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Abstract

The crystal phase-dependence of ruthenium supported on titania (Ru@TiOz) catalysts on the product selectivity in the
aqueous phase hydrogenolysis of furfuryl alcohol (FFalc) was investigated. The supported ruthenium nanoparticles
(RulNPs) catalysts on TiO2 with different phases, c.a. rutile (R), anatase (A), and brookite (B) were employed. The
Ru@TiO2(R) catalysed the hydrogenation-rearrangement reaction of furan ring to afford cyclopentanone/cyclopentanol
(CPO/CPL) as the main product. The presence of high surface acidity in Ru@TiOz(R) catalyst promoted the
hydrogenation-rearrangement of furan ring leading to CPO/CPL as the main product as indicated by NHs3-TPD and
pyridine-ATR-IR results. In contrast, the Ru@Ti0Oz(A) catalyst selectively hydrogenolysed the furan ring to produce
1,5-pentanediol (1,5-PeD). This high selectivity of 1,5-PeD over Ru@TiO2(A) catalyst may be affected by the high
dispersion of Ru NPs on TiOz facets as depicted by the high Hs-uptake and small particle sizes.
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1. Introduction Since the furan ring consisted of two reactive
. functional groups; terminal aldehyde (C=0) and
The development of selective heterogeneous unsaturated furang ring (C=C), the reaction of

catalysts for the efficient transformation of FFald involved two-competitive reaction steps: (1)
biomass-derived platform furfural (FFald) into hydrogenation of C=0 and C=C bonds to THFalc
o,o-diols such as 1,2-, 1,4- or 1,5-pentanediol

- or (2) direct furan ring cleavage to 1,2-PeD and
(PeD) has been attracted great attentions [1,2].

1,5-PeD, which the major product of diols was
depended on the catalyst properties and reaction
conditions (Scheme 1) [3-5]. However, achieving
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a high selectivity and high yield synthesis of 1,2-
PeD or 1,5-PeD from either FFald or FFalc is
challenging due to the reactivity of the furan ring
and the complex interactions on the catalyst
surface [6-8]. Tomishige et al. highlighted that
increasing the selectivity of 1,5-PeD or 1,2-PeD
from FFalc is associated with metal active sites
and the basicity or acidity of catalysts used [5].
Nevertheless, metal-acid catalysts with strong
acidity led to the hydrogenative rearrangement of
furan ring to Cb5-cyclic compounds such as
cyclopentanone (CPO) or cyclopentanol (CPL) [9].
Consequently, designing and controlling the
selectivity of catalyst towards hydrogenative
rearrangement to CPO/CPL or hydrogenolysis of
furan ring to 1,2- or 1,5-PeD still remains a
significant challenge.

Metal oxides, such as CeQO2, ZrO2, or TiO2
supported-PGM catalysts, played important role
in the selective hydrogenation/hydrogenolysis
FFald, FFalc, or THFalc to 1,2-PeD or 1,5-PeD
[10-12]. For instance, Pt/CeOsz-nanocubes with
the ceria-terminal facets exposed (100) afforded
higher 1,2-PeD yield (77%) than that of Pt/CeO-
nanorods and Pt/CeO-octahedron catalysts
[11,12]. The dispersion of Ru nanoparticles
(RuNPS) on rutile(r)-TiO2 appeared to be higher
dispersion and narrow sizes distribution due to
strong interaction between RuO:2 and r-TiO:2
during thermal treatment. As the results, Ru/r-
TiO2 exhibited higher activity and thermal
stability than that of Ru/anatase(a)-TiOz catalyst
in CO2 methanation [13]. Similarly, Mageed et al.
reported that the selectivity product of COs:
methanation over Ru/r-TiOz catalysts are driven
by the temperature reduction, Ru metal loading
amount as well as the dispersion on TiOo.
Therefore, controlling the catalytic properties by
varying the support particle size, is of general
relevance for a larger number of catalysts and

OH

reactions [14]. Furthermore, crystal-phase-
depended strong metal-interaction of TiO2
supported-metal catalysts enhanced
hydrodeoxygenation of m-cresol as a function of
temperature reduction during the catalyst
preparation as reported by Cui et al. [15]. Most
recently Tan et al. reported that the aqueous
phase hydrogenative-rearrangement of FFalc to
CPO was crucially dictated by the Ni-O-Ti
interface structure, governing nickel speciation
and reactivity. Obviously, Ni on mixed-phase P25
exhibited highest FFalc conversion (91%)
affording 89% CPO with specific rate of 72 h-l,
which much higher than that of Ni on pure
anatase catalyst [16]. Most recently, Amin et al.
highlighted that the selectivity of Ru/TiO:
catalysts on the 5-hydroxymethylfurfural (HMF)
reaction was strongly depended on morfological of
TiOgz, dispersion of active metal (RuNPs), and
exposure of active metal on surface of TiOs.
Catalyst of Ru/TiOz with larger surface area
resulted higher dispersion of RulNPs and
exhibited the hydrogenolysis of hydroxyl group to
5-methylfurfural (5-MF). On the other hand,
Ru/Ti0z catalyst with lower surface area and high
particle sizes of RuNPs hydrogenated C=0 as well
as C=C bonds to produce 2,5-
bis(hydroxylmethyl)furan (BHMF) and 2,5-
bis(hydroxylmethyl)tetrahydofuran (BHMTHF)
[17]. Therefore, controlling the dispersion and
metal exposore on oxide supports is crucial for
switching the activity and selectivity of furan
reaction.

In the present vreport, the extended
investigation on the effect of TiO2 phase as the
support of RuNPs catalysts for hydrogenolysis or
hydrogenation-rearrangement of FFalc to the
target product of diols (1,2-, 1,4-, or 1,5-PeD) or
CPO/CPL. Motivated by the recent reports in our
group, the modification of g-AleOs with TiOz2(A)
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Scheme 1. Possible reaction pathways for the transformation of FFalc into high-added-value chemicals
(e.g., CPO/CPL and 1,5-PeD) using heterogeneous Ru-based catalysts [18].
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and TiOz(R) as the support of Ru-Sn catalysts
demonstrated a higher yield of 1,5-PeD with
CPO/CPL as the minor product, depending on the
type of TiOgz; anatase(A) or rutile(R) [19,20].
Herein, the crystal-phase dependence of
ruthenium supported on titania c.a. Ru@TiOz(R)
and Ru@TiO2(A) catalysts on the product
selectivity in the aqueous phase hydrogenolysis of
of has been investigated. The Ru@TiO2z(R) catalyst
allowed to produce CPO/CPL (up to 82% yield),
while the Ru@Ti02(A) afforded 1,5-PeD (up to 80%
yield) as the main product at 180 °C, initial H2 10-
30 bar for 3-5 h. A series characterisation
techniques, such as XRD, H2-TPR, NH3-TPD, and
pyridine-ATR-IR, were employed to gain the
catalytic results and catalyst structure-activity
relationship and discussed systematically.

2. Materials and Methods
2.1 Materials

Ruthenium (IIT) chloride x hydrate (RuCls-
xH20), furfuryl alcohol (95% GC), dodecane (99%),
2-methoxyethanol, ZrOz2, Nb20s5, and ZnO were
purchased from Sigma Aldrich Co. The active
charcoal (AC) (Ser = 600 m2.g-1) and y—Al203 (SBET
= 129 m2gl) were purchased from Merck
Millipore Co. Sodium hydroxide (NaOH pellet,
99,0%) and ethanol (C:Hs0H, 96%) were
purchased from Sigma-Millipore. TiO2 anatase
(TiO2(A)) and TiOz rutile (TiO2(R)) were
purchased and wused as received from
Hongwunewmaterial (HWNANO) Ltd Co.

2.2. Methods
2.2.1. Catalyst Preparation

Preparation  of Ru@TiO2(A):  Typical
procedure for the synthesis of Ru@TiOz2(A) (Ru =4
wt%) is described as follows [21,22]. A 0.0768 g
(0.3702 mmol) of ruthenium(III) chloride x
hydrate (RuCls - xH20) was dissolved in deionised
water at room temperature under gentle stirring.
A one-gram TiOz2(A) and RuCls solution were
mixed at the room temperature, then the
temperature was raised to 50 °C and kept in
stirring for 12 h. The pH was adjusted to 9-10 by
addition dropwise of an aqueous solution NaOH
(3.1 M). The mixture was transferred to the
sealed-Teflon autoclave reactor for hydrothermal
processes at 150 °C for 24 h. The obtaining black
(grey) solid precipitate was washed with distilled
water and acetone, and then dried in vacuo at
room temperature for overnight. Prior to
characterisation and catalytic reaction, the black
solid of Ru@TiO2(A) was reduced with hydrogen at
400 °C for 2 h.

For comparison, the TiOz (B) support was
prepared using a simple hydrolysis of TiCls
solution with concentrate HCl at room
temperature to obtain a clear solution of TiCls.

Around 20% of TiCls was mixture with NaOH 6 M
then transferred into the sealed-Teflon autoclave
reactor for hydrothermal processes at 150 °C for
24 h. The obtained white precipitate was washed
with distilled water and acetone and then dried in
vacuo for overnight. Prior to use as support, the
obtained white solid TiO2 brookite was dried at
110 °C for 12 h, then followed by calcination 300
°C under N2 for 2 h [21,23,24].

2.2.2. Catalyst Characterisations

The X-ray diffraction (XRD) analysis was
performed on a Miniflex 600 Rigaku instrument
with Cu as monochromatic source of Cu-Ka
radiation (A = 0.1544 nm). The XRD was operated
at 40 kV and 15 mA with a step width of 0.02°, a
scan speed of 4°min! (a1 = 0.1540 nm, a2 = 0.1544
nm), solar slit 1.25°, and using a Ni Kg filter.
Inductively-coupled plasma atomic emission
spectroscopy (ICP-AES) measurements were
performed on an SPS 1800H plasma spectrometer
by Seiko Instruments Inc. Japan (Ru: 267.87 nm
and Ti: 337.280 nm) at Chiba University.
Scanning electron microscopy-energy dispersive
X-ray spectroscopy (SEM-EDS) samples were
taken on the Phenom Pro G6 Desktop SEM with
acceleration voltage of 15 kV at Advanced
Laboratory of Mathematics and Natural Sciences
Faculty, Lambung Mangkurat University.

The Brunauer-Emmett-Teller (BET) surface
area (Sper) and pore volume (Vp) were measured
using N2 physisorption at -196 °C on a Belsorp
Max (BEL Japan). The samples were degassed at
200 °C for 2 h to remove physisorbed gases prior
to the measurement. The amount of nitrogen
adsorbed onto the samples was used to calculate
the Sper via the BET equation. The pore sizes
distribution and pore volume was estimated to be
the liquid volume of nitrogen at a relative
pressure of approximately 0.995 according to
Horvath-Kawazoe (HK) approach based on
desorption data [25].

The NHs-TPD was conducted on a Belsorp
Max (BEL Japan). The samples were degassed at
elevated temperature of 10-200 °C for 2 h to
remove physisorbed gases prior to the
measurement. The temperature was then kept at
200 °C for 2 h, while flushed with helium gas. NH3z
gas (balanced NHs, 80% and He, 20%) was
introduced at 100 °C for 30 min, then evacuated
by helium gas to remove the physisorbed NHs also
for 30 min. Finally, temperature programmed
desorption was conducted at temperature of 100 —
800 °C and the desorbed NH3s was monitored by
TCD.

The H2-TPR was performed on a Chemisorb
2750, Micromeritics. The samples were heated at
110 °C for 2 h under N2 stream with flow rate of
40 ml/min, then cooled to room temperature.
Before reduction processes, the line was purged
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with Hs (5% Ar gas v/v) for 30 min, then reduced
with the same gas (H2 (6% Ar v/v)) at elevated
temperature of 30-700 °C with ramping 10 °C/min.
The Hz uptake was calculated by using calibration
curve (H2 gas; 5% Ar gas v/v, and flow rate of 40
ml/min).

The calculation of the mean metal particle
size (dva) from H2 can be achieved based on the
volume—area mean diameter equation, Eq. (1)
[26]:

_ 6um
(Dam)

dya (1)

where, D is metal dispersion (the ratio of the total
number of metal atoms on the support surface to
the total number of metal atoms in the bulk
sample), vm is the volume occupied by a metal
atom (m) in the bulk (13.65 X 10-3 nm3 for Ru)[27]
and am is the surface area occupied by an exposed
surface metal atom (m). The unit cell of hcp Ru
has only two atoms and when the (0 0 1) plane is
exposed, the surface will have one Ru atom
available for Hz adsorption. When the (1 1 0) plane
is exposed, two Ru atoms will be exposed including
the atom at the (1/3, 2/3, 1/2) position. In addition,
reported results have shown that two other low-
index planes, the (0 0 1) and (1 1 0) planes, have
similar levels of surface energy compared to the (1
0 0) plane of Ru [20]. Therefore, the (1 0 0), (0 0 1),
and (1 1 0) low-index planes may contribute
equally to Hz adsorption. Similar to the treatment
by Masthan et al. [28] (1 0 0), (00 1), and (1 1 0)
planes are used to calculate exposed crystal-plane
area (am) instead of using only the (1 0 0) plane.
Therefore, the surface area occupied by one Ru
atom (am) (average from areas of (1 0 0), (0 0 1),
and (1 1 0) planes) is 9.09 X 102 nm? instead of
6.35 x 10-2 nm? when assuming that only the (0 0
1) plane is exposed.

D (metal dispersion, %) = (Vimon/22414) X S X M X
100 / (metal weight%) @)

where, Vimon = monolayer coverage of Hz on Ru,
cm3/g STP, M = atomic mass of metal; 101.07
g/mol, and S = stoichiometric factor of Hz to Ru
atom. Hs is assumed to be dissociatively adsorbed
on Ru metal surfaces, which 1s S = 2, as most
researchers use it [28,29].

2.2.3. Catalytic Reactions

Typical catalytic reaction procedure is
described as the follows. Catalyst (50 mg), FFalc
(2 mmol), dodecane (0.02 mmol), and H20 (3 mL)
as solvent were placed into a glass reaction tube,
which fitted inside a stainless-steel reactor. The
reactor was flushed with Hz for ~30 times, after
an initial Hz pressure of 30 bar was introduced at
room temperature, the reactor was heated to 180
oC. After 3 h, the reaction mixtures were

transferred into sample bin, centrifuged (~5000
rpm for 10 min) and analysed by using GC-FID.
The used Ru@TiO2(R) catalyst was separated
using either simple centrifugation or filtration,
dried overnight under vacuum at room
temperature, and re-activated with Hz at 400 °C
for 2 h prior to reusability testing.

2.2.4. Product Analysis

GC analyses of the reactant (FFalc) and
products (1,5-PeD, THFalc, 4,5-DHFM) were
performed on a Perkin Elmer Auto System XL
equipped with a flame ionization detector and
Restek Rtx® BAC Plus 1 capillary column. GC
analysis was operated at detector and injector
temperatures of 250 °C and 240 °C, respectively,
N2 as a carrier gas (14 mL/min), rates of air and
H2 were 450 ml/min and H: 45 ml/min,
respectively. Products were confirmed by the
comparison of their GC and GC-MS retention
time and mass spectra with the literatures,
except for 4,5-DHFM due to the limitation of
commercial availability.

The calibration curve was performed using
known concentrations of internal standard (n-
dodecane), reactant and products to determine
the correct response factors. The conversion of
FFalc and the yield of the products were
calculated according to the following equations:

Fo—Ft

Fo
mol of product

x 100% (3)

x Conversion (%) 4)

Conversion (%) =

Yield (%) =

where, Fy is the introduced mol reactant (FFalc),
F; i1s the remained mol reactant, which are all
obtained from GC analysis using an internal
standard technique.

3. Results and Discussion

3.1. Screening of Catalyst for Reaction of FFalc to
1,5-PeD

In attempting to find the most suitable
heterogeneous supported ruthenium catalyst for
aqueous phase hydrogenolysis of furfuryl alcohol
to diols (1,2-PeD or 1,5-PeD), we then
investigated the effect of various supported Ru
catalysts at 180 °C, Hz 30 bar, in H20 for 3 h. The
results of catalytic reaction of FFalc over various
supported Ru are summarised in Table 1. At the
first experiments, the catalytic reaction of FFalc
using a commercially available Ru/C (5 wt% Ru)
was conducted and the products were mixture of
2-MeF and 2-MeTHF (46%) and CPO/CPL 21% at
100% conversion of FFalc (entry 1). By using
Ru@TiOz(R) catalyst, 84% of FFalc was converted
into 82% CPO/CPL and small amount of side
product (others) (2%) (entry 2). Interestingly, a
remarkable different of reaction product was
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obtained over Ru@TiOz(A) catalyst under the
same reaction conditions. Over this catalyst, the
main product was 1,5-PeD (80%) with small
amount of 4,5-DHFM (5%) and CPO/CPL (4%) at
87% FFalc conversion (entry 3). The Ru@TiO2(B)
catalyst with structure of brookite, rutile, and
anatase phases (TiOz2(B)) for comparison was also
synthesised and tested for the reaction of FFalc to
1,5-PeD under the same conditions. An 89% FFalc
was converted and the products were distributed
to 45% 1,5-PeD, 3% 4,5-DHFM, 15% THFalc, and
26% CPO/CPL (entry 4). Furthermore, ruthenium
supported on carbon-doped TiOz2(A) (Ru@C-
TiO2(A)) and carbon-doped TiOz2(R) (Ru@C-
TiOz2(R)) catalysts afforded diols (1,5-PeD and 1,2-
PeD mixture) and CPO/CPL with total yield of 20-
31% and 4-8%, respectively (entries 5-6). These
results indicate that the presence of carbon doping
affected to the product distribution of FFalc
reaction [23].

Catalysts ruthenium-based supported on
various metal oxides (e.g., y-Al203, ZrOz, Zn0O, and

I +.5-0HFM [l cPO/CPL
Il 1.5-PeD - O - Conversion

100+ (a) Ru@TiOL(R) o

80}

Yield & Conversion (%)

160 180 200
Reaction temperature (°C)

Nb20s5) gave THFalc as the main product (65-81%)
with 18-22% yield of 1,5-PeD at completed
reaction under the same conditions (entries 7-10).
Based on these results, it can be presumably
concluded that Ru@TiOz(R) selectively catalysed
the furan ring rearrangement to CPO/CPL while
Ru@TiO2(A) promoted the hydrogenolysis of C-O
bond of FFale towards 1,5-PeD or 1,2-PeD. To
complete this conclusion, a series investigation on
the evaluation of parameter reactions
(temperature, initial H2 pressure, and time
profiles) both Ru@TiO2(R) and Ru@TiO2(A)

catalysts are performed and discussed
systematically.
3.2 Evaluation of Reaction Parameters:

Ru@TiOz(R) vs Ru@TiOz(A)
3.2.1. Effect of reaction temperature

The influence of reaction temperature on the
FFalc conversion and product distribution was
investigated and the results are shown in Figure

I 4 5-0HFV [l CPO/CPL
Il 1.5-PeD - O - Conversion

(b) Ru@TIO,(A)

100 -

20

Yield & Conversion (%)
N ()] 0]
o (=] (=] (=]
Q

160 180 200

Reaction temperature (°C)

Figure 1. Effect of reaction temperature on the FFalc conversion and yields of 4,5-DHFM, CPO/CPL, and
1,5-PeD over (a) Ru@TiO2(R) and (b) Ru@Ti0z2(A) catalysts. Reaction conditions: Cat. (0.05 g), FFalc (2.0)

mmol, H20 (3 mL), Hz (30 bar), 160-200 °C, 3 h.

Table 1. Results of selective hydrogenolysis of FFalc using various supported Ru-based catalysts.
Reaction conditions: Cat. (0.05 g), FFalc (2.0) mmol, H20 (3 mL), Hz (30 bar), 180 °C, 3 h. aConversion
and yield were determined by GC (FID) using an internal standard technique. The carbon balance was
more than 95% for all the reactions. POthers include the condensation product of FFalc (according to the

GC-MS data).
. Comy Yield« (%)
Entry atalyst ) 1,5-PeD 4,5- CPO 2-MeF (2-
*)  opep)y pHFM THFAlC  oppy o hepppy  Others®

1  Ru@C 100 0 0 0 21 46 33
2 Ru@TiOx(R) 84 0 0 0 82 0 2
3 Ru@TiOx(A) 88 80 5 0 4 0 0
4 Ru@TiOx(B) 89 45 3 15 26 0 0
5  Ru@C-TiOx(A) 85 26(5) 0 19 18 0 2
6  Ru@C-TiO(R) 95 0(20) 0 58 4 5 8
7 Ru@y-Al:Os 100 0(6) 0 71 6 7 4
8  Ru@ZrO: 100 19 0 81 0 0 0
9  Ru@ZnO 100 29 0 74 0 0 0
10 Ru@Nh2Os 100 18 0 65 15 0 2
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1. As the Ru@TiO2(R) catalyst selectively
produced CPO/CPL, the influence of reaction
temperature was firstly evaluated during FFalc
reaction at 160-200 °C, H2 30 bar for 3 h. The
conversion of FFalc smoothly increased as
reaction temperature was increased to reach
100% conversion. At 160 °C, the product was only
CPO/CPL (58%) at 58% conversion of FFalc. When
reaction temperature was increased to 180 °C, the
conversion of FFalc slightly increased to 72% to
afford 68% CPO/CPL and 4% 4,5-DHFM.
However, further increase in  reaction
temperature to 200 °C caused not only FFalc was
increased to 100% but also the formation 1,5-PeD
(11%) was also observed while yield of CPO/CPL
slightly increased to 70% (Figure 1(a)).

In the case of Ru@TiOsz(A) catalyst, the
conversion of FFalc slightly increased as the
reaction temperature was elevated from 160 °C to
200 °C to reach 90% FFalc conversion. The yield of
1,56-PeD increased gradually from 73% at 160 °C
to 80% and 81% at 180 °C and 200 °C, respectively.
Similar to 1,5-PeD yield, the amount of CPO/CPL
was nearly constant (4-5%) at the temperature of
160-180 °C, but remaining 2% after reaction
temperature was increased to 200 °C. In contrast,
yield of 4,5-DHFM increased smoothly as the
reaction temperature was increased (Figure 1(b)).
These results suggest that catalytic reaction of
FFalc using Ru@Ti0O2(A) did not depend on the
current reaction temperature, which is consistent
with the hydrogenation of LA to GVL [30] or
hydrogenation of functionalized carboxylic acids
[31] using similar Ru/TiO2 catalyst as reported
previously. Therefore, it can be concluded that the
optimised reaction temperature for the synthesis
of CPO/CPL from FFalc over Ru@TiO2(R) catalyst
was 160-180 °C, while the synthesis of 1,5-PeD
from FFalc over Ru@Ti02(A) catalyst was 180-200
°C. However, further study on the influence of

I + 5-0HFV [l cPO/CPL

Il 1.5-P<D - © - Conversion (@) RU@TIO,R)

100 =

80 =

60

40

Yield & Conversion (%)

20

5 7 0 11

Reaction time (h)

catalyst preparation (e.g., thermal treatment or
loading amount) on the catalytic activity and
selectivity is important to ensure the role of
catalyst structure-activity / selectivity
relationship.

3.2.2. Effect of reaction time

The reaction profiles of FFalc conversion as a
function of reaction time at 3 h and 5 h over
Ru@TiO2(R) and Ru@TiO2(A) catalysts are shown
in Figure 2. Over Ru@TiO:2(R) catalyst, the
conversion of FFalc was 72% to produce 68%
CPO/CPL and 4% 4,5-DHFM and 1,5-PeD product
was not observed after reaction time of 3 h. After
reaction was extended to 5 h, the conversion of
FFalc slightly increased to 84% with the main
product was CPO/CPL (80%), whereas other
products were 1,5-PeD (2%) and 4,5-DHFM (2%)
Figure 2(a). The formation small amount of 1.5-
PeD and remaining 4,5-DHFM seems likely due to
the side reaction of FFalc to 4,5-DHFM then
followed by ring opening to 1,5-PeD occurred as
the subsequent reaction after 5 h. It has been
reported that, the competitive reaction between
hydrogenation-hydrogenolysis of furan ring to
diols (1,5-PeD or 1,2-PeD) and furan ring
rearrangement might be regulated by the surface
acidity of catalyst systems, both Brensted and
Lewis acidity [32]. In contrast to Ru@TiOsz(R)
catalyst, Ru@TiO2(A) catalyst exhibited slightly
higher FFalc conversion and displayed different
product distribution (Figure 2(b)). After 3 h, FFalc
conversion was 88% to selectively produce 1,5-PeD
(80%), 4% CPO/CPL, and 4% 4,5-DHFM. These
results indicate that the reaction of FFalc over
Ru@TiO2(A)  catalyst  proceeded  different
pathways.

Nevertheless, the transformation of FFale
may involve two reaction pathways, first, partial

B 4.5-0HFM Il cPO/CPL )
Il 1.5-PeD - O - Conversion () RU@TIO (A)

100} O PP

80

60

Yield & Conversion (%)

T T

5 7 9 11

Reaction time (h)

Figure 2. Effect of reaction time on the FFalc conversion and yields of 4,5-DHFM, CPO/CPL, and 1,5-PeD
over (a) Ru@TiOz2(R) and (b) Ru@TiOz2(A) catalysts. Reaction conditions: Cat. (0.05 g), FFalc (2.0) mmol,

H20 (3 mL), H2 (30 bar), 180 °C, 3-5 h.
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hydrogenation of C=C furan ring to form 4,5-
DHFM then followed by the ring opening of C2-O
of formed 4,5-DHFM to selectively produce 1,5-
PeD [19,33]. Second, furan ring rearrangement on
the acidic surface of catalyst to form HCP, then
followed by hydrogenation to CPO [34]. To confirm
these suggestions, the reaction was extended to 11
h both of catalysts. As expected, Ru@TiOz2(R)
catalyst converted 100% FFalc and the products
were 16% 1,5-PeD, 83% CPO/CPL, and small
amount of remained 4,5-DHFM (1%). On the other
hand, Ru@TiO2(A) afforded 87% 1,5-PeD, 10%
CPO/CPL, and 3% 4,5-DHFM at 100% FFalc
conversion after 11 h. This indicates that
Ru@TiO2(A) catalyst system preferentially follow
the reaction pathways of 1,5-PeD via 4,5-DHFM
intermediate which in accordance with the
previous work using bimetallic Ru-Sn catalysts
[18]. Since the 4,5-DHFM intermediate is not
commercially available, the synthesis of 4,5-
DHFM wusing our Ru-Sn catalysts, isolation,
purification, and 'H- and !3C-NMR analyses
would be the important for the next investigation.

3.2.3. Effect of initial He pressure

The reaction of furan ring of FFalc in the
presence of transition metal catalyst strongly
affected by hydrogen concentration. At high
concentration of Hz over Ru or Ni-based catalysts
proceeded C=C hydrogenation to produce
tetrahydrofurfuryl alcohol (THFalc) [19]. The
affinity of Ru or Ni-based catalysts towards C=C
hydrogenation can be regulated by two simple
approaches; modifying with second electropositive
metal to form bimetallic alloy [33,35] or
constructing on the metal oxide supports that
enable strong metal support interaction (SMSI)
phenomena [36].

The effect of initial Hs pressure on the FFalc
conversion and yields of 4,5-DHFM, CPO/CPL,
and 1,5-PeD over (a) Ru@TiO2(R) and (b)

I 4.5-DHFM [l CPO/CPL

Il 1.5-PeD - © - Conversion

100 | (a) Ru@TiO,R)

80
60

40}

Yield & Conversion (%)

201

20 30
Initial H, pressure (bar)

Ru@TiO2(A) catalysts is shown in Figure 3. Both
Ru@TiOz2(R) and Ru@TiO2(A) catalysts
demonstrated low affinity towards C=C
hydrogenation as indicated by the total hindrance
of THFalc formation alongside the increase of
initial He pressure. By using Ru@TiOz(R) catalyst,
the increase in the initial H2 pressure to 30 bars
resulted the low conversion (72%) but remained
high selectivity of CPO/CPL (68% yield). A small
amount 4.5-DHFM (4%) was observed without the
formation of 1,5-PeD (Figure 3(a)). On the other
hand, at lower initial Hs pressure (10-20 bar), the
conversion of FFalc reached maximum. However,
while the amount of CPO/CPL remain high (67-
75%), the formation of 1,5-PeD significantly
increased to 18-25% with 7-8% yield of 4,5-DHFM
was remained (Figure 3(a)). Furthermore, similar
product profiles were also obtained from
hydrogenolysis of FFalc over Ru@TiOz2(A) catalyst.
The completed conversion of FFalc (100%) was
obtained at initial Hz pressure of 10 bar with
products were distributed to 84% 1,5-PeD, 1%
CPO/CPL, and 15% 4,5-DHFM. The amount of
4,5-DHFM increased as the initial H2 pressure
was decreased, whereas CPO/CPL decreased
oppositely (Figure 3(b)). These results suggest
that the cleavage of C2-O bond of furan ring over
both Ru@TiOz2(R) and Ru@TiO2(A) catalysts
preferentially occurred under low concentration of
Hz, which consistent with the previous reports
[18,20,37]. Therefore, it can be presumably
concluded that the optimised reaction parameters
for FFalc conversion towards CPO/CPL using
Ru@TiO2(R) was 180 °C, Hz 30 bar for 3 h, while
for the synthesis of 1,5-PeD over Ru@TiO2(A) was
180 °C, 10-20 bar H: after 3 h.

3.3. Catalyst Structure-Activity Relationship

Figure 4 shows the XRD patterns of
Ru@TiOz2(A) (Fig. 4(a)) and Ru@TiO2(R) (Figure
4(b)) catalysts which were synthesised by using

[ 4 5-DHFM [l cPO/CPL
Il 1.5-PeD - O - Conversion

(b) RU@TIO,(A)

Yield & Conversion (%)

20 30

Initial H, pressure (bar)

Figure 3. Effect of initial Hz2 pressure on the FFalc conversion and yields of 4,5-DHFM, CPO/CPL, and
1,5-PeD over (a) Ru@Ti0:2(R) and (b) Ru@TiOz2(A) catalysts. Reaction conditions: Cat. (0.05 g), FFalc (2.0)

mmol, H20 (3 mL), Hz (10-30 bar), 180 °C, 3 h.
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coprecipitation-hydrothermal from commercially
available of TiOz rutile (TiO2(R)) and TiO2 anatase
(TiO2(A)) at 150 °C for 24 h, followed by reduction
with Hz at 400 °C for 2 h.

The sole structure of anatase in Ru@TiOz2(A)
catalyst was clearly observed as indicated by
series diffraction peaks of TiO2(A) phases at 20 =
25.30, 37.8°, 48.0°, 54.00, 55.1°, 62.7°, 68.8°, 70.2°,
75.1°, and 82.8° (JCPDS No. 21-1276) which can
be assigned as (101), (112), (200), (105), (211),
(204), (116), (220), (215), and (301) planes of TiOz
anatase phases, respectively (Figure 4(a)). The
average crystallite sizes of TiO2(101) anatase
phase at 20 = 25.3° was 36.2 nm (Table 2). In the
case of of rutile as indicated by a series of sharp
diffraction peaks at 20 = 27.32°, 36.06°, 41.28e,
54.36°, 56.40°, 63.10° and 69.38° (JCPDS No. 21-
1276) which can be attributed as (110), (101),
(111), (211), (220), (002), and (301) planes of TiOz
rutile phases, respectively (Figure 4(b)). The
average crystallite sizes of TiO2(110) at 20 =
27.32° in Ru@TiO2(R) sample was 26.5 nm. A
small diffraction peak of metallic Ru(101) was
clearly observed at 20 = 44.06° (JCPDS No. 006-
0663) over Ru@TiO2(R) sample, whereas the
diffraction peak of metallic Ru(101) was not
observed over Ru@TiOz2(A) sample. This can be
attributed to due to strong metal support
interaction (SMSI) effect in Ru@TiOz(A) may
dominate than that of in Ru@TiOz(R), resulting in
the coverage of Ru nanoparticles by TiOx
overlayers and leading to higher dispersion

[ 7000 cps

Intensity (a.u.)
--------- - --Ru(101)

20 30 40 50 60 70 80
20(CuKa)/deg.

Figure 4. XRD patterns of (a) Ru@TiOz2(A) and (b)

Ru@TiO2(R) catalysts after reduction with Hz at

400 °C for 2 h.

RuNPs as it has been previously observed by Lin
et al. [38] and Azzahra [23].

The hydrogen-temperature programmed
reduction (Hz-TPR) of catalysts help to identify
the surface species during the hydrogen reduction
process. The Hz-uptake, metal dispersion, and
particle diameter the synthesised Ru@TiO2
catalysts are summarised in Table 2. It is found
that the specific surface area BET (Sgrr) derived
from N2 adsorption-desorption for Ru@TiO2(A)
and Ru@TiOz2(R) samples was 37.1 m2.g-1 and 28.2
mZ2.g-1, respectively (Table 2).

In the case of Ru@TiO2(A) sample, a high
intensity of reduction peak at 73 °C, which can be
attributed to the reduction peak of RuQOs to Ru®
that interacting with TiOz2(A) support (Figure
5(a)). A broad reduction peak at around 295 °C
over this sample was also observed, suggesting
typical reduction of RuOz with strong interaction
with the TiOz [39]. The highest reduction peak
was observed at 441 °C with low and broad
intensity, which can be suggested as the extended-
reduction peak of RuOz with strong interaction
with TiO2(A). Zhao and co-workers have suggested
that the reduction peak at around 400-450 °C due
to the strong-metal support interaction (SMSI)
phenomena in TiO2 supported Ru metal catalysts
[40]. A series reduction peaks at 276 °C, 323 °C
and 441 °C were clearly observed over Ru@TiOz(R)
sample (Figure 5(b)). As similar to the
Ru@TiO2(A) sample, two distinctive reduction
peaks at 276 °C and 323 °C were observed, which

Jo.015

(]

o

[\
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(323

TCD signal (a.u.)

100 200 300 400 500
Temperature reduction (°C)

Figure 5. H2-TPR profiles of (a) Ru@Ti02(A) and
(b) Ru@TiO2(R) catalysts.

Table 2. Physico-chemical properties (Hz-uptake, metal dispersion, and particle diameter of synthesised

Ru@TiOz catalysts.

SBET® H2 uptake? -0 dvad TiO2¢
Entry Catalyst (m2.g1) (mmol.g"1) De (%) (nm) (nm)
1 Ru@TiO2(A) 37.1 1.52 214 4.2 36.2
2 Ru@TiO2(R) 28.2 1.36 11.2 8.3 26.2

aSpecific surface area BET (Sger), calculated from the amount of adsorbed Nz from N2 adsorption-desorption data. ®The Hz uptake
was derived from H2-TPR data. <Metal dispersion (%). ¥T"he mean metal particle size (dva). eAverage crystallite sizes of TiO2(101)
anatase at 20 = 25.3° and TiO2(110) rutile at 20 = 27.3¢ using the Scherrer's equation.
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can be assigned as the typical reduction of RuO:2
with strong interaction with the TiO2. However,
the reduction peak at 441 °C for Ru@TiOz2(R) is
hardly distinguished, suggesting the SMSI
phenomena over this sample is less extend and it
may less intimate interaction between Ru and
TiOz surface [41,42]. It is found that the H:
uptakes of Ru@TiOz2(A) and Ru@TiOz(R) catalysts
were 1.52 mmol.g'! and 1.36 mmol.g1, respectively
(Table 2). The dispersion and particles sizes of Ru
metal were also estimated from the H2 uptake
data using the proposed equation of Shen et al.
with an assumption that the surface area occupied
by an exposed surface of Ru(001) [26]. It is found
that the dispersion (D) of Ru nanoparticles in
Ru@TiOz2(A) and Ru@TiO2(R) was 21.4% and
11.2% with and the mean metal particle size (dva)
of 4.2 nm and 8.3 nm, respectively (Table 2).

The NHs-TPD profiles were formally divided
into three desorption temperature regions to
denote three types of acid sites [43,44]: (1) weak
acid sites, ranging from 100 to 200 °C, (2)
moderate acid sites, ranging from 200 to 350 °C,
and (3) strong acid sites, ranging from >350 °C
(Figure 6). Both Ru@TiOz2(A) and Ru@TiO:z(R)
have similar patterns of desorption peaks with
different intensities. A desorption peak at 138-168
oC is assigned as the weak acid sites, and the
desorption peak at 214-282 °C is attributed as the
strong acid sites. No strong acid sites were
observed upon both of samples (Figure 6(b)). The
amount of each acid sites and total acid sites are
summarised in Table 3. Ru@TiO2(A) catalyst
consisted of 87 umol NHs.g! as the weak acid sites

)

Ru@TiOLR)
RU@TIO,(A)

TCD signal (pV)

150 220 290 360 430 500
Temperature desorption (°C)

and 112 pmol NHs.g! as the medium acid sites
(entry 1). On the other hand, Ru@TiO:z(R)
comprised 201 pmol NHs.g! as the weak acid sites
and 707 pmol NHs.g! as the medium acid sites
(entry 2). The presence large amount of strong
acid sites may affect the product selectivity as
indicated by the high yield of THFalc and
CPO/CPL (Table 1, entry 2). Though the
Ru@TiO2(A) has much lower total acidity of 199
umol NHs per gram than that of Ru@TiO2(A) (908
umol NHs per gram), whereas the types of acid
sites of those catalysts were almost same (Figure
6). Since NHs-TPD does not allow for the
differentiation of Lewis and Brensted acid sites,
pyridine-ATR-IR analysis was conducted on the
synthesised catalysts of Ru@TiOz2(A) and
Ru@TiOz(R) and the results are shown in Figure
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A
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Figure 7. Pyridine-FTIR spectra of (a)
Ru@TiOz2(A) and (b) Ru@TiOz(R) catalysts.
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Figure 6. NHs3-TPD profiles of (a) original spectra and (b) deconvoluted spectra of Ru@TiO2(R) and
Ru@Ti0O2(A) catalysts, respectively after reduction with Hz at 400 °C for 2 h.

Table 3. Acidic properties of the synthesised Ru@TiO:z catalysts. aAcidity was derived from NHs-TPD
spectra according to the formula as reported by Azzouz et al. [44].

Entry Catalyst Weake Mediume® Strong Total acidity®
(100-200 °C) (200-350 °C) (>350 °C) (umol NHs.g1)

1 Ru@TiO2(A) 87 112 - 199

2 Ru@TiO2(R) 201 707 - 908
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7.

According to the literatures on pyridine
adsorption peaks in Ru-containing catalysts
[45,46] the bands are assigned as follows: the
pyridinium ion (PyH*), which forms from the
reaction of pyridine with Brensted acid sites (B)
shows bands around 1647 cm! (vsa);
coordinatively bound pyridines on Lewis acid sites
(L) shows bands around 1445 (vigy) and 1575 cm-1;
and physisorbed or_hydrogen-bonded pyridine (H)
exhibits bands at near 1437 and 1599 cm-. The
band around 1490 cm'! represents common
vibrations from both PyH* (B) and coordinatively
bound pyridine (L) [47]. The Py-ATR-IR spectrum
of Ru@TiO2(A) confirmed the sole presence of
Lewis acid sites, indicated by bands at 1435, 1480,
1586 cm! [48]. In contrast, the Ru@TiOz(R)
sample displayed the designed bands at 1637 cm-
1, signifying the presence of Bronsted acid sites.
However, the role distinguished acid site,
Brgnsted or Lewis acid sites in the catalyst for
both Ru@TiO2(A) and Ru@TiO2(R) catalysts
during FFalc transformation remained unclear.
Therefore, the investigations on role of types of
acid sites (Brgnsted or Lewis) and the detail
structure catalyst-activity relationship system are
still necessary for future study.

4. Conclusions

We have described the crystal phase-
dependence of ruthenium supported on titania
(Ru@TiOg) catalysts on the product selectivity in
the aqueous phase hydrogenolysis of furfuryl
alcohol was investigated. Two types of TiO2 with
different phases of rutile (R) dan anatase (A) were
employed as the support. The Ru@TiOz catalysts
were synthesised by using coprecipitation-
hydrothermal at 150 °C for 24 h, followed by
reduction with Hz2 at 400 °C for 2 h. Results of
FFalc reaction showed that Ru@TiO2(R) catalyst
produced high yield of CPO/CPL (up to 82%),
whereas Ru@TiOz2(R) catalyst afforded 1,5-PeD
(80% yield) at 180 °C, initial Hz 10-30 bar for 3-5
h. XRD patterns of Ru@TiOz2(A) revealed the sol
structure of TiO:z anatase, while Ru@TiO2z(R)
exhibited the presence of Ru(101) and pristine
structure of TiO:z rutile. These suggest that the
dispersion of Ru on TiO2(A) is higher than that of
on TiO2(R), which consistent with results of H2
uptake, dispersion (D), average diameter of Ru
NPs, conversion of FFalc. The presence of higher
surface acidity promoted the hydrogenation-
rearrangement of furan ring leading to CPO/CPL
as the main product as indicated by NH3-TPD and
pyridine-ATR-IR results. This high selectivity of
1,5-PeD over Ru@TiOz2(A) catalyst may be affected
by the high dispersion of Ru NPs on TiOz facets as
depicted by the high Hz-uptake and small particle

sizes. Therefore, Further investigations on the
role of crystal-phase both of TiOz2(A) and TiO2(B)
using advanced techniques (e.g. XPS, FFalc- or
CO-DRIFT spectroscopies or HR-TEM) and
microkinetic studies are challenging for future
research.
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