
Citation: Song, H.J.; Kim, Y.E.; Jae, J.;

Lee, M.S. Effect of HCl Treatment on

Acidity of Pd/TiO2 for Furfural

Hydrogenation. Catalysts 2023, 13,

1481. https://doi.org/10.3390/

catal13121481

Academic Editor: Changzhi Li

Received: 2 November 2023

Revised: 23 November 2023

Accepted: 27 November 2023

Published: 29 November 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

catalysts

Article

Effect of HCl Treatment on Acidity of Pd/TiO2 for
Furfural Hydrogenation
Hye Jin Song 1,2, Ye Eun Kim 1,3 , Jungho Jae 2 and Man Sig Lee 1,*

1 Ulsan Division, Korea Institute of Industrial Technology (KITECH), Ulsan 44413, Republic of Korea;
toto1679@kitech.re.kr (H.J.S.); yenny2@kitech.re.kr (Y.E.K.)

2 School of Chemical Engineering, Pusan National University, Busan 46241, Republic of Korea;
jh.jae@pusan.ac.kr

3 Department of Chemical and Biological Engineering, Korea University, Seoul 02841, Republic of Korea
* Correspondence: lms5440@kitech.re.kr; Tel.: +82-52-980-6630; Fax: +82-52-980-6639

Abstract: The acidity of supports can have a positive effect on their catalytic behaviors. Herein, the
effects of HCl treatment of TiO2 on its acidic properties and catalytic activity were investigated. TiO2

was treated with various molar concentrations of HCl. Subsequently, Pd was deposited on the treated
TiO2 via the deposition–precipitation method; here, the catalysts were denoted as Pd/xH-T, where
X is the molar concentration of HCl. Evidently, the amount of strong acid in TiO2 increased with
HCl treatment, whereas that in TiO2 treated with a high concentration (5 M) of HCl decreased. After
Pd was supported, the amount of acid slightly decreased compared with that on the TiO2 support;
however, the order of the acid amounts was similar. The strong acid density increased such that
Pd/2H-T had the highest acid content, whereas Pd/5H-T had the lowest. The Pd/2H-T catalyst
exhibited the highest selectivity for THFA (95.4%), thus confirming that the selectivity for THFA
is correlated with the amount of strong acid. Thus, THFA selectivity is affected by the number of
strongly acid sites.

Keywords: acidity; acid treatment; furfural; hydrogenation; Pd/TiO2; surface modification

1. Introduction

Owing to the continuous depletion of fossil resources, biorefineries that produce fu-
els using renewable biomass-derived chemicals are attracting considerable attention as
replacements for existing fossil fuel resources. Furfural (FF), derived from lignocellulosic
biomass, is an important starting material to produce furfuryl alcohol (FA), tetrahydrofur-
fural (THFF), tetrahydrofurfuryl alcohol (THFA), and tetrahydrofuran via hydrogenation
or rearrangement [1]. Among these, THFA is widely used as a green solvent because of its
low toxicity, high stability, and good degradability [2,3]. Additionally, it is an outstanding
intermediate in the production of 1,2-pentanediol, which is used as a monomer to produce
polyesters and low-toxicity microbicides [4]. THFA is based on a two-step process involv-
ing the hydrogenation of FF to THFF or FA. Direct hydrogenation of FF to THFA is more
economically advantageous compared with the production of THFA using FA. Therefore,
in the hydrogenation of FF to THFA, the hydrogenation of the C=C and C=O bonds must
be controlled. Numerous supported catalysts such as Pd/Al2O3, Ni /SiO2, Cu/Al2O3, and
Pt/C have been used for the FF hydrogenation reactions [5–8]. Among activated carbon,
SiO2,, Al2O3, and TiO2 used as catalyst supports, TiO2 is widely used owing to its chemical
resistance, high mechanical strength, and strong metal–support interactions (SMSI) [9].

The acid sites of the support affect the interaction between the metal particles and
the support [10,11]. Previously, Parapat et al. investigated the influence of the surface
properties of supports on their interactions during the metal deposition process; evidently,
the greater the difference between the surface charges of the metal and support, the stronger
the bond. Reportedly, the deposition yield of Ag nanoparticles (NPs) on the most acidic
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Al2O3, which had the greatest difference in the zeta potential of the Ag NPs, was the
highest [10]. Additionally, Lashdaf et al. reported that the higher the acidity of the beta
zeolite support, the smaller the Ru particle size of the catalyst, thus indicating that the
acidity of the support affects the size of the metal particles [11]. Studies on the effect of
catalytic acid sites on catalytic performance have also been reported [12–17]. For instance,
Song et al. reported that an additional hydrogen transfer through protons occurs at the
strong Brønsted acid site, thereby accelerating the hydrogenation and hydrolysis of acid
sites near the metal [12]. Zhu et al. studied the effect of abundant surface acid–base sites
on FF hydrogenation and reported that the acidic sites on ZrO2 can adsorb FF and activate
the C=O bond, thus leading to improved conversion and selectivity for FA, which is the
target product [13]. Feng et al. investigated the effect of the acid strength of the support on
the hydrogenolysis of an α-methylbenzyl alcohol reaction. They reported that strong acid
sites of the catalysts favor the formation of the byproduct acetophenone; thus, catalysts
with few or no strong acid sites exhibit high selectivity for ethylbenzene [14]. Zhou et al.
observed that the hydrogenation of cyclohexene to cyclohexane is enhanced as the number
of acid sites increases, thus confirming that a ZrO2 support with a smaller number of acid
sites is advantageous for higher selectivity to cyclohexene [15]. Lin et al. reported that the
catalytic cracking pathway of 1-butene can be effectively controlled by the acid strength
because the strong acidity of the catalyst reduces the activation energy of the reaction [16].
Previous studies have confirmed that the surface acidity of the support has a significant
effect on catalyst performance by influencing the adsorption and desorption behaviors of
reactants and products.

The transition metal TiO2 can adjust the acidity of the surface through the formation
of oxygen defects and changes in the acid density of Ti. For example, doping TiO2 with
metal oxides, such as SiO2, ZrO2, WO3, Al2O3, and V2O5, has been reported to increase the
acidity of the surface and catalytic activity [18–22]. In addition, studies have reported the
modification of the surface of TiO2 by introducing functional groups via chemical treatment
such as PO4

3– and SO4
2– [23–25]. In addition, the surface properties of the support affect

its interaction with the supported metal. The interaction between the metal and support is
an important factor in catalysis. The high dispersion of the metal loaded on the support
prevents sintering during the catalytic reaction, thereby stabilizing the metal particles [26].
TiO2 can promote electron migration through strong interactions with metal, thus leading
to the generation of Ti3+ and oxygen defects via interfacial doping or modification [27].

In this study, the effect of the acid treatment of TiO2 on its catalyst surface properties
was studied by synthesizing a catalyst with acid-treated TiO2 at different concentrations
of hydrochloric acid. Pd/TiO2 catalysts were prepared using pre-treated supports via the
deposition–precipitation method, and their catalytic activities for FF hydrogenation under
mild conditions were compared. Subsequently, reaction conditions were optimized for
Pd/TiO2 to obtain the highest THFA yield from FF. In addition, the contribution of support
acidity to the activity and selectivity of the Pd/TiO2 catalyst for FF hydrogenation was
explored.

2. Results
2.1. Characterization of Supports

The sizes and morphologies of the TiO2 particles were studied using scanning electron
microscopy (SEM). The SEM image of TiO2 shown in Figure 1 shows spherical particles
with sizes of 300–600 nm. Among the HCl-treated TiO2, 2H-T and 4H-T were composed of
uniformly sized spherical particles. TiO2 treated with the highest concentration of 5 M HCl
resulted in slightly nonuniform particle shape and size distribution, which was attributed
to the dissolution and aggregation of TiO2 particles owing to treatment with HCl, a strong
acid [28].
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Figure 1. FE-SEM images of TiO2: (a) pristine TiO2; (b) 0.5H-T; (c) 2H-T; (d) 4H-T; (e) 5H-T. 

Figure 2 shows the N2 adsorption–desorption isotherms and pore size distributions 
of TiO2 treated with various concentrations of HCl. All isotherms of pristine TiO2 and pre-
treated TiO2 belonged to type IV with a hysteresis loop of the IUPAC classification, thus 
indicating mesoporous structures [29,30]. The hysteresis loop of all samples was an H2 
type, had an ink bottle-shaped pore shape, and capillary condensation occurred at a rela-
tive pressure (P/P0) of ~0.4. However, due to differences in the ink bottle-shaped neck size 
distribution and pore cavity size distribution, 4H-T was classified as type H2(b), and all 
samples except 4H-T were classified as type H2(a). When the pore cavity size distribution 
is wider than the neck size distribution, type H2(a) hysteresis with a steep desorption step 
occurs, and in the opposite case, type H2(b) hysteresis occurs [31]. Studies have reported 
that the size and shape of pores tend to change with acid treatment [32,33]. Therefore, it 
was considered that the pore size changed due to acid treatment, which affected the BET 
results. The textural properties of the supports are listed in Table 1. Evidently, acid-treated 
TiO2 had a slightly larger pore size compared with the pristine one owing to both the 
removal of organic matter from the TiO2 surface and surface erosion after the acid treat-
ment [34]. 
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was 2H-T > 0.5H-T > 4H-T > 5H-T > TiO2. Note that the presence of chlorine due to HCl 

Figure 1. FE-SEM images of TiO2: (a) pristine TiO2; (b) 0.5H-T; (c) 2H-T; (d) 4H-T; (e) 5H-T.

Figure 2 shows the N2 adsorption–desorption isotherms and pore size distributions
of TiO2 treated with various concentrations of HCl. All isotherms of pristine TiO2 and
pre-treated TiO2 belonged to type IV with a hysteresis loop of the IUPAC classification,
thus indicating mesoporous structures [29,30]. The hysteresis loop of all samples was an
H2 type, had an ink bottle-shaped pore shape, and capillary condensation occurred at a
relative pressure (P/P0) of ~0.4. However, due to differences in the ink bottle-shaped neck
size distribution and pore cavity size distribution, 4H-T was classified as type H2(b), and all
samples except 4H-T were classified as type H2(a). When the pore cavity size distribution
is wider than the neck size distribution, type H2(a) hysteresis with a steep desorption step
occurs, and in the opposite case, type H2(b) hysteresis occurs [31]. Studies have reported
that the size and shape of pores tend to change with acid treatment [32,33]. Therefore, it was
considered that the pore size changed due to acid treatment, which affected the BET results.
The textural properties of the supports are listed in Table 1. Evidently, acid-treated TiO2
had a slightly larger pore size compared with the pristine one owing to both the removal of
organic matter from the TiO2 surface and surface erosion after the acid treatment [34].

The acidic properties of the supports were determined by NH3-TPD. Figure 3 shows
the NH3-TPD profiles of pristine and acid-treated TiO2. In general, the temperature of the
desorption peak is related to the strength of the acid [35,36]. Herein, the acid strength could
be divided into three regions of 50–250, 250–400, and >400 ◦C, essentially corresponding
to weak acid, medium acid, and strong acid sites, respectively [37,38]. In the NH3-TPD
profiles of all TiO2 supports, two desorption peaks were observed at different temperatures
in the range of 50–500 ◦C. The desorption peaks below 300 ◦C corresponded to weak
interactions or physical NH3 adsorption, whereas those above 300 ◦C corresponded to
strong interactions between NH3 and acid sites. The peaks at about 100 and 305 ◦C indicate
the weak acid and medium acid sites and correspond to the desorption of NH3 absorbed
on weak Brønsted acid sites and strong Lewis acid sites, respectively [35,39]. The number
of acidic sites was calculated according to the strength of the acidity by evaluating the
area under the curve. A quantitative analysis of the NH3-TPD data is presented in Table 1.
Evidently, the number of acid sites present on the TiO2 surface increased with the molar
concentration of HCl, whereas the number of acid sites on TiO2 treated with 4 M HCl
decreased as the surface hydroxyl groups were covered with chlorine. Further, the number
of acid sites present on the TiO2 surface increased with the molar concentration of HCl,
whereas the number of acid sites on TiO2 treated with concentrations above 4 M tended
to decrease. The order of the highest number of strong acid sites was 2H-T > 0.5H-T >
4H-T > 5H-T > TiO2. Note that the presence of chlorine due to HCl treatment weakens
the chemical bond between H and O of adjacent hydroxyl groups, thus increasing the
proton transfer tendency and Brønsted acidity [40]. However, the presence of excess
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chlorine species can reduce the number of acid sites by covering the hydroxyl groups on
the surface and inhibiting the adsorption of NH3. Therefore, herein, TiO2 treated with
HCl concentrations above 4 M had a reduced number of acid sites owing to the presence
of excessive chlorine species on the surface. Figure S1 (in the Supplementary Materials),
due to the adsorption of Cl ion on the hydroxyl group, shows a decrease in two bands at
3690 cm−1 and 3630 cm−1 corresponding to the O-H stretching vibration [41]. From the
XPS survey result shown in Table 2, the chlorine ion content varied slightly with different
HCl-treated concentrations. The difference in chlorine content among the supports was
only about 0.1%. This is close to the detection limit of XPS analysis, suggesting that such a
small difference is not significant enough to affect the catalytic activity [42]. Therefore, we
conclude that these minor variations in chlorine content do not remarkably influence the
activity comparison of the catalysts.
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Table 1. Physicochemical properties of TiO2 supports.

Supports SBET
a (m2/g) VTotal

b (cm3/g) Pore Diameter b (nm)

Acidity (mmol·g–1) c

Weak
(<250 ◦C)

Medium
(250–400 ◦C)

Strong
(>400 ◦C) Total

TiO2 257.6 0.32 4.65 0.48 0.71 0.19 1.38
0.5H-T 256.8 0.34 5.02 0.73 1.00 0.35 2.08
2H-T 259.0 0.33 4.81 1.34 1.80 0.51 3.64
4H-T 245.5 0.33 5.50 0.55 0.77 0.30 1.62
5H-T 251.0 0.30 4.54 0.70 0.85 0.21 1.77

a Calculated from the BET surface-area analysis. b Calculated by the BJH method from the desorption isotherm.
c Calculated by NH3-TPD.
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Table 2. Atomic composition of HCl-treated TiO2 from XPS.

Supports
Atomic %

Cl 2p O 1s Ti 2p

0.5H-T 0.1 74.3 25.6
2H-T 0.0 76.9 23.1
4H-T 0.1 75.1 24.9
5H-T 0.1 75.3 24.6

2.2. Characterization of Catalysts

Figure 4 shows the N2 adsorption–desorption isotherms and pore-size distributions of
the Pd/TiO2 catalysts. Evidently, the results of all the Pd/TiO2 catalysts were similar to the
N2 adsorption–desorption isotherms of the catalyst support TiO2. As presented in Table 3,
the specific surface area and pore volume decreased after Pd loading, thus indicating pore
blockage. Despite the decrease in surface area, the pore size increased slightly. NaOH,
which was used as a precipitation agent, affected the textural properties of the catalyst. It
was deposited on the outer surface of the support and may fill the pores of TiO2, thereby
resulting in a decrease in surface area [43,44]. A comparison of the specific surface areas of
the supported TiO2 and Pd/TiO2 catalysts revealed that that the reduction in the specific
surface area of the catalysts prepared with acid-treated TiO2 was greater. The specific
surface area decreased as the ions remaining in the acid-treated TiO2 were removed.
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Table 3. Physicochemical properties of Pd/TiO2 catalysts.

Catalysts SBET
a

(m2/g)
VTotal

b

(cm3/g)

Pore
Diameter b

(nm)

Crystallite
Size c (nm)

Acidity (mmol·g–1) d

Weak
(<250 ◦C)

Medium
(250–400 ◦C)

Strong
(>400 ◦C) Total

Pd/TiO2 251.6 0.30 4.64 — 0.86 0.42 0.09 1.37
Pd/0.5H-T 215.9 0.29 5.07 9.06 0.85 0.53 0.13 1.51
Pd/2H-T 208.0 0.29 5.18 7.04 0.92 0.51 0.21 1.64
Pd/4H-T 229.7 0.35 5.89 9.58 0.89 0.51 0.11 1.51
Pd/5H-T 225.6 0.30 5.24 10.21 0.97 0.56 0.04 1.57

a Calculated from the BET surface area analysis. b Calculated by the BJH method from the desorption isotherm.
c Calculated by the Scherrer equation of the (111) peak of Pd. d Calculated by NH3-TPD.

Figure 5 shows the X-ray diffraction (XRD) patterns of the Pd/TiO2 catalysts prepared
using pristine and acid-treated TiO2 as supports. Evidently, all the catalysts presented
typical anatase phase diffraction peaks at 2θ = 25.3◦, 37.9◦, 48.1◦, 54.2◦, 62.8◦, 68.9◦, and
75.3◦ (JCPDS card No. 78-2486). The broad peak at 19.4◦–23.6◦ was attributed to the
amorphous structure of TiO2 [45]. After HCL treatment, the intensities of the broad peak
at 19.4–23.6◦ and the diffraction peak at 25◦ increased. It is important to note that TiO2,
although exhibiting excellent chemical stability, is not an acid-insoluble substance [46,47].
Therefore, TiO2 treated with HCl, a strong acid, was partially dissolved, and Ti4+ ions were
recrystallized, thus leading to a decrease in the particle size of anatase and an increase
in the proportion of the amorphous state [48]. In addition, the XRD patterns of all the
Pd/TiO2 catalysts exhibited a characteristic Pd peak at 40.1◦, which corresponds to the
(111) crystal plane of Pd (JCPDS card No. 05-0681). Table 3 presents the Pd average crystal-
lite size calculated through the Scherrer formula using the diffraction peak at 2θ = 40.1◦.
The Pd particles dispersed in the Pd/5H-T catalyst were the largest (10.21 nm), whereas
those dispersed in the Pd/2H-T catalyst were the smallest (7.04 nm). In the case of TiO2
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treated with concentrations of >4 M of HCl, a catalyst with larger Pd particles was formed
owing to a decrease in the size of the anatase crystalline phase and an increase in the
amorphous phase.
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The NH3-TPD profile and quantitative analysis of the NH3-TPD data for Pd/TiO2 are
presented in Figure 6 and Table 3, respectively. The acidity of the Pd catalysts decreased
slightly compared with that of the TiO2 supports; this was attributed to the interaction with
acid sites present on the surface of the support during the Pd-loading process. In addition,
the order of the highest number of strong acid sites was Pd/2H-T > Pd/0.5H-T > Pd/4H-T
> Pd/TiO2 > Pd/5H-T, which is similar to that of the supports.

We performed SEM-EDS analysis to confirm the content of Pd loading. EDS was
measured at 5 points for each catalyst, and the average values are shown in Table S1 (in
the Supplementary Materials). All catalysts showed a Pd loading of 4.9 ± 0.1 wt %, as
expected from the synthesis process. Furthermore, the dispersion and effective metal area
of Pd for each catalyst were confirmed by CO chemisorption analysis using ASAP2920
equipment, and the results are shown in Table 4. The Pd/2H-T catalyst had the highest Pd
dispersion of 25.0%, whereas the Pd/TiO2 catalyst had the lowest Pd dispersion of 17.7%.
It was reported that the acid sites of the support act as anchoring sites for the nucleation
and growth of metal during the catalyst-synthesis process [49,50]. X. Li et al. reported
that metal dispersion was promoted in a support rich in Lewis acid sites and strong acid
sites, thereby preparing a catalyst with a smaller active particle diameter of the metal [51].
This was the result of the Lewis acid separating the Bronsted acid sites and reducing the
aggregation of metal species that prefer adsorption to the Brønsted acid. We suggested
that Pd precursors can be deposited by accepting protons from acidic sites and that strong
acid sites separate weak and medium acid sites, reducing the aggregation of Pd species.
Therefore, the highest Pd dispersion was achieved in 2H-T, which had a large number of
total acid sites and strong acid sites.
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Figure 6. NH3-TPD results of pristine and acid-treated Pd/TiO2 catalysts.

Table 4. Results of CO chemisorption analysis for Pd/TiO2 catalysts.

Catalysts
Metal

Dispersion
(%)

Metallic
Surface Area
(m2/g metal)

DPd
(nm)

Pd/TiO2 17.7 78.9 5.3
Pd/0.5H-T 23.2 103.4 4.0
Pd/2H-T 25.0 111.6 3.7
Pd/4H-T 24.8 110.4 3.8
Pd/5H-T 19.3 86.2 4.8

The size and dispersion of Pd nanoparticles (NPs) in the series of Pd/TiO2 catalysts
were confirmed by FE-TEM analysis and are shown in Figure 7. The average particle
size of Pd was calculated using 100 particles obtained from the TEM images. The TEM
images show that the Pd NPs were evenly dispersed in all catalysts. Pd NPs with a small
size of approximately 3 nm were dispersed in the catalyst using acid-treated TiO2 as the
support. The smallest Pd NP particle size (2.35 nm) was observed in Pd/2H-T. Presumably,
relatively little agglomeration occurred because of the acidic sites present on the surface
of the support. As the amount of acid on the TiO2 surface increased and the surface was
protonated by the HCl treatment, Pd NPs with smaller particle sizes were formed by
interacting with the negatively charged Pd precursor [10,52].
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Figure 8 shows the ESR spectra of the Pd/TiO2 catalysts obtained to confirm the
presence of defects on the catalyst surface. The analysis was conducted using the catalysts
reduced to hydrogen. In all the spectra, strong signals near g = 2.313 and g = 2.007 were
confirmed, which were due to oxygen vacancies (Ov) and Ti3+, respectively. Ov was
generated when excess protons on the surface of TiO2 adsorbed by acid treatment were
removed during the hydrogen-reduction process [53]. As the molar concentration of the
treated HCl solution increased, the peak corresponding to the oxygen vacancies in the ESR
graph shifted toward a low g value, whereas the peak corresponding to Ti3+ shifted toward
a higher g value. This is attributed to the change in the crystal environment around Ti3+

and the formation of a Ti3+– Ov defect complex [54]. Essentially, excess electrons from Ov
interact with various electron acceptors on the oxide surface. Thus, surface defects (Ov,
Ti3+ species) facilitate the chemisorption of FF and activate the carbonyl groups to promote
transitional hydrogenation [55].
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2.3. FF Hydrogenation

The effects of treated TiO2 with different concentrations of HCl on the conversion of FF
to THFA were studied. The catalytic activity of the Pd/TiO2 catalyst was investigated via
the FF hydrogenation reaction at 35 ◦C under 1 bar H2 in 2-propanol. The results are shown
in Figure 9a with the standard deviation. The experimental error value was found to be
less than 6.1, which is considered a reliable range. Regardless of experimental error, there
was a clear difference in the FF conversion among the catalysts. The Pd/2H-T with a large
number of strong acid sites showed a higher FF conversion of 80.8% among the catalysts,
which is 25.3% different from Pd/TiO2. The Pd surface dissociates hydrogen molecules to
form H atomic species, which attack the double bonds of the substrate adsorbed on the
catalyst surface. Accordingly, highly dispersed Pd can provide more exposed Pd sites for
hydrogenation. Nelson et al. reported that the activity increased with high Pd dispersion
due to a strong support-Pd interaction [56]. According to Gelder et.al., catalysts with higher
dispersion showed higher reaction rates and hydrogen uptake [57]. Kim et al. revealed
that the catalytic activity increases as the particle size of Pd decreases. This was due to
the small particle size not only providing more corner Pd atoms but also suppressing the
diffusion of hydrogen atoms into the bulk with large particle size [58]. The catalytic activity
of the Pd/ TiO2 catalyst under 20 bar H2 at 35 ◦C in 2-propanol is shown in Figure S3 (in
the Supplementary Materials). Evidently, all catalysts exhibited more than 94% conversion.
The main product was THFA, and the selectivity ranged from 70% to 90%, depending on
the support treated with various concentrations of HCl. Compared to reaction results at
1 bar H2, there was no significant difference in the FF conversion of all catalysts, whereas
there was a clear difference in THFA selectivity. Among the catalysts, the Pd/2H-T catalyst
with the largest number of strong acid sites showed the highest THFA selectivity of 95.4%.
Evidently, the selectivity for THFA increased with the strong acidity of TiO2. The strong
acid sites of the catalyst can enhance the interaction with the aromatic ring and promote
the nonuniform distribution of electrons to activate the aromatic ring [59]. In addition,
the acidic sites of the support enhance the adsorption capacity of the C=O bond, thereby
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resulting in greater conversion of THFF to THFA [13]. Regarding the distinct activity of the
prepared Pd/H-TiO2, we first hypothesized that acidic-driven reactant adsorption plays
a key role in catalytic activity. As for O defects, it is known to readily activate molecular
oxygen, which is the opposite of the hydrogenation reaction. Y. Nzuzo et al. reported
that excess oxygen vacancies on the catalysts had a negative effect on the hydrogenation
reaction when the H2 pressure increased from 40 to 50 bar [60]. In this study, although
the presence of oxygen vacancies in the catalyst was confirmed by ESR analysis, no clear
correlation between the oxygen vacancies and catalytic activity was found. However, the
plot of particle size, Pd dispersion, and catalytic activity in Figure 9b showed a significant
relationship. As small-sized Pd particles were formed, the dispersion increased, and thus,
the catalytic activity also increased. As the metallic surface area increases, more hydrogen
can be effectively adsorbed and dissociated, so catalysts with high Pd dispersion exhibit
improved hydrogenation ability. Consequently, it was evident that factors such as strong
acidic sites, high Pd dispersion, and large metallic surface area synergistically enhance the
catalytic activity.
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Figure 9. (a) Furfural hydrogenation over Pd/TiO2 catalysts and (b) THFA yield the strong acidity
and Pd dispersion of Pd/TiO2. Reaction conditions: 0.15 g of FF, 0.05 g of the catalyst, 20 mL of
2-propanol, reaction temperature of 35 ◦C, pressure of 1 bar H2, reaction time of 4 h, and stirring rate
of 700 rpm.

The reaction mechanism scheme of FF to THFA is reported in Figure 10. THFA is
produced by complete hydrogenation of the C=O and C=C bonds of FF. In general, there
are two pathways for the conversion of FF to THFA, consisting of two sequential steps:
(i) a path to produce THFF as an intermediate via ring hydrogenation followed by C=O
hydrogenation and (ii) a path to produce FA as an intermediate via ring hydrogenation
following C=O hydrogenation. And 2-MF is formed by additional hydrogenolysis of FA.
The acid sites on the catalyst surface can act as adsorption sites for reactants. In particular,
strong acid sites improve the adsorption of both the aldehyde group and the furan ring of
furfural [61]. Enhanced FF adsorption on strong acid sites was more advantageous for both
ring hydrogenation and C=O hydrogenation, resulting in higher activity for converting FF
to THFA.

The effects of H2 pressure and reaction temperature on FF conversion were investi-
gated using Pd/2H-T, which exhibited the highest selectivity for THFA. The effect of FF
hydrogenation under different H2 pressures is shown in Figure 11. Evidently, the con-
version of FF increased from 77.8% to 99.5% as the H2 pressure increased from 1 bar to
30 bar. The reaction at 1 bar H2 had the lowest conversion (77.8%), which is attributed to
the fact that the chemical adsorption rate of hydrogen increases with increasing hydrogen
partial pressure [62]. As the pressure changed, the distribution of the product changed.
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As the H2 pressure increased, the selectivity for THFA also increased, essentially reaching
95.4% when the H2 pressure increased to 20 bar. When the reaction was performed at
a low H2 pressure, only partial hydrogenation of FF occurred in the same reaction time.
Consequently, FA and THFF were produced the most. However, when the reaction vessel
was pressurized to a higher H2 pressure, the chemisorption rate of hydrogen increased,
thus allowing FA and THFF to be further converted into THFA through ring and C=O
hydrogenation, respectively, within the same reaction time. Thus, the highest selectivity
for THFA in the 20 bar H2 reaction was observed, and it decreased subsequently due to
the increased conversion to 2-MF through cleavage of the C-OH bond at high pressure.
Therefore, the optimal pressure was chosen as 20 bar H2.
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The effect of the reaction temperature on FF hydrogenation over the Pd/2H-T catalyst
was investigated at reaction temperatures ranging from 25 to 90 ◦C, and the results are
shown in Figure 12. The Pd/2H-T catalyst achieved a high FF conversion rate of over 99%,
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even at a low temperature of 25 ◦C. As the temperature increased from 25 ◦C to 70 ◦C, the
selectivity of THFA slightly increased from 80.1% to 97.4%, whereas those of FA and THFF
decreased. As the temperature increased, the cleavage rate of the C=C bond improved,
thus resulting in an increase in THFA selectivity; in particular, 97.4% THFA selectivity was
achieved at 70 ◦C. However, at a high temperature of 90 ◦C, the selectivity of THFA slightly
decreased, which was attributed to the enhanced hydrogenation to 2-MF due to cleavage
of the C-OH bond and the instability of THFA at high temperatures [63].
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Figure 12. Effect of temperature on the hydrogenation of FF over the Pd/2H-T. Reaction conditions:
reactants, 0.15 g of FF, 0.05 g of the catalyst, 20 mL of 2-propanol; reaction temperature, 25–90 ◦C;
pressure, 20 bar H2; reaction time, 4 h; and stirring rate, 700 rpm.

The stability of the catalyst was tested by performing three recycling tests at 35 ◦C
for 4 h under 1 bar H2. The reused catalyst was washed with ethanol and reduced with
hydrogen (4% H2 in N2, 20 ml/min) for 2 h at 250 ◦C prior to the catalytic activity test.
The used catalyst was compared with the fresh catalyst through XRD and TGA analysis.
There was no significant difference between the fresh catalyst and the used catalyst in the
XRD pattern shown in Figure S3 (in the Supplementary Materials). Further, the results of
TGA analysis to confirm the amount of coke formation are shown in Figure 13b, and it was
confirmed that 3.8% of coke was generated after three reuses. For this reason, as shown
in Figure 13a, Pd/2H-T showed a slight decrease in conversion from 83.9% to 81.8% and
the selectivity of THFA from 28.1% to 24.3% after three recycles. As a result, Pd/2H-T was
demonstrated to be an efficient and reusable heterogeneous catalyst in the hydrogenation
of FF to THFA.
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3. Materials and Methods
3.1. Material

Titanium(IV) butoxide (reagent grade, 97%), HCl solution (38%), and sodium hy-
droxide (NaOH, 99.8%) were purchased from Sigma-Aldrich and used without further
purification. Potassium tetrachloropalladate(ii) (K2PdCl4, 99.99%) and sodium formate
(HCOONa, 99.0%) were purchased from Alfa Aesar. FF (99%, Sigma-Aldrich, St. Louis,
MO, USA) was stored in a refrigerator to prevent oligomerization. FA (98%, Sigma-Aldrich),
THFA (99%, Sigma-Aldrich), THFF (95%, Sigma-Aldrich), and 2-MF (98%, Sigma-Aldrich)
were also used.

3.2. Preparation of TiO2 Supports (TiO2 NP)

TiO2 NPs were prepared using the sol-gel method [64,65]. Titanium (IV) butoxide
(50 g) was dissolved in ethylene glycol (1 L). The solution was stirred at room temperature
for 24 h. Subsequently, 3.4 L of acetone and deionized water (27 mL) were added and
stirred for 1.5 h. The suspension was filtered, washed with ethanol, and dried at 80 ◦C
overnight in an oven. Next, 10 g of the dried powder was suspended in 2 L of distilled
water and stirred at 80 ◦C for 1 h to remove unreacted organic compounds. The suspension
was filtered, washed with distilled water, and dried at 80 ◦C overnight.

3.3. Pre-Treatment of TiO2 Supports

TiO2 was pre-treated with different concentrations of HCl solution at room temper-
ature for 6 h. Acid treatment was performed to modulate the surface’s acidic properties.
Next, TiO2 was washed with distilled water until the filtrate reached pH 7. After filtration,
TiO2 was dried at 80 ◦C overnight. The optimal concentration of HCl for TiO2 treatment was
investigated. The HCl-treated TiO2 is denoted as xH-T, where x is the molar concentration
of HCl. For example, TiO2 treated with 0.5 M HCl is denoted as 0.5H-T.

3.4. Preparation of Pd/TiO2 Catalysts

The 5 wt% Pd/TiO2 catalysts were prepared using the deposition–precipitation (DP)
method. Briefly, 0.1 M K2PdCl4 5.64 mL was mixed in 120 mL distilled water and heated
to 60 ◦C; subsequently, 1.14 g TiO2 was suspended in the solution. The pH value of
the solution was adjusted to pH 11 using 0.25 M NaOH solution. After stirring for 3 h,
0.15 M HCOONa was added as reducing agent, and the temperature was raised to 80 ◦C.
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Subsequently, the mixture was stirred for 3 h. The suspension was filtered, washed with
distilled water until the filtrate reached pH 7, and dried at 80 ◦C overnight.

3.5. Characterization

XRD was performed using a Rigaku D/MAX 2500-V/PC (Tokyo, Japan) instrument to
confirm the crystal structures of the Pd/TiO2 catalysts. XRD patterns were recorded using
Cu Kα radiation (1.5418 Å) at 40 kV, 100 mA, and 2θ ranging from 10◦ to 80◦. The crystallite
size of Pd was calculated by the Scherrer formula using the full width at half maximum
(FWHM) of 2θ = 40.1◦, which corresponds to the Pd (111) crystal plane. Liquid nitrogen
adsorption was used to determine the specific surface area and pore volume of the support
and catalyst via BET and BJH analysis on a Micromeritics ASAP 2020 instrument (Norcross,
GA, USA). Prior to N2 adsorption, the samples were pre-treated for 12 h at 150 ◦C. To
confirm the acidic properties of the samples, temperature-programmed desorption of NH3
(NH3-TPD) was performed using a Micromeritics AutoChem 2920 instrument (Norcross,
GA, USA) equipped with a TCD detector. For 0.1 g of each sample, NH3 (10% NH3/He) was
adsorbed at 50 ◦C for 30 min and then heated to 800 ◦C at 10 ◦C/min to confirm desorption
behavior. The morphologies of the supports were determined by SEM performed on a JEOL
JSM-6500 instrument (Tokyo, Japan) operated at 10 kV. The Pd particle size and distribution
in the Pd/TiO2 catalyst were determined via transmission electron microscopy (TEM)
performed on a JEOL JEM-F200 instrument (Tokyo, Japan). Fourier transform infrared
spectroscopy (FT-IR) measurements were performed by Perkin Elmer (Waltham, MA, USA)
in the 400–4000 cm–1 range. Electron spin resonance (ESR) spectra of the powder were
obtained at microwave power (18.7 mW), microwave frequency (9.418 GHz), center field
(340.1 mT), modulation frequency (100 kHz), and room temperature using a Bruker EMX
plus-9.5/2.7 (Billerica, MA, USA).

3.6. FF Hydrogenation

FF hydrogenation was performed in 100 mL stainless-steel autoclave. Catalysts were
reduced with hydrogen (4% H2 in N2, 20 ml/min) for 2 h at 250 ◦C prior to the catalytic
activity test. Briefly, 20 mL of 2-propanol, 0.15 g of FF, and 0.05 g of catalyst were mixed
and added to the reactor. The reactor was purged with N2 twice to remove air, and the
H2 was then pressurized to 20 bar. Subsequently, the reactor was heated to 35 ◦C, stirred
at 700 rpm, and the reaction was carried out for 4 h. After completion of the reaction, the
products were separated from the catalyst using a polytetrafluoroethylene (PTFE) syringe
filter with a pore diameter of 0.45 µm, and the product composition was analyzed by a gas
chromatography (GC) instrument (7890A, Agilent, Santa Clara, CA, USA) equipped with
a flame ionization detector (FID) and DB-Wax column (30 m × 0.32 mm × 0.25 µm). An
external standard method was used to quantify the reaction products using analytical-grade
FF, FA, THFF, THFA, and 2-MF without purification. The conversion, selectivity, and yield
were calculated using the following equations:

Conversion(%) =
Initial mole of furfural − Final mole of furfural

Initial mole of furfural
× 100, (1)

Selectivity(%) =
Mole of product

Initial mole of furfural − Final mole of furfural
× 100, (2)

Yield(%) =
Mole of product

Initial mole of furfural
× 100. (3)

4. Conclusions

This study investigated the effect of HCl treatment of TiO2 used as a catalyst support.
The acidity of the treated TiO2 was confirmed by NH3-TPD, and the TiO2 treated with
2 M HCl had the highest acidity (3.66 mmol/g). After HCl treatment, numerous acidic
sites were generated on the surface of TiO2 owing to the strong electron-induction effect
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and surface protonation. During the synthesis process, the Pd precursor was deposited by
accepting protons from the acidic site, and the strong acidic site separated the acid sites
from each other, thereby reducing the aggregation of Pd species. Therefore, the highest Pd
dispersion (25.0%) and smallest Pd particle size were achieved in Pd/2H-T, which had a
large number of total acid sites and strong acid sites. In addition, these acidic sites provide
more surface adsorption sites for the reactants. The conversion of FF and yield of THFA
varied depending on the strength and number of acid sites present on the TiO2 surface. The
strong acidities imparted high reactivity on the TiO2 surface toward the adsorbing reactant.
The FF conversion and THFA yield of the Pd/2H-T catalyst increased by about 25.3% and
10.7%, respectively, compared with Pd/TiO2 prepared with pristine TiO2. These results
suggest that factors such as strong acid sites, high Pd dispersion, and large metallic surface
area synergistically enhance the catalytic activity.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal13121481/s1, Figure S1: FT-IR spectra of pristine and acid
treated TiO2 supports; Figure S2: Pore-size distribution curve of (a) TiO2 supports and (b) Pd/TiO2
catalysts; Figure S3: Furfural hydrogenation over Pd/TiO2 catalysts. Reaction conditions: 0.15 g of FF,
0.05 g of the catalyst, 20 mL of 2-propanol, reaction temperature 35 ◦C, pressure of 20 bar H2, reaction
time 4 h, and stirring rate 700 rpm; Figure S4: XRD patterns of the fresh Pd/2H-T catalyst and the
third used Pd/2H-T catalyst; Table S1: EDS results of Pd loading over Pd/TiO2 catalysts based on
5 regions for each catalyst.
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