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Pt-based catalysts, supported on Al,0s, SiO, and SiO,-Al;05, were prepared by incipient wetness impregnation
and tested in the gas phase hydrogenation of maleic anhydride at atmospheric pressure and 240 °C. In these con-
ditions, the hydrogenolytic activity pattern was: Pt/SiO, > Pt/Al,03 > Pt/SiO,-Al,053, which is just the opposite of
the support acidity trend. These metal Pt-based catalysts showed high selectivity to propionic acid, which was
always higher than 80%. The selectivity pattern to this product was: Pt/Al,03> Pt/SiO,> Pt/SiO,-Al,03. Both
activity and selectivity patterns may be explained on the basis of metal-support interaction and support acidity.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Propionic acid (PA) is widely employed in the chemical and food
industry [1-3]. One use is as food preservative because it inhibits the
growth of mold and some kind of bacteria. Another application is in
the manufacture of synthetic fibers obtained from cellulose. Some
esters derived from PA, such as citronellyl propionate and geranyl pro-
pionate, are used as fruit and floral flavors and fragrances. PA salts, such
as sodium, calcium and ammonium propionate, are used in veterinary
for the treatment of dermatoses, infections and arthritis.

The best known method for obtaining PA is the Reppe process,
developed by BASF, consisting in the liquid phase hydrocarboxylation
of ethene with carbon monoxide and water, at 200-240 bar and
270-320 °C, employing homogeneous catalysis. The catalyst used in
this process is Ni(CO), obtained from nickel propionate in the very
same reaction medium. The yield in PA, based on ethene, is about 95%
[3,4]. This process was improved by Eastman and Halcon by using a
Ni/Mo catalyst modified with halogenated and organophosphorus
ligands. With this catalyst, it is possible to obtain a similar yield in PA
to that one reached in the original process, but now working at
10-35 bar and 175-225 °C [3]. Ethene hydrocarboxylation is also car-
ried out at 170-250 °C and 30-150 bar using a mixture of two
metal-based catalysts, e.g. Ni and Pt or Ni and Ru, or bimetallic Ni-Pt
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or Ni-Ru catalysts [5]. Another method to obtain PA is the ethanol car-
bonylation, known as Monsanto process, which is carried out in liquid
phase with Rh-I catalysts at 75 °C and 28 bar [6]. Other catalysts used
in this reaction are based on Rh [7], Co-Ru [8] and Ir [9]. All of these
methods use homogeneous catalysis, which requires very sophisticated
and expensive methods for product separation and catalyst recycling.
With the aim of solving this problem, Ni/C catalysts have been devel-
oped to perform heterogeneous catalytic ethanol carbonylation under
mild reaction conditions [4,10]. PA is also produced by non-catalytic
processes such as microbiological fermentations from lactic acid or
glucose [11]. These fermentation processes are tedious and low yields
in PA are obtained. The major problem is due to the inhibition of the
Propionibacterium by acetic acid and PA. In other cases, PA is also
obtained as a byproduct from wood distillation.

Gas-phase hydrogenation of maleic anhydride (MA) into succinic
anhydride (SA) and its subsequent hydrogenolysis, employing hetero-
geneous catalysis at low pressure, is an alternative process to produce
PA, as shown in Fig. 1. The PA production from MA becomes interesting
since this process could be easily integrated to other industrial process-
es where MA is a byproduct, as for example in the petrochemical indus-
try. To our knowledge, there are no works dealing with this process to
obtain PA in high yields. In general, the hydrogenation of MA has been
studied with the aim of obtaining SA, y-butyrolactone (GBL) and/or
tetrahydrofurane (THF) [12-18]. In a few cases, yields in PA up to 35%
have been reported during the gas phase hydrogenation of MA [19,20].

The aim of this work is to verify the feasibility to convert selectively
MA into PA in a one step process using solid Pt-based catalysts in gas
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Fig. 1. Reaction network for maleic anhydride (MA) hydrogenation in gas phase. SA: succinic anhydride; PA: propionic acid; GBL: 'y-butyrolactone.

phase at atmospheric pressure. In order to determine the influence of
the support on the Pt catalytic performance, three different insulating
oxides were used: SiO,, Al,O3; and SiO,-Al,0s.

2. Experimental

Pt-supported catalysts were prepared by incipient-wetness impreg-
nation at 25 °C using an aqueous solution of tetramine platinum nitrate,
Pt(NHs3)4(NO3), (99.9%, Alfa), following the procedure described else-
where [21]. The supports employed in this work were a high purity
v-Al,03 (Cyanamid Ketjen CK 300), SiO, (Grace Davison Grade 62)
and SiO,-Al,05 (Sigma-Aldrich, Si/Al=6.6). The impregnated supports
were dried overnight at 100 °C and then calcined in air at 500 °C during
4 h. Finally, these precursors were reduced ex-situ in H,(100%) flow at
500 °C for 4 h. In a previous work, it was verified that this procedure is
enough to ensure that a stable metal Pt phase from complete reduction
of platinum oxide can be obtained [21].

The Pt content was measured by ICP (Inductive Coupled Plasma)
using a Pelkin Elmer Optima 2100 DV ICP system. Metal dispersion
was determined by hydrogen chemisorption at 25 °C. Samples were
previously reduced and evacuated at 500 °C. Hydrogen uptake was
determined using the double isotherm method in the pressure range
0-6.6 kPa, following the procedure described elsewhere [21]. The specific
surface area of the samples obtained after impregnation and calcination
was measured by N, physisorption at —196 °C using a Quantachrome
Autosorb-1 sorptometer and applying BET analysis method. Samples
were degassed under vacuum at 250 °C before carrying out the
measurements.

Acid site densities were determined by using temperature
programmed desorption (TPD) of preadsorbed NHs. Sample (200 mg)
was load in a quartz tubular reactor and then treated at 500 °C for 1.5 h
in He flow (~60 cm® min~—!). Afterwards, the sample was exposed to a
stream of NH3(1%)/He at 100 °C until surface saturation. Physisorbed
NH; was removed by flowing He at 60 cm® min~—' for 30 min at
100 °C. Then, the temperature was increased from 100 °C to 600 °C at
10 °C min~!. The NH; concentration in the effluent was measured by
mass spectrometry (MS) employing a Baltzers Omnistar unit.

Surface acid site nature, i.e. Lewis (L) or Bronsted (B), was deter-
mined by Fourier Transform Infrared Spectroscopy (FTIR) of adsorbed
pyridine with a Shimadzu FTIR-8101 M spectrophotometer. Sample wa-
fers were initially outgassed at 450 °C for 4 h and then, after cooling up
to room temperature, a background spectrum was recorded. Afterwards,
pyridine was admitted and adsorbed at room temperature. The spectra
were recorded after evacuation at 150 °C for 30 min and cooling again
to room temperature. The L/(L 4 B) ratio was determined deconvolution
and integration of the IR absorption bands around 1450 cm™! and
1540 cm™ ', assigned to L and B acid sites, respectively [22].

Catalytic activity tests were carried out at atmospheric pressure in a
flow set-up equipped with a fixed-bed tubular reactor (SS 1.5 ¢cm i.d.).

Catalyst loads (W) of 50 mg and 100 mg, particle size of 0.35-0.42 mm
and space times (W/F’y,) of 12 gh mol™! and 24 g h mol~! were
employed in these catalytic experiments. In all of the cases, the catalytic
bed was diluted with quartz. Samples, pre-reduced ex-situ in H, at
500 °C during 4 h, were load in the tubular reactor and treated in Hp
flow at 300 °C for 1 h, in order to prevent any surface reoxidation of Pt.
Afterwards, the reactor was cool down to 240 °C and fed with a stream
of H, (150 cm® min~') saturated in MA at 80 °C (xpa=0.0105).
On-line analysis of the reactor outlet stream was performed using a
Varian CP 3380 gas chromatograph equipped with a flame ionization
detector (FID) and a Graphpac GC 0.1% AT-1000 (80-100) packed
column.

3. Results and discussion
3.1. Catalyst characterization

Pt content determined by ICP was between 0.4 and 0.5% for all of the
samples prepared in this work. After impregnation and calcination, the
final specific surface areas were not significantly different from those of
the corresponding supports (Table 1), as it was expected due to the low
metal loading (<1%) and the impregnation method used. After reduc-
tion in Hy at 500 °C, metallic dispersions varied between 25 and 60%,
depending on the support (Table 1). The least dispersed metal phases
were obtained when Pt was supported on SiO; or SiO,-Al;0s. Instead,
a dispersion of about 60% was reached for Pt/Al,O5. From these chemi-
sorption data and applying a cubic particle model, medium particle
sizes between 1.5 and 3.5 nm were estimated (Table 1). These values
are indicating that very small metal particles are formed on the sup-
ports used in this work.

Surface acid sites concentrations were estimated by deconvolution
and integration of NH3 desorption profiles obtained in TPD-NH3
experiments (Fig. 2 and Table 1). No NH5 desorption was detected

Table 1

Physicochemical characterization of samples calcined in air at 400 °C.
Sample Sg* D*  d,© NH; TPD NH3 TPD L/(L+B)¢

(m*g~") (%) (nm) (umolg™') (umol m~?)

Sio, 254 - - n.d. n.d. -
v-Al,03 190 - - 21 0.11 1
Si0,-Al,03 467 - - 560 1.20 0.75
Pt/SiO; 250 24 35 n.d. n.d. -
Pt/Al,03 188 60 14 24 0.13 -
Pt/Si0,-AlL,0; 433 25 34 537 1.24 -

Sg: specific surface area.

D: metallic dispersion.

dp: Metal particle size assuming cubic geometry.

L/(L+B): Lewis (L) sites fraction respect to Bronsted (B) sites determined by infra-
red spectroscopy of absorbed pyridine.

a
b
c

d
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Fig. 2. TPD-NHj5 profiles (m/e =16) for the supports used in this work (NH3 adsorption
at 100 °C and desorption at 10 °C min~').

in the case of SiO, and Pt/SiO,. The total amount of NH3 desorbed by
mass unit from SiO,-Al,03 was about 25 times higher than that one
desorbed from Al,Os3. On an areal basis, the acid site density on
Si0,-Al,03 surface was almost 11 times higher than one on Al,0s.
Besides, SiO,-Al,03; showed approximately 40% of NH3 desorbing
above 500 °C, while the main NH3 desorption from Al,O3; occurred
below 500 °C (Fig. 2). Thus, SiO,-Al,05 showed higher acid site den-
sity and acid sites of higher strength than Al,0s. The total density of
acid sites for Pt/SiO,-Al,05; and Pt/Al,O3; were similar to those on
Si0,-Al;,03 and Al,Os, respectively (Table 1). These results are indi-
cating that the incorporation of low Pt loads, i.e. 0.4-0.5%, did not sig-
nificantly modify the strength and acid site density on the support
surface.

From the results obtained by TPD-NH3 and FTIR of adsorbed pyri-
dine (Table 1), it can be inferred that 'y-Al,03 has a low concentration
of Lewis acid sites on its surface. Instead, SiO,-Al,03 contains both
Lewis and Bronsted acid sites, with prevalence of Lewis acid sites,
and a significant concentration of strong acid sites.

3.2. Catalytic test

In the conditions used in this work, 240 °C and W/F’y;,=12 and
24 ¢ h mol~', complete and fast hydrogenation of MA into SA was
reached with all of the Pt-based catalysts. Then, SA was converted by
hydrogenolysis into GBL and PA [19,20]. This is in agreement with the
fact that metal Pt promotes hydrogenation of C=C bonds more easily
than hydrogenation and hydrogenolysis of a (=0 group [23]. At
240 °C and W/F°,;,,=12 gh mol™!, the SA conversion on Pt/SiO,
diminished from 83% up to 68%, reaching a steady state after 100 min.
The initial SA conversion and the conversion decay with time were
lower with Pt/Al,O3 and Pt/SiO,-Al,0s than with Pt/SiO, (Fig. 3A,
Table 2). At W/F%;a=24 g h mol ™!, the SA conversion with Pt/SiO,
reached 100% and remained constant during the 3 h run (Fig. 3B,
Table 2). Instead, the initial SA conversion with Pt/Al,03; was almost
94% but decreased up to a final value of 73%. Similarly, SA conversion
with Pt/Si0,-Al,03 decreased almost linearly from 70 to 55% during
the 3 h activity test.

In summary, all catalysts were active for SA hydrogenolysis and the
activity pattern was: Pt/SiO, > Pt/Al,03 > Pt/SiO,-Al,0s. Then, it is pro-
posed that the Pt hydrogenolytic activity diminished as density and
strength of acid sites on support surface increased. It is likely that the
electronic properties of the small metal Pt particles were affected by
the intimate interaction with the support acid and basic sites. It is
very well known that this interaction on Al,03 and SiO,-Al,05 is occur-
ring from the impregnation step: by adsorption of Pt(NH5)Z ™ ions on
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Fig. 3. Conversion of succinic anhydride (SA) as a function of time at 240 °C and 1 bar.
(A) W/F’ya=12 g h mol™", 0J Pt/SiO,, A Pt/Al,03, O Pt/Si0y-Al,05; (B) W/Fya=
24 g h mol ™', M Pt/SiO,, A Pt/Al,03, ® Pt/SiO,-Al,0s.

Al,05 basic sites and by cation exchange with H™ on Si0,-Al,03 strong
acid sites. Instead, neither basic sites nor strong acid sites were detected
on SiO, surface and so the Pt-support interaction must be the lowest of
this catalyst series. Thus, Pt-support interaction with acid and basic sites
is probably leading to a metal Pt phase less active for SA hydrogenolysis
into PA and GBL than the one formed on Pt/SiO,.

When W/F°,=12 g h mol™!, deactivation of Pt/Si0, for SA
hydrogenolysis was observed (Fig. 3A). This deactivation is likely due
to strong irreversible adsorption of reactant and/or product molecules
on the metal active sites [13]. Sintering was discarded as a deactivation
cause since: 1) metal Pt phase was stabilized during the calcination-
reduction process; 2) hydrogenolysis rate of cyclic compounds is higher
on large particles and then activity should increase with sintering. At
similar conditions, the deactivation was less important for those cata-
lysts with higher acid site density, i.e. Pt/Al;03 and Pt/SiO»-Al,0s. It is
probably that the irreversible adsorption of reactant or product mole-
cules on metal Pt was lower with Pt/Al,O; and Pt/SiO,-Al,03 than
with Pt/SiO,. The last is probably due to the same reasons given above
to explain the lower catalyst activity for SA hydrogenolysis as support

Table 2
Hydrogenolytic activity and selectivity of Pt-supported catalysts at different space
times (T=240 °C; P=1 atm).

Sample W/F\a Time Xsa® Spa” Ypa©  Yem©  Yeus©
(ghmol™")  (min) (%) (%) (%) (%) (%)

Pt/SiO, 12 10 826 848 670 120 3.6

180 68.1 851 579 102 0.0

24 10 100 862 850 13.6 14

180 100 888 870 11.0 2.0

Pt/Al,03 12 10 550 957 515 23 12
180 520 97.6 483 1.2 2.5

24 10 940 956 865 4.0 35

180 733 977 693 1.6 2.4

Pt/Si0,-AlLO; 12 10 413 847 299 5.4 6.0
180 342 924 290 2.4 2.8

24 10 700 760 333 99 2638

180 555 821 325 7.1 15.9

2 Xsa: Succinic anhydride (SA) conversion.

b Spa: Selectivity to propionic acid (PA) defined as Ypa/(Ypa + Yogr).
€ Yi: Product yield as mol of product (i) by mol of maleic anhydride (MA) fed.
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acidity increased. The deactivation of metal sites on Pt/Al,03 and
Pt/Si0,-Al,05 became more important when W/F%;,s =24 g h mol .
It is probably that some compounds were slowly formed on the support
acid sites, at the metal-support interface, which then migrated to the
metal surface deactivating Pt sites. Thus, the deactivation of metal Pt
sites on Pt/Al,03 and Pt/SiO,-Al,03; became more important as the
space time increase. This last deactivation mechanism is not probably
taking place in the case of Pt/SiO,.

The only products detected from SA hydrogenolysis were PA, GBL
and CHg, in agreement with reaction scheme shown in Fig. 1. It is
worth to notice that in all of the cases, metal Pt resulted highly selective
to PA (Table 2), in contrast with other non-noble metal catalysts tested
in previous works [12-18]. Selectivity to PA at t =10 min, for W/Foy;, =
12 g h mol™ !, followed the pattern Pt/ALLOs (96%)> Pt/SiO,-Al,O5
(85%) =Pt/SiO, (85%). Instead, for a W/F’y;4=24 g h mol ', the selec-
tivity pattern was Pt/Al,O3 (96%)>Pt/SiO, (86%)> Pt/Si0,-Al,03
(76%). For both space times, the selectivity to PA remained almost
constant during the 3 h run with both Pt/SiO, and Pt/Al,Os, while it
increased slightly on Pt/SiO,-Al;0s. Thus, the highest selectivity to
PA was reached when the metal Pt phase was interacting with the
v-Al,03 surface.

For W/F%u=12 g h mol ", the PA, GBL and CH,4 production rates
and yields with Pt/SiO, diminished monotonically with time, until a
steady state was reached (Fig. 4). These trends were similar to that ob-
served for SA conversion (Fig. 3). This is in agreement with the fact that
metal sites, active for SA hydrogenolysis reactions, are deactivated with
time. This deactivation is probably due to strong adsorption of reactant
and/or product molecules on metal Pt sites, as it was suggested above
and in previous works [13,19]. In the case of Pt/Al,0s, PA and GBL
production rates followed similar trends to that determined for SA con-
version, i.e. a linear slight decrease with time indicating a very slow
deactivation of metal hydrogenolytic sites. However, CH4 production
rate showed exactly the opposite trend. Finally, with Pt/SiO,-Al,0s,
PA production rate kept practically constant. Instead, GBL production
rate decreased slowly with time, with a similar linear trend to that
observed for SA conversion, while CH, production rate diminished
exponentially to reach a steady state after 1 h. The product evolutions
observed with Pt/Al,05 and Pt/SiO,-Al,03, are indicating that PA and
GBL are most probably coming from parallel SA hydrogenolysis on dif-
ferent types of metal Pt sites (Fig. 1). Instead, CH4 was not only a GBL
hydrogenolysis product but was also coming from a side reaction no
depicted in Fig. 1.

When W/F%;, =24 g h mol ™!, with Pt/SiO,, PA production rate re-
mains constant at 100% SA conversion (Fig. 5). However, GBL production
rate decreased with time, indicating a deactivation of hydrogenolytic
metal sites similar to that observed at W/Foy,=12 g h mol™!. With
Pt/Al,0s, PA, GBL and CH,4 production rates and yields diminished with
time (Table 2, Fig. 5). Instead, with Pt/SiO,-Al,03, PA production rate
remains almost constant during the 3 h run, while GBL diminished
with time. This is again indicating that SA hydrogenolysis is taking
place on two different types of metallic hydrogenolytic sites, similarly
to that observed in previous works [19,20]. The relative surface concen-
tration of metal sites that are selective for SA hydrogenolysis into PA
respect to those selective to GBL increased as the metal Pt dispersion
was higher (Tables 1 and 2). On the other hand, the high CH4 production
rate with Pt/SiO,-Al,03 and its rapid decrease with time are again indi-
cating that CH,4 is mainly coming from a side reaction not shown in
Fig. 1. It is very likely that at the beginning SA was adsorbed on both
metal Pt and strong acid sites of the support. The SA adsorbed on metal
Pt sites reacted following the parallel and series reactions represented
in Fig. 1. Instead, SA adsorbed on the strongest Lewis and Bronsted acid
sites was converted into CH, and other carbonaceous fragments. Then,
CH, desorbed while the carbonaceous fragments remained strongly
adsorbed on the SiO,-Al,05 surface, blocking the strong Lewis acid
sites. Thus, total SA conversion was due to hydrogenolysis reactions on
metal sites (Fig. 1) and some hydrocracking reactions on strong acid
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Fig. 4. Production rates of propionic acid (PA), y-butyrolactone (GBL) and CH,4 at
240 °C, 1 bar and W/Fy;s=12 g h mol~"'. [J Pt/Si0,, A Pt/Al,03, O Pt/Si0,-Al,05.

sites present on SiO,-Al,05 surface. As a consequence of the blockage of
strong acid sites, total SA conversion and CH,4 production rate diminished
with time while PA production rate remained almost constant. Mean-
while, GBL production rate diminished slowly due to strong adsorption
of reactant and/or product molecules on metal Pt hydrogenolytic sites,
similarly to what happened for Pt/SiO,, with low or none acidity.

4. Conclusions

Propionic acid can be synthesized via gas-phase hydrogenation of
maleic anhydride to succinic anhydride on Pt-supported catalysts using
a single reactor system, at atmospheric pressure and low space times.
High activity in the selective hydrogenolysis of succinic anhydride is
obtained when the support has low acidity and Pt-support interaction
is weak. Increasing acidity and metal-support interaction lead to a dimi-
nution in metal activity and to an increase in methane yield. Thus, the
highest yield in propionic acid is obtained with Pt/SiO,, having the lowest
support acidity and the weakest Pt-support interaction of the catalyst
series used in this work.
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