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Abstract: The hydrogenation reaction of succinic acid in the liquid phase was studied using the supported metal catalysts, Fe/Ce0O,, Cu/CeOs,
and Fe-Cu/Ce0.. The CeO; support was prepared by precipitation method and the supported metal solids by dry impregnation of support. For
monometallic solids, a percentage of iron and copper of 10 wt.%, respectively, was considered. For the bimetallic solid, the metal content was
5 wt.% of each metal. The catalysts were characterized using atomic absorption spectroscopy, X-ray diffraction, nitrogen physisorption, and
infrared spectroscopy techniques. The evaluation of the catalytic activity showed that the catalysts favor the formation of y-hydroxybutyric acid
(GHB), with the Cu/CeQ; system presenting the highest percentages of conversion of succinic acid and yield towards GHB. This catalytic behavior
could be related to the smaller crystallite size and the greater surface area evidenced in the material compared to the other catalysts studied.
Furthermore, the results obtained using the bimetallic material evidenced the role of iron as a promoter for obtaining y-butyrolactone (GBL).
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INTRODUCTION

R ESEARCH on the use of renewable raw materials has
increased in recent years to provide an alternative to
the utilization of fossil resources. Among these sources is
lignocellulosic biomass, which can be used to obtain various
products such as succinic acid, glutamic acid, lactic acid,
and levulinic acid, among others.[! For this reason, succinic
acid is considered a renewable resource with wide availa-
bility, and a platform chemical from which a variety of
intermediate or final compounds with high added value can
be obtained through hydrogenation, esterification, or
amination reactions.l2-4l Among the aforementioned path-
ways, one of the most interesting is the hydrogenation of
succinic acid (SA), primarily due to its potential reaction
products, including y-butyrolactone (GBL), 1,4-butanediol
(BDO), and tetrahydrofuran (THF), which are used in the
manufacture of polymers and industrial solvents.5]

The hydrogenation of succinic acid is typically con-
ducted in the liquid phase under high hydrogen pressures,
employing supported metallic catalysts. These catalysts can

be either monometallic, predominantly utilizing noble
metals such as Pt, Rh, Pd, Ru, Re, or bimetallic, such as Pd-
Re, Pd-Zr, Re-Ru, Ru-Sn, Pt-Re. They are commonly sup-
ported on activated carbon, TiO,, Al,0s, SiO,, or Zr0,.[5-7]
Table 1 presents a summary of succinic acid hydrogenation
results using various heterogeneous catalysts, reaction
conditions, and the corresponding yields obtained.[>8-11]

As can be observed in Table 1, most of these studies
report the use of 1,4-dioxane as a solvent; however, in
some research, water has also been considered as a sol-
vent, primarily because succinic acid produced by fermen-
tation is obtained in the aqueous phase.[!2-14] |n the same
vein, the literature reports different reaction pathways for
the hydrogenation of succinic acid, depending mainly on
the catalysts used. Figure 1 collects some of the pathways
that the succinic acid hydrogenation process can follow and
their corresponding products.

Several factors can influence the hydrogenation of
succinic acid. The selectivity of the product can primarily be
affected by the type of catalyst used and the reaction con-
ditions.[13] Furthermore, a trend that has been observed is
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Table 1. Studies on the catalytic hydrogenation of succinic acid.

Catalyst Conversion SA /% Yield / % Reaction conditions Solvent Ref.
CuPd/SiO: 100 86 (BDO) 200°C/ 80 bar /96 h 1,4-dioxane [5]
CuPd/y-Al,03 100 97 (THF) 200°C/80bar/9 h 1,4-dioxane [5]
CuPd/TiO, 73 66 (GBL) 200°C /80 bar/ 96 h 1,4-dioxane [5]
Re-Ru/MC 100 71 (BDO) 200°C/80bar/7h 1,4-dioxane [8]
Ir-Re/C 100 60-75 (THF) 240°C /150 bar /10 h Water 19]
Pd/SiO2-NH2 100 94 (GBL) 240°C/60bar/4h 1,4-dioxane [10]
Ru/C 90 67 (GBL) 240°C/60bar/8h 1,4-dioxane [11]

that the main product obtained when using monometallic
catalysts is GBL, whereas with bimetallic catalysts, the con-
version of SA is facilitated, and the selectivity is directed to-
wards BDO and THF.[! Additionally, the addition of a
second metal could minimize the use of precious metals.[16]
For example, the use of Ru-Co bimetallic catalysts has proven
to be advantageous for the selective production of BDO.[!7]
Although the use of noble metals is suitable in these
types of reactions, it tends to pose a disadvantage due to
their scarcity and high prices, hence the need to replace
them with other types of metals.[!8] Some studies suggest
the use of iron or copper, which are more abundant in the
Earth's crust. In this regard, some researchers have
reported the hydrogenation of succinic acid via dimethyl
succinate (DMS) in the presence of methanol using a Re-Cu-
MC catalyst, which favored a yield of 22.5 % towards
GBL.['91 Meanwhile, utilizing Cu-Pd/HAP catalysts achieves
an optimum yield towards BDO.[¢l On the other hand, the
Pd-Cu/AX catalyst has proven to be efficient for the
selective production of GBL using isopropyl alcohol as a
solvent.[!] Additionally, Liu et al. reported that the addition

ProoH 2

THF

Figure 1. Main reaction pathways of succinic acid (SA)
hydrogenation.  Associated  products include -
butyrolactone (GBL), succinic anhydride (SAn), propionic
acid (PA), propanol (ProOH), 1,4-butanediol (BDO),
tetrahydrofuran (THF), y-hydroxybutyric acid (GHB), butyric
acid (BA), and butanol (BuOH). Adapted from.[7.15]

of Fe to the Pd-FeOx/C catalyst not only improved catalytic
activity but also promoted the subsequent hydrogenolysis
of GBL to BDO.[29

Additionally, it is interesting to mention that, as evi-
denced in Figure 1, one of the stages involved in the hydro-
genation of succinic acid can lead to a chemical equilibrium
between y-butyrolactone (GBL) and y-hydroxybutyric acid
(GHB), which generally depends on the reaction tempera-
ture and the pH of the solution.[2! GBL is commonly used
as a solvent for polymers and alcohols, as well as for the
removal of paints, lacquers, and adhesives, and as a raw
material for pharmaceutical products.22 Specifically, it
serves as a starting compound in the synthesis of products
such as N-methyl-2-pyrrolidone and 2-pyrrolidone, which
are relevant in the pharmaceutical industry.[23]

On the other hand, GHB generally synthesized
through the basic hydrolysis of GBL, is known to be a central
nervous system depressant with unique pharmacological
propertiesi?42°] and it is used in the treatments of narco-
lepsy!?¢] and for alcohol use disorder.2”] Additionally, its
effectiveness has been demonstrated in improving the
symptoms of fibromyalgia, alleviating pain, and fatigue, and
restoring sleep.[28

Considering the aforementioned points, this study
investigated the hydrogenation reaction of succinic acid
using monometallic and bimetallic catalytic materials of
Fe/Ce0,, Cu/Ce0,, and Fe-Cu/Ce0,, aiming to analyze the
catalytic behavior concerning the physical and chemical
characteristics of these materials. Cerium dioxide (CeO,)
was chosen as the catalytic support due to its frequent use
in various catalysis applications, either as a catalyst itself or
as a support, owing to its structural and electronic proper-
ties. One of its most relevant characteristics is its ability to
alternate between Ce(lll) and Ce(IV) states through interac-
tion with reducing or oxidizing substances.[?] These redox
properties create a strong metal-support interaction, 30
making CeOj-based catalysts an interesting option for
selective hydrogenation reactions, as they could enhance
catalytic activity.?!] Finally, iron and copper metals were
chosen considering that there are currently no reports in
the literature regarding their use in the studied reaction.
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EXPERIMENTAL

Synthesis of the Catalysts

The catalytic support (CeO;) was prepared using the precip-
itation method.!32] For this purpose, cerium nitrate hexahy-
drate (Ce(NOs)s:6H,0, Sigma-Aldrich 99.5 %), sodium
hydroxide (NaOH, Merck 99 %), and cetyltrimethylammo-
nium bromide (CTAB, Alfa Aesar 98 %) were used as precur-
sors. The procedure involved preparing a mixture in a
beaker consisting of a 0.05 M solution of Ce(NOs)s - 6H,0
and a 0.03 M solution of CTAB. Then, a 0.17 M solution of
NaOH was added dropwise to the mixture, which was
sealed and kept under constant stirring (300 rpm) at room
temperature for 24 hours. Subsequently, a heat treatment
was performed by refluxing the system at 90 °C for 3 hours
with agitation, resulting in a yellow precipitate. The precip-
itate was filtered, washed with distilled water at 80 °C to
remove traces of CTAB, and then dried at 100 °C for 6 hours.
Finally, the solid was ground in an agate mortar to obtain a
fine and homogeneous powder, which was then calcined at
450 °C for 4 hours using a ramp of 2 °C min=_.

The supported metallic catalysts were synthesized
using the dry impregnation method onto the support.
The metallic precursors used were Cu(NOs); - 3H,0 and
Fe(NOs)s - 9H,0. The procedure for obtaining the monome-
tallic catalysts involved preparing an aqueous solution of
the precursor with the necessary amount to achieve a 10 %
mass content of metal. The solution was added dropwise to
the support while constantly mixing, then subjected to
thermal treatment at 110-120 °C for 8 h.

For the Fe-Cu/CeO, catalyst, the same procedure
as for the monometallic catalysts described above
was followed. In this case, the aqueous solution of
Fe(NOs); - 9H,0 was first impregnated to achieve 5 % Fe by
mass, followed by drying the material at 120 °C overnight.
Subsequently, impregnation was carried out with the
aqueous solution of Cu(NOs); - 3H,0 to obtain 5 % Cu by
mass. Then, the Cu/CeO; solid was reduced at 400 °C, and
the Fe/CeO, and Fe-Cu/CeO, catalysts were reduced at 700
°C for 2 h with a ramp rate of 4 °C min-1.

Characterization of the Catalysts

The mass percentage of each metal present in the catalysts
was determined using a Shimadzu AA 7000 flame atomic
absorption spectrophotometer with air-acetylene flame.
The wavelength for identifying Cu was 324.75 nm, and for
Fe, it was 248.37 nm. Before to analysis, the samples
underwent acid digestion in a reflux system for 1 hour at
250 °C with constant agitation. X-ray diffraction analyses
were conducted to establish the degree of crystallinity of
the catalysts, identify the crystalline phases present, and
determine some structural data such as the average

crystallite size and lattice parameters. The diffraction pat-
terns were obtained using a Bruker D2 Phaser instrument.
The solids were studied over the 26 range of 5-80° with a
step size of 0.6° s7 and Cu Ka radiation (0.154 nm). The
textural properties of the catalytic materials were analyzed
using the N, physisorption technique at -196 °C on a
Micromeritics ASAP 2020 porosimetry instrument. Prior to
analysis, the samples were degassed at 250 °C for 4 hours
to remove adsorbed molecules on the surface that could
interfere with nitrogen adsorption. The calculation of the
surface area of the catalysts was performed using the
Brunauer-Emmet-Teller (BET) method. Additionally, the av-
erage pore size was determined using the Barrett-Joyner-
Halenda (BJH) method applied to the desorption curve of
the isotherms. The infrared spectra of the catalytic materi-
als were obtained at room temperature using a Thermo
Scientific Nicolet iS50 spectrometer equipped with an
Attenuated Total Reflectance Fourier-Transform Infrared
(ATR-FTIR) module. The wavenumber range studied was
between 4000 and 500 cm~! with a resolution of 4 cm=! and
64 scans per sample.

Evaluation of the Catalytic Behavior

The hydrogenation reactions of succinic acid were carried
out in a batch reactor using the Cu/Ce0,, Fe/Ce0,, and Fe-
Cu/Ce0, catalytic materials. For the hydrogenation
reaction, 40 mL of a 0.1 M solution of succinic acid (PanReac
AppliChem, 99 %) in 1,4-dioxane solvent was added to the
reactor along with 50 mg of previously reduced catalyst.
While adding the catalytic material, the solution was
bubbled with nitrogen to prevent oxidation. The reactor
was purged with N, and pressurized with H; initially at 600
psi, maintaining the temperature at 120°C with constant
stirring at 700 rpm for 12 h. For reaction monitoring,
samples were taken every 3 hours, filtered using a 0.45 pm
cellulose membrane, and analyzed using a Varian 3800 gas
chromatograph equipped with a flame ionization detector
(FID). Helium was used as the mobile phase at a pressure of
15 psi, and the injector and detector temperatures were set
at 250 °C. An RTX-5 column was employed. The catalytic
activity of the materials was analyzed through the
conversion (%C) of succinic acid, the selectivity (%S), and
the vyield (%Y) towards the products GBL and GHB
([Eq.(1)]-[Eq.(3)]).

%C = Nsainitial — MNsA final %100 (1)
Nspinitial
o Nproduct
%S = —  x 100 (2)
Nsainitial — NsA final
osv _ MProduct
%Y = —-% %100 (3)

NsAinitial
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RESULTS AND DISCUSSION

Characterization of the Catalysts

The results of the physicochemical characterization of the
catalytic materials are presented below. Table 2 shows the
percentages of each metal in the catalysts analyzed by
atomic absorption spectroscopy. Considering that the
experimental values are close to the nominal values, for the
case of monometallic catalysts with 10 wt.% by mass of
metal and for the bimetallic material with 5 wt.% Fe and
5 wt.% Cu, it can be mentioned that the dry impregnation
method proves to be effective for the preparation of these
types of catalysts.

The X-ray diffraction patterns obtained for both the
synthesized support (CeO,) and the supported catalysts of
Fe/CeO,, Cu/Ce0,, and Fe-Cu/CeO; are presented in Figure
2a. These were compared with the crystallographic charts
from the Crystallography Open Database (COD).

All samples exhibit diffraction signals localized at 20
angles of 28.2°, 32.8°, 47.2°, 56.1°, 58.8°, 69.2°, 76.7°, and
78.8° associated with the planes (111), (200), (220), (311),
(222), (400), (331), and (420), respectively, corresponding
to the fluorite-type cubic structure of CeO, (Cerianite,
Ce0,, 9009008). Moreover, in the Cu/CeO, catalyst diffrac-
togram, signals corresponding to copper can be identified
at 20 angles of 43.0° (111), 50.1° (200), and 73.9° (220)
(Copper, Cu, 9013016). Additionally, in the Fe/CeO, catalyst
diffraction pattern, a signal located at 26 = 44.5° (110) re-
lated toiron (Iron, Fe, 9013474) can be observed. However,
in the diffractogram of the bimetallic catalyst, no additional
signals corresponding to iron or copper are identified,
which may be due to the low contents of the metals (5 wt.%
Fe and 5 wt.% Cu).

In Figure 2b, an enlargement of the most intense sig-
nal related to the (111) plane of CeO; is shown, from which
it can be determined that there is a slight displacement of
the main diffraction signal. Thus, in catalysts containing
iron, there is an increase in the diffraction angle compared
to the position evidenced in the support, suggesting the
possible inclusion of iron in the cerium dioxide lattice, con-
sidering that the ionic radius of Ce#* (~0.97 A) is larger than

Table 2. Structural parameters of the catalysts.

Metal

Catalyst __content girzizt;alrl]i: pal;:;::fers ;BZE;—,{ F;?zree
%Fe  %Cu /nm
CeO2 - - 6.2 0.5476 156 4.6
Cu/Ce0; - 8.5 10.3 0.5488 103 5.2
Fe/Ce0. 8.8 - 133 0.5473 12.0 49
Fe-Cu/Ce0, 4.7 438 14.8 0.5469 11.2 54

that of Fe3* (~ 0.68 A); substitution of cerium by iron would
generate slight changes in lattice parameters.[33! As shown
in Table 2, Fe/CeO, and Fe-Cu/CeO, catalysts exhibit
smaller edge lengths compared to the support lattice
parameter. On the other hand, the addition of copper to
cerium dioxide produces a slight displacement of the signal
towards smaller diffraction angles (Figure 2b.). According
to literature reports, the presence of Cu would help gener-
ate structural defects such as oxygen vacancies that pro-
mote the reduction of Ce* ions to Ce3*. Considering that
the ionic radius of Ce* is smaller than that of the Ce3*
ion,34 this could explain the slight increase in the lattice
parameter of the Cu/CeO, catalyst compared to the param-
eter of Ce0,.13%

Additionally, the X-ray diffraction results allow for
the observation of significantly more intense and narrower
signals for materials containing iron, compared to the sig-
nals observed in the support. Therefore, considering that
the average width of the diffraction signal is related to the
crystallite size, the Scherrer equation was employed to
calculate this parameter, obtaining the results recorded in
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Figure 2. a) X-ray Diffractogram of the support and the
catalysts. b) Magnification of the diffraction signal
corresponding to plane (111).
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Table 2, confirming an increase in the crystallite size of the
catalysts containing iron compared to that calculated in the
support. It is worth mentioning that the Cu/CeO; catalyst
also exhibits an increase in crystallite size, although to a
lesser extent than in the catalysts with iron content.

The surface texture of the catalysts and the prepared
support was studied using nitrogen adsorption-desorption
isotherms, which are shown in Figure 3a.

Taking into account the classification of physisorp-
tion isotherms assigned by the IUPAC,!3¢! it can be observed
that all analyzed samples exhibit type IV adsorption-
desorption isotherms (a), related to mesoporous solids,
characterized by the formation of a hysteresis loop due to
irregular capillary condensation. In the case of CeO; and the
Cu/Ce0; catalyst, an H2-type hysteresis is generated at rel-
ative pressures between 0.41 and 0.92, corresponding to
pores with a "bottle-neck" shape. On the other hand, the
Fe/Ce0, and Fe-Cu/Ce0, catalysts exhibit H3-type hystere-
sis at high relative pressures between 0.88 and 0.99, char-
acterized by slit-like flexible pores which can occur when
the pore network contains macropores that are not filled.

a.
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& | Ferceo,
2
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>
O |culceo,
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(3]
=
o
(72}
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L2
3
= 04+
2
=
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4]
o
0.0 T T T T T T T T T

0 10 20 30 40 50 60 70 80 90
Pore Size (nm)

Figure 3. a) Adsorption-desorption isotherms of the
catalysts. b) Average pore size distribution of the catalysts.

In Table 2, the results of specific surface area (Sger)
and pore size for the support and the prepared catalysts are
presented. The specific surface area was determined using
the Brunauer-Emmett-Teller (BET) method, obtaining an
area of 156 m? g1 for CeO,. The impregnation of a metal
onto the support decreases the specific surface area,
resulting in low values such as those observed for the Fe-
Cu/Ce0; catalyst at 11.2 m2 g-1. These results suggest that
this textural property decreases as a result of potential
pore blockage by the metals on the surface of CeO,.

The average pore size distribution of the catalysts is
shown in Figure 3b., determined using the Barrett-Joyner-
Halenda (BJH) method. From the results obtained, it can be
observed that the analyzed materials exhibit a monomodal
pore distribution with different sizes. The support and the
Cu/Ce0;, catalyst have pore sizes of 4.6 and 5.2 nm, respec-
tively, while in the monometallic and bimetallic iron cata-
lysts, the pore size increases considerably (49 and 54 nm,
respectively). This correlates with the pore volume ob-
tained, the specific surface area, and the crystallite size.
Higher crystallinity involves larger crystals, resulting in
smaller extents of surface areas. As demonstrated earlier,
the supported materials have larger crystallite sizes than
the CeO,, justifying the obtained area values.

The ATR-FTIR spectra of CeO; and the catalysts stud-
ied can be observed in Figure 4. All analyzed materials pre-
sent a small band around 3741 cm™! corresponding to
isolated hydroxyl groups. Near 3296 cm™2, broadband can
be observed in all samples, attributed to the stretching
vibrations of the O-H bond of surface-adsorbed water
molecules; furthermore, a signal can be observed around
1636 cm~1assigned to the scissoring-type bending vibration
of the hydroxyl group,37! and at 1527 cm~! and 935 cm~},
bands related to the stretching vibrations of the O-H

3296 861

643

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 4. Infrared spectra of the catalysts studied.
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bond.3839 |t is noteworthy that these signals are less
intense in the Fe-Cu/Ce0; catalyst, indicating a less hydrox-
ylated surface in this solid compared to the other catalytic
materials.

On the other hand, the band at 1326 cm™ is
attributed to Ce-O-Ce stretching vibrations, %l and charac-
teristic signals of Ce-O stretching vibrations can be
observed at 861 cm~! and 643 cm~L.[4! Finally, the bands at
2358 cm~! and 1058 cm™! are due to the stretching vibra-
tions of adsorbed CO, molecules in the samples.[42]

Evaluation of the Catalytic Behavior

Figure 5 shows the percentage of succinic acid conversion
over 12 h of reaction with each catalytic material. The
Cu/Ce0; catalyst exhibited higher conversion compared to
the other materials, reaching a value of 55.6 % within the
first 3 h and showing a progressive increase over time. In
contrast, the Fe/CeO, and Fe-Cu/CeO; catalysts showed
lower conversions after 12 hours (60 % and 18.6 %, respec-
tively). Additionally, the time required to perceive an
increase in conversion was longer, especially in the case of
the bimetallic catalyst.

On the other hand, monitoring the reaction allowed
us to observe the formation of y-butyrolactone (GBL) and
y-hydroxybutyric acid (GHB) as the main reaction products.
In Figures 6 a-c., the yield obtained for the two products
GBL and GHB at 12 h of reaction using the synthesized cat-
alytic materials can be observed. All catalysts tend to show
a greater favorability towards the formation of GHB. In the
case of the Cu/CeO; catalyst, the best results were obtained
in terms of the yield of the main product, with a value of
78.3 %, while very small percentages are observed for GBL.
For the Fe/CeO, material, there is an increase in yield
towards GBL with a maximum value of 9.4 %; however, the

80 —=— Fe/CeO, °
I Cu/CeO, .
—a—Fe-Cu/CeO,
~ 601 ¢
e\/ [ 4
oy
o
‘% 40 P
@ e
é ~
<)
O 204
0 N T T T T T

0 2 4 6 8 10 12
Time (h)

Figure 5. Succinic acid conversion over time for each
catalyst.

percentages for GHB decrease when compared to the mon-
ometallic copper catalyst. The Fe-Cu/CeO, bimetallic sys-
tem showed the lowest yield towards GHB of all; however,
it is worth noting that the percentage of GBL obtained with
this catalyst is higher than that achieved with Cu/CeO,, but
lower when compared to the yield of Fe/CeO, for this prod-
uct after 12 h of reaction.

804 e
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301
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Figure 6. Yield obtained to GBL and GHB at 12 h of reaction
using a) Cu/Ce0, b) Fe/Ce0,, c) Fe-Cu/Ce0s.
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In Table 3, a compilation of the most relevant data
regarding the catalytic activity of the catalysts in the
hydrogenation reaction of succinic acid can be observed.
From this information, it can be noted primarily that the
selectivity of all catalysts was directed towards GHB, and
the highest conversion was obtained with the Cu/CeO,
catalyst. Additionally, other products were generated, the
identification of which was not possible to perform.

Based on the results obtained, it can be observed
that the physicochemical characteristics of the catalysts
influenced the conversion percentages and yields obtained
in the hydrogenation of succinic acid. In this way, it can be
stated that iron and copper catalytic materials supported
on cerium oxide are conducive to the formation of GHB.
However, the Cu/Ce0; catalyst presented some structural
and textural properties different from those determined
for the Fe/Ce0; and Fe-Cu/Ce0, materials, which could be
correlated with the disparities in their catalytic behavior.
Therefore, the increase in conversion and, likewise, the
percentage of yield towards GHB was influenced by textural
and structural parameters. Thus, the monometallic copper
catalyst exhibited the best catalytic performance in the
reaction, probably related to its higher surface area,
smaller pore size, and crystallite size compared to the other
catalytic materials studied in the reaction.!'!] On the other
hand, the bimetallic catalyst showed the lowest values in
terms of conversion and vyield, which correlates with its
lower surface area and larger pore size. Finally, iron acted
as a promoter for the production of GBL, as better yields
towards this product were obtained with the bimetallic
material compared to the result observed when conducting
the reaction in the presence of monometallic copper
material.

Table 3. Results of the Catalytic activity using the materials
studied in the succinic acid hydrogenation.

Conversion Yield / % Selectivity / %
Catalyst o
/% GBL GHB GBL GHB Others
Cu/Ce0, 82.7 1.2 783 15 94.7 3.8
Fe/Ce0O; 60.0 9.4 49.0 15.7 81.7 2.6
Fe-Cu/Ce0. 18.6 2.7 159 145 855 0.0

o

“H,0 o
HO 2 {o]
HQNOH +2H, - 2H,0 Y\/\OH g
o

o
SA GHB GBL

Figure 7. Reaction pathway for the hydrogenation of
succinic acid in the presence of Cu/Ce0,, Fe/Ce0,, and Fe-
Cu/Ce0; catalysts. Adapted from.!10!

Finally, the hydrogenation of succinic acid primarily
led to the formation of GHB as the main product of the
reaction in the presence of the three studied catalysts.
However, the formation of GBL was also detected. There-
fore, the reaction pathway involves initially the reduction
of one of the two carboxyl groups of succinic acid to form
GHB, followed by an intramolecular dehydration of this
compound, leading to the formation of GBL, as shown in
Figure 7.

Although the conversions achieved in the present
study are slightly lower than those obtained in studies
focused on the use of supported noble metal catalytic
materials, principally based on Pd (see Table 1)5:10 jt is
important to highlight the usefulness of Cu/CeO, materials
for obtaining the GBH product. It has been observed that
GHB can be formed from the initial times on metal sup-
ported on basic catalysts!!0l and is further dehydrated to
form GBL. Commonly, GBL formation to GHB occurs due to
the cleavage of the lactone ring in an acidic medium.[21

It is worth mentioning that the selective hydrogena-
tion of succinic acid is a significant challenge currently un-
der investigation. This is because this type of reaction is
primarily hindered in carboxylic acids due to the low elec-
trophilicity associated with the polarization of the carbonyl
carbon.P! However, the results of this study highlight the
potential use of supported catalytic materials based on the
use of widely available metals such as iron and copper.

CONCLUSIONS

The modification of the cerium oxide support through the
dry impregnation of metals such as copper and iron
induced changes in the textural and structural properties of
CeO; reflected in a reduction of the surface area and an
increase in crystallite size. These parameters influenced the
catalytic behavior observed in the monometallic and
bimetallic catalysts studied in the hydrogenation reaction
of succinic acid. In the presence of the examined catalysts,
the formation of GHB and GBL as the main reaction
products was promoted. It was observed that all materials
exhibited high selectivity towards GHB, with the Cu/CeO>
catalyst achieving the best conversion (82.7 %) and yield
(78.3 %). These catalytic performance results are correlated
with the physicochemical characteristics of the catalysts, as
smaller crystallite size and larger surface area resulted in
better yields and conversions.
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