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Liquid-phase hydrogenation of maleic anhydride over Pd/SiO2:
effect of tin on catalytic activity and deactivation
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Abstract

The promotional effects of Sn on Pd/SiO2 have been investigated by the comparison of Pd/SiO2 and Pd-Sn/SiO2 activity in
the hydrogenation of maleic anhydride and succinic anhydride to�-butyrolactone, and XPS measurement. When reduced at
200◦C, both catalysts showed a strong dependence on the reactants, and the addition of tin led to an increase of�-butyrolactone
yield. When reduction temperature was increased to 350◦C, however, the influence of the reactants in the activity disappeared
in the case of Pd-Sn/SiO2. The disappearance of the feed effect may be suggested to be due to a decrease of the adsorption
strength of maleic anhydride on active sites induced the formation of bimetallic Pd–Sn sites. A decrease of the deactivation
rate found on Pd-Sn/SiO2 can also be explained by the decreased rate of polymerization due to the diminution of the adsorption
strength of maleic anhydride on Pd–Sn sites. As a result, it is proposed that Pd-Sn/SiO2 catalyst can be an effective one-step
catalyst for hydrogenation of maleic anhydride to�-butyrolactone.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Hydrogenation of maleic anhydride to�-butyrolac-
tone has been highly interesting in the industrial view,
since the�-butyrolactone is an excellent solvent as
well as an important intermediate to synthesizeN-met-
hyl pyrrolidone, vinylpyrrolidone, 2-pyrrolidone and
others[1].

As shown in Scheme 1, the hydrogenation of
maleic anhydride to�-butyrolactone follows two-step
reactions. Firstly, C=C bond in maleic anhydride is
reduced and converted to succinic anhydride. And
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then, �-butyrolactone is formed via the subsequent
oxidative-hydrogenation of C=O bond in succinic
anhydride. Palladium is known as an effective hydro-
genation catalyst. But, there is little interest in Pd for
maleic anhydride hydrogenation to�-butyrolactone
[2], because Pd shows a low activity for the hydrogena-
tion of carbonyl group, which has been explained by
a too weak adsorption of carbonyls[3,4]. In addition,
maleic anhydride readily undergoes decomposition
and polymerization reaction under reaction conditions
[5]. High molecule weight pitch-like product formed
by polymerization leads to a fast deactivation of Pd.
To improve the performance of Pd in maleic anhydride
hydrogenation, the catalytic properties of Pd, like
adsorption strength of C=C and C=O, should be mod-
ified. Until now, many bimetallic palladium catalysts
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Scheme 1. The path of maleic anhydride hydrogenation to
�-butyrolactone.

have been reported[4–7]. Recently, Coq and Figueras
have reviewed the positive effects of a second com-
ponent in Pd-based heterogeneous catalysts[8] and
Mahmoud et al. have studied the alterations of the cat-
alytic properties of Pd by Sn, Ir and Cu additives[9].

Based on the physical and chemical effect of second
metals[8], our group has studied the addition of a
second metal like Ni, Mo, Cu to Pd, in order to develop
Pd based catalysts applicable in the maleic anhydride
hydrogenation. In this paper, we report an outstanding
catalytic performance on the hydrogenation of maleic
and succinic anhydrides observed by the addition of
tin to palladium supported on SiO2.

2. Experimental

2.1. Preparation of catalysts

The monometallic palladium catalyst (1 wt.%) were
prepared by impregnation of the support with an aque-
ous solution of palladium chloride. Silica (300 m2/g)
has been used as support. Bimetallic compositions of
palladium (1 wt.%) to tin (0.5 wt.%) were prepared by
co-impregnation of supports with acidified (with HCl
5%) aqueous solutions of PdCl2 and SnCl2 precursors.
Both the samples, after drying for 3 h at 120◦C un-
der N2, were reduced under H2 at 200◦C and 350◦C,
respectively.

X-ray photoelectron spectra were obtained with
a Surface Science Instruments SSX-100 model 206
spectrometer with a monochromatised Al K� source,
operating at 10 kV and 12 mA. Samples were com-
pressed in a small cup under a 5 kg/cm2 pressure for
30 seconds and supported on a holding carousel. The
residual pressure inside the analysis chamber was be-
low 5× 10−9 Torr. The binding energies of Pd 3d, Sn
3d were referenced to the C 1s band at 284.8 eV.

2.2. Activity measurements

The hydrogenation of maleic anhydride and suc-
cinic anhydride was performed in a 300 ml high
pressure stirred reactor (Autoclave Engineers). In a
typical hydrogenation experiment, 142.5 g of dioxane,
7.5 g of substrate, 1 g of tetradecane and 1.5 g of cat-
alyst were charged in the autoclave. The tetradecane
was used as an internal standard for the analysis. The
reactor was purged with nitrogen to remove the air,
then it was pressurized up to 300 psi and heated to
240◦C. When the temperature was reached, the pres-
sure was raised at 750 psi. The reaction mixture was
stirred at 1000 rpm for 4 h. The sampling was carried
out with an interval of 1 h.

Samples of the reaction products were analyzed
by using a Hewlett-Packard 6890 gas chromatograph
equipped with a capillary column (30 m× 0.53 mm
i.d.) coated with a 1.2�m film of polyethylenegly-
col ester (AT-1000). The flow rate of helium carrier
gas was 80.4 ml/min (2 psig head pressure), at the
injector and detector temperatures of 100 and 250◦C,
respectively. Column temperature was programmed at
80◦C (5 min) to 230◦C (15 min) with a heating rate
of 10◦C/min. The products compositions were diox-
ane, tetradecane,�-butyrolactone, maleic anhydride,
succinic anhydride and succinic acid with retention
time of 2.80, 7.81, 10.91, 11.79, 15.14 and 24.95 min,
respectively.

3. Results and discussion

The catalytic liquid-phase hydrogenation was car-
ried out at 240◦C and 750 psi over Pd/SiO2 and Pd-Sn/
SiO2 catalysts reduced at 200◦C, using maleic anhyd-
ride and succinic anhydride as a starting material, re-
spectively. For both the catalysts, 100% conversion
of maleic anhydride was achieved before tempera-
ture reached at 240◦C. No significant amounts of
over-hydrogenated products like tetrahydrofuran and
1,4-butanediol were detected under the reaction con-
dition. The major products consisted of succinic an-
hydride and�-butyrolactone. Since�-butyrolactone
forms via the hydrogenation of succinic anhydride[2],
it is understood that the yield to�-butyrolactone can
indicate the activity of catalyst. Accordingly, all com-
parisons in catalytic activity have been done based



S.M. Jung et al. / Journal of Molecular Catalysis A: Chemical 198 (2003) 297–302 299

Fig. 1. Effect of feed on the yield of�-butyrolactone over the catalyst reduced at 200◦C according to the reaction time (T = 240◦C,
P = 50 bar): (�) maleic anhydride-Pd/SiO2; (�) maleic anhydride-Pd-Sn/SiO2; (�) succinic anhydride-Pd/SiO2; (�) succinic
anhydride-Pd-Sn/SiO2.

on the yield of�-butyrolactone. As shown inFig. 1,
Pd-Sn/SiO2 catalyst showed a little more active than
pure palladium supported SiO2 in both the starting ma-
terials. This enhancement of the activity in Pd-Sn/SiO2
can be explained by the modification of its electronic
and geometric properties towards the improved ad-
sorption of C=O bond[8]. Mahamoud et al. attributed
the effect of Pd–Sn to the possible presence of Sn4+
species on the catalyst surface causing an activation of
C=O bond[9]. In other words, a mixed site between
Pd and SnO2 participates in the catalytic transforma-
tion effectively without any electronic interaction. It
was also proposed that noble metal–Sn alloy shows
both zero and oxidized states in the reduced cata-
lysts [10–13]. Accordingly, the electron donating ef-
fect from Sn to Pd in Pd–Sn alloy can lead to a decrease
of the C=C bond adsorption strength and an increase
of C=O bond activation. However, any single interpre-
tation is not enough to be confirmed in this stage.

On the other hand,Fig. 1also showed that the yield
of �-butyrolactone is increased by about 30%, in the
case where the feed was succinic anhydride instead of

maleic anhydride. These results present strong depen-
dence of reactivity on the starting material. Yamada
et al. reported that, in cinnamldehyde hydrogenation
over Pd/C catalyst, the preferential adsorption of C=C
bond of cinnamldehyde inhibited the hydrogenation
rate of hydrocinnamaldehyde to hydroxycinamyl al-
cohol [3]. Considering the effect of C=C strong ad-
sorption on Pd active site, the difference in activity
according to the different reactants can be explained
by the effect of the C=C bond in maleic anhydride in-
hibiting the C=O bond being hydrogenated. Moreover,
it was known that the strong adsorption induces the
polymerization of maleic anhydride[5,13]. Thus, it is
imagined that the deactivation rate may be increased
when maleic anhydride is used as a starting material.

Fig. 2 presents the comparison of�-butyrolactone
yield obtained over Pd-Sn/SiO2 reduced at 200◦C
and 350◦C, respectively. The yield of�-butyrolactone
over Pd-Sn/SiO2 reduced at 350◦C after 4 h is higher
by 25% than at 200◦C, whereas Pd /SiO2 does not
show any difference (not shown). This result indicates
that the effective arrangement or interaction between
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Fig. 2. Effect of reduction temperature on the yield of�-butyrolactone on Pd-Sn/SiO2 catalysts (T = 240◦C, P = 50 bar, feed= maleic
anhydride): (�) 200◦C; (�) 350◦C.

Fig. 3. Effect of feed on the yield of�-butyrolactone over the catalyst reduced at 350◦C (T = 240◦C, P = 50 bar): (�) maleic
anhydride-Pd-Sn/SiO2; and (�) succinic anhydride-Pd-Sn/SiO2.
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Table 1
XPS analysis

Sample Reduction Binding energy (eV) Atomic ratio

temperature (◦C) Pd 3d5/2 Sn(0)3d5/2 Sn(II, IV)3d5/2 Sn(0)/(Sn(0)+ Sn(II, IV)3d)

Pd-Sn/SiO2 200 334.9 483.2 486.3 0.16
Pd-Sn/SiO2 350 334.9 483.9 486.4 0.57

Pd and Sn in the hydrogenation of maleic anhydride
to �-butyrolactone is increased with temperature in-
crease. Thus, with Pd-Sn/SiO2 reduced at 350◦C, the
effect of the feed was investigated again.

Fig. 3shows the result of the�-butyrolactone yields
obtained over Pd-Sn/SiO2 reduced at 350◦C when the
reactant was maleic anhydride or succinic anhydride.
The�-butyrolactone yield is exactly the same regard-
less of the feed.

No activity difference between maleic anhydride
and succinic anhydride means that the adsorption en-
ergy of C=C bond of maleic anhydride over Pd is
relatively weak when Sn is added. Therefore, the ad-
sorption of C=C bond does not affect on the reaction
rate of C=O reduction. Considering the Pd2Sn and/or
Pd3Sn phases detected by Sales et al.[14], it may be
suggested that the increase of activity in Pd-Sn/SiO2
reduced at 350◦C is attributed to the electron donating
effect of Sn.

Fig. 4. The activity change of catalysts versus the number of reactions: Pd/SiO2 (�) and Pd-Sn/SiO2 (�) catalysts reduced at 350◦C
(reaction time= 3 h, T = 240◦C, P = 50 bar, feed= maleic anhydride).

In recent review[8], it was reported that the heat
of adsorption of reactant and products could be gov-
erned by the degree of electron transfer between metal
and reactant, which is modified by the formation of
the alloys. Fuggle et al. reported that the electronic
configuration of Pd d-band could be due to the band
overlap with a second metal mainly[15]. In order to
identify the electronic modification due to the forma-
tion of bimetallic Pd–Sn, XPS measurements were per-
formed on the samples reduced at 200◦C and 350◦C,
respectively. The binding energy of Sn in Pd-Sn/SiO2
reduced at 350◦C and the atomic ratio of Sn0/(Sn0 +
Sn+2 + Sn+4) is increased, as shown inTable 1. The
increase in the metallic Sn concentration indicates the
possibility of the increase in the Pd2Sn and/or Pd3Sn
phases. The upward shift of binding energy of Sn
presents an electron deficiency of Sn due to an elec-
tron transfer from Sn to Pd. Accordingly, it can be ex-
plained that the modification of C=C adsorption effect
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on Pd-Sn/SiO2 according to the reduction temperature
is due to the formation of Pd–Sn alloy, making the
change of electronic configuration of Pd d-band. Be-
sides, it can be imagined that the decreased adsorption
strength of maleic anhydride can induce the decrease
of the rate of coke formation due to the polymerization
of maleic anhydride. Actually, it was recently men-
tioned that the coke formation was main reason of de-
activation in Pd-based catalyst[16].

If the above explanation is correct, Pd-Sn/SiO2
should show the resistance to the deactivation, which
is originally caused by the strong adsorption of maleic
anhydride.

To verify the expected promotion effect, four suc-
cessive experiments were performed using of Pd/SiO2
and Pd-Sn/SiO2 reduced at 350◦C. Fig. 4 shows the
activity change of catalysts versus the number of
reactions. The results indicate unquestionably that
the presence of tin decreases a deactivation rate of
the palladium-based catalyst on the hydrogenation
of maleic anhydride. As mentioned above, a process
of deactivation or poisoning in the hydrogenation of
maleic anhydride in the presence of noble metal cat-
alysts is caused by the formation of maleic anhydride
oligomers or polymers that would cover the active
surface, due to their strong adsorption property of
maleic anhydride. Therefore, a decrease in the deac-
tivation rate confirms that the effect of tin is mainly
related to the modification of electronic configuration
of Pd d-band through the formation of Pd–Sn phase.
The modified Pd electronic environment provides the
effective active site for the hydrogenation of maleic
anhydride to�-butyrolactone.

4. Conclusions

One of the major problem related to the perfor-
mance of Pd catalysis in the hydrogenation is the loss
of catalytic activity during the reaction, i.e. deactiva-
tion. Specially, due to the coke formation from maleic
anhydride, the two step liquid-phase hydrogenation
process should be designed for maleic anhydride
hydrogenation to�-butyrolactone.

As shown in the results, the addition of tin to
Pd/SiO2 gives an opportunity to overcome the se-
vere problem of deactivation in the application of Pd
catalyst to the hydrogenation of maleic anhydride.
Thus, the Pd-Sn/SiO2 catalyst can be used for the di-
rect one-step process for the hydrogenation of maleic
anhydride to�-butyrolactone.
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