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1. Introduction

As a major byproduct of biodiesel synthesis, crude glycerol
will accumulate to lead to a big environmental problem, so the
conversion of crude glycerol to valuable products becomes
necessary [1,2]. An appreciable number of commodity chemi-
cals and chemical intermediates can be obtained from glycerol
by catalytic processes including oxidation, dehydration, hydro-
genolysis, pyrolysis, polymerization, esterification, steam re-
forming, acetalization, transesterification, and etherifica-
tion[3,4]. Among these processes, glycerol hydrogenolysis is
very promising. Hydrogenolysis of glycerol gives products such
as 1,3-propanediol, 1,2-propanediol, ethylene glycol, 1-propa-
nol and 2-propanol. 1,3-propanediol is the monomer of poly-
trimethylene terephthalate (PTT) and is also applied in the
production of cosmetics, foods, lubricants and medicines, so
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1,3-propanediol has great economic value. Therefore, the hy-
drogenolysis of glycerol to 1,3-propanediol have recently re-
ceived more attention [5].

Many catalysts for glycerol hydrogenolysis were recently
studied. Re promoted this reaction when added to noble metals
such as Pt, Rh, Pd, Ir and Ru [6-14]. Rhenium oxide will form
Re-OH species when it is exposed to steam [15]. Re-OH inter-
acts with the OH groups of glycerol to form 2,3-dihydroxypro-
paneoxide, and then hydrogen species will activate the second-
ary carbon of the 2,3-dihydroxypropaneoxide to cleave the C-0
bond. Then hydrolysis occurs to release the product [8,16-19].

The dispersion of the active metal component has a great in-
fluence on the catalytic performance [20,21]. The metal disper-
sion can be improved by using SiO2 support pretreated with
monohydric alcohols [22], organic acid [23,24], dihydric alco-
hol [25-27], alkali [28] and silane [24]. These solvents change
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the surface property of SiOz by decreasing surface hydroxyl
groups, adding organic groups and changing the hydrophobic
properties, which lead to better dispersion of the active metal
particles.

In the present study, we prepared Ir-Re/SiO2 catalysts with
SiO2 pretreated by C1-C4 normal alcohols. The catalytic per-
formances of the alcohol-pretreated SiO2 supported catalysts
for glycerol hydrogenolysis to 1,3-propanediol was tested and
compared with the catalyst prepared using non-pretreated
SiO2. Support pretreatment increased the dispersion of iridium.
The carbon chain length of the alcohol used for the pretreat-
ment influenced the surface properties of the support and has
an impact on the dispersion of Ir species.

2. Experimental
2.1. Catalyst preparation

Silica gel (Qingdao Haiyang Chemicals Co.) was dried at 383
K for 4 h, and then used as the support which is denoted as S
here. For the support pretreatment, the silica gel (2 g) was
treated with 5 mL each of the C1 to C4 normal alcohols by im-
pregnation. The resultant silica gel was dried at 383 K for 4 h
after preliminary drying under ambient conditions. These were
denoted as S-Cn (n=1-4, n is the carbon number of alcohol).

Ir-Re/S-Cn (n=1-4) was prepared by co-impregnation with
aqueous solutions of HzIrCls (Tianjin Fengchuan Chemical Rea-
gent Co., Ltd) and NHsReO4 (Zhuzhou Jinlai Industry Co., Ltd)
simultaneously of the support pretreated with alcohol. This
was followed by drying at 393 K for 12 h and calcining at 773 K
for 3 h. Ir-Re/S was prepared by using non-treated silica. The
other procedures were the same as that of the Ir-Re/S-Cn
(n=1-4) catalysts. Both of the contents of iridium and rhenium
were 2 wt%. All chemicals used were analytical reagent.

2.2. Characterization

Nitrogen adsorption isotherms of the catalyst samples were
measured at 77 K with an Autosorb-iQ adsorption analyzer
(Quantachrome). The specific surface area of the samples was
calculated by the Brunauer-Emmett-Teller (BET) method. The
total pore volume of the samples was calculated from the
amount adsorbed at a relative pressure p/po= 0.995.

Fourier transform infrared (FT-IR) spectra were obtained
using a Thermo Scientific Nicolet iS50 FT-IR spectrometer
equipped with a DTGS detector. The sample was heated to 473
K for 1 h in vacuum. Spectra were collected in the range of
2400-4000 cm-1 with 4 cm-! resolution.

Powder X-ray diffraction (XRD) analysis was performed on
an X’'pert PRO/PANalytical diffractometer using Cu K« radiation
and operated at 40 kV and 40 mA. The XRD patterns were rec-
orded for 26 values from 10° to 80°. The scanning rate was
14°/min. TEM measurements were carried out using a
JEM-2100 microscope operated at an accelerating voltage of
200 kV. The spent catalyst was suspended in ethanol and
placed onto a carbon film supported over a copper grid.

Temperature programmed reduction (TPR) was performed

on an AMI-300 catalyst characterization system. Approximately
100 mg of the sample was placed in a quartz reactor and heated
to 403 K to eliminate moisture. Then the sample was reduced
in a 10% Hz/Ar flow at 40 mL/min from 323 to 773 K at a
heating rate of 10 K/min. H2-TPD was carried out on an
AMI-300 catalyst characterization system. 100 mg of catalyst
was heated to 773 K for 1h in an argon flow. Then the sample
was reduced in a 10% Hz/Ar flow at 443 K for 2 h, and cooled
down to 303 K after holding for 1 h. After that, the hydrogen in
the system was replaced by argon to conduct the TPD experi-
ment. The heating rate was kept at 10 K/min, and the flow rate
of argon was 30 mL/min. Hzchemisorption was performed on
an AMI-300 catalyst characterization system. About 100 mg of
the catalyst sample was reduced in a flow of 10% Hz/Ar at 443
K for 2 h, then purged by argon at the same temperature for 0.5
h, and finally cooled down to 313 K. Uptake of H2 was measured
by injecting 10% Hz/Ar into the argon carrier gas in a pulsed
mode. Temperature programmed desorption of ammonia
(NH3-TPD) was carried out on an AMI-300 catalyst characteri-
zation system. A 100 mg sample was used. Prior to each meas-
urement, a sample was pretreated in an argon flow at 873 K for
0.5 h. After cooling to 373 K in a continuous flow of argon, the
sample adsorbed NHs using the static adsorption method until
saturation. Then the sample was heated from 373 to 873 K with
a ramp of 10 K/min in a helium flow of 30 mL/min and the
desorbed NHs was monitored simultaneously with TCD.

The acidity of the catalyst was analyzed by FT-IR of ad-
sorbed pyridine using a Thermo Scientific Nicolet iS50 FT-IR
spectrometer equipped with a DTGS detector. 10 mg of a sam-
ple was pressed into a self-supporting wafer followed by evac-
uation at 773 K for 1 h. After cooling down to room tempera-
ture, the background spectrum was recorded. The sample was
exposed to pyridine for 5 min. After that the catalyst was heat-
ed at a linear rate of 10 K/min to 323, 523 and 623 K, respec-
tively, and kept for 0.5 h at each temperature under vacuum
conditions (10 mPa). In situ FT-IR spectra of CO adsorption
were recorded a Thermo Scientific Nicolet iS50 FT-IR spec-
trometer equipped with a DTGS detector. Before characteriza-
tion, the sample (about 10 mg spent catalyst) was compressed
into a self-supporting disc and reduced in a Hz flow of
40 mL/min at 523K. The sample was heated in vacuum for 1 h
at 773 K, and then cooled down to room temperature, at which
point a background spectrum was acquired. The sample was
then exposed to CO flow. After 30 min, the cell was evacuated
to remove physisorbed and gas phase CO. Then the spectra of
CO chemisorption on the sample were taken. All the gases used
in characterization were analytical reagent from Guangming
Research & Design Institute of Chemical Industry.

2.3. Catalytic activity measurements

The glycerol hydrogenolysis reaction was performed in a
trickle bed reactor (9 mm i.d.) using 1.5 g catalyst. The hydro-
gen flow was 40 mL/min which corresponded to a space veloc-
ity of 1600 mL/(h-g). The glycerol aqueous flow was 0.65 mL/h
which corresponded to a space velocity of 0.44 mL/(h-g). Be-
fore reaction, the catalyst was reduced at 443 K in Hz flow of 40
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mL/min at atmosphere pressure. The reaction was conducted
at 403 K and 8 MPa. The gaseous products from the effluent
were analyzed online using an Agilent GC-7890 chromato-
graph. The liquid phase products were quantified by an inter-
nal standard method, and the internal standard was n-butyl
alcohol. Then, the liquid phase products were esterified by ace-
tic anhydride catalyzed by pyridine (Tianjin Kemiou Chemical
Reagent Co. Ltd) and heated to 328 K for 1.5 h. The volume
ratio of acetic anhydride and pyridine is 2:1. The samples were
quantified on a gas chromatograph (Agilent 7890) fitted with a
flame ionization detector and a HP-5 capillary column. The
conversion of glycerol and the selectivity to the products were
calculated by the following equations:

Conversion of glycerol (%) = (moles of glycerol initially
added - moles of glycerol that remained) / moles of glycerol
initially added x 100

Selectivity (%) = C mole of specific product / sum of C mole
of glycerol consumed x 100

The removal selectivity of primary (or secondary) hydroxyl
group (%) (S1-om or Sz-on) = sum of removal primary or second-
ary hydroxyl group / sum of removal hydroxyl group x 100

The yield of removal secondary hydroxyl group (Yz-ou, %) =
Conversion of glycerol x removal selectivity of secondary hy-
droxyl group

3. Results and discussion

3.1. Characterization of the support pretreated with different
alcohols

As shown in Fig. 1, the broad band between 3100 and 3700
cm-1 was attributed to the hydrogen-bonded Si-OH stretching
vibrations. The peak centered at 3743 cm-! was attributed to
the isolated Si-OH stretching vibrations. The absorption bands
at 2800 to 3000 cm-! were assigned to the C-H stretching vi-
brations of surface alkoxyl groups [22,29-32]. Obvious absorp-
tion bands corresponding to alkoxyl groups appeared on the
pretreated SiOz, which suggested that alcohol molecules were
grafted onto the silica surface by reacting with the Si-OH after
the SiOz pretreatment. In addition, the ratio of isolated to adja-
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Fig. 1. FT-IR spectra of SiOz and alcohol-pretreated SiO2 supported
catalysts.

Table 1
Specific surface area and pore volume of untreated and pretreated SiO2.

Sger Pore volume Massloss Mole of alcohol molecule

Sample (norg)  (amfg)  (%)e (0.1 mmol/g)
S 426.8 1.24 — —
S-C1 257.4 0.98 — —
S-C2 282.2 1.04 1.2 2.6
S-C3 305.8 1.14 1.5 2.5
S-C4 291.2 1.08 0.9 1.2

aResults from thermogravimetric analysis.

cent Si-OH increased for the pretreated SiOz.

The specific surface area and pore volume obtained from
the nitrogen adsorption isotherms are shown in Table 1. The
specific surface area and pore volume of the pretreated SiO:
were less than those of the untreated one. This may result from
the grafting of alkoxyl groups in the pores of the SiO2 support.
With the increase of carbon number in the alcohol molecules,
both the specific surface area and pore volume increased first
and then decreased a little. The maximum was obtained for the
S-C3 support. The reason why the specific surface area and
pore volume of S-C3 and S-C4 were larger than those of the
smaller alcohols may be due to that the number of grafted al-
cohol molecules of S-C1 and S-C2 were larger, which was con-
sistent with the thermogravimetric analysis results shown in
Table 1. When the support was treated with C2-C4 alcohols,
the moles of alcohol molecule adsorbed decreased as the car-
bon number increased.

3.2. Characterization of the alcohol-pretreated SiOz supported
catalysts

The TPR profiles of the catalysts are shown in Fig. 2. In the
case of Re/S, a single reduction peak at 583 K was observed. In
the TPR profile of Ir/S, the reduction peak at 493 K can be as-
signed to the reduction of iridium. Compared with the TPR
profiles of Re/S and Ir/S, obvious shifts of the reduction tem-
perature towards lower temperature were observed on the
Ir-Re/S catalysts. It is known that the addition of Re improved
the dispersion of Ir species [8]. Smaller IrOz particles on the
Ir-Re catalysts are more easily reduced, and then by the hy-
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Fig. 2. H,-TPR profiles of alcohol-pretreated SiO: supported catalysts.
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drogen spillover mechanism, migration of the dissociated hy-
drogen from IrOz to Re oxide resulted in the improvement of
the reduction of Re oxide, so the reduction temperature shifted
toward lower temperature. The TPR profile of Ir-Re/S showed
two broad peaks, but the reduction profile of the alco-
hol-pretreated SiO2 supported catalysts was characterized by
three reduction peaks. The reduction started at lower temper-
ature on the alcohol-pretreated SiO2 supported catalysts, which
suggested that smaller Ir species particles were formed on
these catalysts. The low temperature reduction peak was ob-
served at 385 K on the alcohol-pretreated SiO2 supported cata-
lysts and 402 K on Ir-Re/S, which was assigned to the reduction
of Ir species. The subsequent reduction peak at 421 or 435 K
was attributed to the co-reduction of Ir and Re oxide species.
The high temperature peak that only existed on the pretreated
catalysts at 457 K may be due to the reduction of IrOz or Re
oxide species with a stronger interaction with the support
[33,34]. If all Ir** was supposed to be reduced to Ir?, the valence
of the Re species can be calculated by the Hz consumption,
which is summarized in Table 2. The Re valence of the alco-
hol-pretreated SiOz supported catalysts and untreated one
were approximately 4.5, but that on Re/S was measured to be
2.7. This indicated that the Re species has an interaction with Ir
species or the support in the Ir-Re catalysts.

Fig. 3 shows the XRD patterns of the fresh catalysts. The dif-
fraction peak at 26 = 21.4° was attributed to amorphous silica
gel. The diffraction peaks at 26.7°(110), 34.2°(101) and
53.1°(211) can be readily indexed to IrO2 (PDF 01-088-0288).
As shown in Fig. 4, a diffused diffraction peak at 260 = 40.5° was
observed on the spent catalysts, which corresponded to metal-

Table 2
TPR results of different samples.
Catalyst Hz consumption (umol/g) Re valence
Ir-Re/S 337.2 4.6
Ir-Re/S-C1 333.2 4.6
Ir-Re/S-C2 3381 4.6
Ir-Re/S-C3 346.8 44
Ir-Re/S-C4 338.3 4.5
Re/S 2281 2.7
L 4
Y IO, e SiO,
Ir-Re/S-C4
z Ir-Re/S-C3
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Fig. 3. XRD patters of alcohol-pretreated SiO2 supported catalysts be-
fore reaction.

lic iridium (PDF 01-087-0715). For both the fresh or spent cat-
alysts, a peak due to Re species was not detected, indicating
that the Re species was highly dispersed.

Fig. 5 displays the TEM images of the spent catalysts. The Ir
species and Re species were hard to distinguish by the lattice
fringes. But these visible particles were thought to be Ir species
because the Re species particles were so small that they would
be difficult to observe according to the results of XRD [8]. The Ir
average particle size calculated statistically by TEM are shown
in Table 3. It was found that the pretreated supports benefited
the dispersion of Ir and all of the alcohol-pretreated SiO2 sup-
ported catalysts showed a smaller Ir average particle size.
Ir-Re/S-C3 presented the smallest Ir particles. The TEM results
were consistent with that of the XRD measurements.

In the H2-TPD profiles (Fig. 6), the position of the peak cor-
responds to the adsorption strength. For all these catalysts, one
weak Hz desorption peak was observed at 350 K, indicating a
weak adsorption of hydrogen on the surface of metallic Ir. But
when the carbon number of the alcohol increased from 1 to 3,
the strength of hydrogen adsorption increased a little and then
decreased when the carbon number increased. Integrating the
desorption peak area, the amounts of desorbed hydrogen were
obtained, which are listed in Table 4. The desorption amounts
of Hz on Ir-Re/S catalyst was 4.9 umol/g, and this increased
when the support was pretreated with alcohol. The desorption
amounts of Hz were similar for all the alcohol-pretreated SiO2
supported catalysts. The dispersion of Ir on these catalysts,
which was calculated assuming one hydrogen molecule disso-
ciatively adsorbed on two Ir atoms, showed the same trend as
the desorption amounts of Hz. The dispersion calculated by the
TEM results (Table 3) was much higher than from H2-TPD, and
the amounts of exposed active metallic Ir was only approxi-
mately 32.5% of that calculated with the TEM results. This
suggested that Ir might be covered by Re species because ReOx
cannot adsorb hydrogen. We calculated the moles of Ir covered
by ReOx using the results of TEM and H2-TPD, and the data are
listed in Table 4. It was found that superficial Ir atoms on the
Ir-Re/S-C3 catalyst were the most covered among all the cata-
lysts.

Ir-Re/S-C4

lr—l}g/S—C3

Intensity

Ir-Re/S-C2

Ir-Re/S-C1

Mt i

Ir-Re/S

0 20 30 40 50 60 70 80
20/(°)

Fig. 4. XRD patterns of alcohol-pretreated SiO2 supported catalysts after
reaction.
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Fig. 5. HRTEM images of the spent alcohol-pretreated SiO: supported catalysts. (a) Ir-Re/S; (b) Ir-Re/S-C1; (c) Ir-Re/S-C2; (d) Ir-Re/S-C3; (e)

Ir-Re/S-C4.

Fig. 7 shows the NHs3-TPD profiles of the alcohol-pretreated
SiO2 supported catalysts and the untreated one. A very weak
NH3s desorption peak at a wide temperature range near 573 K
was detected on Ir/S. But Re/S showed one desorption peak at
490 K. All the catalysts containing Re showed a NH3 desorption
at 490 K, suggesting that the Re species was the main acidic
sites. Table 5 shows the NHs uptake of the samples calculated
by integration of the NH3 desorption amount. All the alco-
hol-pretreated SiO2 supported catalysts had a larger NHs up-

Table 3
Average particle size of Ir particles of different catalysts measured by
TEM.

take amount than the untreated one, and Ir-Re/S-C3 had the
highest uptake of NHs. The NH3 uptake indicate the amount of
superficial Re species. So the alcohol-pretreated catalysts have
more superficial Re species than Ir-Re/S. Therefore, it can be
inferred from these results that the Re species on the alco-
hol-pretreated SiO2 supported catalysts were dispersed better
than on untreated one. Based on the results that most Ir atoms
were covered by ReOx and Re species particles were smaller on

Table 4
Desorption amounts of Hz and dispersion of Ir calculated from de-
sorbed amounts of Ha.

Desorption amounts Dispersion Ir moles covered by

Catalyst
catalyst Average particle size of Ir species (nm)  Dispersion (%) AAYS of Hz (umol/g) (%) ReOx (umol/g)
Ir-Re/S 3.0 36.8 Ir-Re/S 49 9.4 28.5
Ir-Re/S-C1 2.5 44.2 Ir-Re/S-C1 7.8 15.0 30.4
Ir-Re/S-C2 2.5 44.2 Ir-Re/S-C2 7.6 14.6 30.8
Ir-Re/S-C3 2.4 46.0 Ir-Re/S-C3 7.4 14.2 33.1
Ir-Re/S-C4 2.9 38.1 Ir-Re/S-C4 7.7 14.8 24.2
P AN ReSIO,
Ir-Re/S-C4 1/SIO,
e thtmmross b oo
Nt 1t-Re/S-C3 __’_/L r-Re/S
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Fig. 6. H2-TPD profiles of the alcohol-pretreated SiO. supported cata-
lysts.

Fig. 7. NHs-TPD profiles of the alcohol-pretreated SiO2 supported cata-
lysts and untreated.
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Table 5

Uptake amount of NHs by different catalysts.

Catalyst Uptake of NHs (umol/g)
Ir-Re/S 233.2
Ir-Re/S-C1 257.6
Ir-Re/S-C2 275.1
Ir-Re/S-C3 295.5
Ir-Re/S-C4 239.0

the alcohol-pretreated SiO2 supported catalysts (especially for
Ir-Re/S-C3 catalyst), it can be concluded that there were more
Ir-ReOx interfacial sites on the alcohol-pretreated SiO2 sup-
ported catalysts. The Ir-ReOx interfacial sites increased when
the carbon number of the pretreatment alcohol increased from
1 to 3, and then decreased when carbon number was 4.

In order to investigate the acid types of the catalysts, FT-IR
analysis of pyridine adsorption was carried out. As shown in
Fig. 8, the bands at 1540 cm-! were attributed to Bronsted
acidic sites and the bands at 1450 cm-1 were assigned to Lewis
acidic sites [35]. The absorption bands at 1490 cm-! were due
to pyridine adsorption on both Bronsted acidic and Lewis acid-
ic sites [36]. Generally, the spectra obtained when pyridine
desorbed at 423, 623 and 723 K corresponded to all acidic,
medium-strong acidic and strong acidic sites, respectively. This
revealed that the Lewis acidic sites on the catalysts were weak
acids and the Bronsted acidic sites contained weak acids and
medium-strong acids. There were no strong acidic sites on the
Ir-Re/S and Ir-Re/S-C3 catalysts. The B/L acidic sites ratio of
the Ir-Re/S and Ir-Re/S-C3 catalysts were both approximately
3.3.

Re/S catalyst did not adsorb CO, as shown in Fig. 9. There-
fore, the local environment of the Ir sites can be probed by CO
adsorption using FT-IR. Adsorption of CO on Ir/S catalyst re-
sulted in a main band at 2084 cm-l. The adsorption bands
shifted to lower wavenumbers on the Ir-Re system catalysts,
which demonstrated that there were smaller Ir particles in the
Ir-Re system catalysts and the Re species promoted the disper-
sion of Ir species [37].

1540 1490 1450

| 623K
o | TV 43K
S : |
g /\ﬂ F\ Ir-Re/S
= :
g | 723K
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= W—\r\/_/m
= | g B —]

m P Ir-Re/S-C3
L | L | L | L | L
1550 1500 1450 1400 1350
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Fig. 8. FT-IR spectroscopy of pyridine adsorption on Ir-Re/S and
Ir-Re/S-C3 catalysts.
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Fig. 9. Infrared spectra of adsorbed CO on different catalysts.

3.3. Catalytic activity

The catalytic performance of the alcohol-pretreated SiO:
supported catalysts is listed in Table 6. A maximum conversion
of 59.5% was achieved when the glycerol feed with the con-
centration of 80% reacted over Ir-Re/S-C3 at 403 K and 8 MPa.
The conversion increased with an increase in carbon numbers
from 1 to 3. However, there was a decrease in the conversion of
glycerol when the carbon numbers of the alcohol was increased
to 4. With the increase of glycerol conversion, the selectivity to
1,3-propanediol and 1,2-propanediol decreased and that to
1-propanol, 2-propanol and propane increased. This suggested
that the high conversion of glycerol was accompanied by the
consecutive reaction of 1,3-propanediol and 1,2-propanediol,
thus leading to the lower selectivity to these and the higher
selectivity to excessive decomposition byproduct. However, the
ratio of removal selectivity to secondary hydroxyl groups/half
of primary hydroxyl groups (Sz-on/(S1-on/2)) of all of the cata-
lysts varied little, which means that the pretreated SiO2 support
has little influence on Sz-on/(S1-0n/2). All the catalysts may have
the same kind of active sites. The small decrease of
S2-0u/(S1-on/2) for the Ir-Re/S-C3 catalyst may be caused by the
competitive adsorption of a higher concentration of primary
hydroxyl groups. A higher removal yield of secondary hydroxyl
group (Y2-on) was observed on the Ir-Re/S-C3 catalyst (28.3%).
Y2-ou of all the alcohol-pretreated SiO2 supported catalysts was
higher than that of the Ir-Re/S catalyst. When the weight hourly
space velocity (WHSV) was increased to 0.76 h-1, the perfor-
mance of the Ir-Re/S-C3 catalyst is also listed in Table 6. The
conversion decreased to 43.4% which was similar to Ir-Re/S.
Accordingly the selectivity to 1,3-propanediol and
1,2-propanediol increased to 39.4% and 12.6%, which was also
similar to that of Ir-Re/S. This coincides with the inference we
proposed that the alcohol-pretreated SiO2 supported catalysts
did not promote the removal selectivity to secondary hydroxyl
groups.

We also conducted a experiment on the hydrogenolysis of
1,3-propanediol over Ir-Re/S and Ir-Re/S-C3. The results are
shown in Table 7. The conversion of 1,3-propanediol on
Ir-Re/S-C3 was much higher than that on Ir-Re/S. In conclu-
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Table 6
Catalytic performance of the alcohol-pretreated SiO2 supported catalystslal.

Conversion Selectivity (%) )
Catalyst (%) 1,3-PDb 1,2-PDc 1-P0 ¢ 2-POc  CsHg  Others® Szon/(Sron/2)" Vaou!
Ir-Re/S 42.7 39.1 12.4 338 10.6 4.0 0.1 2.0 21.6
Ir-Re/S-C1 53.6 359 11.6 37.0 10.2 5.0 0.3 2.0 26.6
Ir-Re/S-C2 56.8 329 11.2 39.5 10.6 5.4 0.2 1.9 27.5
Ir-Re/S-C3 59.5 29.4 9.1 43.1 10.6 7.4 0.4 1.8 28.3
Ir-Re/S-C4 44.5 40.6 15.8 26.1 7.5 9.4 0.6 2.0 223
Ir-Re/S-C3lel 43.8 38.8 12.4 339 9.4 5.1 0.4 2.1 22.2

aReaction condition: p = 8.0 MPa, T=403 K, WHSV = 0.53 h-1, 1.5 g catalyst, 80 wt% glycerol aqueous solution,Vxz = 40 mL/min, TOS = 36 h. Reduction
conditions: p = 0.1 MPa, V2 = 40 mL/min, T = 443 K, t = 2 h. 1,3-PD = 1,3-propandiol. ¢1,2-PD = 1,2-propanediol. ¢1-PO = 1-propanol. ¢2-PO =
2-propanol. fOthers include ethanol and ethane. 8Reaction conditions: p = 8.0 MPa, T= 403 K, WHSV= 0.76 h-1, 1.5 g catalyst, 80 wt% glycerol aqueous
solution, Vuz = 40 ml/min, t = 36 h. "Ratio of removal selectivity to secondary hydroxyl groups and half of primary hydroxyl groups. {Removal yield of

secondary hydroxyl group.

sion, the conversion of glycerol over the alcohol-pretreated
SiO2 supported catalysts was increased, but there was little
effect on the removal of secondary hydroxyl groups. The re-
verse trend of the conversion of glycerol and the selectivity to
1,3-propanediol was caused by the consecutive reaction of our
target product 1,3-propanediol.

From the TEM, H2-TPD and NH3-TPD results, we know that
there were more Ir-ReOx interfacial sites on the alco-
hol-pretreated SiO2 supported catalysts. The interfacial sites
were correlated with the conversion of glycerol. This supported
the suggestion that the Ir-ReOx interfacial sites are the active
sites for glycerol hydrogenolysis.

The XRD and TEM measurements of the spent catalysts re-
vealed that the Ir particles of Ir-Re/S-Cn were smaller than
Ir-Re/S, while the smallest particles was achieved on
Ir-Re/S-C3. This was a result from that the interaction of metal
species with isolated Si-OH promoted the formation of smaller
supported metal particles [23,26,27]. Isolated Si-OH would be
formed by the segregation of surface alkoxyl groups [22,32,38].
Therefore, it was considered that the pretreatment of supports
with alcohols increased isolated Si-OH on the support surface,
resulting in the formation of smaller IrO2 particles. It was also
reported that the strong interaction between metal species and
support also improved the dispersion of metal particles
[24,25]. A strong interaction between IrOz and SiO:z existed,
which was concluded from the TPR results. This would also be
a reason for the formation of smaller IrOz particles. Longer
carbon chains of alkoxyl have a better separation effect to hin-
der the metal precursors from aggregation, so the dispersion of
Ir species and Re species increased when the carbon number of
the pretreatment alcohol increased from 1 to 3. But when the

Table 7
Catalytic performance in the hydrogenolysis of 1,3-propanediol over
Ir-Re/S and Ir-Re/S-C3 a.

Catalyst Conversion Selectivity (%)

(%) 1-PO C3Hs Others
Ir-Re/S 41.8 91.2 8.4 0.4
Ir-Re/S-C3 63.6 93.7 5.5 0.8

aReaction conditions: p = 8.0 MPa, T = 403 K, WHSV = 0.533 h-1,15¢g
catalyst, 80 wt% 1, 3-propanediol aqueous solution,Vsz = 40 mL/min,
TOS = 36 h. Reduction conditions: p = 0.1 MPa, Vi = 40mL/min, T = 443
K t=2h.

carbon number increased to 4, the amount of C4 alcohol mole-
cules was smaller, so the dispersion of Ir species and Re species
decreased. Accordingly, the conversion over Ir-Re/S-C4 de-
creased.

4. Conclusions

A simple method for preparing highly dispersed supported
metal catalyst for glycerol hydrogenolysis was developed by
the modification of a support surface using C1-C4 normal al-
cohols. For the catalysts prepared using the alcohol-pretreated
SiO2 supports, a higher conversion of glycerol was achieved.
The higher conversion was due to more interfacial sites of Ir
and ReOx on the alcohol-pretreated SiO2 supported catalysts.
The kind of active sites on all the catalysts was similar because
they gave almost the same removal selectivity to secondary
alkoxyl groups. A higher conversion was accompanied by a
lower selectivity to 1,3-propanediol, which was caused by con-
secutive hydrogenolysis. However, the removal yield of sec-
ondary alkoxyl groups on the alcohol-pretreated SiO2 support-
ed catalysts, especially Ir-Re/S-C3, was higher than that on the
untreated catalyst. Therefore, by selecting an organic solvent
with a suitable chain length to modify the catalyst support, the
supported metal or metal oxide was adjusted or controlled to
form a designed particle size and had designed surface proper-
ties. This is highly attractive for optimizing the catalytic per-
formance of designed catalysts.
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