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Abstract—Carbon nanofiber (CNFs) supported Ru catalysts for sorbitol hydrogenolysis to ethylene glycol and propy-
lene glycol were prepared by incipient wetness impregnation, calcination and reduction. The effect of calcination on
catalyst properties was investigated using thermal gravimetry analysis, temperature-programmed reduction, X-ray dif-
fraction, X-ray photoelectron spectroscopy, transmission electron microscopy and N, physisorption. The results indi-
cated that calcination introduced a great amount of surface oxygen-containing groups (SOCGs) onto CNF surface and
induced the phase transformation of Ru species, but slightly changed the texture of Ru/CNFs. The catalytic performance
in sorbitol hydrogenolysis showed that Ru/CNFs catalyst calcined at 240 °C presented the highest glycol selectivities
and reasonable glycol yields. It was believed that the inhibition and confinement effect of SOCGs around Ru particles
as well as the high dispersion of Ru particles was the key factor for the catalytic activity.
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INTRODUCTION

Biomass conversion has received much attention in recent years
[1-3]. According to the U.S. Energy Department Report for select-
ing carbohydrate-derived building blocks in future biorefineries,
sorbitol is one of the most potential building blocks, and sorbitol
hydrogenolysis to propylene glycol and ethylene glycol affords the
opportunity to utilize a renewable resource for the large-scale pro-
duction of commodity chemicals [4]. Sorbitol hydrogenolysis has
been industrialized in China and proved to be environmentally and
economically advantageous over traditional petroleum-based gly-
col production processes.
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In the reaction of sorbitol hydrogenolysis to glycols, sorbitol and
intermediate species undergo complex reaction pathways including
dehydrogenation, retro-aldol condensation, dehydration and hydro-
genation. According to the polyol hydrogenolysis mechanism (Fig. 1)
proposed by Wang et al. [5], the first step is sorbitol dehydrogena-
tion on metal surface. In a basic environment, dehydrogenated-sorbi-
tol undergoes retro-aldol condensation (C-C bond cleavage reaction)
and/or dehydration (C-O bond cleavage reaction), which gives birth
to C2 and C3 unsaturated intermediates. Finally, glycols are formed
by metal-catalyzed hydrogenation of C2 and C3 intermediates. In
addition, if the unsaturated intermediates cannot be hydrogenated
over metal catalyst, they will undergo some base-catalyzed by-reac-

OH
RCHCH,OH + HOCH,R'

Hydrogenation
e —

OH

Hydrogenation I

= RCHCHCH,R'
OH

Fig. 1. Polyols hydrogenolysis mechanism proposed by Wang et al. [7].
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tions so that glycol selectivities are decreased [5-7]. An overview
of previous literature indicates that sorbitol conversion and glycol
selectivities depend on the catalyst used in reaction. In our previ-
ous work, a novel carbon nanofiber (CNFs) supported Ru catalyst,
which was activated by direct reduction, performed much better
than commercial RwWAC catalyst under moderate operating condi-
tions [7]. Besides glycols, some byproducts, such as C1-C4 organic
acids, were also detected in the final product mixture. These byprod-
ucts are low-value chemicals in comparison with glycols, and their
separation is accomplished by energy-consuming distillation pro-
cess. Undoubtedly, selectivity is a crucial factor for the commercial
feasibility of sorbitol hydrogenolysis. Furthermore, higher selectivity
to desired product is always pursued in catalysis research, espe-
cially in view of sustainable development in recent years [8]. There-
fore, it is necessary to conduct further study on Ru/CNFs catalyst
for developing a catalyst with higher glycol selectivities under mod-
erate operating conditions.

Recently, the work in our group demonstrated that calcining Ru/
CNFs catalyst before catalyst reduction induced some changes in cata-
lyst properties and significantly enhanced glycol selectivities in sorb-
itol hydrogenolysis. In this paper, we report the corresponding results.

EXPERIMENTAL

CNFs and as-prepared 3.0 wt% Ru/CNFs catalyst were synthe-
sized according to the method described before [7]. Then the as-
prepared Ru/CNFs catalyst was calcined for 5h at 180, 240 and
300 °C, and the calcined catalysts were denoted as Ru/CNFs-180 °C,
Ru/CNFs-240 °C and Ru/CNFs-300 °C, respectively. Ru/CNFs cat-
alysts were activated for 5 h at 300 °C in a H,/Ar (100/300 mL/min)
gas mixture before they were used in sorbitol hydrogenolysis.

Thermal gravimetry analysis (TGA) was performed on an SDT
Q600 apparatus (TA, USA) using dry air as carrier gas (flow rate:
50 mL/min), and the heating rate was 10 °C/min. N, physisorption
was conducted on an ASAP 2010 apparatus (Micromeritics, USA)
at 77 K after out-gassing the samples for 6 h at 190 °C and 1 mm
Hg vacuum. Temperature-programmed reduction (TPR) experiments
were carried out on Autochem II 2920 apparatus (Micromeritics,
USA). After 1 h of moisture elimination at 150 °C in N, atmosphere,
the TPR profile of sample was recorded at a heating rate of 10 °C/
min in a 10% H,/Ar mixture. X-ray diffraction (XRD) patterns of
Ru/CNFs catalysts were measured on a D/Max2550VB/PC appa-
ratus (Rigaku, Japan) using Cu K¢ radiation. Transmission elec-
tron microscopy (TEM) was performed on a JSM 2010 apparatus
(JOEL, Japan) to observe the microstructure of reduced Ruw/CNFs
catalysts. Reduced Ru/CNFs catalysts were also characterized by
X-ray photoelectron spectroscopy (XPS) on an Axis Ultra DLD
apparatus (Kratos, Japan) using Al K ¢ radiation under 1x107 Torr,
and the binding energy was calibrated by the containment carbon
(C 1s=284.6¢eV).

Sorbitol hydrogenolysis was performed for 4 h at 220 °C and 10.0
MPa in a 500 mL autoclave (Parr 4575A, USA). The autoclave was
charged with 330 g aqueous mixture containing sorbitol (66.00 g),
calcium oxide (basic promoter, 10.00 g) and 0.50 g reduced Ru/
CNFs catalyst [7]. The liquid product mixture was analyzed on an
HPLC system (HP 1100, Agilent, USA) equipped with a Platisil
ODS C18 column (4.6 mmx250 mm, 5 um) and an RID detector.
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Fig. 2. TGA curves of purified CNFs and as-prepared Ru/CNFs
catalyst.

RESULTS AND DISCUSSION

1. Thermal Behavior of Purified CNFs and As-prepared Ru/
CNFs Catalyst

TGA was conducted to investigate the thermal stabilities of puri-
fied CNFs and as-prepared Ru/CNFs catalyst in air. As shown in
Fig. 2, the on-set weight loss temperature (temperature at which 5
wt% weight loss occurred) of purified CNFs was at 530 °C and the
CNFs were bumt out at 640 °C. Comparatively, much more weight
loss (ca. 27%) was detected for the as-prepared Ru/CNFs catalyst
at 530 °C, which clearly indicated that the ruthenium-containing
species on CNF surface catalyzed the gasification of CNFs.

To identify whether the catalytic gasification of CNFs took place
when the as-prepared Ru/CNFs catalyst was calcined at different
temperatures, the samples were accurately weighed before and after
calcination. As displayed in Table 1, a significant weight loss (13.33
wt%) was found for Rw/CNFs-300 °C, which was undoubtedly due
to the catalytic gasification of CNFs. In the case of Rw/CNFs-180 °C
and Ru/CNFs-240 °C, only slight weight losses were detected. Be-
cause catalyst had been dried at 120 °C before calcination and RuCl,
easily underwent phase transformation in air [9-11], these slight weight
losses should be attributed to the catalytic gasification of CNFs and/
or the phase transformation of Ru species.

2. TPR and XRD Characterization

Fig. 3 shows the TPR profiles of RuCl; precursor and Ru/CNFs
catalysts. For the RuCl; precursor powders, only one broad peak
appeared at 217 °C. However, two peaks, which were located at a

Table 1. Catalyst weight loss and Ru loading of the Ru/CNFs cat-
alysts calcined at different temperatures

Catalyst Catalyst weight loss (%) Loading” (%)
As-prepared Ru/CNFs - 3.00
Ru/CNFs-180 °C 2.74 3.08
Ru/CNFs-240 °C 3.04 3.09
Ru/CNFs-300 °C 11.33 3.38

“The loading was calibrated in consideration of the catalyst weight
loss during calcination
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Fig. 3. TPR profiles of RuCL; precursor and Ru/CNFs catalysts.

temperature lower than 250 °C, appeared in the TPR profile of as-
prepared Ru/CNFs catalyst. When calcination temperature was in-
creased, the peak at lower temperature became predominant, where-
as the one at higher temperature seemed to diminish gradually. As
a result, only one peak was observed for Ru/CNFs-300 °C, and it
reflected the reduction of RuO, particles according to the XRD pat-
tern in Fig. 4. These changes clearly indicated that phase transfor-
mation of Ru species took place during catalyst calcination. Addi-
tionally, a broad peak was always found at the temperature above
250°C in the TPR profiles of all the Ru/CNFs catalysts, and it should
be attributed to the methanation of carbon atoms [12].

In the TPR profiles of as-prepared Rw/CNFs, RwWCNFs-180 °C
and Ru/CNFs-240 °C, the existence of two peaks at the temperature
lower than 250 °C indicated that ruthenium existed in two forms in
these three catalysts. It is known that RuCl, can be oxidized easily
and transformed into ruthenium oxychloride (RuCl0,) (0<x<3, 0<
y<2) or RuO, when it is exposed or/and heat-treated in air [9-11].
Therefore, the peak, which was intensified when catalyst calcina-
tion temperature was increased, should be ascribed to the reduction
process of oxygen-containing Ru species. Accordingly, the peak,
which diminished gradually when catalyst calcination temperature
was increased, reflected the reduction of RuCl; species. Although
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Fig. 4. XRD patterns of Ru/CNFs catalysts.

Ru atoms existed in different forms in four Ru/CNFs catalysts, Fig.
3 indicates that reduction at 300 °C could guarantee the activation
of these catalysts.

According to the molecule weights of RuCl, and RuO,, the cata-
lyst weight loss was supposed to be less than 2.20 wt% even though
RuCl, was completely transformed into RuO, during catalyst calci-
nation. As has been discussed above, some Ru atoms still existed in
the form of RuCl, in Ruw/CNFs-180 °C and Rw/CNFs-240 °C. Hence
the weight losses for Ru/CNFs-180 °C (2.74 wt%) and Ru/CNFs-
240 °C (3.04 wt%) indicated that CNFs gasification happened dur-
ing catalyst calcination.

3. XPS Investigation

As shown in Table 2, calcination increased the amount of surface
oxygen-containing groups (SOCGs) on Ru/CNFs catalyst surface,
which should be attributed to the gasification of CNFs support dur-
ing catalyst calcination [13]. For a qualitative analysis, the XPS spec-
tra of O 1s region were deconvolved into five peaks [13-15]: peak 1
(530.6-531.2 eV), carbonyl oxygen of quinines; peak 2 (532.1-532.9
eV), carbonyl oxygen atoms in esters, anhydrides and oxygen atoms
in hydroxyl groups; peak 3 (533.4-533.8 ¢V), non-carbonyl (ether-
type) oxygen atoms in esters and anhydrides; peak 4 (534.8-535.1
eV), oxygen atoms in carboxyl groups; and peak 5 (536.2-536.7
eV), adsorbed water and/or oxygen. From the deconvolution results
displayed in Table 2 and Fig. 5(a)-(d), one can see that the distribu-
tion of SOCGs depended on calcination temperature.

In addition, the less intense Ru 3p region instead of Ru 3d region

Table 2. Surface O 1s atomic concentration in as-prepared and reduced Ru/CNFs catalysts

O 1s atomic concentration, %

Catalyst

Sum Peak 1 Peak 2 Peak 3 Peak 4 Peak 5
As-prepared Ru/CNFs 1.99 0.87 0.47 0.42 0.11 0.12
Ru/CNFs-180 °C 431 1.49 0.88 1.53 0.26 0.15
Ru/CNFs-240 °C 4.78 1.38 1.84 0.94 0.38 0.24
Ru/CNFs-300 °C 5.62 2.39 0.52 1.85 0.52 0.35
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Fig. 5. XPS spectra of the Ru/CNFs catalysts after reduction treatment. (a) O 1s region for as-prepared Ru/CNFs, (b) O 1s region for
Ru/CNFs-180 °C, (¢) O 1s region for Ru/CNFs-240 °C, (d) O 1s region for Ru/CNFs-300 °C, (e) Ru 3p region for as-prepared Ru/
CNFs, (f) Ru 3p region for Ru/CNFs-180 °C, (g) Ru 3p region for Ru/CNFs-240 °C, (h) Ru 3p region for Ru/CNFs-300 °C.
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was used to study the chemical state of the Ru particles because of
the overlap of Ru 3d,, peak with C 1s region [16,17]. As shown in
Fig. 5(e)-(h), the binding energy of Ru 3p,, was 462.2-462.3 eV
and the binding energy of Ru 3p,, was 484.2-484.5 ¢V, which was
in agreement with other studies on Ru/CNFs catalysts [18,19] and
multi-wall carbon nanotubes (MWCNTS) supported Ru particles
[16]. This result indicated that Ru particles existed in approximately
identical chemical state in all the reduced Ru/CNFs catalysts, though
Ru atoms existed in different forms when the as-prepared Ru/CNFs
catalyst was calcined at different temperatures.
4. TEM Observation

As shown in Fig. 6(a)-(c), Ru particles dispersed on CNF surface

with almost identical particle size around 1.0 nm in as-prepared Ru/
CNFs, Ru/CNFs-180 °C and Ru/CNFs-240 °C, and this result ratio-
nalized the fact that XRD technique did not detect any Ru species
in these three catalysts. In the case of reduced Ru/CNFs-300 °C cata-
lyst (Fig. 6(d)), Ru particles located on a rough CNF surface with
particle size around 10 nm, which reflected the sintering of Ru pre-
cursor particles during catalyst calcination at 300 °C. The rough CNF
surface in the reduced Ru/CNFs-300 °C catalyst should be related
to the significant gasification of CNFs during cal- cination.
5. N, Physisorption

In Fig. 7(a), all the isotherms appear as type IV according to the
IUPAC classification and evidenced the mesoporous texture of Ru/

Fig. 6. Typical TEM images of reduced Ru/CNFs catalysts. (a) as-prepared Ru/CNFs; (b) Ru/CNFs-180 °C; (¢) Ru/CNFs-240 °C and (d)

Ru/CNFs-300 °C.
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Fig. 7. N, adsorption-desorption isotherms (a) and pore size distribution (b) of Ru/CNFs catalysts.
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Table 3. Catalytic performance of the Ru/CNFs catalysts in sorbitol hydrogenolysis”

Sorbitol Glycol selectivities (%) Glycols yields (%)
Catalyst .
conversion (%) EG PG Sum EG PG Sum
As-prepared Ru/CNFs 49.89 20.12 27.35 47.47 10.04 13.64 23.68
Ruw/CNFs-180 °C 35.51 24.21 35.51 59.72 8.60 12.61 21.21
Rw/CNFs-240 °C 32.62 25.29 39.75 65.04 8.25 12.97 21.22
Rw/CNFs-300 °C 22.74 10.78 24.34 35.12 2.45 5.53 7.98

“EG=ethylene glycol, PG=propylene glycol

CNFs catalysts. The pore size distributions of catalysts are given in
Fig. 7(b). For the as-prepared RwCNFs, the size of the primary pores
was around 3.9 nm, and the size of the secondary pores ranged from
11.2 to 144 nm. Calcination at 180 °C and 240 °C did not alter the
pore size distribution around 3.9 nm but clearly decreased the amount
of the pores with pore size larger than 11.2 nm. As a result, the BJH
desorption average pore diameter was decreased from 8.6 nm to
6.6 nm (Rw/CNFs-180 °C) and to 6.1 nm (Rw/CNFs-240 °C). When
the as-prepared Ru/CNFs was calcined at 300 °C, the amounts of
the pores with pore size around 3.9 nm and the pores with pore size
larger than 11.2 nm were reduced, but more pores with pore size
from 4.3 nm to 11.2 nm emerged and resulted in the average pore
diameter of 6.2 nm.

6. Sorbitol Hydrogenolysis

Table 3 shows that the catalytic performance of as-prepared Ru/
CNFs catalyst was remarkably changed by calcination treatment.
Calcining catalyst at 180 °C and 240 °C decreased sorbitol conver-
sion but enhanced glycol selectivities, especially the selectivity to
PG However, both sorbitol conversion and glycol selectivities were
remarkably decreased when the as-prepared Ru/CNFs was calcined
at 300 °C. Noticeably, by virtue of the higher glycol selectivities,
RwCNFs-180 °C and Rw/CNFs-240 °C displayed similar glycol yields
in comparison with as-prepared Ru/CNFs.

In the point of view of sustainable development and commercial
feasibility, Ru/CNFs-240 °C was the best catalyst for sorbitol hydro-
genolysis, because it displayed the highest selectivity and reasonable
yield. In other words, calcination at 240 °C before catalyst reduc-
tion improved the catalytic performance of as-prepared Ru/CNFs
by modifying some catalyst properties. As displayed in Table 1 and
Fig. 5-6, Ru loading, the chemical state of Ru particles and Ru par-
ticle size on CNFs were approximately identical in as-prepared Ru/
CNFs and RwW/CNFs-240 °C, so these factors could not explain the
effect of calcination on the catalytic performance of as-prepared
Ru/CNFs. Although calcination at 240 °C decreased the BJH des-
orption average pore diameter from 8.6 nm to 6.1 nm, this slight
modification could not bring about a remarkable influence on the
internal diffusion of the reactants. Thus the variance in pore size
distribution should not be considered as the major factor responsible
for the observed significant change in the catalytic performance of
as-prepared Ru/CNFs, either.

On the basis of sorbitol hydrogenolysis mechanism discussed in
the introduction section, it seems that the most proper explanation
for the effect of calcination at 240 °C on the catalytic performance
of as-prepared Ru/CNFs should be ascribed to the modification to
SOCGs. As shown in Table 2, calcination at 240 °C significantly
increased the amount of SOCGs, especially carbonyl group and hy-

droxyl group (peak 1 and 2). Since Ru species particles could cata-
lyze CNF gasification during catalyst calcination, it is believed that
SOCGs mainly existed around Ru particles in Ru/CNFs-240 °C.
As a result, these polar SOCGs restrained sorbitol molecule from
adsorbing on Ru particles via some interactions, such as hydrogen
bond and orientation force between SOCGs and the hydroxyl groups
in sorbitol molecule. This inhibition effect decreased the rate of sorbi-
tol dehydrogenation, and consequently decreased the sorbitol con-
version. Similarly, the SOCGs around Ru particles confined the polar
unsaturated species in the vicinity of Ru particles. This confinement
effect made the unsaturated species preferentially undergo hydro-
genation over Ru particles rather than by-reactions in the bulk liquid
phase, so higher glycol selectivities were obtained over Ru/CNFs-
240 °C. Although the above effect of SOCGs on sorbitol hydro-
genolysis has not been reported in previous studies, researchers have
found that the interactions between SOCGs and reactants imposed
positive or negative effects on many catalytic reactions, such as cin-
namaldehyde hydrogenation over Ru/CNFs and Pt/CNFs [18,20,
21], oxidation of benzyl alcohol over Ru/CNFs [22] and hydrode-
chlorination of chlorobenzenes over Pd/AC, Pd/graphite and Pd/
CNFs [23].

As shown in Table 2, Ru/CNFs-180 °C and Ru/CNFs-240 °C had
similar amount of SOCGs after reduction treatment. Furthermore,
catalyst characterizations showed that the two catalysts were very
similar in terms of Ru loading, pore size distribution and Ru particle
size. As a result, they displayed similar catalytic performance in
sorbitol hydrogenolysis. Although Ru/CNFs-300 °C had the most
amount of SOCGs among four catalysts, it performed worst in terms
of sorbitol conversion and glycol selectivities. This was probably
because of the much larger Ru particles or lower Ru dispersion in
Ru/CNFs-300 °C (Fig. 6). The lower Ru dispersion meant fewer
Ru active sites for sorbitol hydrogenolysis and hence lower sorbi-
tol conversion. Moreover, the larger Ru particles were also respon-
sible for the lower selectivity, which has been proven in our other
study where the Ru particles around 18 nm over activated carbon
displayed very low selectivities in sorbitol hydrogenolysis [7]. As
was described in the introduction section, the formation of glycols in
sorbitol hydrogenolysis is achieved by metal-catalyzed hydrogenation
of unsaturated species [5], so the lower glycol selectivities over the
larger Ru particles could be rationalized by the fact that the larger Ru
particles were poorly active to hydrogenate unsaturated species [24].

CONCLUSIONS

Carbon nanofiber (CNFs) supported Ru catalyst was prepared
and then calcined at different temperatures before reduction treat-

Korean J. Chem. Eng.(Vol. 27, No. 5)
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ment. Catalyst weighing, TPR and XRD characterization revealed
that catalytic gasification of CNFs and phase transformation of Ru
precursor took place during calcination. XPS investigation demon-
strated that a large amount of SOCGs were introduced onto the CNFs
surface when the as-prepared Ru/CNFs catalyst was calcined. N,
physisorption showed that the textural structure of the as-prepared
Ru/CNFs was slightly altered by calcination. It was found that Ru
particles uniformly dispersed on CNFs surface with particle size
around 1.0 nm when as-prepared Rw/CNFs, Ru/CNFs-180 °C and
Ru/CNFs-240 °C were reduced. Comparatively, larger Ru particles
around 10 nm were found on the rough CNF surface in the reduced
RwCNFs-300 °C.

All the reduced Ru/CNFs catalysts were used in sorbitol hydro-
genolysis to propylene glycol and ethylene glycol. It was found that
catalyst calcination significantly changed the catalytic performance
of as-prepared Ru/CNFs catalyst. Ru/CNFs-240 °C presented the
highest selectivity as well as reasonable glycol yields. Catalyst char-
acterization suggested that the appropriate amount and distribution
of SOCGs and the high Ru dispersion should be responsible for
the good performance of Ru/CNFs-240 °C catalyst. Moreover, a
model, in which sorbitol hydrogenolysis was influenced by the in-
hibition effect and the confinement effect of SOCGs around Ru par-
ticles, was proposed to explain the role of SOCGs.
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