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Graphic Abstract 

Hydrodeoxygenation of dibenzofuran over SiO2, Al2O3/SiO2 

and ZrO2/SiO2 supported Pt catalysts 

Lei Wang, Huihui Wan, Shaohua Jin, Xiao Chen, Chuang Li, and Changhai Liang 

 

Highly dispersed platinum nanoparticles are supported on the Al2O3 or ZrO2 modified 

silica for hydrodeoxygenation of dibenzofuran. 
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The surface of silica with mesopores (SiO2) was post-modified by the deposition of highly dispersed 

Al2O3 or ZrO2 oxides. Loading of Pt on the modified silica supports yielded higher metal dispersion with 

respect to parent silica based on the CO chemisorption and transmission electron microscopy results. 

Hydrodeoxygenation (HDO) of dibenzofuran (DBF) over the as-prepared Pt catalysts mainly undergoes 

the hydrogenation of the aromatic rings, which is followed by the cleavage of C-O bond to produce 10 

oxygen-free hydrocarbons. Preferable hydrogenation of aromatic rings is observed over the smaller Pt 

nanoparticles. The relatively strong acidic properties of Al2O3/SiO2 or ZrO2/SiO2 revealed by the NH3-

TPD profiles promote the selective C-O bond cleavage of hexahydrodibenzofuran to alert the HDO 

reaction pathway. The small sized Pt nanoparticles supported on the Al2O3 or ZrO2 modified silica 

supports show superior HDO performance with enhanced deoxygenation ability to those over unmodified 15 

silica. According to the pseudo-first-ordered kinetics analysis, the fitting HDO rate constant follows the 

order: Pt/Al2O3/SiO2>Pt/ZrO2/SiO2>Pt/SiO2 under a constant temperature, which is attributed to the 

cooperative function of dispersed metal particles and acidic sites of supports. 

1 Introduction 

Currently, there is an increasing demand for renewable energy 20 

production due to the rapid energy consumption and world 

climate change. Renewable energy from biomass transformation 

is of major interest to reduce the dependence to the traditional 

fossil fuels.1-3 The composition of these bio-oils derived from 

biomass includes phenols, furans, organic acids, ketones, 25 

aldehydes, etc.4 As we expected, the bio-oils contain high oxygen 

content, which results in high viscosity, low heating value, and 

poor thermal stability.5 There is still much upgrading work to be 

done before practical use of these bio-oils. 

Catalytic HDO is such an alternative process to upgrade the 30 

bio-oils to hydrocarbon fuels as reported in many literatures.6-8 

Oxygen can be removed by cleavage of C-O bond to produce 

water as byproduct. The HDO process is usually operated under 

high pressure of hydrogen and moderate temperatures, which is 

also applicable to the conventional hydrodesulfurization (HDS), 35 

hydrodenitrogenation (HDN), and hydrodemetallization (HDM).9 

Furan compound is reported as a typical kind of biomass derived 

molecules to test the catalyst activities in the HDO reactions.6, 10 

DBF with furan structure is considered as a lignin model 

compound containing the β-5 linkage which is often found in a 40 

five-membered ring linking two aromatic structures via both a C-

C bond and a C-O bond.11 Meanwhile, DBF is formed as an 

important intermediate in the biomass gasification with a weight 

percent of 13.19%, which is almost twice as much as another 

kind of major products benzene (7.13%).12 In the past years, 45 

several groups reported the HDO of benzofuran (claimed as 

another typical β-5 linkage model) or DBF as a model to study 

the conversion of the β-5 linkage in lignin.13-16 For the relatively 

larger molecular size and lower reactivity than benzofuran, the 

HDO of DBF as a β-5 linkage model allows determination of 50 

catalytic selectivity toward either aromatic ring hydrogenation or 

ether linkage cleavage.4, 16-18 The HDO product selectivity is 

closely related to the ability of hydrogenation by active metal 

sites and cleavage of C-O bond promoted by acidic sites in the 

HDO reactions. 55 

For the rational design of HDO catalysts, the right choice of 

support is very important. In the last decades, zeolites,19, 20 

silica,21, 22 carbon,23 and metal oxides11, 24-26 have been 

demonstrated to be applicable as supports of HDO catalysts. 

Previously, metal oxides, such as Al2O3, ZrO2, TiO2, et al., show 60 

good stability in the HDO reactions in the presence of water.27, 28 

Metal catalysts supported over the metal oxides usually show 

enhanced metal dispersion.29 It is claimed that metal oxides could 

activate the phenolic compounds and influence their adsorption 

modes in the HDO reactions, which leads to a better selectivity 65 

toward the target HDO products.30, 31 However, metal oxides 

commonly have small surface area, therefore the adsorption and 

concentration of reactants around the active sites is very limited. 

For this reason, the synthesis of mesoporous materials supported 

metal oxides has been investigated as an efficient way to make up 70 

for the referred deficiency.32 Deposition of metal oxides onto 

supports with a large surface area (i.e. ordered mesoporous silica) 

not only takes advantage of mesoporous materials with specific 

surface area and pore volume, but also exhibit properties not 

found in the bulk metal oxides alone.33, 34 For instance, Al2O3, 75 

Page 2 of 10Catalysis Science & Technology

C
at

al
ys

is
S

ci
en

ce
&

Te
ch

no
lo

gy
A

cc
ep

te
d

M
an

us
cr

ip
t



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  2 

ZrO2 or TiO2 nanocrystalline was embedded inside the pores of 

SBA-15. The incorporation of metal oxides enhances the 

interaction of the support with NiMo catalysts with better 

dispersion of the active phase and improves its catalytic 

performance in the HDS of dibenzothiophene and its 5 

derivatives.35, 36 

In the present work, we modified the surface of silica with 

mesopores by the deposition of metal oxides Al2O3 or ZrO2 to 

prepare a series of novel supported Pt catalysts. It is apparent that 

the deposited metal oxides on the surface of silica promoted the 10 

dispersion of Pt nanoparticles. The catalytic performance of such 

Pt/Al2O3/SiO2, Pt/ZrO2/SiO2, and Pt/SiO2 catalysts in the HDO of 

DBF was investigated to reveal the influence of support on the 

HDO reaction network and kinetics. The superior hydrogenation 

and deoxygenation ability of Pt/Al2O3/SiO2 and Pt/ZrO2/SiO2 15 

catalysts was attributed to both the more dispersed metal Pt 

particles and the unique acidic properties of the supports. 

2 Experimental  

2.1 Catalyst preparation  

The surface of silica with mesopores was post-modified by the 20 

coating of alumina or zirconia to obtain Al2O3/SiO2 or ZrO2/SiO2 

supports according to the NH3/water vapor-induced internal 

hydrolysis method.37-39 All the supports were calcined under 

static air at 773 K in furnace before further use. A supported 

catalyst with nominal 0.50 wt% Pt loading was prepared by the 25 

following steps. First, a certain amount of metal precursor 

H2PtCl6·6H2O was dissolved in 70 mL methanol at room 

temperature, then 1.00 g calcined support was added under 

vigorously stirring until the formation of homogenous slurry. The 

slurry was attached to a rotary evaporator, using the bath to 30 

maintain the flask at 308 K. Methanol was removed after 30 min 

and the slightly damp powder was allowed to air dry at 333 K for 

6 h prior to reduction. At last, the prepared catalysts were heated 

to 673 K at a rate of 2 K min-1 and reduced for 2 h under 40 mL 

min-1 H2.  35 

2.2 Catalyst characterization 

X-ray diffraction (XRD) analysis of the samples was carried out 

using a Rigaku D/Max-RB diffractometer with Cu Kα 

monochromatized radiation source (λ=1.54178 Å), operated at 40 

KV and 100 mA. Raman measurements were obtained by a 40 

Thermo Scientific DXR Raman Microscope with a 532 nm Ar 

laser. The elemental contents of the catalysts, including the metal 

Al or Zr in the oxides and precious metal Pt, were detected either 

by Perkin-Elmer Optima 2000DV inductively coupled plasma 

atomic emission spectroscopy (ICP-AES), SRS-3400 Sequential 45 

X-ray Spectrometer System (XRF) or FEI QUANTA 450 with 

Energy Dispersive Spectrometer (EDS). Transmission electron 

microscopy (TEM) images were taken on FEI Tecnai G20 at an 

acceleration voltage of 300 kV. 

 In the case of temperature programmed desorption of ammonia 50 

(NH3-TPD) experiments, the calcined supports were outgassed in 

He at 573 K for 2 h, and then saturated at 373 K in a 10% 

NH3/He stream (50 mL min-1) for 1 h. After removing most 

weakly physisorbed NH3 by flowing He (50 mL min-1), the 

chemisorbed NH3 was determined with TCD detector by heating 55 

at 10 K min-1 up to 973 K under the same flow of He.  

 Nitrogen adsorption and desorption isotherms at 77 K were 

measured by using Autosorb IQ surface area and pore size 

analyser. The specific surface area was calculated by BET 

(Brunauer-Emmett-Teller) method and pore volume was 60 

calculated from the volume of liquid nitrogen at p/p0=0.99. Non-

local density functional theory (NLDFT) method considering 

sorption of nitrogen at 77 K in cylindrical silica pores was used to 

determine the pore size distribution by using the adsorption 

branch.  65 

 CO chemisorption analysis was performed in the same 

Autosorb IQ apparatus under static volumetric conditions. Prior 

to measurement, the ex situ reduced catalysts were activated in 

situ in H2 at 573 K for 2 h and evacuated for 2 h, then the furnace 

was cooled to 303 K. The chemisorption isotherms were obtained 70 

by measuring the amount of CO adsorbed for pressures varying 

from 80 to 560 mmHg at 303 K. After completing the initial 

analysis, the reversibly adsorbed gas was evacuated and the 

analysis repeated to determine the chemisorbed molecules alone. 

A stoichiometry CO/Metal=1 was accordingly taken to estimate 75 

the number of metal active sites. 

2.3 Catalytic tests 

Typically, the HDO of DBF experiments were performed at 553 

K and 3.0 MPa total pressure in a continuous-flow fixed-bed 

reactor over 50 mg catalyst diluted with 5.0 mL 60-80 mesh 80 

quartz sands. Before the HDO experiments, the as-prepared Pt 

catalysts were activated in situ with 40 mL min-1 H2 at 3.0 MPa 

and 573 K for 1 h. Then the temperature was adjusted to the 

reaction temperature. The liquid reactants composed of 3.0 wt% 

DBF, 1.0 wt% n-dodecane (as internal standard for gas 85 

chromatography (GC) analysis), and 96.0 wt% n-decane (as inert 

solvent). The experimental data were collected at different weight 

time until the fresh catalyst reached steady state. The weight time 

is defined as τ=Wcat/nfeed, where Wcat denotes the catalyst weight 

and nfeed denotes the total molar flow feed to the reactor. The 90 

varying of weight time is achieved by changing either the flow 

rate of liquid reactants or catalyst weight. The reaction products 

after being condensed in a trap at room temperature were 

collected and analyzed using an Agilent GC 7890A with a flame 

ionization detector and a 0.25 μm × 0.32mm × 30 m HP-5 95 

capillary column. Product identifications were conducted on an 

Agilent 6890N with 5973 MSD and a 0.25 μm × 0.32mm × 30 m 

HP-5MS capillary column. 

The conversion (X) and selectivity (S) in the HDO of DBF 

were used to present the activities of as-prepared Pt catalysts, 100 

which were calculated as 

X=(n0-nDBF)/n0×100%                                                              (1) 

S=ni/∑ni×100%                                                                        (2) 

where n0 and nDBF are the number of molecules of DBF in the 

feed and product, whereas ni represents the number of molecules 105 

of a defined HDO product and ∑ni are the total number of 

molecules of HDO products. Turnover frequency values were 

calculated from the formula 

TOF=(F/W) ×X/M                                                                    (3) 

where F is the molar flow rate of reactant, W is the catalyst 110 

weight and M is the mole of active sites. 
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Fig. 1 Small-angle (insert) and wide-angle XRD patterns (a) of 

Pt/Al2O3/SiO2, Pt/ZrO2/SiO2, and Pt/SiO2 catalysts with 0.50 wt% Pt 

loading. (b) Raman spectra of Al2O3/SiO2, ZrO2/SiO2, and SiO2 supports 

using 532 nm excitation energy. 5 

3 Results and discussion 

3.1 Characterization of supports and as-prepared Pt catalysts  

The surface of silica with mesopores was post-synthesis modified 

by the deposition of Al2O3 or ZrO2 species. From the wide-angle 

XRD patterns in Fig.1a, it is apparent that the surface modified 10 

samples Al2O3/SiO2 or ZrO2/SiO2 do not exhibit any distinct 

peaks associated with metal oxides as compared to the original 

SiO2 support. After loading of 0.50 wt% Pt on the supports, no 

clear Pt peaks around 2θ=40 ° are shown in the wide-angle XRD 

patterns. This is ascribed to either the quite small loaded Pt 15 

nanoparticles or the low metal loading. The small-angle XRD 

patterns in Fig.1a insert are flat without typical diffraction peaks 

related to the ordered mesoporous structure of SiO2. The Raman 

spectra of supported Al2O3/SiO2 and ZrO2/SiO2 samples are 

presented in Fig. 1b and scarcely exhibit any new significant 20 

spectral features with respect to the parent SiO2. The deposition 

of alumina or zirconia on the silica support causes a decrease in 

the intensity of the band at 970 cm-1 of the Si-OH vibration, 

which indicates the consumption of the surface Si-OH groups.40, 

41 The post-synthesis modification of SiO2 surface by deposited 25 

metal oxides leads to direct interaction with the silica surface 

hydroxyl groups, resulting in the broadening of the 970 cm-1 band. 

Therefore, the Al2O3 and ZrO2 oxides anchor to the silica at the 

Si-OH site to create a surface metal oxides layer with residual 

exposed Si-OH species present. 30 

In Fig. 2a, the typical type IV nitrogen adsorption-desorption 

isotherms of adopted supports indicate the porous structure of 

SiO2 preserved after deposition of ZrO2 or Al2O3 species over the 

surface. The BET surface areas, pore volumes, and average pore 

diameters are summarized in Table 1. It is obvious that the BET 35 

surface areas and pore volumes decrease sharply after deposition 

of metal oxides, from 405 to 221 m2 g-1 and 1.01 to 0.78 cm3 g-1, 

respectively. A relatively broad pore size distribution with a pore 

diameter around 11.6 nm is observed from Fig. 2b. The decrease 

of surface areas and expansion of pore diameter (8.1 nm vs. 11.6 40 

nm) is mostly regarded to the slight etching of surface silica by 

ammonium hydroxide during the post-synthesis modification. 

The elemental analysis by XRF and EDS confirms the successful 

grafting of metal oxides to the silica surface with an ideal amount. 

The actual amount of supported metal oxides on the SiO2 largely 45 

exceeds the nominal loaded 0.50 wt% Pt, which is believed to be 

helpful for the dispersion of Pt particles.42 The acidity of studied 

supports was determined by NH3-TPD and the desorption profiles 

are shown in Fig. 3. All the three supports exhibit similar TPD 

 50 

Fig. 2 Nitrogen adsorption-desorption isotherms (a) and pore size 

distributions (b) of Al2O3/SiO2, ZrO2/SiO2, and SiO2 supports. 

 
Fig. 3 NH3-TPD profiles of the Al2O3/SiO2, ZrO2/SiO2, and SiO2 supports. 

Table 1 Relevant physicochemical parameters of the studied supports. 55 

Sample 
SBET

a 

(m2 g-1) 

Vp
a
 

(cm3 g-1) 

dp
a
 

(nm) 

Metal compositionb 

(wt%) 
XRF EDS 

Al2O3/SiO2 221 0.78 11.6 1.75 1.26 

ZrO2/SiO2 224 0.72 11.6 5.47 3.76 

SiO2 405 1.01 8.1 ─ ─ 

a BET surface area (SBET), pore volume (Vp), and average pore diameter 

(dp). 

b The weight percent of Al or Zr in the modified SiO2 supports. 

profiles with two main broad peaks centered around 500 K and 

700 K. These two peaks could be associated with weak acidic 60 

sites and strong acidic sites.24, 43 With regard to the TPD peaks, it 

is clear that the total acidity of the supports decreases with the 

order: Al2O3/SiO2>ZrO2/SiO2>SiO2, which coincides well with 

those previous works.24 

Fig. 4 displays the TEM images together with histograms of 65 

particle size of the reduced Pt catalysts. The Pt nanoparticles are 

highly dispersed with no apparent aggregation observed. The size 

of Pt nanoparticles from statistical analysis is centered at 2.5, 2.3, 

and 4.5 nm for the Pt/Al2O3/SiO2, Pt/ZrO2/SiO2, and Pt/SiO2, 

respectively. It is clear that the supported metal oxides Al2O3 or 70 

ZrO2 promote the dispersion of Pt nanoparticles during the 

impregnation. The metal dispersion and Pt particle size were also 

estimated from the CO chemisorption and the corresponding 

results are listed in Table 2. Both the Pt/Al2O3/SiO2 and 

Pt/ZrO2/SiO2 catalysts show more than twice the amount of CO 75 

uptake as much as Pt/SiO2. The calculated Pt dispersion for the 

Pt/Al2O3/SiO2 or Pt/ZrO2/SiO2 catalyst reaches 44% with respect 

to 21% for the Pt/SiO2 catalyst. Pt particle size measured from 

CO chemisorption shows a good agreement with those statistical 

results from TEM images. The actual Pt content in the as-80 

prepared Pt catalysts was measured by ICP-AES. All the catalysts  
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Fig. 4 TEM images and the corresponding Pt particle size distribution of 

Pt/Al2O3/SiO2 (a, b), Pt/ZrO2/SiO2 (c, d), and Pt/SiO2 (e, f) catalysts. 

Table 2 CO chemisorption results of the as-prepared Pt catalysts. 

Sample 
CO uptake 

(μmol g-1) 

Pt dispersion a 

(%) 

Pt size 

(nm) 

Pt/Al2O3/SiO2 11.2 44 2.6 

Pt/ZrO2/SiO2 11.3 44 2.6 

Pt/SiO2 5.3 21 5.4 

a Estimated by assuming CO/Metal=1. 5 

actually contained at least 0.41 wt% Pt, which is slightly less than 

the nominal 0.50 wt% Pt loading. Hence, the difference of Pt 

particle size over the studied catalysts is hardly due to the amount 

of metal loading. It is strongly suggested that the Al2O3 and ZrO2 

particles coated on the surface of SiO2 has a positive effect on the 10 

dispersion of Pt nanoparticles during the catalyst preparation. As 

explained by most previous works, the metal oxides support 

would interact strongly with precious metal such as platinum at 

an elevated temperature under hydrogen.44, 45 The strong 

interaction between platinum and metal oxides suppresses the 15 

migration and aggregation of Pt nanoparticles on the surface of 

metal oxides.41 Therefore, the Pt catalysts impregnated on the 

Al2O3/SiO2 or ZrO2/SiO2 surface show higher metal dispersion 

than those on the unmodified SiO2 surface. 

3.2 Product distribution of HDO over the as-prepared Pt 20 

catalysts 

HDO of DBF over the as-prepared Pt/Al2O3/SiO2, Pt/ZrO2/SiO2 

and Pt/SiO2 catalysts goes through the hydrogenation reaction 

route as shown in the proposed HDO reaction network (Scheme 

1). Briefly, hydrogenation of aromatic rings of DBF takes first, 25 

and then oxygen removal is conducted by hydrogenolysis or 

dehydration/hydrogenation of saturated C-O bond to obtain 

bicyclohexane (BCH) and its isomer 

cyclopentylmethylcyclohexane (iso-BCH). Trace single-ring  

 30 

 

Fig. 5 Product distributions (a) and selectivities (b) of HDO of DBF over 

0.50 wt% Pt/Al2O3/SiO2 as a function of weight time under 280 °C and 

3.0 MPa total pressure. 

product cyclohexane (CH) and ring-opening products are 35 

detected as the further cracking of those bicyclo-hydrocarbons. 

The formation of these products and intermediates were discussed 

in the literature before.4, 17, 46 

Fig. 5 shows the HDO product distribution and selectivity over 

Pt/Al2O3/SiO2 as a function of weight time under 280 °C and 3.0 40 

MPa total pressure. Several main products in the HDO reaction of 

DBF are chosen to reveal the overall HDO reaction process. 

Tetrahydrodibenzofuran (THDBF), hexahydrodibenzofuran 

(HHDBF), and dodecahydrodibenzofuran (DHDBF) are obtained 

by partial or total hydrogenation of the aromatic rings of DBF. 45 

Hydrogenolysis of C-O bond of HHDBF directly produces 2-

cyclohexylphenol (CHPOH). The cleavage of saturated C-O bond 

of DHDBF results in the production of 2-cyclohexylcyclohexanol 

(CHCHOH). The abbreviation CHO is defined as the sum of 

CHCHO and CHCHOH in the HDO products. The 50 

deoxygenation of CHPOH or CHCHOH leads to the production 

of BCH and iso-BCH. Finally, the C-C bond scission of these 

bicyclo-hydrocarbons takes place to produce small amounts of 

CH. Besides, the hydrogenolysis of phenolic hydroxyl in CHPOH 

results in CHB. At low weight time stages (e.g. 0.40 g min mol-1), 55 

the reactant DBF mainly transforms to THDBF and HHDBF 

through partial hydrogenation of single aromatic ring of the DBF 

molecule. Less than 10% product distribution is achieved for the 

both THDBF and HHDBF. With increasing the weight time to 

0.80 g min mol-1, CHPOH and THDBF take more percent in the 60 

product distribution with a value close to 10%. Further 

hydrogenation of THDBF to HHDBF becomes preferable to  
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Scheme 1 Proposed reaction network of HDO of DBF over the as-prepared Pt catalysts. 

result in reduced product distribution of THDBF. However, the 

hydrogenolysis of saturated C-O bond in the HHDBF leads to 

much oxygen-containing intermediates CHPOH with 11% 5 

product distribution and 18% selectivity. As the weight time 

increased, it is noticeable that totally deoxygenated products 

BCHs (BCH and iso-BCH), with BCH taking more than 90% 

percent, are the dominated species in the product distribution. 

The selectivity toward BCHs exceeds 70% at weight time higher 10 

than 1.14 g min mol-1. Meanwhile, CH with measurable amount 

at weight time higher than 0.57 g min mol-1 is explained as the 

further cracking of BCHs. In the whole HDO process over 

Pt/Al2O3/SiO2, DHDBF, CHO, and CHB are detected as a small 

amount of products with around 2% product distribution and less 15 

than 5% selectivity in this study. The CHCHE and ring-opening 

products are confirmed by the GC-MS instrument with trace 

amount. Pt/ZrO2/SiO2 and Pt/SiO2 catalysts were also tested in 

the HDO of DBF under the same reaction conditions to 

investigate the activity and reaction network of DBF. The 20 

variation trend of product distribution and selectivity are similar 

to those obtained over Pt/Al2O3/SiO2 catalyst with 0.50 wt% Pt 

loading. It is worth mentioning that C-C bond scission of BCHs 

scarcely occurs over the Pt/ZrO2/SiO2 and Pt/SiO2 catalysts with 

less than 1% CH yielded at weight time 1.77 g min mol-1, 25 

whereas 7% CH is obtained over the Pt/Al2O3/SiO2 catalyst under 

the same HDO reaction conditions. This comparison implies that 

the acidic characters of modified SiO2 supports introduced by the 

deposition of oxides promote the scission of C-C bond in the help 

of metal active sites under such conditions. However, CH is 30 

hardly detected under the selected low weight time stages over 

the as-prepared Pt catalysts in this work. It is ascribed to either 

the relatively weak acidic properties of modified supports with 

limited hydrocracking ability or the short contact between the 

catalyst and the deoxygenated BCHs species. 35 

3.3 Comparison of HDO over the as-prepared Pt catalysts 

In order to further reveal the HDO performance of the prepared Pt 

catalysts, the deoxygenation degree in HDO of DBF is compared 

at varied HDO conversions. From Fig. 6a, it is clear that the 

totally deoxygenated products accumulate rapidly with increasing 40 

the HDO conversion. Hydrogenation of aromatic rings of DBF 

contributes more under lower HDO conversion (i.e. <40%). 

However, deoxygenation of the hydrogenated DBFs or the 

oxygen-containing compounds, cycloalcohols or cycloketones, 

 45 

 

Fig. 6 The deoxygenation degree (a) and selectivity to C-O bond cleavage 

(b) as a function of HDO conversion under 280 °C and 3.0 MPa total 

pressure. 

becomes favored under higher HDO conversion, which directly 50 

leads to the high yield of oxygen-free high carbon number 

hydrocarbon fuels. The Pt/Al2O3/SiO2 and Pt/ZrO2/SiO2 catalysts 

exhibit quite similar deoxygenation abilities at high HDO 

conversion (>60%) stages, whereas the Pt/Al2O3/SiO2 is qualified 

superior in deoxygenation compared with Pt/ZrO2/SiO2 at low 55 

conversion stages. Both the Pt/Al2O3/SiO2 and Pt/ZrO2/SiO2 

show better deoxygenation performance in comparison with 

Pt/SiO2 under the studied HDO conversions. 

Guided by the proposed HDO reaction network in Scheme 1, 

the HHDBF is either hydrogenated to DHDBF or transformed to 60 

CHPOH via hydrogenolysis of C-O bond. Hence, we calculate 

the selectivity to C-O bond cleavage (Scleavage) with the following 
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formula to reveal the effect of supports to the reaction pathway. 

Scleavage=nCHPOH/(nCHPOH+nDHDBF) ×100%                                (4) 

The Scleavage for the Pt/Al2O3/SiO2 catalyst with a value greater 

than 60% largely exceeds that for Pt/ZrO2/SiO2 or Pt/SiO2 with 

less than 30% selectivity from Fig. 6b. With increasing the HDO 5 

conversion, the Scleavage remarkable enlarges, which indicates the 

HHDBF mainly transforms to CHPOH with cleavage of saturated 

C-O bond over the Pt/Al2O3/SiO2 catalyst. For the Pt/ZrO2/SiO2 

catalyst, the calculated Scleavage almost maintains the same under 

the varied HDO conversions. However, the gradually reduced 10 

Scleavage for Pt/SiO2 catalyst suggests that the deoxygenation of 

DHDBF is a major pathway in the hydrogenation reaction route. 

Comparing the Scleavage at a given HDO conversion of 40%, it is 

quite apparent that more scission of saturated C-O bond takes 

place over the Pt/Al2O3/SiO2 catalyst with a value closed to 75%. 15 

However, only 25% is obtained over the Pt/ZrO2/SiO2, and then 

16% over the Pt/SiO2. The obvious difference of Scleavage for three 

studied catalysts can be mostly regarded to the varied acidic 

properties of the supports. The modification by Al2O3 or ZrO2 

changes the acidity of supports and shows a positive effect on the 20 

hydrogenolysis of the sp3 C-O bond. In the conversion of anisole 

and guaiacol over Pt/Al2O3, the hydrogenolysis of sp3 C-O bond 

to produce phenols and methane is kinetically significant.47, 48 

The Ru supported on Al2O3 catalysts show better performance of 

hydrogenolysis of phenol with a preferable yield of benzene than 25 

over silica supports.49 Over the alumina supported Pt catalysts, 

the vapor-phase HDO of meta-cresol produces much toluene with 

direct hydrogenolysis of the C-O bond.50 Zhang et al. prepared a 

series of ZrO2-SiO2 supported Ni and NiCu catalysts for the 

hydrodeoxygenation of guaiacol.51 The hydrogenolysis of 30 

phenolic hydroxyl group with selective yield of benzene is 

attributed to the stronger acidity of the ZrO2-SiO2. These results 

are well consistent with this work. Regarding the mechanism of 

sp3 C-O bond cleavage involved in the hydrodeoxygenation of 

benzofuran over the sulfide catalysts, Romero et al. proposed that 35 

the cleavage occurs through nucleophilic substitution by a SH- 

after protonation of the oxygen atom of 2,3-dihydrobenzofuran 

by a Brönsted acid site.13 The Al2O3 support contains mostly 

Lewis and a few Brönsted acid sites as proven by experimental 

and theoretical methods.52, 53 Whereas, the structure of C-O bond 40 

in HHDBF is similar with 2,3-dihydrobenzofuran. It is reasonable 

to speculate that the cleavage of C-O of HHDBF goes through 

similar pathway in the HDO of DBF over Pt/Al2O3/SiO2. 

Consequently, the selective hydrogenolysis of C-O is preferable 

over Al2O3 modified SiO2 supported Pt catalysts, while the 45 

transformation is suppressed over Pt/ZrO2/SiO2 and Pt/SiO2. 

Besides, it is generally reported that the acidic sites of the 

catalysts promotes the deoxygenation of those oxygen-containing 

intermediates in the HDO of phenolic molecules.19 The supported 

Pt catalysts over the acidic zeolite HBeta show superior 50 

deoxygenation performance than Pt/SiO2 in the HDO of anisole.20 

It is speculated that an acid site adjacent to a Pt particle could 

facilitate the deoxygenation reaction by protonating the oxygen in 

phenol in a bifunctional reaction. Thus, the deoxygenation of 

those oxygen-containing intermediates could also facilitate the 55 

hydrogenolysis of the C-O bond in the consecutive reaction of 

HDO, which leads to the shift of Scleavage in this work.   

Table 3 Comparison of HDO of DBF over the as-prepared Pt catalysts at 

30% conversion. 

Sample 
TOF 
(h-1) 

Selectivity 

(%) 

TH+HHDBFa DHDBF OCHb BCHsc 

Pt/Al2O3/SiO2 2412 48 7 24 21 

Pt/ZrO2/SiO2 1784 56 18 12 14 

Pt/SiO2 1678 53 24 11 12 

a The total selectivity to THDBF and HHDBFF. 60 

b The total selectivity to CHO and CHPOH. 

c The hydrocracking of BCHs scarcely occurs and neglect the trace CHB 

The comparison of HDO reaction results at 30% conversion in  

Table 3 further illustrates the influence of the supports on the 

HDO of DBF. It is noted that the further hydrocracking of BCHs 65 

to ring-opening products and CH scarcely occurs under the 

studied HDO conditions. The apparent order of TOFs for the 

tested catalysts is as follows: 

Pt/Al2O3/SiO2>Pt/ZrO2/SiO2>Pt/SiO2. From the comparison of 

product selectivity, it is clear that the total selectivity toward 70 

THDBF and HHDBF is 48% and only 7% selectivity toward 

DHDBF is obtained over Pt/Al2O3/SiO2 catalyst. It is particularly 

worth mentioning that much oxygen-containing intermediates 

OCH (abbreviated as the sum of CHO and CHPOH) and totally 

deoxygenated products BCHs are yielded with 24% and 21% 75 

selectivity, respectively. This confirms that more partially 

hydrogenated DBFs (THDBF and HHDBF) transform to OCH 

via C-O bond cleavage instead of further hydrogenation of the 

aromatic ring in the HDO reaction, which is consistent with those 

results about selectivity to C-O bond cleavage over the 80 

Pt/Al2O3/SiO2 under varied conversions. The acidic properties of 

deposited Al2O3 oxides promote the cleavage of saturated C-O 

bond with enhanced deoxygenation performance. The 

Pt/ZrO2/SiO2 and Pt/SiO2 catalysts showed better hydrogenation 

performance in the HDO of DBF with up to 70% selectivity to 85 

hydrogenated DBFs. Similar abilities of C-O bond scission are 

evidenced from the closed selectivity to OCH and BCHs. 

The kinetic analysis of the HDO reaction was conducted at 

533-573 K with varied conversions of DBF by changing the 

weight time. A pseudo-first-ordered model for HDO of DBF was 90 

represented by the following equation.  

-ln(1-X)=kHDO×τ                                                                       (5) 

The essential linear relationship of -ln(1-X) and τ is shown in Fig. 

7 for the data obtained from the HDO reaction. The linear 

relationships illustrate that the overall reaction is pseudo-first-95 

order. All the fitting parameters are summarized in Table 4. For 

instance, the HDO rate constant (kHDO) over the Pt/Al2O3/SiO2 

catalyst increases from 0.59 to 2.03 mol g-1 min-1 in the 

temperature range from 533 to 573 K. It is obvious that the 

increase of temperature promotes the transformation of reactant 100 

DBF, which is quite similar with those previous works about 

HDO of biomass-derived molecules.3 At a constant temperature, 

the kHDO gradually decreases following the order: 

Pt/Al2O3/SiO2>Pt/ZrO2/SiO2>Pt/SiO2. This phenomenon could be 

ascribed to the more dispersed Pt nanoparticles in the prepared 105 
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Fig. 7 Fitting of the pseudo-first-ordered kinetic model to the HDO reaction experimental data collected over Pt/Al2O3/SiO2 (a), Pt/ZrO2/SiO2 (b), Pt/SiO2 

(c) catalysts at the temperature range from 533 to 573 K. 

Table 4 Fitting parameters in the pseudo-first-ordered kinetic analysis of HDO reaction of DBF over the as-prepared Pt catalysts 

Sample 

HDO rate constant kHDO 

mol g-1 min-1 r1
a 

Ea 

KJ mol-1 
r2

b 

573 K 563 K 553 K 533K 

Pt/Al2O3/SiO2 2.03 1.53 1.19 0.59 >0.98 79 >0.99 

Pt/ZrO2/SiO2 1.44 1.08 0.81 0.46 >0.99 72 >0.99 

Pt/SiO2 1.01 0.71 0.51 0.32 >0.98 70 >0.98 

a The coefficient of determination in the fitting of the pseudo-first-ordered kinetic model to the HDO reaction experimental data. 5 

b The coefficient of determination in the linear fitting of HDO rate constant. 

 

Fig. 8 HDO rate constants kHDO as a function of inverse temperature. 

catalysts with superior activity in the HDO of DBF. The acidic 

properties of supports with promotion to the deoxygenation also 10 

accelerate the transformation of DBF. Analysis of HDO rate 

constant-temperature dependence as shown in Fig. 8 yields HDO 

activation energy (Ea) with values of 79, 72, 70 KJ mol-1 for the 

Pt/Al2O3/SiO2, Pt/ZrO2/SiO2, and Pt/SiO2 catalysts, respectively. 

Some previous works have pointed out that the catalytic HDO 15 

performance phenol conversion was obtained over smaller Pd 

nanoparticles in the study of hydrogenation of phenol in water.54 

In the hydrogenation of furan, small particles preferentially 

yielded dihydrofuran by a partial hydrogenation of the aromatic 

ring.55 It is concluded that the size of supported metal 20 

nanoparticle affects the catalytic performance in the HDO of 

DBF. Pt nanoparticles with small size facilitate the hydrogenation 

of aromatic rings of DBF. As discussed from the NH3-TPD 

profiles in Fig. 3, the introduction of Al2O3 or ZrO2 to the surface 

of SiO2supports causes formation of stronger acid sites. 25 

Mortensen et al. reported some similar results that the total 

acidity of the supports decreases in the following order: 

Ni/Al2O3>NiZrO2>Ni/SiO2.
56 The decrease of the acidity is 

attributed to that the low metal-oxygen bond energy with an order 

of E(Al-O)>E(Zr-O)>E(Si-O) can be linked to the formation of more 30 

oxygen vacancy sites in the oxides which function as Lewis acid 

sites.57, 58 These Lewis acid sites are beneficial to the activation of 

the intermediates phenols via formation of phenoxide on Al2O3 as 

studied by IR spectroscopy.30 The cooperative effect of support 

acidic sites and metal active sites has also been found to be 35 

favorable for the phenol hydrogenation on palladium catalysts, 

where the hydrogenation activity can be significantly increased 

by the introduction of Lewis acid.22, 59 Lee et al. reported the 

HDO of guaiacol over a series of Al2O3 based bifunctional 

catalysts. It is explained that the metal is responsible for the 40 

hydrogenation of aromatic rings and acidity appears to determine 

the degree of deoxygenation.60 The ZrO2/SiO2 supports also have 

some acidic characters, but significantly less than Al2O3/SiO2 

supports from the NH3-TPD results. Thus, it is still thought to 

have the potential to activate the oxygen-containing intermediates 45 

on its surface. Besides, the deposited Al2O3 oxides have a few 

Brönsted acid sites, which are claimed to promote the protonation 

of the oxygen in the HDO process. This function could further 

facilitate the hydrogenolysis and deoxygenation, thus accelerate 

the whole HDO reaction with increasing transformation of the 50 

reactant DBF. These explanations well explains the gradual 

change of selectivity toward deoxygenation and C-O bond 

cleavage in the HDO reaction over Pt/Al2O3/SiO2, Pt/ZrO2/SiO2, 

and Pt/SiO2 catalysts. The better dispersed metal particles and 

acidic properties of supports function cooperatively to promote 55 

the whole HDO reaction of DBF with apparently reduced HDO 

rate constant kHDO.61 
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Conclusions 

The deposited Al2O3 or ZrO2 oxides on the surface of silica with 

mesopores largely help disperse Pt nanoparticles with smaller 

particle size. HDO of DBF over the as-prepared Pt catalysts 

mainly goes through the hydrogenation reaction route. 5 

Pt/Al2O3/SiO2 and Pt/ZrO2/SiO2 catalysts with highly dispersed 

Pt nanoparticles show better HDO performance with superior 

hydrogenation activity of aromatic rings. Al2O3/SiO2 and 

ZrO2/SiO2 supports with relatively strong acidic sites promote the 

cleavage of saturated C-O bond with enhanced deoxygenation 10 

activity in the HDO reaction. From the varied values of Scleavage, it 

is obvious that relatively strong acidic sites of Al2O3/SiO2 and 

ZrO2/SiO2 supports selectively alert the reaction pathways to 

CHPOH through hydrogenolysis of saturated C-O bond. However, 

further hydrogenation of HHDBF to DHDBF is favored over the 15 

Pt/SiO2 catalysts with less acidic properties. A detailed analysis 

based on the pseudo-first-order kinetics suggests that the activity 

of the as-prepared Pt catalysts in the HDO reaction of DBF 

declines in the following order: 

Pt/Al2O3/SiO2>Pt/ZrO2/SiO2>Pt/SiO2. It is concluded that the 20 

smaller sized Pt nanoparticles with better hydrogenation activity 

and acidic properties of deposited Al2O3 or ZrO2 oxides function 

cooperatively to the HDO of DBF with enhanced HDO 

performance observed. 
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