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ABSTRACT: A series of 2 wt % Pd/TiO, monometallic catalysts were prepared by varying some parameters, such as the nature
of the precursor salt, the titania support, and the preparation method. The structural and textural properties of the catalytic
systems were fully characterized by several physical and chemical techniques (inductively coupled plasma optical emission
spectrometry, N, physisorption, H, chemisorption, transmission electron microscopy coupled with energy-dispersive X-ray
spectroscopy, powder X-ray diffraction, temperature-programmed reduction, X-ray photoelectron spectroscopy, and gas phase
reaction of cyclohexane dehydrogenation). The catalytic performances were further estimated for the hydrogenation of an
aqueous solution of succinic acid (SUC) performed in a batch reactor at 160 °C and under 150 bar total pressure. The results
showed that all the Pd catalysts are very selective to produce y-butyrolactone, the first hydrogenated product. However, the rate
of succinic acid conversion is a function of both the Pd dispersion and the preparation method. The deposition—precipitation
method allows one to obtain the highest performing 2 wt % Pd/TiO, samples during SUC hydrogenation in terms of activity and

stability.
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1. INTRODUCTION

Succinic acid (SUC) (dicarboxylic acid of C,H¢O, molecular
formula) can be used as a precursor of many industrially
important chemicals involved in various applications. The
hydrogenation of succinic acid can notably yield 1,4-butanediol
(BDO), tetrahydrofuran (THF), succinate salts, and y-butyro-
lactone (GBL).'™* These compounds are involved in the
production of valuable products that find a wide market as
pharmaceutical and food products, as solvents, or as starting
materials for polymers, such as polybutylene terephthalate
(PBT) (high-performance resins for the automotive and
electronics industries), polytetramethylene ether glycol
(PTMEG), polybutyrate succinate (PBS), and polyamides
(Nylonx,4).> On the one hand, most of the commercially
available succinic acid is currently produced by a chemical
process in which petroleum derivative compounds are used as a
starting material “™'® On the other hand, a lot of research
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performed in the past decade showed that fermentative
production of succinic acid from polysaccharides can be more
cost-effective than the petroleum-based processes.' >~
However, the fermentation processes are performed in the
aqueous phase, which means that it may be economically viable
to develop heterogeneous catalysts able to further hydrogenate
SUC in this medium.>'®"® In fact, most of the reports on the
SUC transformation in the liquid phase refer to the use of
organic solvents (dioxane, ethanol)."*™"

The proportion of the desired products issued from the SUC
hydrogenation depends on both the type of catalyst and the
reaction conditions being applied. Among the various
heterogeneous catalysts examined for hydrogenation of
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carboxylic acid such as maleic or succinic acid, Cu-, Ru-, and
Pd-based catalysts are the most studied as monometallic
systems or modified by different metals.”*™>* Due to their
stability, noble metals supported on acid-resistant carbons were
first considered as ideal for this application. In fact, several
patents dealing with the hydrogenation of succinic acid have
reported promising catalysts for the selective formation of
BDO, THF, or GBL (according to Scheme 1), constituted of

Scheme 1. Catalytic Hydrogenation of Succinic Acid (SUC)

to y-Butyrolactone (GBL), 1,4-Butanediol (BDO), and
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bimetallic or trimetallic systems. Examples of this technology
include Re-doped Pd/C,*~* Re-doped Ru/C,**** Re—Ag-
doped Pd/C,* and Re—Sn- or Pt—Sn-doped Ru/C.*
However, little information is provided on the stability or the
potential leaching of catalysts during the reaction. During the
hydrogenation of carboxylic acids in aqueous medium, a loss of
activity was observed for Ru—Sn/C catalysts attributed to an
important leaching of tin species.” Therefore, the authors
showed that Pt addition on these bimetallic catalysts prevented
that leaching and significantly improved the catalytic perform-
ances. More generally, the effect of the water solvent during the
hydrogenation reactions of the carbonyl group was somewhat
described in literature, involving different kinds of catalysts and
experimental conditions.***

In our previous studies dealing with the hydrogenation of an
aqueous SUC solution at 160 °C under 150 bar,>”*! we studied
the effect of the addition of Re on 2% Ru and 2% Pd catalysts
supported on C or TiO,. The titania support was investigated
due to its efficiency to prepare stable materials under
hydrothermal conditions.””** After addition of Re, the
bimetallic catalysts become selective in BDO, whereas the
monometallic systems lead selectively to the first hydrogenated
products (GBL). These first studies were mainly focused on the
influence of the Re addition onto the monometallic Pd
catalysts, by varying the deposited Re loading and its
introduction mode. In the case of Pd—Re/TiO, catalysts, two
different methods of Re deposition on the monometallic parent
catalyst were used: the successive impregnation and the
catalytic reduction method. The first step of the preparation
of these bimetallic catalysts is therefore based on the synthesis
of monometallic parent Pd systems. In the present work, we
prepared a series of Pd/TiO, catalysts by varying several
parameters (preparation method, nature of the precursor salt,
nature of the titania support, activation protocol, etc.) in order
to examine their influence on the performances during the
hydrogenation of an aqueous solution of SUC. The expected
aim is to prepare active and stable Pd/TiO, catalysts for the
transformation of SUC toward GBL under the aqueous phase.
The structural and textural properties of the monometallic
systems were fully characterized by several physical and
chemical techniques (inductively coupled plasma optical
emission spectrometry, N, physisorption, H, chemisorption,
transmission electron microscopy coupled with energy-
dispersive X-ray spectroscopy, powder X-ray diffraction,
temperature-programmed reduction, X-ray photoelectron spec-
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troscopy, gas phase reaction of cyclohexane dehydrogenation).
The hydrogenation reaction of SUC was performed in water in
a batch reactor, with a S wt % SUC aqueous solution, at 160 °C
and under 150 bar total pressure.

2. EXPERIMENTAL SECTION

2.1. Catalyst Preparation. Two commercial titania
(Degussa P25, specific area = 50 m* g~', and Mel Chemicals
DTS, specific area = 90 m* g™'), noted TiO, (P2S) and TiO,
(DTS1), respectively, were used as supports. TiO,, denoted
TiO, (Synth), was also prepared in the laboratory, by sol—gel
method using titanium isopropoxide as precursor and poly-
(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene
oxide) (EQ,,PO,EO,o, Pluronic P123 from Aldrich) as
templating agent.’* The mixture obtained from these two
solutions was maintained under stirring at 40 °C for 1 h, and
thereafter treated in a closed Teflon vessel at 40 °C for S h.
Finally, the solid was recovered by filtration of the obtained
suspension and then dried 12 h at 60 °C. Before use, the
support was calcined at 400 °C for 4 h.

Monometallic 2.0 wt % Pd/TiO, catalysts were prepared
either by impregnation or deposition—precipitation method.
For the impregnation technique (IMP), several palladium
precursor salts were used: Pd(NH;),Cl, (denoted Pdy.cy),
Pd(NH;),(NO;), (denoted Pdyyo), PdACl, (denoted Pd),
K,PdCl, (denoted Pdy o), and Pd(C;0,0,), (denoted Pd,.).
In the latter case, impregnation was performed using acetone as
solvent. From other precursor salts, an aqueous solution was
prepared with a defined pH value (1 or 11, controlled by
addition of 32 wt % chlorhydric acid or 28 wt % ammonia,
respectively) in order to favor ionic interactions (of PdCL,*~ or
Pd(NH;),** complex, respectively) with the support during
impregnation. After the impregnation step, the solvent was
evaporated and the catalysts were further dried overnight in an
oven at 120 °C. The supported catalysts were calcined under an
artificial air flow (80% N, + 20% O,, 3.6 L h™") at 300 or 400
°C for 4 h. Finally, they were reduced for 4 h in flowing H, (3.6
L h™') at 300 or 400 °C. For the deposition—precipitation
method (DP), K,PdCl, was exclusively used. The support was
slurried with water, and an appropriate amount of this
precursor salt was added to the suspension. Afterward, 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 H, flow
(3.6 Lh™) at 300 °C for 3 h and finally passivated in 1% O,/
N, (1.8 L h™", 30 min).

A specific nomenclature was used to identify each catalyst,
based on the following: (i) the nature of the used precursor salt,
(ii) the pH value of the preparation medium, (iii) the
temperature during calcination (C) and/or reduction (R)
activation steps, and (iv) the nature of the TiO, support (P25,
DTS1, or Synth). For example, a monometallic 2 wt % Pd
catalyst supported on TiO, (P2S) prepared by impregnation
from the PdCl, salt (at pH = 1), calcined, and reduced at 300
°C 1is associated with the following nomenclature:
Pdcy(pii1)C300R300/TiO, (P25).

Catalysts were characterized by several techniques according
protocols described in the Supporting Information.

2.2. Hydrogenation of Succinic Acid. All experiments
were performed in a Hastelloy Parr 4560 high-pressure reactor
of 300 mL equipped with an electrically heated jacket, a turbine
agitator with a magnetic driver, and a liquid sample line. In a
typical reaction, the reactor was loaded with 120 g of a S wt %
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succinic acid aqueous solution prepared by adding 6 g of solid
SUC to 114 g of water and sonication (420 mmol L™") and 1 g
of catalyst (molar ratio SUC/Pd ~250). After being purged
with Ar, the reactor was heated to 160 °C and hydrogen was
added to 150 bar. The reaction was performed in the absence of
external and internal mass transfer.

The aqueous samples taken from the reactor at regular
intervals were analyzed using both gas chromatography (HP-S
column, 30 m X 0.25 mm column, thickness 0.25 ym) and a
high-performance liquid chromatography 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 y-
butyrolactone, tetrahydrofuran, and 1,4-butanediol. Byproducts
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-Vigy analyzer. This measure
indicates if significant C—C cracking reactions occurred,
transferring compounds from the aqueous phase 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 formed gaseous
products. Some experiments were performed twice; the
reaction rates and selectivity to the various products were
reproducible (differences between values inferior to 5%).

3. RESULTS AND DISCUSSION

3.1. Characteristics of the Catalysts. The characteristics
of the supports are summarized in Table 1.

Table 1. Characteristics of the TiO, Supports (P25, DTS1,
and Synth)

$*(m> V(m® d4° average crystallite sulfur
Pg_l) Pg_q) (n?n) size” (nm) (wt %)
TiO, 52 0.13 14.5 21 (anatase), 38 <0.1
(P25) (rutile)
TiO, 88 0.30 122 18 (anatase) 2.4
(DTs1)
TiO, 195 0.34 6.3 6 (anatase) <0.1
(Synth)

“Specific surface area (SP), pore volume (Vp), and pore diameter (dp)
determined by N,-sorption. “Average crystallite size determined by
XRD analysis.

Table 2 gives the list of the monometallic 2 wt % Pd/TiO,
catalysts prepared either by impregnation method (IMP, entries
1-12) or by deposition—precipitation (DP, entries 13—15), as
well as their main characteristics. In addition to the preparation
method, several parameters were modulated in the course of
the catalyst synthesis, with the aim of optimizing the palladium
dispersion on the TiO, support. This table shows that the
dispersion, determined by H, chemisorption, varies from 0 to
33%, depending on the characteristics of the support, the
precursor salt, and the activation treatment (see discussion in
Supporting Information). The best dispersion values are
achieved for the following formulations: Pdc;(,u-1)C300R300/
TiO, (P25) (D = 33%), Pdcy(yu1)C300R300/TiO, (Synth),
and Pdg_cy(pu-11)R300/TiO, (Synth) (D = 31%), and
Pdy_ci(pri-1)R300/TiO, (DTS1) (D = 27%). On P25 and
Synth TiO, supports, the impregnation of the PdCl, salt leads
to high values of dispersion, whereas, on DTS1, the DP method
involving K,PdCl, salt seems to be more adapted.
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Some surprising results are obtained, such as the change in
the turnover frequency (TOF) for cyclohexane dehydrogen-
ation with the palladium dispersion (entries 1—4 and 5—7) and
the low hydrogen chemisorption capability associated with a
low hydrogenation activity (entries 9—11), which may be due
to the presence of sulfur on the DTS5SI support. These specific
behaviors are discussed hereafter.

3.1.1. Change in TOF Value with Dispersion. On Pd/TiO,
(P25) prepared by IMP (entries 1—8 in Table 2), the results
obtained for the model reaction of cyclohexane dehydrogen-
ation, occurring on the metallic phase only and considered as
structure insensitive,”>™>” are not in direct agreement with the
values of dispersion. Despite the different dispersion values of
the various Pd/TiO, (P25) catalysts, the specific activities (A;)
given in Table 2 are similar, around 3 mol h! gpd_l, except for
the catalyst prepared from K,PdCl, precursor (entry 8 in Table
2). TOF values are therefore somewhat different for these
samples, especially for those presenting dispersion around 10%.

The TOF values determined on all samples are not constant
and vary in the 0.26—0.77 s™' range, depending on the
dispersion of the catalyst, contrary to what is usually observed
for various metallic functions deposited on different classical
oxide supports (C, ALO; and SiO, especially).>>*” This
singular behavior is not observed on Pd/TiO, catalysts
prepared by DP (entries 13—1S5 in Table 2), which exhibit
no chlorine. The presence of chlorine is known to induce a
negative effect on the activity of the catalysts during
cyclohexane dehydrogenation to benzene.>® By their electron-
attracting inducting effect, the chloride ions in the vicinity of
the metal decrease its electron density and thus tend to increase
the strength of the benzene—metal bond. This is a disadvantage
to the benzene desorption and thus results in a lower activity
for this reaction. However, the chlorine contents of the catalysts
prepared from chlorinated precursor salt at pH = 11 (entries
1—4) are quite similar, ranging from 0.4 to 0.6 wt %, and not
directly correlated with the TOF changes, but the number of
Pd atoms in contact or close to the chlorine species on the
support should decrease with the increase in the metal particle
size, in accordance with the observed trend: TOF values
increase with the increase in the particle size. More generally, it
is admitted that the smallest particles interact more with the
support. Then, electron transfers can take place from palladium
atoms to the support, thus leading to an electronic depletion of
the metal and therefore to a lower dehydrogenating activity.*>*°

Thus, the change of TOF with the palladium dispersion on
TiO, may be attributed to the nature of metal—support
interactions, and TOF measurements for cyclohexane dehy-
drogenation may allow an indirect comparison of the metal—
support interactions between different samples. In Figure 1,
presenting the change in TOF values vs Pd particle size,
obtained from the whole results of Table 2, one point is not
located on the tendency curve; it corresponds to the
Pdy_ci(pu=11)R300/TiO, (P25) catalyst prepared by the
deposition—precipitation method (Table 2, entry 13), which
presents a relatively low TOF value (0.38 s™!) for a rather high
average Pd particle size (6.2 nm). Then, it seems that the DP
preparation on TiO, (P25) leads to large particles in stronger
interaction with the support compared to that with the IMP
method. Besides, Corma et al.%' have found that the specific
activity of palladium-supported catalysts for methylcyclohexane
dehydrogenation could depend on the surface orientations.

3.1.2. Effect of the Presence of Sulfur on the Support. On
the TiO, (DTS1) support, three Pd catalysts were prepared by

dx.doi.org/10.1021/cs400534x | ACS Catal. 2013, 3, 2327-2335
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Table 2. Characteristics of All the Prepared 2 wt % Pd/TiO, Monometallic Catalysts

entry preparation method® catalysts

1 IMP Pdy ci(pri1R300/TiO, (P25)

2 IMP Pdy ci(pri11)C300R300/TiO, (P25)
3 IMP Pdy.ci(pr-11)C400R300/TiO, (P25)
4 IMP Pdy ci(prio11)C300R400/ TIO, (P25)
5 IMP Pd,.C300R300/TiO, (P25)

6 IMP Pdcy(pi11)C300R300/TiO, (P25)

7 IMP Pdy nopr-11)C300R300/TiO, (P25)
8 IMP Pdy c1(pr-1)C300R300/ TiO, (P25)
9 IMP Pd(pie1)C300R300/TiO, (DTS1)
10 IMP Pdy ci(pri11)C300R300/TiO, (DTS1)
11 IMP Pdy.c(pr-1)C300R300/TiO, (DTS1)
12 IMP Pdy(p11-1)C300R300/TiO, (Synth)
13 DP Pdy cpr-1nR300/TiO, (P25)

14 DP Pdy cipro1yR300/TiO, (DTS1)
15 DP Pdy cipr-1nR300/TiO, (Synth)

16 used Pdcy(pi11)C300R300/TiO, (P25)

17 used Pdy ci(pp111)R300/TiO, (DTS1)

Dpd® (%)  dp® (nm) A (mol h' gpi™!)  TOF (s7!)  CI° (wt %)
13 72 3.1 0.71 0.5
25 37 3.1 0.37 0.6
21 44 3.0 0.42 0.6
20 47 32 047 0.4
28 33 26 0.27 0
33 2.8 32 0.28 0.4
11 8.5 29 0.77 0
2 f 0.6 f 1.4
~0 f 0.3 f 0.7
~0 f 0.1 f 0.8
3 f 0 f 1.4
31 3.0 28 0.26 13
15 62 19 0.38 <0.1
27 3.5 2.9 0.32 <0.1
31 3.0 3.1 0.30 <0.1
20 4.6 2.5 0.37 nd®
28 33 23 0.24 nd®

“IMP, impregnation method; DP, deposition—precipitation method; used, catalyst after the catalytic test of succinic acid hydrogenation (160 °C, 150
bar, 50 h). bDispersion determined by H, chemisorption at 70 °C. “Average Pd particle size deduced from dispersion value. dSpeciﬁc activity (A;)
and turnover frequency (TOF) for the cyclohexane dehydrogenation at 270 °C. “Chlorine content determined by ICP-OES./Dispersion value is too

low to be used for valuable calculation. ¥Not determined.
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Figure 1. TOF value obtained during cyclohexane dehydrogenation as
function of the average Pd particle size of the 2 wt % Pd/TiO,
monometallic catalysts.

the IMP method with various precursor salts (Table 2, entries
9—11). For all samples, dispersion (determined by hydrogen
chemisorption) and specific activity values in cyclohexane
hydrogenation are surprisingly almost zero. As presented in
Table 1, the DTS1 supgort contains sulfur, which may poison
the metallic phase.’® The diffractogram of the 2 wt %
Pdy.ci(pn-11)C300R300/ TiO, (DTS1) catalyst (entry 10,
Figure S2d in Supporting Information) showed peaks
characteristic of a Pd,S phase, in addition to the anatase
structure. Palladium sulfide was also detected by TEM
combined with EDX analysis on Pd(,y-1)C300R300/TiO,
(DTS1) (Figure Slc in Supporting Information), which
presents a homogeneous distribution on the support with an
average particle size of 1.7 nm.

On the contrary, when Pd is deposited by DP on the TiO,
(DTS1) support (Table 2, entry 14), the presence of sulfur on
the support seems not to hinder the hydrogen chemisorption,
whereas the sulfur content is equal to 2.4 wt %. The sulfur
species are therefore probably located differently depending on
the preparation method.
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3.2. Study of the Monometallic Pd Catalysts by TPR
and XPS Analysis. TPR experiments were performed to study
the reduction state of catalysts as a function of temperature. For
that purpose, the catalysts underwent a reoxidation under pure
O, at 300 °C for 1 h, before the temperature-programmed
reduction until 700 °C. TPR profiles of the 2 wt %
Pdci(pu-1)C300R300/TiO, (P25), 2 wt %
Pdci(pu-1)C300R300/TiO, (Synth), and 2 wt %
Pdy_ci(pu=11)R300/TiO, (DTS1) catalysts are shown in Figure
2.

For all the Pd catalysts, H, consumption occurs from room
temperature attributed to the reduction of oxidized palladium.
A single peak is observed for the catalysts supported on TiO,
(P2S) and TiO, (DTS1) (Figure 2a,c), consumption being
completed at 40 °C, whereas three peaks are present in the case
of the TiO, (Synth) supported sample (Figure 2b) for which
the palladium reduction ends at higher temperatures (around
60 °C). That particular profile may correspond to the reduction
of palladium particles with various metal—support interactions,
palladium in stronger interaction being reduced at higher
temperatures. It is known that the palladium absorbs hydrogen
to form a p-PdH phase, where decomposition is generally
characterized by a hydrogen desorption peak between 70 and
100 °C. However, no desorption peak was observed in this
study. A number of studies reported that the formation of this
hydride phase depends on the size of palladium particles and
would be favored on larger particles.***

In the case of the Pdy ¢j(pu-11)R300/TiO, (DTS1) catalyst
(Figure 2c), an additional hydrogen consumption is observed at
higher temperatures, between 240 and 510 °C, attributed to the
reduction of support species in contact with palladium. The
TiO, (DTS1) support tested without Pd (Figure 2d) shows
also a consumption peak at high temperature, with a more
important intensity and which begins only from 465 °C, with
the reduction of Ti*" ions being more difficult in the absence of
metal sites.® In the presence of palladium, hydrogen
chemisorbed after dissociation on metal diffused to the support,

. . A 34+ 67,68
allowing the reduction of Ti*" ions toward Ti*". 78 However,
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Figure 2. TPR profiles of the monometallic catalysts and TiO, (DTS1) support after an in situ oxidation at 300 °C of the samples (mass used for
each test indicated on figures): (a) Pdci(pu-1)C300R300/TiO, (P25), (b) Pdcy(pu-1)C300R300/TiO, (Synth), (c) Pdy cipu-11)R300/TiO, (DTS51),

(d) TiO, (DTS1).

the hydrogen consumption at high temperature is nearly three
times greater on the TiO, (DTS1) support only than that on
the Pd-based catalyst, with the elimination of sulfur (from
support) in H,S form during the reduction at high temperature
perhaps contributing to this behavior.

The H, consumption values (ny) in the first low-

temperature range deduced from the TPR profiles (Table 3)

Table 3. H, Consumption from Ambient Temperature until
60 °C Determined from TPR Profiles of the 2 wt % Pd/TiO,
Monometallic Catalysts

ny, (mol fipg (mol 1,/

catalysts Gt ) Gt | Dpg
Pdy(p11-1)C300R300/TiO, (P25) 274 x 107 197 x 107" 14
Pdy_cipn-1)R300/TiO, (DTS1) 305 x 107*  207x107* 1§
Pdy(pi-1)C300R300/TiO, (Synth) 237 X 10™* 188 x 10™* 13

2331

are greater than the quantities needed to reduce oxidized
palladium to the metallic state (Pd°) if we exclusively consider
the formation of a PdO phase after the preliminary calcination.
In these conditions, the reduction of the Pd species would
occur according to the following equation: PdO + H, — Pd° +
H,0 and the ny /npy ratio would be equal to 1. In addition,

oxidized palladium can also be present in a PdO, form.%’

In order to estimate the palladium oxidation state at the end
of the oxidation under O,, XPS analyses were performed on the
Pd;(pn-1)C300R300/TiO, (P2S) catalyst after various in situ
treatments (Table 4). After oxidation, the decomposition of the
Pd 3d;/, core level shows the presence of two peaks located at
336.8 and 337.9 eV, corresponding, respectively, to PdO and
PdO, species.”””° A third peak at higher binding energy is also
observed at 339.5 eV, which could correspond to palladium in
strong interaction with the support. However, no shift toward
lower binding energies is observed for the Ti 2p core level (at
458.9 eV), which would indicate an electron transfer from

dx.doi.org/10.1021/cs400534x | ACS Catal. 2013, 3, 2327-2335
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Table 4. Binding Energies (eV) of Pd 3d;,, Core Level and
Atomic Ratios Obtained by XPS for the 2 wt %
Pd(u-1)C300R300/TiO, (P25) Catalyst after Various In
Situ Treatments

Pd/Ti Ti/O

Pd 3dy/, (at/at) (at/at)

without in situ 3353 eV Pd® (34%) 0.063 0.476
treatment 3370 eV Pd> (66%)

oxidation under O, at  336.8 eV Pd** (48%) 0.053 0.475
300 °C 3379 eV Pd* (48%)
339.5 eV Pd* (4%)

reduction under H, at 3349 eV Pd°® (96%) 0.038 0.471

300 °C 3367 eV Pd* (4%)
reduction under H, at ~ 335.0 eV Pd° (100%) 0.036 0.467

450 °C

palladium to the oxide support, probably due to the low Pd
content deposited onto TiO,. On the other side, XPS data’"
reveal higher binding energies for Pd compounds containing
halogenated elements than for Pd. This solid contained
chlorine, and this peak was observed after oxidation. This
XPS binding energy might then be attributed to a “Pd—Cl-0"
compound. With the knowledge that the XPS analysis probes
the solid surface at a depth around 10 nm and that the
palladium particle size does not exceed 10 nm, the XPS results
can be considered as representative of all the metallic phases.
Consequently, after oxidation at 300 °C, the
Pd(pn-1)C300R300/TiO, (P2S) catalyst presents 48% of
PdO and PdO, forms (Table 4). After reduction under H, at
300 °C, almost all palladium (96%) is in a metallic state. From
these results, the theoretical amount of hydrogen required to
reduce the catalyst after oxidation at 300 °C can be evaluated.
The obtained value (2.92.107* mol g_,,™!) is in good agreement
with that deduced from the TPR analysis (2.74.10* mol g, ",
Table 3). Table 4 shows also that the Pd/Ti atomic ratio
decreases by a factor of 1.4 between the oxidative and reductive
treatment. This result may be explained by the strong metal—
support interaction (SMSI effect) which induces a decoration
of the metal by TiO, species, resulting from the partial
reduction of the support. This SMSI effect was clearly
evidenced many years ago on Pd/TiO, catalysts reduced at
500 °C.”*7* A more recent study showed that this
phenomenon begins at much lower reduction temperatures
(200 °C) and is very significant at 350 °C.”* However, results
from Table 4 indicate that the Ti/O atomic ratio is similar

(0.47) regardless of in situ pretreatment, oxidation, or
reduction (at 300 or 450 °C), meaning that the TiO, (P25)
support is not reduced at 300 and 450 °C, in agreement with
the TPR profile that shows that only palladium is reduced in
the studied temperature range (20—700 °C). The decrease in
Pd/Ti ratio after reduction could rather be explained by a
sintering of palladium particles.

3.3. Catalytic Performances of the Pd/TiO, Catalysts
for Succinic Acid Hydrogenation. 3.3.1. Fresh Catalysts.
The succinic acid hydrogenation was performed with a S wt %
aqueous succinic acid, 1 g of catalyst, at 160 °C and under 150
bar total pressure. Figure 3a shows an example of the evolution
in the liquid phase of the concentration of succinic acid and
main products formed with the Pd(,-;)C300R300/TiO,
(P25) fresh catalyst. Succinic acid is mainly transformed in y-
butyrolactone (issued from the first hydrogenation step,
Scheme 1), which is subsequently converted in little quantities
of 1,4-butanediol and tetrahydrofuran. After 48 h reaction time,
the SUC conversion is total with selectivity to GBL equal to
95%. BDO and THF are produced in concentrations lower
than 20 mmol L™'. Comparison of the TOC values obtained
from HPLC and GC analysis of solution samplings and from
calculation, given in Figure 3b, shows a very satisfactory carbon
balance, thus indicating the insignificant presence of gaseous
products issued from cracking reactions.

The behavior of the different fresh monometallic Pd/TiO,
catalysts was compared for the hydrogenation of succinic acid.
The disappearance of SUC and the formation of GBL during
the reaction are represented in Figure 4a,b, respectively.

All the catalysts are very selective toward GBL (selectivity
>90%), but the activity is a function of the catalyst nature.
Figure S shows that the SUC conversion (value extrapolated
after 10 h of reaction) depends on the catalysts’ Pd dispersion,
the conversion increasing with the Pd accessibility. Further-
more, significant differences are observed according to the
preparation methods (DP or IMP). Thus, the
Pdy ci(prie1)R300/TiO, (P25) and Pdy.cy(ppioiy)C300R300/
TiO, (PPZS) catalysts prepared on the same support, but by
different methods, DP and IMP, present different dispersions,
15 and 25%, respectively, but show comparable conversion
values at 10 h reaction time (around 15%). Similarly, the
Pdy ci(pr-1)R300/TiO, (Synth) and Pdgypy-;)C300R300/
TiO, (PSynth) catalysts prepared by the DP and IMP method,
respectively, present similar dispersions (31%), but the SUC
conversion is significantly higher on the first sample (75%
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Figure 3. Hydrogenation of succinic acid on the 2 wt % Pdc(,-1)C300R300/TiO, (P25) fresh catalyst: (a) evolution of the concentrations of
reactant and main products vs time, (b) evolution of TOC in solution vs time.
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Figure 4. (a) SUC conversion and (b) GBL formation vs time on various fresh 2 wt % Pd/TiO, catalysts: (#) Pdy.c(u-11)R300/TiO, (P25); (@)
Pdy.ci(pr-1)C300R300/TiO, (P25); (A) Pdgip-1)C300R300/TiO, (Synth); (M) Pdgypn-1)C300R300/TiO, (P25); (O) Pdy.ci(pr-11yR300/TiO,
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Figure 5. SUC conversion at 10 h reaction time as a function of the Pd
dispersion on various fresh 2 wt % Pd/TiO, catalysts prepared by: (¢)
DP method; (A) IMP method.

versus 51%). Finally, for a given Pd dispersion (i, a given
average particle size), the SUC conversion appears to be
systematically higher when monometallic Pd/TiO, catalysts are
prepared according to the DP method. So the particle size is

not the only factor governing the catalytic activity during SUC
hydrogenation, but the environment of the metallic sites
generated in the course of the preparation steps seems to
contribute more largely to catalytic performances. It is
noteworthy that there is no correlation between the activity
of these catalysts in gas phase cyclohexane dehydrogenation
and in liquid phase succinic hydrogenation.

3.3.2. Recycling of Catalysts. After the reaction of succinic
acid hydrogenation was performed in an autoclave, two
representative catalysts (Pdc(on-1)C300R300/TiO, (P25) and
Pdy cy(p1-11)R300/TiO, (DTS1) prepared by IMP and DP
method, respectively) were recovered and washed with
ultrapure water in order to recycle them (corresponding to
entries 16 and 17 in Table 2, respectively). In the fresh state,
these two samples present a Pd dispersion of 33 and 27%,
respectively (entries 6 and 14, Table 2) and lead to quite similar
succinic acid conversions after 10 h reaction time (56—57%,
Figure S). Figure 6 compares the evolutions of the SUC and
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Figure 6. (a,c) SUC conversion, (b,d) GBL formation vs time on two 2 wt % Pd/TiO, catalysts in fresh state (filled circles) and after one recycling
(open circles): (ab) Pdc;(on-1)C300R300/TiO, (P2S) by IMP method; (c,d) Pdy_ci(pn-11)R300/TiO, (DTS1) by DP method.
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GBL concentrations as a function of time of these two catalysts
in the fresh state and after recycling.

In both cases, the recycled sample is less active than the fresh
one; however, no significant change occurs concerning the
selectivity, GBL still being formed mostly with the reused
catalyst. Nevertheless, the loss of activity is more drastic for the
Pdy(pi-1)C300R300/TiO, (P25) catalyst prepared by the IMP
method. For example, at 30 h reaction time, the SUC
conversion drops by a factor of 1.8 after recycling of this
sample, compared to a factor of 1.3 in the case of the
Pdy._ci(pn-11)R300/TiO, (DTS1) prepared by the DP method.
This loss of activity cannot be explained by a Pd leaching
during the first SUC hydrogenation test since no Pd was
measured in solution at the end of the reactions (Pd < 0.2
ppm). However, in the case of the Pd/TiO, (P25) catalyst, a
decrease in the Pd dispersion from 33 to 20% is observed
between the fresh and used systems (Table 2), whereas the
dispersion state of the metallic phase is not modified for the
Pd/TiO, (DTS1) catalyst (Dpy = 27—-28%). The DP
preparation method gives more stable catalysts for the aqueous
phase hydrogenation of SUC. Finally, the used samples exhibit
TOF values for cyclohexane dehydrogenation and average Pd
particle sizes in agreement with the tendency curve drawn in
Figure 1, though giving slightly lower values.

4. CONCLUSIONS

The objective of this work was to prepare monometallic Pd/
TiO, catalysts active and stable in aqueous medium during
succinic acid hydrogenation to y-butyrolactone. Pd/TiO,
catalysts (2 wt %) were prepared by varying several parameters
in order to study notably the influence of the preparation
method, the chemical nature of Pd precursor salt, and the
textural and structural properties of the titania support. The
main conclusions derived from this work are the following:

(1) From the impregnation (IMP) method and with the
TiO, (P2S) support, the metallic dispersion depends on the
nature of the precursor salt, with PdCl, salt inducing the
smallest average Pd particles size.

(2) The TiO, (DTS1) leads to very different results
depending on the preparation method. Notably, the presence
of sulfur issued from the support poisons strongly the Pd
particles in the case of the IMP method. This phenomenon
does not occur for the catalysts prepared by the deposition—
precipitation (DP) supported on TiO, (DTS1), for which good
hydrogen accessibility is obtained. Moreover, the TiO, (DTS1)
support can be partly reduced at high temperature (SMSI
effect) as shown by the TPR study.

(3) Characterization of the metallic phase by cyclohexane
dehydrogenation has highlighted more or less important Pd
support interactions depending on the size of the Pd particles,
with particles of smaller sizes being in stronger interaction with
the support.

(4) The results obtained during succinic acid hydrogenation
showed that all the Pd catalysts are very selective to GBL.
However, the rate of succinic acid conversion is a function of
both the Pd dispersion and the preparation method. For
comparable Pd particle sizes, the catalysts prepared by the DP
method are more active that the IMP ones.

Finally, the deposition—precipitation method allows one to
obtain the highest performing 2 wt % Pd/TiO, samples during
SUC hydrogenation in terms of activity and stability. These
systems will be subsequently modified by Re addition, in order
to improve the selectivity toward 1,4-butanediol.
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