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Abstract Hydrogenation of succinic acid aqueous solu-
tions was performed using TiO,-supported 2 wt% Pd and
2 wt%Pd—x wt%Re catalysts, using either impregnation
method or surface redox reduction of the monometallic
catalyst. The former catalysts were superior in terms of
activity and selectivity to 1,4-butanediol than the latter
ones. However, higher Re loadings (3.4-3.6 wt% com-
pared to 0.6-0.8 wt%) were necessary to initiate this

synergy.

Keywords Hydrogenation - Pd—Re catalysts - Succinic
acid - 1,4-butanediol

1 Introduction

Succinic acid (SUC) is a platform molecule from which
several high-volume and high-value derivative compounds
can be synthesized [1-4]. These include 1,4-butanediol
(BDO) an intermediate for other chemicals or polymers.
One common industrial method of producing this diol is
the maleic anhydride-based catalytic hydrogenation [5, 6].
There is extensive patent literature regarding the hydro-
genation of maleic anhydride, acid or dialkylester from
fossil origin to produce BDO, but also y-butyrolactone
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(GBL) and tetrahydrofuran (THF), and the data are sum-
marized in some reviews [7-9]. Analogously to maleic
anhydride, SUC may be converted to GBL, BDO, and THF
by catalytic hydrogenation (Scheme 1) [7-17].

SUC is also among the new bio-derived chemicals from
renewable resources, such as starch or oligosaccharides
(C-5, C-6 sugars) [1-4]. A lot of research has been per-
formed in the past decade on the fermentative production
of bio-SUC which is now produced at a lower cost than
petro-derived SUC [8, 9, 18-20]. Several companies are
currently involved in R&D, pilot plants and large scale
production, such as BioAmber (ARD-France/DNPGreen
Technology), Reverdia (DSM/Roquette), Myriant Tech-
nologies LCC, Mitsubishi Chemical Corporation/PTT
Public Company Limited-Thailand, BASF/Purac-CSM,
[21, 22].

Since after the fermentation process SUC is obtained in
aqueous phase, heterogeneous catalysts that are able to
hydrogenate SUC in aqueous phase must be designed [3, 9,
23]. However, little work has been developed on the direct
aqueous phase catalytic conversion of SUC [3, 13, 23-25]
and most of the publications in liquid phase use organic
solvents (dioxane, aqueous ethanol) [11, 12, 14-17].
Moreover, it is known that it is very difficult to hydroge-
nate free carboxylic acids to the corresponding alcohols
compared to the esters and this reaction requires severe
conditions of temperature and pressure (>150 °C,
>100 bar) [26]. Among the various heterogeneous hydro-
genation catalysts examined for hydrogenation of maleic
acid or succinic anhydride/acid, mainly in patents, metal-
promoted noble metal supported catalysts have been
reported to be effective in water [9, 25]. In our previous
study dealing with the hydrogenation of an aqueous
15 wt% SUC aqueous solution at 160 °C under 150 bar,
we reported that monometallic Pd/C catalysts were very
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Scheme 1 Catalytic O butanol
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and tetrahydrofuran (THF)

selective to GBL, whereas Pd—Re/C catalysts prepared by
impregnation of the monometallic catalyst with an aqueous
solution of NH4ReO, were very effective for the synthesis
of BDO [13]. However, a relatively high Re/Pd weight
ratio was necessary. The best BDO selectivity (66 %) was
observed when ca. 4.0 wt% Re was added to the 2.0 wt%
Pd/C catalyst.

In continuation of our previous work, the objective of
this study was to evaluate titania supported catalysts. These
materials are stable under hydrothermal conditions [27].
Also, compared to microporous active carbon developing
usually high specific surface areas, these supports may
adsorb fewer residual impurities present in the bio-SUC
and that are potential poisons for the catalyst [28]. Pd—Re/
TiO, catalysts were prepared using two different methods
of Re deposition which should lead to different distribu-
tions of Re sites on the Pd/TiO, catalysts and were eval-
uated in the hydrogenation of an aqueous solution of SUC.
The objective was also to try to minimize the loading
amount of Re promoter to yield a catalyst selective to
BDO.

2 Experimental Section
2.1 Catalysts Preparation and Characterization

Two commercial titania (Millenium DT51, specific area =
90 m* g~' and Degussa P25, specific area = 50 m”* g™ "),
noted TiO, A and TiO, B, respectively, were used as sup-
ports. Monometallic Pd/TiO, catalysts were prepared via a
deposition—precipitation method using an aqueous phase of
potassium tetrachloropalladate, so as to obtain a palladium
content of 2.0 wt%. The support was slurried with water, and
an appropriate amount of K,PdCl, was added to this sus-
pension. Afterwards, pH was adjusted and maintained at 11
by addition of solid KOH. The suspension was refluxed for
1 h, after which the mixture was cooled, filtered, washed,
dried and reduced with hydrogen flow (3.6 L h™") at 300 °C
for 3 h, and finally passivated in 1 % O,/N..

Bimetallic 2.0 wt%Pd-x wt%Re catalysts supported on
TiO, were prepared by two different methods using
ammonium perrhenate (NH4ReQO,): (i) impregnation of the
monometallic Pd catalyst with a Re precursor aqueous
solution (SI) or (ii) catalytic reduction (CR), as described
in [29]. In the SI method, the parent Pd/TiO, catalyst was

BDO

added to distilled water and a predetermined amount of
NH4ReO, was introduced in this suspension which was
maintained under stirring at room temperature for 5 h.
Then, the solution was evaporated and the catalyst pre-
cursor was dried in vacuum at 50 °C during 20 h, before
reduction at 450 °C for 3 h and passivation under 1 % O,/
N, flow. The second approach involved surface redox
reaction (CR) occurring between hydrogen activated on the
parent Pd/TiO, catalyst and ammonium perrhenate
(NH4ReO,) solution according to the overall redox reac-
tion: 7Pd-H,q, + ReO,~ + H™ — Re%(Pd); + 4H,0. The
parent Pd/TiO, catalyst was placed in a fixed bed reactor,
reactivated under H, flow (3.6 L h_l) at 300 °C for 1 h
and then cooled down to room temperature while main-
taining the H, flow. Subsequently, the rhenium solution
(acidified with HCI, pH = 1), previously degassed under
N, bubbling, was introduced onto the catalyst at room
temperature. After 1 h reaction time under H, bubbling, the
solution was filtered out, and the catalyst was dried over-
night at 100 °C under H, flow (3.6 L h™"). Finally, the
bimetallic catalyst was reduced under hydrogen flow
(3.6 L h_l) at 450 °C for 3 h before storage in ambient air.

The actual Pd and Re contents in the prepared catalysts
were determined by ICP-OES (inductively coupled plasma
optical emission spectrometer, Perkin) with an accuracy of
40.1 wt%. The different metal loadings in the catalyst
references given in the text are directly derived from the
ICP analysis results. The metallic accessibility was deter-
mined by H, chemisorption using a pulsed technique. The
catalysts were reduced in H, flow (1.8 L h_l) at 300 °C for
1 h, then flushed by Ar flow (1.8 L h_l) at the same
temperature for 2 h, and finally cooled to 70 °C before H,
pulses. To avoid formation of pf-Pd hydride phase,
chemisorption of H, was performed at 70 °C. Powder
X-ray diffraction (XRD) patterns of the catalysts were
measured for 20 comprised between 10° and 80° (step of
0.03°, step time of 2 s) using a Bruker AXS D5005 X-ray
diffractometer and a CuKo radiation (4 = 1.54184 A) as
X-ray source. Phase identification was made by compari-
son with JCPDS database.

2.2 Hydrogenation Reaction

All experiments were performed in a Hastelloy Parr 4560
high pressure reactor of 300 mL equipped with an
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electrically heated jacket, a turbine agitator with a mag-
netic driver, and a liquid sample line. In a typical reaction,
the reactor was loaded with 100 mL of a 5 wt% SUC
aqueous solution (420 mmol L™') and 1 g catalyst (molar
ratio SUC/Pd = 225). After purging with Ar, the reactor
was heated to 160 °C. The aqueous samples taken from the
reactor at regular intervals were analyzed using both gas
chromatography (HP-5 column, 30 m x 0.25 mm column,
thickness 0.25 pm) and a high performance liquid chro-
matography instrument equipped with UV and RI detection
(ICSep Coregel 107H column at 40 °C, 0.005 N H,SO, as
mobile phase at a flow rate of 0.5 mL min~"). The main
reaction products consisted of GBL, THF, and BDO. By-
products analyzed in the liquid phase were n-butanol,
n-propanol, butyric acid, and propionic acid (Scheme 1).
The mass balance was checked by measuring total organic
carbon (TOC) in the liquid phase using a Shimadzu TOC-
Vesu analyzer. This measure indicates if significant C—C
cracking reactions occurred, transferring compounds to the
gas phase. Indeed, the difference in the TOC concentration
introduced into the reactor and the measured TOC in the
product solutions was an estimation of gaseous products
formed. Some experiments were performed twice; the
reaction rates and selectivity to the various products were
reproducible.

3 Results and Discussion

No X-ray diffraction pattern was observed for 2.1 wt% Pd/
TiO, A and 2.1 wt% Pd/TiO, B monometallic catalysts
except that of TiO, supports, suggesting the presence of
very small Pd crystallites. However, the catalysts presented
different metallic dispersions as measured by H, chemi-
sorption (28 and 16 %, respectively, using TiO, A and
TiO, B as support).

Using both methods of preparation for the bimetallic
catalysts, the percentage of rhenium deposited was always
80-95 % of the introduced amount. The XRD patterns of
bimetallic catalysts prepared by method SI are shown in
Fig. 1. No diffraction peak of Pd species was observed.
This was due to the good dispersion of Pd species. On the
other hand, crystallites of potassium perrhenate KReO, salt
were detected in 2.2 wt%Pd-3.4 wt%Re/TiO, A/SI (Fig. 1a).
The presence of this phase could be attributed to the
preparation method of the parent monometallic catalyst. In
spite of thorough washing of the catalyst after preparation,
potassium ions may remain on the catalyst and may be
easily exchanged with ammonium ions. A bimetallic cat-
alyst 2.2 wt%Pd-2.6 wt%Re/TiO, A/SI was prepared on
the monometallic catalyst after additional washing of the
Pd monometallic catalyst. As seen in Fig. 1b the presence
of KReO4 was no more detected.
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Fig. 1 Diffractogram of (a) 2.2 wt%Pd-3.4 wt%Re/TiO, A/SI,
(b) 2.2 wt%Pd-2.6 wt%Re/TiO, A/SI, and (c) TiO, A support. The
diffraction lines correspond to the most intense ones of Pd. (asterisk)
diffraction peaks assigned to KReO4 (JCPDS 004-007-5493)

XRD of the bimetallic catalysts prepared by CR indi-
cated no characteristic peaks of Pd, as was observed in the
monometallic parent catalysts. The CR deposition method
conducted in aqueous acidic solution does not modify the
dispersion of the monometallic Pd catalysts. This was
further verified in blank experiments, in which the palla-
dium monometallic catalysts were subjected to the condi-
tions under which rhenium was added, except no rhenium
salt was added. The final monometallic catalysts showed
similar dispersions from H, chemisorption (30 and 18 %
on TiO, A and TiO, B, respectively). No salt of ReO} or
any other Re species was detected in these catalysts which
had been reduced at 450 °C and then handled in air. This
observation suggests that the Re species are highly dis-
persed or in too low amounts to be detected. It is also in
agreement with earlier published literature which con-
cluded that Re mostly exists as highly dispersed clusters
(<1 nm) in supported bimetallic catalysts [30, 31].

The behaviour of the catalysts was evaluated in the
hydrogenation reaction of SUC. Figure 2a shows the evo-
lution of the concentrations of compounds in the liquid
phase as a function of time in the presence of the 2.1 wt%
Pd/TiO, A monometallic catalyst.

In the presence 2.1 wt% Pd/TiO, A, SUC was pro-
gressively converted to attain 94 % conversion after 48 h.
GBL was the main product detected over the monometallic
catalyst. The type of TiO, support (A or B) was found to
play a critical role on the metallic dispersion and therefore
on the catalytic activity. Indeed, 2.1 wt% Pd/TiO, B
behaved similarly, but it was much less active; conversion
was only 75 % after 48 h. In the presence of both mono-
metallic catalysts very low concentrations of BDO and
THF were formed (<8 mmol Lfl), and GBL was formed
with selectivity >95 %. Negligible amounts of n-butanol
were formed (<0.7 mmol L™"), whereas neither propionic
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Fig. 2 Hydrogenation of
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THEF. b TOC concentration:
open circle calculated from
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Fig. 3 Hydrogenation of SUC (a)
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in the presence of 2.2 wt%Pd—
0.8 wt%Re/TiO, A/CR.

a Evolution of main products
concentrations as a function of
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b Evolution of by-products
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acid nor butyric acid could be detected. Figure 2b shows
the evolution of the TOC value as calculated from the
HPLC analysis in the liquid phase and from direct analysis
using the TOC-analyser. The measured TOC remained at a
value around the initial TOC value introduced into the
reactor. This shows that insignificant cracking reactions
occurred. This observation is consistent with the negligible
or nil measured concentrations of butanol, propanol, and
butyric or propionic acids. In addition, the measured and
calculated TOC values fit well within experimental
uncertainty, which ascertains that all intermediates and
final products in the liquid phase were identified and
quantified. These observations are consistent with literature
describing that palladium-based catalysts are efficient cat-
alysts for selective formation of GBL from SUC either in
dioxane [15, 16] or in water [13] solvent.
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The hydrogenation was then performed on bimetallic
catalysts prepared by depositing NH4ReO, precursor on the
monometallic catalysts, either by the SI or the CR method.
A typical reaction profile of SUC hydrogenation using a
bimetallic catalyst is shown in Fig. 3. The deposition of
rhenium on the Pd/TiO, A catalyst (by the CR method in
that case) enhanced very significantly the activity of the
catalyst. It should be noted that no reaction was observed
when only Re deposited on TiO, was present. SUC was
completely converted within 24 h and during this step GBL
was also the main product formed. Before total conversion
of SUC, at roughly 10 h of reaction, GBL was at its
maximum concentration at 260 mmol L™!, and BDO and
THF (at a lesser extent) are produced at higher concen-
trations than in the presence of the monometallic catalyst.
After total SUC conversion, GBL was converted further
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and yielded essentially BDO. After 48 h, the degree of
conversion of GBL was 90 % and the selectivity to BDO
and THF was 66 and 6.5 %, respectively. In addition,
n-butanol, n-propanol, butyric, and propionic acids were
formed as further by-products. However, they were all
present in very low concentrations in the liquid phase.

It is worth noting that the measured carbon content
remained approximately constant at the introduced value
(ca. 420 mmol L !'c4 equivalent), which reveals that no
significant cracking reactions occurred. Also, the carbon
contents calculated from HPLC and GC analysis were
close to the experimental values, demonstrating again that
all products in liquid phase were analyzed.

The bimetallic catalysts with different percentages of Re
and prepared by both methods were then compared on both
supports. Figure 4 shows the results for the bimetallic cata-
lysts with various Re loadings using both methods of depo-
sition. The loadings of 3.4 and 3.6 wt% Re for the
SI-bimetallic catalysts were chosen according to the previ-
ous results on Pd—Re catalysts prepared on active carbon
supports [13]. Also further, comparison of 2.2 wt%Pd—
3.4 wt%Re/TiO, A/SI (Fig. 4) and 2.2 wt%Pd-2.6 wt%Re/
TiO, A/SI (not shown) revealed that the latter was less active.

Compared to the monometallic catalysts, the addition by
the SI method of 3.4 or 3.6 wt% Re on Pd/TiO, and Pd/
TiO, B, respectively, greatly enhanced the reaction rate of
SUC transformation. On TiO, A, conversion was complete
within 10 h. The rate was lower on support TiO, B,
because of the lower dispersion of the parent Pd catalyst.
The presence of the rhenium in the solid led to a drastic
change in the product distribution. Over the bimetallic
catalysts, GBL was easily hydrogenated leading to BDO
and THF with selectivity greatly in favor of BDO. After
48 h, GBL conversion was nearly complete on TiO, A with
a final selectivity to BDO as high as 83 %. On TiO, B, the
GBL hydrogenation rate was lower. In that case, after 48 h,
GBL concentration was still >50 mmol L_l, but selectivity
to BDO was close to the one measured on TiO, A. The
effect of increasing the Re loading using the CR method is
also shown in Fig. 4. Differently from what was observed
over the SI prepared bimetallic catalysts, the addition of
only a small concentration of Re additive was sufficient to
achieve a synergy between Pd and Re. In spite of the low
Re loadings, the TiO, A and TiO, B supported Pd—Re
catalysts containing 0.8 and 0.6 wt% Re, respectively,
exhibited reasonably higher reaction rates for SUC con-
version than the monometallic catalysts. However, this
acceleration was lower than in the case of the respective SI
catalysts tested. Furthermore, these catalysts showed lower
efficiency for further GBL hydrogenation. They also seem
to be slightly less selective for BDO, and a slightly greater
amount of THF was systematically formed for a given
remaining GBL concentration to be hydrogenated. As a
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consequence, the selectivity to BDO is expected to be a
few percentages lower on the CR prepared catalysts. The
catalytic activity of CR catalysts was much dependent on
the amounts of Re loaded. With too much Re addition, i.e.
Re loadings of 1.9 and 1.5 wt% on TiO, A and TiO, B,
respectively, the catalysts showed much lower activity and
their behavior was closer to that of monometallic catalysts.
It was concluded that a low amount of Re deposited using
the CR method was very efficient in modifying the
monometallic catalysts to be selective to BDO. However,
the SI method exhibited the best performances. These
results provide clear evidence that the Re presence is
essential for high BDO production and that the activity is
strongly related to the addition mode of the rhenium salt
and the amount of Re deposited onto the catalyst. It was
also observed a very good mass balance for all experiments
(not shown). These results suggest that no excessive C—C
cracking reactions to gaseous products occurred.

Characterization of Pd—Re catalysts is not an easy task.
It has been shown in previous literature that the covering
of Pd metallic particles with rhenium species, the inter-
actions between the two metals, and the extent of palla-
dium and rhenium depend on the support, the metal
precursors, the reduction temperatures [30-33]. Usually,
the rhenium species are not fully reduced to metallic state.
Indeed, the reducibility of oxidic rhenium on different
supports has been much discussed, but no consensus has
been reached yet [31, 33-37]. The catalysts used in this
work are presently characterized using transmission elec-
tron microscopy (TEM) with energy dispersive X-ray
spectroscopy (EDS), temperature-programmed reduction
(TPR), XPS, Raman to address these questions, in partic-
ular to explain the different behavior of both types of
preparations (SI or CR). It is beyond the scope of this
paper to discuss them in detail and further information is
necessary. The results will be the published in a sub-
sequent paper. Nevertheless, some preliminary observa-
tions may be mentioned. Quantitative analysis of the H,
consumption during chemisorption experiments suggest
that contact during catalyst preparation was established.
The results are similar to the findings for Pd—Re/Al,O3
system [38]. EDS scans of particles show evidence of the
presence of both metals in particles, though some particles
appear to contain only Pd or Re. It is also generally
accepted that a mixture of Re species with different oxi-
dation states are present after a reduction treatment under
H, flow [31]. Using XPS spectroscopy, we noted that some
re-oxidation of the metals occurred if the catalysts were
exposed to air and handled in air after reduction at 450 °C
under H,. However, during the liquid phase hydrogenation
reaction under pressure, some in situ-reduction of the
catalysts must occur, which may still change the fraction of
each Re species [33].
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Fig. 4 Comparison in succinic
acid hydrogenation of bimetallic
catalysts prepared on: (a—

d) TiO, A: open diamond
monometallic catalyst, filled
triangle 2.2 wt%Pd—

1.9 wt%Re/RC, filled circle

2.2 wt%Pd-0.8 wt%Re/CR, and
filled square 2.2 wt%Pd—

3.4 wt%Re/SI; (e-h) TiO, B:

open diamond monometallic
catalyst, filled triangle

2.0 Wt%Pd—1.5 wt%Re/RC, time (h) time(h)

filled circle 2.0 wt%Pd-

0.6 wt%Re/CR, and filled
square 2.0 wt%Pd-3.6 wt%Re/
SI

)

400 A

time (h) time (h)

(d) 100

75+

[THF] (mmol L)

N
[$))
L

temps (h)

Finally, from the above results, it can be seen that the
hydrogenation reaction from SUC to BDO is a two step-
reaction via the GBL. The second step contributes to the
diol formation. In order to confirm the above results on
the different capacities of the catalysts to form BDO,
some of the catalysts were evaluated in the direct
hydrogenation of the substrate GBL under the same
conditions (400 mmol L™, 160 °C, 150 bar, 1 g catalyst,

120 g solution). Figure 5 compares the catalysts prepared
on both supports for GBL disappearance and for BDO
formation. The THF concentration was always less than
40 mmol L™" after 48 h (not represented). The results
confirm the higher activity for GBL hydrogenation of
catalysts prepared on both supports by the SI method. It is
also clear that catalysts prepared from TiO, A exhibited
higher activity in this reaction.
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Fig. 5 Hydrogenation of y-butyrolactone (GBL, plain symbols) to
1,4-butanediol (BDO, empty symbols) in the presence of : (filled
diamond, open diamond) 2.2 wt%Pd-3.4 wt%Re/TiO, A/SI (filled

4 Conclusions

The results obtained over mono and bi-metallic catalysts
showed that rhenium addition to 2.0 wt% Pd/TiO, catalysts
is essential for selective hydrogenation of SUC to BDO. A
synergy exists between Pd and the Re species which
simultaneously enhances the activity for the SUC and
intermediate GBL hydrogenation reactions to yield BDO.
The Re loading to reach maximum BDO production
changed according to the bimetallic catalyst preparation
used. A high loading (>3.5 wt% Re) was necessary using
the successive impregnation method. The minimum Re
loading requirement for modification of redox bimetallic
catalysts was found much lower (0.6-0.8 wt% Re).
Selectivity to BDO higher than 83 % was accomplished at
total conversion of SUC and GBL.
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