-
with respect to the HPA identity were in the fol- alysts, and HPA—PANI catalysts prepared by two-step
lowing order: PM@V3—PANI > PMo;oV2—PANI > method showed better performances than those pre-
PMo11V1—PANI > PMo;2—PANI. Thus, high cat- pared by one-step method. The catalytic activities
alytic performance of V-containing two-step cat- with respect to the HPA identity were in the fol-
alysts and easiness of catalyst recovery in the lowing order: PM@V3—PANI > PMo;gV>—PANI >
liquid-phase reaction make them good candidates PMo;1V1—PANI > PMo;>—PANI. The easiness of
suitable for an energy-saving lactonization process of catalyst recovery in the liquid-phase reaction also
1,4-butanediol. makes vanadium-containing two-step catalysts good
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candidates for an energy-saving lactonization process[22] K.M. Dooley, J.A. Williams, B.C. Gates, R.L. Albright, J.

of 1,4-butanediol.
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