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The effect of preparation method on the performance of PtSn/Al2O3 catalysts 
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PtSn/Al2O3 catalysts with a given loading of 1 wt% Pt and 1 wt% Sn were prepared by co-impregnation or suc-
cessive impregnation with aqueous solutions of Pt, Sn precursors and a commercial alumina. The catalysts were 
characterized by N2 adsorption, H2-TPR (H2 temperature-programmed reduction), H2-pulse chemisorption, XPS 
(X-ray photoelectron spectroscopy) and CO-FTIR (Fourier transform infrared spectroscopy), and tested in the 
hydrogenation of acetic acid. The results showed that the preparation method affected both the chemical properties 
and their performance in the hydrogenation of acetic acid. Sn enrichment on the catalysts surface was observed 
on the co-impregnated catalyst and catalyst in which the Pt precursor had been loaded fi rst. It was found that 
the modifi cation of Pt was a function of the sequence of Sn addition as revealed by CO-FTIR. Co-impregnated 
catalyst showed the highest activity and ethanol selectivity.
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INTRODUCTION

  The hydrogenation of acetic acid to ethanol is a reaction 
of industrial importance because the world is in great 
demand of gasoline and many countries are determined 
to promote the development of gasohol. Ethanol is mainly 
produced by means of ethylene hydration and fermenta-
tion and both routes have some problems1. The former 
process depends on petroleum industry and doesn’t suit 
for countries that are poor in oil while the latter one 
can’t be applied to countries with limited arable land 
because it consumes large quantity of crops and food. 
What’s more, the production of fuel-grade ethanol is 
expensive and energy-ineffi cient because both processes 
involve energy-intensive distillation steps. On the other 
hand, acetic acid is readily available since the homoge-
neous methanol carbonylation technology developed by 
Monsanto exhibited high activity and selectivity under 
mild operating conditions2. Traditionally, CO and H2 
used in methanol synthesis and carbonylation are mainly 
produced by catalytic partial oxidation or steam-reforming 
of light hydrocarbons from petroleum3–6. Furthermore, 
syngas was obtained from coal gasifi cation7, 8.

The information in open literature regarding acetic 
acid hydrogenation is limited. Copper chromite catalysts 
have been widely used in various industrial processes such 
as the hydrogenation of vegetable oils, esters and fatty 
acids9–11. Reports on Cr free Cu catalysts for acetic acid 
hydrogenation are also available12, 13. A series of experi-
ments were carried out by Pestman et al. to explore the 
oxidation of carboxylic acids (acetic acid included) on 
oxides obtaining acetones and aldehydes14–16. Rachmady 
and Vannice carried out experiments on the hydrogena-
tion of acetic acid on Pt catalysts supported on oxides 
and revealed that Pt supported on TiO2 is a promising 
catalyst for acetic acid hydrogenation to ethanol obtaining 
50% ethanol, 30% ethyl acetate and 20% ethane17, 18. 
Later, Alcala indicated that the addition of Sn to Pt/
SiO2 can avoid the cleavage of C-C bond in acetic acid 
and promote the selective conversion of acetic acid to 
ethanol, acetaldehyde, and ethyl acetate19.

Bimetallic PtSn catalysts on various supports are widely 
used in many processes, such as reforming20 and dehydro-
genation of hydrocarbons21–23 for the petroleum industry 
and the selective hydrogenations in fi ne chemistry24–28 
because they usually show better performance in terms 
of activity, selectivity and/or stability, than monometallic 
platinum catalysts. For instance, the addition of Sn to 
Pt altered the selectivity in naphtha reforming, reducing 
the catalyst deactivation caused by coke deposition29. It 
has been found that the methodology adopted in the 
preparation of PtSn catalysts can result in different 
metallic phases, and plays a crucial role in determining 
the properties of the sample and its catalytic perfor-
mance26, 27, 30, 31. The accurate nature of PtSn systems 
are very complicated and still a matter of debate, and 
different techniques like TPR, FT-IR, XRD, and XPS 
were adopted to characterize the metallic structures 
of these bimetallic catalysts26–30. For example, by using 
XPS, alloys formation between Pt and Sn was observed 
by Morales et al. in the co-impregnated samples, while 
in the sequentially impregnated catalysts (load Pt to 
Sn/H[Al]ZSM5) no alloy was formed but the reduction 
of the two metals were much more easy31. In another 
study, XPS and CO-FTIR were used to investigated the 
nature of several TiO2 supported PtSn catalysts revealing 
that the catalysts prepared by co-impregnation showed 
better performance for the gas phase hydrogenation of 
crotonaldehyde due to the presence of decorated Pt 
species32. The preparation of PtSn/Al2O3 catalysts using 
controlled surface reaction techniques can also improve 
the catalytic behavior in butane dehydrogenation, i.e. 
inhibiting cracking and coke formation reactions, as well 
as enhance the stability of the catalyst21, 22.

Our previous study has demonstrated that co-impregna-
ted PtSn/Al2O3 catalysts showed better performance in the 
hydrogenation of acetic acid to ethanol, as compared to 
monometallic Pt catalyst, and an appropriate Sn/Pt ratio 
was evidentiated. In this paper, PtSn/Al2O3 catalysts were 
prepared by co-impregnation and successive impregnation 
and characterized by N2 adsorption, TPR, XPS and 
CO-FTIR as well as tested in acetic acid hydrogenation.
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the experimental peaks to Lorentzian/Gaussian lines 
(80% L/20% G). The C1s line was taken as an internal 
standard at 284.8 eV.

CO-FTIR was carried out in a spectrometer (Nicolet 
6700, Thermo, USA) which had been modifi ed to allow in 
situ catalyst pretreatment. The infrared cell was equipped 
with temperature controlled parts and a ZnSe window. 
Infrared spectra of adsorbed species were collected at 
atmospheric pressure and room temperature at a reso-
lution of 4 cm−1. The catalysts (0.03 g, 180 mesh) were 
reduced in situ for 2 h under atmospheric pressure by 
hydrogen at 350oC (30 ml . min–1, 5oC . min–1) and purged 
with pure nitrogen (99.99%) for 1 h at 350oC. CO was 
introduced into the DRIFT cell until saturation after 
cooling the samples to room temperature in a N2 fl ow.

Activity testing
The hydrogenation of acetic acid (99.95%, Sinopharm 

Chemical Reagent Co., Ltd, China) was carried out in 
a fi xed-bed reactor with an inner diameter of 10 mm. 
Approximately 2.5 g catalyst was loaded in the isother-
mal region of the reactor. Prior to the experiments, the 
catalysts were reduced in fl owing H2 (100 ml . min–1) at 
350oC for 2 h. Acetic acid was vaporized by preheating 
and carried by H2 fl ux into the reactor. The effl uent was 
monitored after passing through the condenser and the 
liquid-vapor seperator. Agilent 7890A GC with a ther-
mal conductivity detector (TCD) and a fl ame ionization 
detector (FID) was used to analyze the products. Com-
positions of the tail gas were determined on-line and the 
products in the liquid phase were detected off-line. The 
TCD was equipped with a molecular sieve 5A packed 
column and a Hayesep Q packed column while the FID 
was coupled with an HP-PLOT/Q capillary column and 
an HP-INNOWAX capillary column. Finally, the acetic 
acid in the liquid was determined by titration. 

RESULTS AND DISCUSSION

N2 adsorption
Table 1 shows data on the textural property of the 

catalysts and the support. The introduction of metals 
caused a loss of surface area and a slight increase in 
average pore diameter, which resulted from the blocking 
of the pores of Al2O3. It is worth noting that the pore 
distribution behavior of the catalysts was affected by the 
impregnation procedure, as vividly shown in Figure 1. 
For catalysts 1Pt1Sn-S1 and 1Pt1Sn-S2 the distribution 
of pores smaller than 8 nm decreased while the pores 
distributed between 8–32 nm bore a little increase, 
compared to Al2O3. On the other hand, changes of 
pore distribution on 1Pt1Sn-C showed in pores about 
7–13 nm. This phenomenon is probably due to the fact 
that a reaction between both metallic precursors in the 
impregnating solution would lead to a high concentration 
of a PtSn complex33 that didn’t exist in the sequence-
-impregnated catalysts or due to the different interac-
tions taking place between the metallic precursors and 
the alumina support in the initial stages of the catalyst 
preparation procedure.

EXPERIMENTAL PART

Catalyst preparation 
Three bimetallic PtSn catalysts with the same loading 

(1.0 wt% Pt, 1.0 wt% Sn) were prepared by co-impre-
gnation and successive impregnation. Hexachloroplatinic 
(IV) acid hexahydrate, tin (IV) chloride pentahydrate and 
aluminum oxide activated (purchased from Sinopharm 
Chemical Reagent Co., Ltd) were used as Pt, Sn precur-
sors and support. Before impregnation, the support was 
ground and sieved to 40–60 mesh and calcined (550oC, 
12 h) to remove the organic contaminants. For the co-
-impregnated catalyst [1Pt1Sn-C], appropriate amount 
of H2PtCl6 

. 6H2O and SnC14 
. 5H2O were dissolved 

in deionized water to obtain a homogeneous solution; 
then the solution was added dropwise to the calcined 
support (1 ml soln . g–1 Al2O3), which was aged for 
12 h at ambient temperature. The catalyst was dried 
in an oven at 120oC overnight in air and then calcined 
at 550oC for 12 h. Another catalyst [1Pt1Sn-S1] was 
prepared by impregnation of monometallic Pt catalyst 
with aqueous SnC14 

. 5H2O solution and then dried and 
calcined as described above, whereas the monometallic 
Pt catalyst was subjected to the same procedure even if 
the impregnation solution only contains H2PtCl6 

. 6H2O. 
Another catalyst [1Pt1Sn-S2] was prepared by successi-
ve impregnation, but reversing the order of precursor 
addition (fi rst introducing SnC14 

. 5H2O).

Catalyst characterization
The BET (Brunauer Emmett Teller) surface area, 

average pore diameter, and pore size distribution of the 
catalysts and the support were determined by means of 
nitrogen physisorption using a Micromeritics ASAP 2020 
M automated system. 

H2-TPR was performed on a Micromeritics AutoChem 
II 2920 system. Generally, 0.20 g sample was placed in 
a quartz U-tube reactor and calcined at 500oC for 1 h 
under Ar (99.99%) atmosphere and then cooled down 
to room temperature. The reductive mixture (10% H2 in 
Ar) was fed to the reactor at a fl ow rate of 50 ml . min–1. 
The TPR experiments were carried out from room 
temperature to 700oC with a ramp of 10oC . min–1 and 
the hydrogen consumption were monitored by a thermal 
conductivity detector (TCD) after the base line was stable.

The active sites and dispersion of the catalysts were 
determined by H2-pulse chemisorption technique using 
the same system as adopted in TPR. The samples were 
reduced under H2 (99.99%, 30 ml . min1) at 350oC for 
2 h, then purged in He (99.99%, 30 ml . min–1) at 350oC 
for 1.5 h and then cooled down to room temperature 
in fl ux of He (30 ml . min–1). Calibrated pulses of H2 
were injected into the system repeatedly and the time 
between pulses was 4 min until no further H2 consump-
tion was observed. Photoelectron spectra were recorded 
over calcined and reduced samples (350oC, 2 h) using an 
ESCALAB 250Xi (Thermo Fisher, USA) photoelectron 
spectrometer coupled with an Al Kα X-ray operated at 
10 mA and 12 kV. The energy regions of the photoelec-
trons of interest were repeatedly scanned to get good 
signal-to-noise ratios. The intensity of the peaks were 
quantifi ed by determining the integral of each peak 
after subtracting an S-shaped background and fitting 
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H2-TPR
The TPR profi le of the catalysts is shown in Figu-

re 2. On 1Pt1Sn-C, only one peak appeared between 
200–300oC, which was due to the co-reduction of Pt and 
Sn34. Both the sequential impregnated catalysts showed 
a distinct reduction peak centered at about 120oC along 
with a shoulder located between 200–300oC. The peak 
in the lower temperature range can be ascribed to the 
reduction of unalloyed Pt in weak interaction with the 
support35. Our previous experiment indicated that Sn/
Al2O3 consumed H2 over a wide temperature range (from 
200–700oC ) with a maximum at about 480oC while the 
reduction peak of monometallic Pt/Al2O3 centered at 
about 240oC 34. Thus, the shoulder between 200–300oC 
can be ascribed to the reduction of Pt in strong interac-
tion with alumina or the co-reduction of Pt and Sn35, 36. 
Furthermore, a minor peak centered at 450oC emerged 
on 1Pt1Sn-S2, which is attributed to the reduction of 
isolated Sn species34.

H2-pulse chemisorption
The amount of hydrogen irreversibly adsorbed at 

25oC on the reduced samples was summarized in Ta-
ble 1. Compared to monometallic Pt/Al2O3 catalyst 
(1Pt)34, the chemisorption capacity of hydrogen on the 
catalysts all decreased dramatically and infl uenced by 
the preparation procedure adopted, as the H/Pt ratio 
increased from 0.30 for 1Pt1Sn-C to 0.37 for 1Pt1Sn-S2 
to 0.40 for 1Pt1Sn-S1. The relative lower H/Pt ratio of 
the co-impregnated catalyst may caused by the reaction 
between both metallic precursors in the impregnating 
solution which would lead to a high concentration of 
a PtSn complex33, and the covering of Pt by Sn species 
was more prominent on the reduced catalysts due to the 
intimate contact between Pt and Sn. 

XPS
XPS experiments were carried out to determinate 

the chemical state of Pt, Sn in the fresh and reduced 
(H2, 350oC 2 h) catalysts. Pt 4d lines were analyzed 
instead of Pt 4f because the energy region of Pt 4f 
was overlapped by the intense Al 2p peak. XPS results 
showed that platinum was completely reduced in all the 
samples studied, because the Pt 4d5/2 spectra (omitted 
for brief) contained only one peak centered around 315 
eV. Figure 3 shows the Sn 3d5/2 spectra of both fresh 
and reduced catalysts. After deconvolution, the Sn 3d5/2 
spectrum of the fresh catalysts can be divided into two 
peaks: one with a low binding energy at 486.5–486.8 eV, 
and a second one at 487.6–487.8 eV. According to the 
literature26, 28, it is not possible to discriminate between 
SnII or SnIV species, thus both of the two components 
were assigned to oxidized tin (SnII or SnIV), probably 
forming chlorinated species25, 29. When the catalysts were 
reduced, a new peak at 485.5–485.7 eV emerged, which 
can be ascribed to metallic Sn30. 

The quantitative result of XPS analysis was present in 
Table 2. The Sn/Pt ratio of the catalysts (both fresh and 
reduced) were much higher than the bulk one (1.22), 
which is indicative of Sn enrichment on the surface of 
the catalyst, as revealed by others32. It is worth men-
tioning that the Sn/Pt ratio of 1Pt1Sn-C and 1Pt1Sn-S1 
increased substantially after reduction. This increase can 
be assigned to 2 main effects: (i) dilution of platinum 
by metallic tin, upon the formation of PtSn bimetallic 
phases, (ii) covering of Pt metal particle surface by 
oxidized tin species.

CO-FTIR
The interactions between Pt and Sn should change the 

electronic environment of Pt atoms. The electronic state 
of the surface platinum atoms was characterized by CO 
probe molecules via adsorption. The IR spectra of CO 
chemisorbed on the reduced catalysts were shown in 
Figure 4. Generally, the bands in the frequency region 
of 1950–2100 cm–1 were related to CO linearly bonded 

Table 1. The results of N2 adsorption and H2-pulse chemisorption

Figure 1. The distribution of pore diameter of the catalysts 
and support

Figure 2. The TPR profi les of the catalysts
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to one surface-exposed metal Pt atom while the band 
centered at about 1830 cm–1 was assigned to CO bon-
ded to two surface Pt atoms (bridged species)37–40. On 
monometallic Pt catalyst, the spectrum showed a main 
peak at 2063 cm–1 along with a shoulder at 2080 cm–1, 
as well as a minor peak located at about 1818 cm–1. 
The introduction of Sn lead to different observations, 
depending on the preparation procedure. On one hand, 
the shoulder at 2080 cm–1 disappeared on all the bime-
tallic catalysts and the minor peak at 1818 cm–1 became 
invisible on 1Pt1Sn-C and 1Pt1Sn-S1. On the other hand, 
a broadening of the main peak at 2063 cm–1 occurred 
on 1Pt1Sn-S2. Furthermore, a new peak even emerged 
in the frequency region of 1950–2050 cm–1 on 1Pt1Sn-C 
and 1Pt1Sn-S1. 

Figure 3. The 3d5/2 spectrum of the fresh and reduced catalysts

Table 2. The quantitative results of XPS of the fresh and reduced catalysts

Figure 4. CO-FTIR spectrum of the catalysts

In a previous study39, Arteaga et al. reported that the 
positions of bands due to linearly adsorbed CO on Pt 
were a function of Pt dispersion: the shoulder at 2080 
cm–1 was related to large ensembles of Pt atoms akin 
to exposed low-index planes (big ensembles), bands at 
2060–2067 cm–1 ascribed to highly coordinated Pt atoms 
in medium-sized ensembles of Pt atoms, and the bands 
located at < 2030 cm–1 assigned to the lowest coordina-
tion sites, which were probably corner or apex atoms on 
small Pt particles. Thus, the spectra indicated that the 
Pt distribution was apparently heterogeneous on mono-
metallic Pt catalyst and the introduction of Sn changed 
the dispersion of Pt. According to Riguetto et al.40, the 
asymmetry of the main band as well as its broadening 
on the low-frequency side of 1Pt1Sn-S2 was indicative 
of the presence of CO bonded to the steps, and the 
absence of the peak at about 1816 cm–1 on 1Pt1Sn-C 
and 1Pt1Sn-S1 meant a more homogeneous distribution 
of steps or corner sites present on the surface40. Con-
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cerning the result of Sn/Pt ratio revealed by XPS, the 
reason of this phenomenon is that part of the Pt surfaces 
were covered or decorated by Sn species, on 1Pt1Sn-C 
and 1Pt1Sn-S1, thus leading to the decrease of stepped 
Pt and the selectively poison of Pt sites responsible for 
the bridging CO.

Acetic acid hydrogenation
The hydrogenation of acetic acid was carried out 

at 275oC and 255oC while other conditions were fi -
xed at 2.0 MPa LHSV = 0.96 L . g–1

cat. 
. h–1 and 

n(H2)/ n(CH3CO-OH) = 10. The evolution of catalytic 
activity (the conversion of acetic acid) as a function of 
time on stream at 275oC for the catalysts was plotted in 
Figure 5 and data were reported after a carbon balance 
(within ±5%) was achieved. The behavior was similar 
in all cases, the activity increased during the fi rst 12 h, 
thereafter remaining practically stable as a function of 
time on stream. The conversion of acetic acid and pro-
duction selectivity of the catalysts were listed in Table 3. 
The bimetallic catalysts were much more active than 
the monometallic one34, and the catalyst prepared by 
co-impregnation showed the highest activity, following 
the order 1Pt1Sn-C > 1Pt1Sn-S1 ≈ 1Pt1Sn-S2, at both 
temperature. Taking into account the results of XPS and 
H2-pulse chemisorption, co-impregnated catalyst showed 
the lowest Pt dispersion after reduction, which means that 
the remaining surface Pt atoms were much more active 
(because our previous study revealed that monometallic 
Sn catalysts almost showed no activity towards acetic acid 
hydrogenation)34. In addition, observable differences in 
product selectivity were also detected among the catalysts 
depending on the type of impregnation strategy employ-
ed. The selectivity of aldehyde and ethane were almost 
the same on all catalysts while the selectivity towards 
ethanol and ethyl acetate bore signifi cant disparity. The 
result of CO-FTIR indicated that a part of Pt species 
on 1Pt1Sn-S2 was different from other two catalysts, 
which probably showed different desorption capacity of 
ethanol and lead to a higher selectivity to ethyl aceta-
te. What’s more, 1Pt1Sn-S2, which showed the lowest 
activity and selectivity to ethanol, also produced much 
more methane. The result of H2-TPR indicated that 
there would be segregated Sn species on the surface 
of 1Pt1Sn-S2, which meant that the contact between Pt 
and Sn was less intimate and the decoration of Pt by 
Sn species on the reduced catalysts was less prominent. 
The study of Vilella et al. indicated that Sn addition to 
Pt/SiO2 catalysts can form PtSn alloy and suppress the 
cleavage of C-C bond of acetic acid which lead to the 
production of methane19. Thus, this explanation can be 
also applied to our case.

CONCLUSIONS
Bimetallic PtSn catalysts supported on alumina have 

been prepared which were very active and selective to 
ethanol and ethyl acetate, in the vapor phase hydrogena-
tion of acetic acid. H2-TPR showed that the reduction of 
Pt was promoted in sequentially impregnated catalysts and 
the co-reduction of Pt and Sn was less obvious. Platinum 
dispersion decreased after Sn addition, which was due to 
surface covering of Sn species and/or to the formation 
of PtSn alloy. XPS measurement revealed the presence 
of Sn in both zero and oxidized states in the reduced 
catalysts, and the extent of Sn species enrichment on 
the catalysts surface depend on the preparation method 
used. The absence of Pt sites responsible for bridging 
CO on co-impregnated catalyst and catalyst loading fi rst 
with Pt, as well as the broadening of the main peak 
on 1Pt1Sn-S2 demonstrated that different preparation 
methods can lead to diverse electronic and geometrical 
effects that can reduce the concentration of exposed Pt. 
PtSn catalyst prepared by co-impregnation showed the 
highest activity and selectivity to ethanol.
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