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Surface modification of SiO, supports was shown to significantly affect the properties of Pd/SiO,
catalysts. The surface of SiO, can be modified by various pretreatment methods. In this study,
the effect of different calcination temperatures on support surface was investigated. Pd supported
on pretreated SiO, was characterized by H, temperature-programmed reduction (TPR), XRD, CO
chemisorption measurements, and field-emission transmission electron microscopy (FE-TEM). The
silanol group (—-OH), which is one of the functional groups of SiO,, interferes with the reduction
of palladium because it strongly bonds with palladium ions (—PdQO) during the preparation of the
catalyst. Due to the complete removal of silanol (Si-OH) groups following calcination at 700 °C,
the metal reducibility was enhanced, and the catalyst pretreated at this calcination temperature
exhibited the highest metal dispersion of 13.02%. Further, to confirm the catalytic activity of the
prepared catalysts, hydrogenation of D-glucose was conducted. The HPLC results demonstrated
that Pd/SiO,_700 has the highest catalytic activity toward hydrogenation of D-glucose. Therefore, it
was confirmed that the removal of silanol groups increase the metal dispersion and catalytic activity

of Pd/SiO, catalyst.
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1. INTRODUCTION

Various types of catalysts are widely employed in indus-
tries for processes such as hydrogenation, dehydrogena-
tion, and petroleum cracking. Particularly, metal oxides
and noble metal catalysts (i.e., catalysts containing Pd,
Pt, Rh, Ag, and Au, among others) are commonly used
because of their favorable reaction rates and reaction selec-
tivities. However, noble metals are expensive and finite
resources, and tend to undergo sintering at high temper-
atures. Therefore, deposition of noble metals on supports
with large surface areas and high stabilities is required.!
The support greatly influences the catalytic performance of
a system, as it can change the charge and size of the metal
particles, in addition to forming active sites at the metal-
support boundaries."*> The catalytic activities of noble
metals are strongly influenced by the surface properties of
supports, as changes in the metal-support interactions can
result in metal dispersion and affect the reducibility of the
supported metal.?

*Author to whom correspondence should be addressed.

882 J. Nanosci. Nanotechnol. 2019, Vol. 19, No. 2

Silica (Si0,) is one of the most extensively used cata-
lyst supports due to its high surface area, ample porosity,
good stability, and morphological stability at high temper-
atures. In addition, it is inert and does not participate in the
catalytic reaction.>* However, SiO, is an irreducible oxide
and exhibits weak metal-support interactions compared to
other metal oxides.*® These properties render the depo-
sition of noble metals on the support surface particularly
challenging. Therefore, modification of the SiO, surface is
required to increase the catalyst preparation efficiency.

To date, a number of support pretreatment methods
have been reported, including calcination? and pretreat-
ment with nC1-C5,” organic solvents,® and ammonia.?
Such pretreatment controls the chemical properties of the
Si0O, surface, including the functional groups present on
the support. SiO, contains a range of functional groups
that are formed during its preparation;*®° for example,
silanol groups present on the surface can suppress the
reduction of the noble metal precursor, thereby decreasing
metal dispersion, which is an important factor for deter-
mining catalytic activity.”%!° As the silanol groups can
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contribute to strong interactions between the metal species
and oxygen on the SiO, support, metal reducibility can
decrease through such interactions.

The activities of the prepared catalysts were confirmed
by hydrogenation of D-glucose into D-sorbitol. D-sorbitol
is a sugar alcohol that is widely used in food industry,
cosmetics, and medical industries.!! Furthermore, sorbitol
is applied as a starting material for vitamin C synthesis,
ethylene glycol, and glycerol.'> '* Although the conversion
of D-glucose to D-sorbitol appears simple, in reality, a
side reaction can occur instead of conversion into sorbitol.
For example, D-glucose can be isomerized to D-fructose
by the Lobry de Bruyn-Alberdavan Ekenstein reaction.'
Thus, Pd having a high affinity toward hydrogen is suitable
as a catalyst for D-glucose hydrogenation without glucose-
fructose isomerization.

In this study, we report the modification of SiO, by
calcination at a range of temperatures between 300 and
1100 °C to examine the effect of surface silanol con-
centration on the SiO, support on the physico-chemical
properties of SiO,-supported Pd catalysts. In addition,
hydrogenation of D-glucose into D-sorbitol was con-
ducted to gain further understanding of the role of Pd
dispersion in D-glucose hydrogenation. Combining the
best results from the hydrolysis and hydrogenation steps
will enable confirming the effect of metal dispersion on
hydrogenation.

2. EXPERIMENTAL DETAILS

2.1. Materials

Silicon dioxide (SiO,, 99.5%, Sigma Aldrich) was
employed as the support, and sodium tartrate (Na,C,H,Oy,
>99%, Sigma Aldrich), hydrochloric acid (HCI, 38%, Dae
Jung), palladium chloride (PdCl,, >99%, Sigma Aldrich),
sodium borohydride (NaBH,, 95%, Sigma Aldrich), and
sodium hydroxide (NaOH, >98%, Sigma Aldrich) were
used during catalyst preparation. In addition, D-glucose
(C¢H,04, =99.5%, Sigma Aldrich) was used for hydro-
genation. Standard materials such as analytical reagent-
grade D-sorbitol (CiH,,O4, >=98%), fructose (CcH,,O,
>99%), and glycerol (C;H,,05, =99%) were purchased
from Sigma-Aldrich. Nitrogen and hydrogen gases with
a minimum state purity of 99.0% were obtained from
GASTEC KOREA.

2.2. Catalyst Preparation

Pd/SiO, catalysts were prepared using an ion-exchange
method. Initially, SiO, supports were calcined at desired
temperatures between 300 and 1100 °C, and the obtained
supports were labelled as Si0,_100, SiO,_300, SiO,_500,
Si0,_700, SiO,_900, and SiO,_1100, where the number
indicates the calcination temperature. A 0.1 M solution
of PdCl, in HCl was employed as the metal precursor,
and a portion of this solution was added to a 1 mM
solution of sodium tartrate at 5 °C. A desired quantity of
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pretreated SiO, was then dispersed into this solution and
the solution pH was adjusted to 6.0 by adding an aqueous
NaOH solution. After stirring for 2 h, a freshly prepared
0.3 M solution of sodium borohydride was added to the
above solution and stirred at 5 °C for 2 h to reduce the
Pd salts to Pd metal particles. The catalysts were then iso-
lated by filtration and washed with distilled water until a
pH of 5-6 was reached. Finally, the catalysts were dried
at 110 °C for 12 h.

2.3. Characterization

The specific surface areas and porous structures of the pre-
treated supports were examined by nitrogen physisorption
(ASAP2020 Surface Area Analyzer, USA) at —196 °C.
The samples were degassed under vacuum at 150 °C for
4 h prior to measurement. The silanol group concentration
was obtained by Fourier transform infrared spectroscopy
(FT-IR, Nicolet 6700, Thermo Fisher, USA) and ammonia
temperature-programmed desorption measurements (NH;-
TPD, AutoChem 2920, Micromeritics Instruments Corp.,
USA). X-ray diffraction (XRD, D/MAX 2500 V PC,
Rigaku, Japan) was used to characterize the crystal struc-
tures of the pretreated supports and the prepared catalysts
in the 20 range of 10-90°, and field-emission transmission
electron microscopy (FE-TEM, JSM-6700F, JEOL, Japan)
was used to determine the particle sizes and distributions
of the deposited Pd. H, uptake during the reduction pro-
cess was measured by temperature-programmed reduction
with hydrogen (H,-TPR, AutoChem 2920, Micromeritics
Instruments Corp., USA), while the Pd dispersions were
evaluated by examining the CO adsorption capacity using
a pulse technique (CO-chemisorption, AutoChem 2920,
Micromeritics Instruments Corp., USA) assuming a Pd:CO
adsorption ratio of 2:1.

2.4. Hydrogenation of D-Glucose

The reaction was performed in batches in a 100-mL stain-
less steel autoclave. The hydrogenation reaction was per-
formed by charging the autoclave with 60 mL of glucose
solution (10 g/L) and 150 mg of the prepared catalysts
with different Pd dispersions. All the catalytic tests were
performed at 120 °C and 2.5 MPa of pure hydrogen
for 360 min.'"> The reactor was purged with N,. There-
after, hydrogen was introduced to purge out nitrogen to
1.0 MPa. After setting the reaction temperature, the pres-
sure was raised to 2.5 MPa. The product distribution was
analyzed by HPLC (Agilent, HPLC sereies1200) equipped
with a RI detector and Hi-Plex Ca (300 7.7 mm) column
and operated at 80 °C with an eluent water flow rate of
0.5 mL/min. D-glucose conversion, D-sorbitol yield, and
selectivity were calculated using Eqgs. (1)—~(3)."

mole(D-Glucose,) — mole(D-Glucose; )

X o ()=
D-gluose (%) mole(D-Glucose,)

x 100 (1)
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3. RESULTS AND DISCUSSION
3.1. Characterization of Pretreated SiO, Support
Table I shows the characteristics of the SiO, supports cal-
cined at different calcination temperatures. As indicated,
the specific surface area of the support decreased only
slightly with increase in calcination temperature from 300
to 700 °C, while a dramatic reduction was observed at
higher temperatures. This is possibly due to the aggre-
gation and sintering of SiO, particles above 900 °C.* In
addition, SiO,_1100 exhibited a particularly low specific
surface area of 0.42 m?/g due to phase transition from
amorphous to cristobalite phase.'®

The XRD profiles of the calcined SiO, supports are
shown in Figure 1. As indicated, amorphous SiO, was
abundant following calcination <900 °C. However, after
calcination at 1100 °C, peaks corresponding to cristobalite
were observed at 20 = 21.92, 28.38, 31.38, 36.1, 48.52,
and 57.06° due to an increase in the crystallinity of SiO,
and corresponding phrase transition at high temperatures.!”

In addition to specific surface area and the silica phase,
silanol group concentration on the SiO, surface also
plays an important role in the dispersion of metal par-
ticles on SiO,.'"®" To examine the effect of calcination
temperature on the silanol groups, FT-IR and NH;-TPD
were employed. As shown in the FT-IR spectra (Fig. 2),
Si—O-Si stretching and bending vibrations were observed
at 1150, 780, and 480 cm™' in addition to a silanol stretch-
ing vibration at 960 cm~!'.*3% Comparison with untreated
silica support (SiO,_100) revealed that high calcination
temperatures resulted in decreased quantities of silanol
groups, with complete removal observed at temperatures
>700 °C.®

This was also confirmed by NH;-TPD measurements, as
outlined in Table II, which shows the strengths of acidic
sites (i.e., silanol groups) on various calcined supports.?’
In principle, both the concentration of sites having similar

Table I. Textural properties of SiO, supports with different calcination
temperature.

Specific surface Pore volume Pore
Supports area (m?/g) (cm’/g) size (nm)
Si0,_100 172.62 1.122 38.05
Si0,_300 150.23 0.663 16.09
Si0,_500 132.07 0.699 25.29
Si0,_700 119.58 0.517 22.49
Si0,_900 51.33 0.190 23.73
SiO,_1100 0.42 0.0011 10.956
884
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Figure 1. XRD patterns of pretreated SiO, supports.

acid strengths and the average adsorption heat or activa-
tion energy of NH; desorption can be determined using
the TPD method. The appearance of the TPD peak is asso-
ciated with the presence of strongly acidic hydroxyls as
sorption sites.”! As indicated, an increase in calcination
temperature resulted in a decrease in ammonia adsorption
peak areas of the supports, with a sharp drop observed
at temperatures >700 °C. Moreover, phase transition fol-
lowing calcination at 1100 °C resulted in almost complete
removal of the silanol groups.

3.2. Catalyst Characterization

The specific surface areas and pore properties of the var-
ious catalysts are summarized in Table III, where slight
decreases in specific surface areas and pore volumes of the
Pd-modified catalysts are observed as compared to those
of the bare supports.?

The XRD patterns of the prepared catalysts are pre-
sented in Figure 3, where a broad diffraction peak at
22.21° (corresponding to amorphous silica) is apparent
for all the supports calcined at temperatures <900 °C.
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Figure 2. FT-IR spectra of pretreated SiO, supports.
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Table II. NH;-TPD peak areas of calcined SiO,.

Supports Total acidic sites (mmol/g)*
Si0,_100 1.167
Si0,_300 0.728
Si0,_500 0.575
Si0,_700 0.248
Si0,_900 0.271
Si0,_1100 0.099

Note: “Based on NH;-TPD measurements.

In addition, strong diffraction peaks at 40.1, 46.9, 68, and
82.1° were observed for all the catalysts, possibly due
to the presence of crystalline Pd. In addition, compared
to the Pd peaks of the Pd/SiO,_100 catalyst, the cal-
cined supports exhibited significantly broader Pd signals,
with Pd/SiO,_700 showing the broadest Pd peak. These
results suggest that Pd particles on the SiO,_700 support
are dispersed evenly, as the broad signals are associated
with small Pd crystallite sizes.”® These results correspond
closely with the CO chemisorption results.

H,-TPR experiments were then performed (Fig. 4) to
study the effect of thermal and chemical aging on the
reducibility of Pd species and to understand the role of
silanol groups in metal-support interactions. As shown in
Figure 4, an H, uptake peak is present between 50 and
80 °C for all the samples.?* However, with increase in
calcination temperature to 700 °C, the intensity and area
of the signal decreased, and the H, uptake peak shifted
to lower temperatures. With further increase in calcina-
tion temperature above 900 °C, the signal intensity and
area increased once again and the peak shifted to higher
temperatures. These results suggest that the Pd species
of Pd/SiO,_700 can be most easily reduced compared to
that of the various catalysts examined herein.> In addi-
tion, upon increasing the calcination temperature, strained
and weakened siloxane bridges (=Si—O-Si=) are formed
on the hydroxylated SiO, surface. At higher tempera-
tures and without vicinal OH groups on the surface, the
strained siloxane groups are converted into stable silox-
ane bridges and rings.® Removal of the silanol groups
thereby decreases the metal reducibility, while the for-
mation of stable siloxane groups leads to aggregation
of the Pd particles. From these results, it is apparent
that calcination of the support at 700 °C is the optimal

Table III. Textural properties of Pd/SiO, catalysts with different calci-
nation temperature.

Specific surface Pore volume Pore
Catalysts area (m?/g) (cm®/g) size (nm)
Pd/Si0,_100 153.25 0.576 19.35
Pd/Si0,_300 148.97 0.534 20.67
Pd/Si0,_500 114.36 0.495 21.65
Pd/Si0,_700 103.776 0.462 22.421
Pd/Si0,_900 50.340 0.133 15.395
Pd/Si0,_1100 0.024 0.0015 240.99
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Figure 3. XRD patterns of prepared Pd/SiO, catalysts.

pretreatment temperature for the preparation of highly dis-
persed Pd/SiO, catalysts.

Table IV shows the Pd dispersion percentages as deter-
mined by CO chemisorption measurements and calculation
of the CO uptake. As indicated, metal dispersion increased
with increasing calcination temperature up to 700 °C,
with Pd/SiO,_700 exhibiting the highest Pd dispersion of
13.02%. The combination of these results with those of
FT-IR and N, physisorption measurements suggests that a
decline in the number of silanol groups leads to an increase
in metal dispersion, as the silanol groups resulted in strong
interactions between Pd and oxygen, thereby inhibiting the
reduction of Pd. During the preparation of Pd/SiO,, the

Pd/SiO, 1100
_/\ Pd/SiO, 900
N ——
5 Pd/SiO,_700
;’, _/\ 2_
L
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A
O
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Figure 4. H,-TPR profiles of the Pd/SiO, catalysts.
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Table IV. CO-chemisorption of prepared Pd/SiO, catalysts.

Metal Cumulative Metallic surface
Catalysts dispersion (%)  quantity (mmol/g) area (m?/g)
Pd/SiO,_100 2.90 0.007 12.93
Pd/Si0,_300 5.07 0.012 22.60
Pd/Si0,_500 6.18 0.015 27.51
Pd/Si0,_700 13.02 0.024 44.81
Pd/Si0,_900 7.97 0.019 35.52
Pd/Si0,_1100 5.61 0.013 24.99
following reactions occurred:
. K; e +
surface-SiOH «— surface-SiO~™ +H @)
K
surface-SiO~ <—> surface-SiOPd* 5)
_ [surface-SiO™][H*] ©)
"7 [Surface-SiOH]
[surface-SiOPd™]
(7

2~ [Pd>*][Surface-SiO]
Van Steen et al.?® suggested that surface-SiOPd*is

the precursor of strongly interacting metal species.

Figure 5. FE-TEM images of prepared Pd/SiO, catalysts.
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Substitution of Eq. (6) into Eq. (7) gives:
[surface-SiOPd™] = K,[Pd*"][surface-SiO~]

KK, [surface-SiOH][Pd**]
a [H]

®)

The concentration of surface-SiOPd* is only propor-
tional to the surface concentration of silanol when the Pd
salts were fixed. Thus, the higher the silanol concentration,
the stronger is the interaction between metal and SiO,,
which will result in low palladium reducibility;? that is, the
removal of silanol groups enhances metal reducibility.”- 2
However, the metal dispersions of Pd/SiO,_900 and
Pd/Si0,_1100 decreased to 7.97 and 5.61% despite the
absence of silanol groups, thereby suggesting dramatic
decreases in the specific surface areas and pore volumes
of SiO, following calcination above 900 °C.?

Figure 5 shows the Pd particle sizes and distribution of
Pd as visualized by FE-TEM. These images confirm an
average Pd particle size of ~5-10 nm. In addition, the sup-
ported Pd particles became evenly dispersed upon increas-
ing the support calcination temperature up to 700 °C, while
above 900 °C, condensation of the SiO, particles resulted
in sintering.

These results support the observations that the removal
of silanol groups affects the dispersion of Pd, and that
aggregation negatively affects Pd dispersion.? It is there-
fore apparent that calcination of SiO, at an appropriate
temperature can improve the dispersion of Pd particles on
the support surface.

3.3. Hydrogenation of D-Glucose

The catalytic activities of the prepared Pd/SiO, catalysts

for the hydrogenation of D-glucose were investigated.

The effect of palladium dispersion on the hydrogenation of

D-glucose was shown in Figure 6 and Table V. The yield
- : XD-glncose

- Ssowitol B Y sonviol

100

(%)

AAAEIHAEIII AT

Catalysts

Figure 6. Diagram of D-glucose hydrogenation.
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Table V. Effect of Pd dispersion on hydrogenation.

Catalysts Conversion (%) Selectivity (%) Yield (%)
None 19.47 10.72 2.09
Pd/Si0,_100 25.41 60.14 15.29
Pd/Si0,_300 38.17 83.14 31.73
Pd/Si0,_500 43.92 85.01 37.33
Pd/SiO,_700 74.35 87.56 65.11
Pd/Si0,_900 56.05 78.62 44.07
Pd/Si0,_1100 41.24 85.74 35.36

of sorbitol increased with increase in Pd metal disper-
sion in the order: Pd/SiO,_700 (65.11%) > Pd/SiO,_900
(44.07%) > Pd/SiO,_500 (37.34%) Pd/SiO,_1100 (35.36%) >
Pd/Si0,_300 (31.73%) > Pd/Si0O,_100 (15.29%). Sorbitol
was hardly produced in the absence of a catalyst with only
2.09% yield. When hydrogenation reaction was carried out
using Pd/SiO,_700 that has the highest metal dispersion,
a high yield of 65.10% was obtained.

These indicate that the highest yield (using
Pd/SiO,_700) was more than about 4 times the yield
of the catalytic reaction with Pd/SiO,_100. It is con-
firmed that the results are related to metal dispersion on
hydrogenation of D-glucose since the catalyst with high
Pd dispersion collides more efficiently with the reactant
compared to the catalyst with low Pd dispersion. These
results indicate that the catalyst with high metal dispersion
has increased catalytic activity.

4. CONCLUSION

We herein presented our results on the effects of variation
in support (SiO,) calcination temperature on the prepa-
ration and properties of Pd/SiO, catalysts. As the calci-
nation of SiO, can lead to a decrease in the number of
silanol groups on the support surface, the reduction of Pd
is inhibited and a low metal dispersion is observed, as the
silanol groups promote strong interactions between Pd and
Si0O,. Indeed, at calcination temperatures >700 °C, the
silanol groups were completely removed. At temperatures
up to 700 °C, an increase in Pd dispersion was observed,
with the highest dispersion of 13.02% achieved for the
Pd/Si0,_700 catalyst. However, upon increasing the cal-
cination temperature above 900 °C, a dramatic decrease
in specific surface area was observed, accompanied by a
decrease in Pd dispersion to 5.61%.

The catalytic activity was examined by conducting
hydrogenation of D-glucose using the prepared catalysts
with different metal dispersions, and the effect of Pd dis-
persion on catalytic activity was confirmed. Experimen-
tal results showed that hydrogenation with Pd/SiO,_700
having the highest dispersion (13.02%) resulted in a
much higher sorbitol yield of 65.10% compared to other
catalysts. It was confirmed that as the palladium par-
ticles are evenly distributed, the number of effective
collisions between the reactant and the catalytic active sites
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increases, and thus, the catalytic activity increases with the
use of highly dispersed catalyst.

These results represent the development of a simple
method for the modification of surface properties of cata-
lyst supports, which will ultimately lead to enhanced cat-
alytic activities.
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