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The experimental and theoretical study were performed to investigate the glycerol hydrogenolysis to 1,2-
propanediol (1,2 PD) over Cu/Al,O; and the alumina hydration effect on catalytic activity. The
experimental results show that glycerol hydrogenolysis on Cu/Al,O; is highly active and selective to 1,2
PD, and water containing in glycerol feedstock can decrease the catalytic reactivity. The DFT calculations
demonstrate that the improved catalytic activity on Cu/Al,05; compared to pure copper catalyst is assisted
by the acidic site (Al site) of the alumina surface and its partial hydration. The alumina hydroxylation
significantly modifies its Al site activity. The Al site and the copper site on hydroxylated alumina show
similar affinity for glycerol and acetol adsorption. The Al site shows lower barrier energy of the glycerol
initial O-H bond cleavage than the Cu site. However, water containing in reactants additional from water
produced during dehydration step may initially reduce the number of active Al site, consequently, the

catalytic reactivity decreases.

1. Introduction

Glycerol is one of the most important building blocks in the
conversion of biomass feedstock to value-added chemicals in bio-
refineries. It is an abundant by-product from biodiesel production
by transesterification of vegetable oils and animal fats and the
production can be close to 10 wt.% of the overall biodiesel
production."* High purity glycerol could be obtained by
multistep purification process, and is widely used in
cosmeceutical, pharmaceutical and medical applications. In
addition, new catalytic process to convert glycerol to value-added
chemicals has been developed. Glycerol conversion can take
place via many processes such as fermentation, oxidation,
reduction, gasification, carboxylation and esterification.” >

Glycerol contains high O/C content; therefore glycerol C-O
hydrogenolysis is one of the most appealing methods.' Glycerol
hydrogenolysis produces various chemical products and among
all products, some are very industrially important particularly 1,3
3s propanediol (1,3 PD),*'* 1,2 propanediol (1,2 PD; propylene
glycerol),®?! lactic acid,** * 1-propanol, 2-propanol and
ethylene glycol (EG). The 1,3 PD is the most attractive product
from glycerol conversion due to its high market price and great
demand. 1,3 PD is used as a monomer of biodegradable polyester
(polypropylene terephthalate, PPT) which has gained increased
attention recently.” ** The propanol and EG are not considered as
the main targets of glycerol conversion because of the lower
market price, poorer carbon atom efficiency and excessive
hydrogen atoms consumption."?* 1,2 PD is a non-toxic substance
45 and is extensively used as a monomer for polyester resins which
are applied in many consumer products such as paints, liquid
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detergent, and cosmetics." Currently 1,2 PD is commercially
produced from propylene oxide.** Although the cost of producing
1,2 PD from glycerol conversion is higher compared to the
current method and it is a key barrier, glycerol conversion
approach is a promising one for the sustainable development of
our society.

A number of studies have focused on the conversion of glycerol
to 1,2 PD using heterogeneous catalysts. Hydrogenolysis of
glycerol into 1,2 PD proceeds over various metal catalysts such
as Ru®, P22 Rh® %% N3t 32 cu'® * and supported metal on
TiO,, SiO,, ZrO, and Al,O; 2% 338 The activity and selectivity
of the reaction can be directed by the reaction conditions and
nature of the catalysts. Pd/C showed low activity to 1,2 PD while
Pt/C showed higher selectivity (82.7%) and higher yield (28.6%)
which is also higher than that on Ru/C (40% selectivity and
17.5% vyield).”” The noble metal catalysts often promote C-C
cleavage, consequently relatively poor propanediol selectivity.
Copper is known for its poor C-C cleavage activity and good for
C-O bond cleavage which formally occurs during hydrogenolysis
process.*%3% 40

As a less expensive alternative, copper draws great attention for
glycerol hydrogenolysis. Cu-based catalysts on various supports
such as Si0,'> ¥, ALO;'® > ¥ Zn0-AL,0,*° and MgO-Al,05*'
exhibited high selectivity (>90%) for 1,2 PD and high glycerol
conversions (> 75%). It has been clearly demonstrated that the
influence of the support is crucial for the reaction. Nevertheless,
the glycerol hydrogenolysis mechanism pathway still remains in
questions. The glycerol hydrogenolysis to 1,2 PD reaction

75 schematic is shown in Scheme 1. The selective conversion of

glycerol to propanediols is known as a bi-functional reaction
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which requires catalysts both for dehydration and for
hydrogenation functionality. On Pt/Al,O; catalyst, it has shown
that the presence of an acid—base and a metal function plays role
in the dehydration of glycerol.*> * Also, several theoretical
studies using DFT calculations attempted to investigate the
elementary reaction of glycerol conversion and glycerol
decomposition on metallic surfaces such as Pt(111) and
Rh(lll)'30,44-46

(o]
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Ox OH alaliites
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Scheme 1. Glycerol conversion to 1,2 PD.

Cu-Al catalyst system has been proposed for glycerol
hydrogenolysis with high selectivity.*> ** Keneda et al. reported
Cu nanoparticles prepared from Cu-Al hydrotalcite gave over
99% yield of 1,2 PD.¥ Kwak et al. found that the CuALO,
prepared using sol-gel method showed glycerol conversion of
90% with 90% selectivity and 83% yield of 1,2 PD at 220 °C and
50 bar of H, initial pressure for 12 h **. However, the preparation
of the spinel is generally required high calcination temperature,
and would cause difficulty on scaling-up of the synthesis and the
cost effectiveness. In this sense the common impregnation
method of Cu on alumina is a promising way to simply prepare
the catalyst with scaling-up capability. Additionally, the
understanding of the copper and alumina roles in this process has
been rarely reported. Under the hydrogenolysis condition, water
molecules were continuously produced and possibly affect the
catalytic system. The presence of water on the surface alumina
was shown to facilitate the heterolytic splitting of methane and H,
dissociation.*” > The elucidation of how the partial hydration
effects on surface reactivity is important in order to understand
the nature of catalyst and its key factors governing activity and
selectivity of the glycerol conversion.

In this work, we conducted the experimental and theoretical study
to investigate the glycerol hydrogenolysis to 1,2-propanediol (1,2
PD) over Cu/Al,03 and to demonstrate that the alumina acidic
35 active sites are important for the catalytic reactivity. Also, this
work presents the impact on the reactivity of the acidic site on
alumina support and the metallic Cu site induced by partial
hydration on alumina surface.

2. Experimental Details
2.1 Catalyst Preparation and Characterization

Alumina-supported Cu catalysts (Cu/Al,O;) were prepared by
conventional impregnation method with loading of Cu at 35
wt.%. The y-Al,O; support was commercially obtained from
Sasol company, Germany. The impregnated samples were dried
overnight and then calcined at 450 °C for 4 h. Unsupported
copper catalysts were obtained commercially from Sigma
Aldrich.

The specific surface area was analyzed by a N, sorption
technique at -196 °C on the Nova 2000e, Quantachrome
so Instruments, Germany. Prior to the measurement, the samples
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were degassed at 120 °C for 1 h. The hydrogen temperature
programmed reduction (H,-TPR) was conducted using a
CHEMBET-Pulsar Quantachrome Instruments with a thermal
conductivity detector (TCD). The catalyst (20 mg) was reduced in
5 vol% H,/Ar at a flow rate of 30 mL/min at a heating rate of
10°C/min from 100 to 800 °C. X-ray diffraction (XRD) patterns
of powder samples were collected on an X-ray diffractometer (D8
ADVANCE, Bruker, Ltd., Germany) using a Cu Ka radiation.
The measurement was operated at 40 kV and 40 mA, and in step
of 0.02°/s with a step time of 0.5 s over the range of 20° <20 <
70°.

2.2 Evaluation of catalytic properties

All glycerol hydrogenolysis reactions were conducted in a 130
mL stainless steel autoclave with a stirrer. Prior to each reaction
test, the prepared catalyst was reduced in 10% H,/N, at 300 °C for
3 h, typically, 10 g of glycerol (Sigma-Aldrich, 99.5%) and 1 g of
a pre-reduced catalyst were loaded into the autoclave. The
autoclave was pressurized with H,, (Praxair, 99.999%) to 5 MPa.
Then, the reactor was heated to the desired temperature. The
initial reaction pressure was observed to increase with the
elevated temperature and reached its maximum when the
temperature reached the desired value. After that, the pressure
was found to decrease slowly with the reaction time indicating
the hydrogen consumption during the reaction test. The tests were
repeated twice, and the variability of data ase less than 5%. After
the test, the autoclave was cooled down to an ambient
temperature with an ice-water bath for 20 min, followed by
depressurization. Liquid-phase product was centrifuged to
remove the solid catalyst powder. The chemical compositions in
the liquid were analyzed by gas chromatography (GC-2010,
Shimadzu) equipped with a flame ionization detector and a
capillary column (DB-WAX, Agilent technologies, 30 m in
length with 0.25 mm id. and 0.25 pm film thickness). The
glycerol conversion, product yield and selectivity are calculated
using the following equations:

) _ (mole of glycerol consumed
- mole of glycerol fed

Conversion(% ) X 100 @)

mole of 1,2 PD produced
maximum mole of 1,2 PD produced

Yield(%) = (

) x 100 )

Selectivity to species i (%) = (M) x 100 3)

total mole of products

2.3 Computational details

The slab model of Cu(111) and Cu(100) surfaces with a unit cell
of 4x4 and 3x3, respectively, containing 4 layers of metal atoms
and a vacuum region approximately 15 A was applied. The two
atomic layers from the bottom of the slab were fixed, while the
top two layers were relaxed to their lowest energy configurations.
The fixed layers were set to Cu bulk bond distances according to
the optimized lattice constant that was determined from bulk
calculation. The calculated Cu lattice constant is 3.63 A. The slab
model of y-Al,05(110) surface contains twenty four Al,Oj
molecular units and ~I15 A of the vacuum region excluding
adsorbates. The (110) crystalline surface was chosen because it
dominates in y-alumina nanocrystallites (~70-83% of total area)’"
32, Eight of Al,O; molecular units located in atomic layers from
bottom of the slab were fixed and the rest were relaxed including
the Cu, cluster and adsorbates. The fixed layers were set to y-

10s Al,O; bulk bond distances in which the y-Al,O; bulk model
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structure was taken from ref °" %, The Cuy cluster was placed on
the y-Al,05(110) surface initially in both planar and tetrahedral
orientations. The tetrahedral Cu, was found to be more stable on
v-Al,05(110) surface than the planar Cuy, thus the tetrahedral
Cuy/y-Al,05(110) model was employed. The 4-atom Cu cluster
was chosen based on the fact that it is the smallest unit that can
provide a three-dimensional structure (the tetrahedral structure)
presenting Cu-Cu and Cu-support interaction. It should be noted
that the copper particle size can affect the reactivity as well which
may due to the variation of the amount of low coordinated active
atoms. The supported metal-4 cluster on y-Al,O3 surface were
previously employed to study CO, C,H, adsorption, CO,
hydrogenation, and CH, and H, dissociation.>**®

Adsorption of water on alumina creates hydroxyls covered the
surface. The relationship between the hydroxyl coverage on Y-
Al O5(110) surface and temperature has been investigated
previously by Digne et al.>' Applying this relationship, the OH
coverage on 7Y-Al,O3(110) surface corresponding to the
experimental temperature in the range of 200-300°C is
approximately 5.9-11.8 OH/nm™. The 5.9 OH/nm? coverage
corresponding to 4 H,O molecules on the y-Al,03(110) surface
model was employed in this work. The (110) surface exhibits a
great variety of surface hydroxyl groups due to many differences
of local environments of the Al and O surface atoms. We
performed a variety of hydroxyl group adsorption locations
particularly around the copper cluster in order to bring in the
effect of alumina hydroxylation on copper cluster reactivity. The
bare structure of y-Al,O3(110) and the most favorable structure of
Cuy/y-Al,0;(110) are shown in the supplementary information
(Fig. S1).

The density functional theory calculations, as implemented in the
Vienna ab initio Simulation Program’” ** were applied. The
calculations used the GGA-PBE functional® and the Projector
Augmented Wavefuction (PAW)** ! method for representing the
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non-valence core electrons. For all calculations reported herein,
we used a 400 eV cutoff for the kinetic energy of the plane-wave
basis-set. The Methfessel-Paxton smearing™ of order 1 with a
value of smearing parameter ¢ of 0.1 eV and the Gaussian
broadening® with a smearing width of 0.1 eV was employed for
Cu(111),(100) and y-Al,O;3 surfaces, respectively. The surface
Brillouin zone was sampled with a 3x3x1 Monkhorst-Pack k-
point mesh * for Cu(111),(100) and 2x2x1 for Cuy/y-Al,04(110).
The results were checked for convergence with respect to energy
cutoff and number of k-points. The convergence criterion for
electronic self-consistent iteration was set to 107 eV and the ionic
relaxation loop was limited for all forces smaller than 0.035 eV/A
for free atoms. The transition states (TS) structures were located
using nudged elastic band (NEB)® and dimer®® methods. The TS
structures were characterized by a normal mode analysis to
ensure that it features one imaginary frequency.

The binding energies of the adsorbates on surfaces were
calculated as

BEsasorbate =

E(adsorbate/Cu) — E(Cu) — E(adsorbate(g)) 4)
BEsasorbate =

E(adsorbate/Cu,/y Al,05(110)) — E(Cu,/y Al,05(110)) —
E(adsorbate(g) )

where the first term is the total energy of adsorbates adsorbed on
Cu(111),(100) or Cuy4/y-Al,03(110) surface, the second term is
the energy of bare Cu(111),(100) or Cuy/y-Al,O3(110) structure
and the last term, E (adsorbate(g)), is the energy of an isolated
adsorbate. The more negative the binding energy, the stronger the
binding.

3. Results and discussion
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Fig.1. XRD patterns of the catalysts (a) CuO and (b) Cu/Al,O; before and after reduction: CuO (4),Cu’® (O), Al,O3 (V).

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00-00 | 3



RSC

Advances

3.1 Characterization of Cu-based spinel catalysts

The y-ALO; has a specific surface area of 201.1 m%g and pore
volume of 0.550 cm’/g. The surface area and pore volume were
lowered to 123.4 m%/g and 0.306 cm®/g after the Cu loading. This
indicated the success deposition of copper species onto the
alumina. The decrease in the surface area and pore volume by ca.
38-43% in the copper loaded sample compared to the AlOs
corresponded to the amount of loaded Cu species along with the
partial copper coverage and blockage on the surfaces and pores of
AlL,O;. Nonetheless, the average pore size of the catalysts
remained almost constant at 7.5 nm. Note that the unsupported
Cu and CuO had extremely low surface area which is less than 2
m%/g. As shown in Fig. 1, the XRD patterns of the fresh catalysts

w

1sor amorphous structure. After the reduction, CuO was
transformed to metallic copper phase, and no oxide phase was
detected over all samples. The TEM (transmission electron
microscopy) images (Fig.S2 in supplementary information)
shows bare Cu is a dense particle with sphere-like shape, and its

2 size is in the range of 20-40 nm. For Cu/Al,Os, the particle of
copper is in the range of 2-10 nm.

Additionally, NH5-TPD over Al,0; and Cuw/AlL,O; (Fig.S3 in
supplementary information) suggested the presence of acid site
which is expected to contribute to the surface reaction in
25 hydrogenolysis which is discussed later in section 3.3. The acid
function was mainly from Al,O; surface since the NH; desorption
curves appearing from 150 to 700 °C from the catalysts before

reveal the CuO phase, while the Al,0; showed low crystallinity and after copper loading were nearly comparable.

Table 1 The experimental results of catalytic behaviors over the catalysts
%Yield %Selectivity
Catalysts Conversion Other Other
1,2PD  Acetol Ethylene intermediates/ 1,2PD  Acetol Ethylene intermediates/
glycol glycol
unknowns unknowns
cu’ 15 4.8 0.1 0.1 10.0 32.0 0.7 0.7 66.6

AlLO3 7 0.1 0 0 6.9 1.4 0 0 98.6

Cu/Al,04 61 56.9 0.4 1.1 2.6 933 0.7 1.8 43

30 Reaction conditions: Temperature of 220 °C, Initial Pressure of 5 MPa, time of 6 h.

3.2 Catalytic properties of hydrogenolysis of glycerol on Cu-
based spinel catalysts

The catalytic activity of the catalysts is shown in Table 1. The
bare copper catalyst gave a low conversion of 15% and low 1,2

35 PD yield of 5%. Acetol as an intermediate and ethylene glycol as
a side-product along with other unknown species were also
observed. The pure Al,O; showed a low conversion of 9%, and
yielded traces of products. The improved conversion of 61% with
1,2 PD yield of 56% and 1,2 PD selectivity of 93.3% was

40 achieved over Cu/Al,O3. Clearly, the alumina support played a
vital role on catalysis of Cu/Al,O3;. Without the alumina support,
the selectivity to 1,2 PD was low at 33%, which suggests that the
reaction rates to byproducts become larger or the intermediates
could not undergo the complete conversion to 1,2 PD. However,

45 the bare alumina could not catalyze the glycerol hydrogenolysis
itself. Therefore, the synergic effect of Cu and alumina on
Cu/Al,0;5 is a major contribution to effectively drive the reaction.
Note that 1,3 PD was not observed for all experiments.

During the hydrogenolysis, water is produced as a co-product and
so possibly has an impact on catalytic activity. Therefore, it is of
interest to study the influence of water presence on the catalytic
behavior. As shown in Fig. 2, the addition of water to the reaction
resulted in lower conversion and lower 1,2 PD yield at the
reaction time of 1 hour compared to that in the case of initial
ss water-free condition. The conversion and 1,2 PD yield at both
conditions become comparable with the prolonged reaction time.
This suggested that the initial presence of water decreases the
reactivity for some periods of time, consequently, reduce the total
production. Water molecules may affect, for example, the surface
o active sites, surface chemistry and the stability of intermediate
species which is demonstrated in the theoretical study. The
identical yield of the product at 6 h. infers that the major reaction

pathways would be the same, while the overall production rate
reduces when the reactants contain water.

65

60+ 10 wt% water

[ no initial water ]
50
40

Conversion and 1,2 PD Yield (%)

cagnv.. yigld

Jnv yijld
1

Reaction time (h)

Fig.2 Effect of water addition on the catalyst performance in
glycerol hydrogenolysis. Reaction conditions: Temperature of
220 °C, Initial Pressure of 5 MPa, time of 1 and 6 h.

70 Furthermore, the spent catalysts without any post treatment were
analyzed by XRD as shown in Fig. 3. The results suggested that
the crystalline phase of the catalyst remained stable before and
after the reaction tests in both water-free and water-added initial
conditions, and the metallic copper was considered the active site

75 for the hydrogenolysis.
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Fig.3 XRD patterns of (a) Cu/Al,O; catalyst after reducing at 300
°C, (b) Cu/Al,O5 catalyst after the reaction (no initial water), and
(c) Cu/Al,0;5 catalyst after the reaction (10 wt% water): metallic
Cu (1), ALLOs (D).
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3.3 Calculation results

Glycerol and acetol interaction with Cu(111), Cu(100) surfaces,
and Cuy/y-Al,05(110) surfaces with and without hydroxylation
were investigated using DFT calculations. Acetol is a key
intermediate which is found in glycerol hydrogenolysis. Acetol is
a primary product upon glycerol dehydration. Then, 1,2 PD is
produced via acetol hydrogenation. The glycerol transformation
into 1,2 PD is generally a dehydration coupled to a
hydrogenation; however, the mechanism is still unclear.*® ** 67- 8
The first step of either glycerol dehydration or dehydrogenation is
still debatable. Upon dehydration step, the alumina surface could
be hydroxylated. The hydration of the y-Al,O; surface is
important as it modifies the number of active acidic sites and
determines the nature of y-Al,O; catalytic properties.*” ** The
hydroxyl groups adsorbed on y-Al,O; are the products of water
dissociation which effectively takes place on alumina surface.*"
3169 We performed DFT calculations to investigate the influence
of the alumina support and its partial hydration on the stability of
the key species (i.e. glycerol and acetol) and the early stage of
glycerol O-H bond scission.

Table 2. Adsorption energies of glycerol and acetol on Cu(111), Cu(100), Cu/hydroxylated y-Al,05(110) and Cu/non-hydroxylated vy-

Al,053(110) surfaces.

glycerol adsorption (eV)

acetol adsorption (eV)

Cu site Al site Cu site Al site
Cu(111) -0.15 - -0.36 -
Cu(100) -0.27 - -0.44 -
Cu/non-hydroxylated y-Al,O3(110) -0.85 spontaneous O-H breaking -1.05 -5.02
Cu/hydroxylated y-Al,O3(110) -0.90 -1.02 -1.15 -1.45

3

3

4

4

w
a

0

5

0

5

=

Table 2 shows adsorption energies of the most stable glycerol
and acetol on Cu(111), Cu(100) and Cuy/y-Al,O3(110) with and
without hydroxylation on alumina surface in which a number of
possible adsorption sites interacting with Cu sites and Al sites
were investigated. The Cuy cluster size is smaller than the Cu
particles reported from the experiment as seen in TEM analysis.
It should be noted that the Cu cluster size and shape has influence
on catalytic reactivity, however, in this work we would like to
demonstrate the different activity at Al and Cu site and the
important role of alumina surface and its partial hydroxylation.
Also the Cuy cluster on alumina support model have been applied
in several studies and yielded agreeable results on C,H,
adsorption, CO, hydrogenation, and CH, and H, dissociation.*>°
The most favorable structures corresponding to the structures
discussed in Table 2 are shown in Fig. 4 and 5. Cu(111) and
Cu(100) interacts to glycerol and acetol relatively weak which
may results in very low glycerol conversion and very low 1,2 PD
yield observed experimentally on pure Cu compared to that on
Cuy/y-Al,O;. Glycerol and acetol binds to Cuy/y-Al,O3
significantly stronger than pure Cu. The calculations suggest that
the acidic sites (Al sites) on alumina support are more favorable
for glycerol and acetol adsorption than the Cu sites. When the
alumina surface is not partly hydroxylated, the spontaneous
dissociation of glycerol O-H occurs at Al site and we cannot
found a stable non-dissociated structure of glycerol adsorption on
alumina surface. The highly favorable of the dissociated glycerol
adsorption on alumina surface (non-hydroxylated) may cause the
particularly low conversion observed experimentally on pure
alumina where the further elementary step cannot proceed.

=
S

85

Generally, the dehydration steps are associated to catalysis via an
acidic function of the support, whereas the hydrogenation or
dehydrogenation reactions need a metallic function. The acidic
degree of the Al site is reduced due to the surface hydroxylation.
Thus, the activity toward glycerol dissociation decreases and we
do not found the spontaneous glycerol O-H dissociation on the
hydroxylated alumina surface.

Additionally, the hydroxylation significantly weakens the
interaction between glycerol and y-Al,O; surface (Table 2) which
agrees with the experimental study by Copeland et al.”” They
investigated the interactions between polyols with two and three
carbon atoms (i.e. glycerol, 1,2 PD, 1,3 PD and ethylene glycol)
and y-Al,O; using transmission IR and nuclear magnetic
resonance (NMR) spectroscopic techniques and found that the
competitive adsorption between coadsorbed water and the polyols
limits their uptake from aqueous solutions on y-ALO;.”
Nevertheless, the most stable structure of glycerol adsorption on
hydrated y-Al,O3 surface given by DFT calculations in this work
is different from that reported by Copeland et al.”’ Their DFT
results showed that hydrogen atom of one of the terminated OH
groups dissociates, the two oxygen atoms of the glycerol
terminated OH group bind with two coordinately unsaturated Al
atoms and the secondary OH group forms a hydrogen bond to the
surface. This work found that upon hydroxylation glycerol does
not dissociate and binds to Al with the secondary OH group and
the other OH groups tend to form hydrogen bonds with surface
atoms (Fig 4(d) Al site). Although the OH coverage in Copeland
et al’® and this work is equivalent, the uncoordinated unsaturated
Al-atom sites on y-Al,O; surface are not similar due to the copper

This journal is © The Royal Society of Chemistry [year]
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cluster presence in this work. The substantial difference in favorable
surface geometry may cause the disagreement about the most

(a) Cu(111)

) V"
"‘!?"\é" .|'%l
/\ v!v,x
Xl .,‘g« :A
W AL
XDAX XD
DR IING

adsorption

configuration.

Fig.4 The most stable configurations of glycerol adsorption on (a) Cu(111), (b) Cu(100), (c¢) Cus/non-hydroxylated y-Al,0;(110) and (d)
Cuy/hydroxylated y-Al,O3(110). Yellow atom is H from glycerol O-H breaking, green atoms are O from hydroxylation, blue atoms are O

of glycerol, and grey atoms are C.
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(b) Cu(100)
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Fig.5 The most stable configuration of acetol adsorption on (a) Cu(111), (b) Cu(100), (c) Cuys/non-hydroxylated y-Al,O3(110) and (d)
10 Cuy/hydroxylated y-Al,O3(110). Green atoms are O from hydroxylation, blue atoms are O of acetol, and grey atoms are C.

Furthermore, it was previously reported that on Pt(111) the C-C early stage of glycerol decomposition. The calculated barrier
scission is likely to be a very slow process, with rapid C-H or O- energy of the terminated O-H bonding cleavage is 1.29 eV on
H bond scission dominating for the early stage of glycerol 2 Cu(111) and 0.84 eV on Cu(100). The calculated barrier energy
decomposition.*® Also, the barrier energy of the C-H and O-H of the central O-H bonding cleavage is 1.01 eV on Cu(111) and
15 bond scission was shown to be comparable with slightly higher 0.87 eV on Cu(100). The activation energy of glycerol O-H
for the O-H bond cleavage.*® Here, we report the energy barrier dissociation on hydroxylated alumina surface was calculated to
for the O-H bond scission to investigate the active site for the be 0.65 eV while that at Cu site are 1.47 and 1.43 eV for

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 | 7
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terminated O-H and central O-H, respectively. The transition
state structures are shown in the supplementary information
(Fig.S4-S5). The calculations indicate that the glycerol O-H
dissociation on Cu(l11) and on Cu(100) surfaces is more
kinetically limited than on Cuy/Al,O;. The acidic Al site is more
active than the Cu site for glycerol O-H dissociation on
Cuy/AL)O;. The glycerol hydrogenolysis mechanism consists of
many elementary steps and it is unclear which step is the rate-
limiting one. The calculations do not include the entire pathway;
however, it can demonstrate the different activity at Al and Cu
site and the important role of alumina surface and its partial
hydroxylation.

Similar to glycerol adsorption, acetol adsorbs significantly
weaker on Cu(111) and Cu(100) than that on Cuy/y-Al,O5 surface
(Table 2). Also, acetol adsorption is more favorable at Al site
than the Cu site. The hydroxylation on alumina support shows
slight effect on acetol interaction with the Cu site. However, the
hydroxylation shows a significant effect on acetol interaction at
the Al site that the hydroxylation considerably decreases acetol
adsorption energy at the Al site. The hydrogenation process has
been proposed to require the synergic effect between the metallic
site and the acidic site on oxide support."** ®* 7! The metal site is
required for H, dissociation and hydrogen atom reacts to an
adsorbed intermediate on the support. Therefore, the substantial
strong acetol adsorption on non-hydroxylated alumina surface
may significantly prevent acetol to further react. This suggests
that the hydroxylation of alumina possibly facilitate acetol
hydrogenation process. Also, the hydroxylation might prohibit a
too high quantity of acidic sites which can promote C-C bond
cleavages via an acidic cracking mechanism under H, atmosphere
and the carbon chain is not maintained resulting in relatively high
yield of EG (<C,) products. Nevertheless, water in reactants
additional from those produced by dehydration step reduces the
initial reactivity observed experimentally may be ascribed to the
decrease in number of acidic sites on alumina and initially more
activated side reaction of water dissociation. Until the
hydroxylation coverage reaches its equilibrium at the reaction
temperature, the additional amount of water does not alter the
catalysis.

4. Conclusions

The combined experimental and theoretical study of glycerol
hydrogenolysis to 1,2 PD over Cu/Al,O; and the alumina
hydration effect on catalytic activity is performed. The
experimental results showed that Cu/Al,O; supported catalyst is
highly active and selective as compared with single component of
alumina and copper. The theoretical study reveals that the partial
hydrations on the alumina support has a significant impact on
intermediates stability and the reactivity of the glycerol initial O-
H bond cleavage. The alumina support facilitates copper to be
more active toward interacting with glycerol and acetol
intermediate species which results in the improved catalytic
activity compared to the pure copper catalyst. The role of alumina
surface and its hydroxylation is shown to be crucial for the
reaction. The Al site (acidic site) could be as active as the Cu site
toward glycerol and acetol adsorption when the alumina surface
is partially hydroxylated. Nevertheless, water contained in
reactants additional from those produced upon dehydration step
could initially reduce the number of Al active site and is found to
decrease the reactivity at some periods of time.
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