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A highly efficient Pd/TiO2 catalyst for the liquid phase hydrogenation of maleic anhydride has been prepared by sol–gel

method, and super critical fluid of ethanol drying (SCFE) was applied. The catalyst exhibited excellent activity and high yield to

butyric acid. The structural properties of TiO2 supported Pd catalyst were investigated by BET, TEM, XRD, XPS and TPR

techniques with the aim of finding a correlation between the structure parameters and the catalytic activities.
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1. Introduction

Hydrogenation of maleic anhydride is of important
industrial significance as all its derivatives viz., Butyric
acid, c-butyrolactone, succinic acid, succinic anhydride,
1,4-butanediol are commodity chemicals of considerable
industrial importance [1,2]. Hydrogenation of maleic
anhydride over different noble metals and Cu based cat-
alysts both in vapor and liquid phases have been reported
by many research groups [3–6]. In these catalytic systems,
c-butyrolactone and succinic anhydride are the main
products, however, the study of hydrogenation of maleic
anhydride in liquid phase to butyric acid, that is butyric
acid as the main product, has not been reported.

Butyric acid has many applications in the chemical
industry as well as the food and the pharmaceutical
industries [7–9]. It is used in the form of pure acid to
enhance butter-like notes in food flavours. Esters of the
acid are used as the additives for increasing the fruit
fragrance and as aromatic compound for the production
of perfumes. Butyric acid is currently produced by
mainly two processes [10,11]: (i) the oxidation of buta-
nol (ii) the fermentation of starch. Butyric acid can be
also prepared by the oxidation of aldehyde, maleic
anhydride is considered as a feedstock these days
because of its availability and lower price due to the
construction of large fluidized-bed plants based on A-
lusuisse–Lummus Crest and Britist Petroleum Union
Chimique Belge technologies. In this paper, a novel
synthesis route of butyric acid by hydrogenation of
maleic anhydride in liquid phase is proposed.

Sol–gel is a versatile tool for the preparation of
more active and selective catalyst. The sol–gel tech-
nique has been applied to the preparation of a variety
of catalysts including also metals supported on silica
and titania [12–14]. Several papers are dedicated to
catalytic hydrogenation over sol–gel catalyst [15,16]. In
the present work, a 1% Pd/TiO2 (w/w) catalyst is
prepared by sol–gel method, and super critical fluid of
ethanol drying (SCFE) is applied. The as-prepared
catalysts exhibited superior activity to hydrogenation
of maleic anhydride in liquid phase to butyric acid. To
compare, other two catalysts with same palladium
content were prepared by impregnation and deposi-
tion–precipitation.

2. Experimental

2.1. Catalyst preparation

The catalyst prepared by different methods viz., sol–
gel, impregnation and deposition–precipitation were
designated as SG, Imp, and DP, respectively. The SG
catalyst was prepared as follows. At 40 �C, a mixed
solution of 12 mL ethanol and 2.8 mL solution of pal-
ladium chloride (0.17 mmol) was added dropwise within
1 h into 22 mL ethanol containing 0.062 mol tetra-
butoxytitanium (TBOT) and 0.062 mol acetic acid. The
solution was stirred vigorously for 1 h; after aged over
night, the gel was dried under supercritical fluid of
ethanol (SCFE) at 260 �C, 8 MPa. The support used in
DP and Imp catalysts was prepared by the hydrolysis of
TBOT as described in SG catalyst preparation. The
TiO2 support was impregnated with a solution of PdCl2
(0.17 mmol), after impregnation step, the catalyst was
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dried at 120 �C over night. Toward the DP catalyst
preparation, an aqueous solution of 0.25 M Na2CO3

was added drop-wise to an aqueous mixture of PdCl2
and TiO2 powder until the PH value reached 10 under
vigorous stirring. The resulting supension was aged 3 h
under stirring, and then was washed several times with
distilled water until no chlorine anion was detected in
the resine water with a AgNO3 reagent. The resulting
precipitate was filtered, dried at 120 �C. All the catalysts
were calcined at 500 �C for 2 h and reduced with pure
hydrogen at 500 �C before used.

2.2. Catalytic activity test

The activity test was carried out in a 150 mL stainless
autoclave. About 40 mmol maleic anhydride, 0.5 g cat-
alyst and 20 mL ethanol were charged in the clave. The
reactor was purged with hydrogen three times to remove
the air, then it was pressurized up to 3 MPa and heated
to 240 �C, once the pressure reached a steady state, the
hydrogenation was initiated immediately by stirring the
mixture vigorously. After reaction, the products col-
lected were analyzed by gas chromatograph (Shimad-
azu, GC-Mini3, Japan), in which 20 mm �0.32 mm (;)
SE-54 capillary column and the flame ionization detec-
tor were used.

2.3. Catalyst characterization

BET surface areas of catalysts calculated from the
nitrogen adsorption isotherm at 77 K measured in a
micrometrics ASAP2010 apparatus. The surface mor-
phology and the particle size were both determined
with a TEM (JSM-5600LV Kevex). Temperature pro-
grammed reduction was conducted using a 50 mg cat-
alyst (in a fixed-bed quartz reactor) under 10% H2 in
Ar (10 mL/min) with a ramping rate of 10 �C/min
from 20 to 600 �C. X-ray diffraction (XRD) data of
catalysts were collected on a Rigaku Dmax-B diffrac-
tometer (Cu Ka radiation, 50 kV, 60 mA). PHI 550
photoelectron spectrometer equipped with an Mg Ka
(hv=1253.6 eV) was been used for obtaining XPS data.
Binding energies were calculated with respect to C 1s at
285.00 eV.

3. Results and discussion

3.1. Effect of preparation method on the hydrogenation
of maleic anhydride

Table 1 shows the effect of preparation method on
the hydrogenation of maleic anhydride. For both
catalysts, 100% conversion of maleic anhydride was
achieved after 2 h. The major products consisted of
butyric acid and succinic anhydride under the reaction
condition. Other products like c-butyrolactone, 1,4-
butanediol or tetrahydrofuran were not detected. The
yield of butyric acid reached to 93.5% over SG cat-
alyst, the yield of butyric acid over three catalysts are
found to be in the order: SG>DP>Imp. In addition,
the hydrogenation of maleic anhydride was tested on
the Cu/Zn/Al catalyst under the same condition
compared with Pd/TiO2 catalyst. The yield of c-bu-
tyrolactone reached 82.7% on Cu based catalyst,
butyric acid was not detected in the products. These
results indicated that the product distribution was
decided by the structure property and composition of
catalyst.

3.2. Effect of reaction time on the hydrogenation
of maleic anhydride

The yield of butyric acid as functions of time over
SG, DP and Imp catalysts are plotted in figure 1. A
100% conversion of maleic anhydride can be obtained
in only about 5 min over all three different catalysts,
and the yield of butyric acid increased steeply up to
about 90% in a reaction time of 50 min. After
120 min, the yield of butyric acid reached to 93.5%
over SG catalyst. As showing in Scheme 1, the
hydrogenation of maleic anhydride to butyric acid
probably follows three step reactions [17]. These results
indicated that SG catalyst was a excellent catalyst for
hydrogenation of maleic anhydride to butyric acid. The
activity test shown above implied that the Pd/TiO2

catalyst had high activity to the first and third step
reactions. That is to say, the SG catalyst has highly
selective activation of the carbonyl in maleic anhydride
or succinic anhydride molecules.

Table 1

The effect of preparation method on the hydrogenation of maleic anhydride

Preparation method Conversion(%) Yield(%)

Butyric acid Succinic anhydride c-butyrolactone

Sol–gel(SG) 100 93.5 6.5 –

Deposition–precipitation(DP) 100 86.6 13.4 –

Impregnation(Imp) 100 81.3 18.7 –

Cu based catalysta 100 – 6.1 82.7

aCu based catalyst: Cu/Zn /Mg/Cr=40:5:5:50, atomic ratio %.

Reaction conditions: MA=40 mmol, catalyst=SG, 0.5 g, H2=3 MPa, Stirrer=700 rpm, duration=2 h.
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3.3. Effect of reaction temperature on the product
distribution in the hydrogenation of maleic
anhydride over SG catalyst

Figure 2 presents the effect of temperature on the
hydrogenation of maleic anhydride over SG catalyst.
The yield of butyric acid increased rapidly with a
increasing of reaction temperature, when the reaction
temperature is below 240 �C, c-butyrolactone and other
side products were detected in the products. These
results indicated that increasing reaction temperature
was beneficial to the formation of butyric acid.

3.4. Effect of reduction temperature on the conversion
and product distribution in the hydrogenation
of maleic anhydride over SG catalyst

Table 2 shows the effect of reduction temperature on
the conversion and product distribution in the hydro-
genation of maleic anhydride over SG catalyst. The
product distribution over the catalyst reduced at low
temperature (573 K) was totally different from that over
the catalyst reduced at high temperature (773 K). A
large amount of c-butyrolactone and other products
were detected over the catalyst which reduced at low
temperature (573 K) under the same reaction condition.
This difference might be attributed to the strong metal-
support interaction (SMSI) effect that caused by

reduction at high temperature for Pd/TiO2 catalyst. This
result indicated that the surface property of Pd had
remarkable influence on the yield of butyric acid.

3.5. Effect of calcinations temperature on the product
distribution in the hydrogenation of maleic anhydride
over SG catalyst

The effect of calcination temperature on the product
distribution in the hydrogenation of maleic anhydride
over SG catalyst were plotted in figure 3. The experi-
mental data about the hydrogenation of maleic anhy-
dride showed a very strong influence of the calcination
temperature on the production distribution. When the
calcination temperature was below 773 K, butyric acid
and succinic anhydride were the main products, and the
yield of butyric acid increased with the increasing cal-
cination temperature. However, noticeble changes in the
production distribution occurred upon increasing calci-
nation temperature to 773–1073 K, c-butyrolactone and
other products were detected. The yield of butyric acid
decreased sharply to 32.8%, and that, the yield of c-
butyrolactone increased to 24.3%.

3.6. X-ray diffraction (XRD)

The XRD patterns of calcinated SG, DP and Imp
catalysts are shown in figure 4. The major features
exhibited on the XRD patterns of the calcinated
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Figure 1. The yield of BA as functions of time over SG, DP and Imp

catalysts. Reaction conditions: MA=40 mmol, catalyst=0.5 g

H2=3 MPa Stirrer=700 rpm, duration=2 h.
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catalysts showed the characters of the anatase form of
TiO2. A weak peak corresponding to PdO at 2h�34� is
observed over SG and DP catalyst, the Pd peak intensity
over Imp catalyst is much higher compared to that over
SG and DP catalyst, indicating that palladium was more
dispersed on SG and DP catalyst. Moreover, the XRD
patterns of SG catalysts calcinated at 623, 773, 923, and
1073 K are also shown in figure 5. In the sample treated
below 773 K, showed the diffraction line corresponding
to anatase form of TiO2. The rutile form of TiO2 began
to appear from 923 K. When the calcinated temperature
was increased to 1073 K, the anatase form of TiO2 was
almost transformed into rutile TiO2. Based on the XRD
results and the experimental data on yield dependence
on calcination temperature, we can concluded that the
product distribution was markedly influenced by
the crystal form of TiO2. Butyric acid and SAH were the
only two products over anatase TiO2 supported Pd
catalyst, and the major product was c-butyrolactone
over rutile TiO2 supported Pd catalyst.

3.7. Transmission electron microscopy (TEM)

To compare the Pd dispersion of catalysts directly, we
have obtained TEM pictures of the reduced catalysts,
the TEM morphology of the SG and DP catalysts
revealed that the Pd crystallites were homogeneously
distributed with the average particle size arroud 6 and
7 nm, respectively as shown in figure 6. It was apparent
that Pd particles were highly dispersed on SG and DP
catalysts compared with the case of Imp catalyst. The Pd
crystallites over Imp catalyst aggregated on support to
some extent. This result was in accord with that
obtained from XRD.

3.8. Summarized characterization data for Pd/TiO2

catalyst

Table 3 presents the characteristics of Pd/TiO2 cata-
lyst. The surface areas of Pd of each catalyst were esti-
mated on the basis of the surface concentration of
elements and the BET surface area, assuming that the
atomic cross sections are 0.060 nm2 for Pd, 0.050 nm2

for O2), 0.018 nm2 for Ti, which are calculated from the
atomic and ionic radii; that is, the surface area of Pd
(SPd) is calculated by the equation, SPd ¼ SBETaPdcPd=
aPdcPd þ aMcM þ cO. Here, SBET is BET surface area;

aPd and aM are atomic ratios of Pd/O and M/O; cPd, cM
and cO are the cross section [18]. After impregnation
step, the BET surface area of Imp catalyst decreased
sharply, and was lower than that of DP and SG cata-
lysts. Moreover, the Pd dispersity of Imp catalyst was
lower than that of DP and SG catalysts, these results
were in accord with TEM characterization. Based on the
activity test and the characteristics of Pd/TiO2 catalyst
shown above, we can concluded that the dispersity and
particle size of Pd have no notable influence on the yield
of butyric acid.

3.9. X-ray photoelectron spectroscopy (XPS)

XPS spectrum obtained from reduced catalysts are
summarized in figure 7. For the SG catalyst, the binding
energy of the Pd 3d5/2 is 335.7 eV which is 0.3 eV higher
than that of the metal Pd (335.4 eV) [19,20]. However,
that is not true in the case of DP and Imp catalysts,
probably, the positive shift in the case of SG catalyst can
be attributed to the strong interaction between metal
and support [21]. In the case of TiO2 supported Pd
catalyst, the support interacts strongly with Pd after a
high temperature reduction (HTR) at 500 �C, the phe-
nomenon is referred to as ‘‘the strong metal-support
interaction’’ (SMSI) [22–24]. Moreover, the order of
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tion in the hydrogenation of maleic anhydride over SG catalyst.

Table 2

Effect of reducing temperature on maleic anhydride hydrogenation over SG catalyst

Reducing temperature (K) Conversion (%) Yield (%)

Butyric acid c-butyrolactone Succinic anhydride Others

573 100 34.4 33.2 7.1 25.3

773 100 93.5 – 6.5 –

Reaction conditions: MA=40 mmol, catalyst=SG, 0.5 g, H2=3 MPa, Stirrer=700 rpm, duration=2 h.
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binding energies values for Pd 3d5/2 over three catalysts
are found to be in accord with that of activity test shown
above. This result suggests that the yield of butyric acid
extremely depend on the interaction between metal
support. Dandekar and Albert Vannice [25] suggested
that some organic molecules containing carbonyl bonds,
such as acetone, crotonaldehyde, and phenylacetalde-

hyde can adsorbed more strongly via the C=O bond in
di-r mode on inter facial Pd (or Pt)–TiOx sites created
on these catalyst during HTR, the oxygen in the car-
bonyl groups is envisioned to be coordinated with either
Ti+3 (or Ti+2) cations at these interfacial sites with the
C atom stabilized on a neighboring Pd (or Pt) site, thus
leading to a di-rCO adsorption configuration. The strong
adsorption of maleic anhydride or succinic anhydride
species via the C=O bond in di-r mode on inter facial
Pd–TiOx site favors the nucleophilic attack of the car-
bon by hydrogen dissociatively adsorbed on Pd, leading
to enhanced hydrogenation activity of the carbonyl
group and consequently superior selectivity in maleic
anhydride hydrogenation to butyric acid.

3.10. Temperature programmed reduction (TPR)

To further understand the origin of highly selective
activation of the carbonyl in maleic anhydride or suc-
cinic anhydride over Pd/TiO2 catalyst, H2-TPR and
XPS spectra of three catalysts are obtained. H2-TPR
profiles of the different catalysts and TiO2 are shown in
figure 8. Although the TPR profiles exhibited similar
spectra, variations (peak intensity and peak position)
existed between samples. Reduction of Pd started about
60 �C and ended below 160 �C. The peak (a) can be
attributed to the reduction of Pd2+. The TPR profile of
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blank TiO2 shows a broaden peak at 400 �C, resemble
peaks (c) appeared at the TPR profiles of three catalysts,
this result shows that Ti4+ can be reduced to Ti3+.
Besides (a and c) peak, a third peak (b) appeared at
about 350 �C at the TPR profiles of three catalysts, this
result suggest that Ti4+ can be reduced to Ti3+ in the
presence of Pd even at lower reduction temperature,

which is caused by the dissociatively chemsorbed
hydrogen on palladium diffusing from Pd to TiO2 and
reducing Ti4+ to Ti3+ [26–28]. For SG, DP and Imp
catalysts, the maxima center of the a peak appeared at

Table 3

Characteristics of Pd/TiO2 catalyst

Catalyst code BET surface area

(m2/g catalyst)

Pore diameter

(Å)

Pd surface area

(m2/g catalyst)

Pd dispersity on surface

(%)a
Pd particle

size (nm)b

SG 103.3 81.5 0.68 0.91 7.5

DP 108.5 86.4 1.79 1.65 6.2

Imp 59.8 94.1 0.54 0.65 15.4

aDefined bySPd=SBET.
bEvaluated from the FWHM using the Scherrer equation.

Figure 6. TEM photos of three reduced catalysts (a) TEM photo of Imp sample (b) TEM photo of DP sample (c) TEM photo of SG sample.
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about 111.2, 106.1 and 100.8 �C, respectively, the a peak
of SG catalyst was shifted to higher temperature. This
result suggested that the interaction of Pd between
support was strengthened for three catalysts with dif-
ferent preparation methods. Combining the activity test
shown above, we deduced that the yield of butyric acid
probably depend on the interaction between metal and
support.

4. Conclusion

The Pd/TiO2 catalyst prepared by sol–gel was proved
to be an excellent catalyst for selective hydrogenation of
maleic anhydride in liquid phase to butyric acid. At
240 �C, 93.5% yield to butyric acid and 100% conver-
sion of maleic anhydride were obtained over SG catalyst.
The dispersity and particle size of Pd had no obvious
influence on the yield of butyric acid. The product dis-
tribution was mainly determined by the reaction tem-
perature and the crystal forms of TiO2. The high
conversion of maleic anhydride and high yield towards
butyric acid were attributed to the strong adsorption of
maleic anhydride or succinic anhydride species via the
C=O bond in di-r mode on inter facial Pd–TiOx site
which induced by the high temperature reduced step.
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