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ABSTRACT 

Hydrodeoxygenation (HDO) is a promising technology to upgrade fast pyrolysis bio-oils but 

requires active and selective catalysts. Here we explore the synergy between metal and acid sites 

in the HDO of anisole, a model pyrolysis bio-oil compound, over mono- and bifunctional Pt/(Al)-

SBA-15 catalysts. Ring hydrogenation of anisole to methoxycyclohexane occurs over metal sites 

and is structure sensitive, being favored over small (4 nm) Pt nanoparticles which confer a turnover 

frequency (TOF) of ~2000 h-1 and methoxycyclohexane selectivity of ~90 % at 200 °C and 20 bar 

H2; in contrast, formation of benzene and the desired cyclohexane product appears structure 

insensitive. Introduction of acidity to the SBA-15 support promotes demethyoxylation of the 

methoxycyclohexane intermediate, increasing the selectivity to cyclohexane from 15 % to 92 % 

and 6 h cyclohexane productivity by two orders of magnitude (from 15 mmol.gPt
-1.h-1 to 6500 

mmol.gPt
-1.h-1). Optimizing the metal-acid synergy confers an 865-fold increase in cyclohexane 

production per gram Pt and 28-fold reduction in precious metal loading. These findings 

demonstrate that tuning the metal-acid synergy provides a strategy to direct complex catalytic 

reaction networks and minimize precious metal use in biofuels production. 

 

INTRODUCTION 

Anthropogenic CO2 contributions to atmospheric greenhouse gases, arising from fossil fuel 

combustion, have triggered a global socio-political movement seeking renewable and sustainable 

energy alternatives.1, 2 Lignocellulose, derived from agricultural waste, is viewed as a potential 

sustainable carbon source to produce renewable transportation fuels and chemicals.3 Fast 

pyrolysis, at moderate temperature (~450-550 °C) and short residence time, is an efficient route to 

produce high yields of liquid bio-oil from lignocellulosic biomass,4, 5 which retain up to 70 % of 
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the original lignocellulose energy content.3 However, the high oxygen content of fast pyrolysis 

bio-oil, associated with carbonyl, carboxylic acid and phenolic components, alongside reactive 

small oxygenates and water, destabilizes pyrolysis bio-oil, lowering its energy density compared 

to fossil petroleum fuels. Bio-oils are consequently unsuitable as a drop-in replacement fuel for 

gasoline, diesel or kerosene and require catalytic upgrading to neutralize reactive acids and 

carbonyls to produce more stable bio-oils with improved energy density.6,7,8 Stabilized bio-oils 

contain between 10 % to 30 % aromatic compounds including syringyl, guaiacyl and other 

phenolics depending on the biomass source,9 which require hydrodeoxygenation (HDO) of 

respective alcohol and ether functions to produce gasoline range hydrocarbons.10,11,12  

Bio-oil HDO can be performed over sulfided NiMo/CoMo catalysts, however the high oxygen 

content of bio-oils necessitates the continuous addition of organic S compounds to maintain 

catalyst activity,23 hence robust non-sulfided catalysts are sought for biomass-to-fuels.13, 14 A range 

of supported transition metals have been explored for catalytic HDO. Neutral and Lewis acidic 

supports15-18 require high temperature and H2 pressure (>300 °C and >50 bar) to achieve 

deoxygenation, resulting in short catalyst lifetimes through coking and sintering and poor process 

economics. High HDO reaction temperatures also shift the thermodynamic equilibrium towards 

aromatics versus the desired ring-hydrogenated products.19 Bifunctional catalysts comprising 

noble metal nanoparticles and Brønsted acidic supports are thus preferred for HDO,19 enabling 

operation under milder conditions (e.g. 250 °C and 40 bar H2 for guaiacol HDO over Pt/HY).20 

However, despite many reports of bifunctional catalysts for bio-oil HDO,21, 19, 22 23 a significant 

knowledge gap remains regarding the metal-acid synergy due to a lack of systematic studies, with 

arbitrary combinations of metals (e.g. Pd, Pt, Ru) and acids (e.g. sulfated zirconia, Amberlyst-15, 

Nafion, zeolites, polyoxometallates, phosphoric acid and triflates)21, 24-27 often employed at high 
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(1-5 wt%) precious metal loadings. Unravelling the complex interdependent interactions between 

metal and acid sites in HDO remains challenging.  

Previous mechanistic studies suggest that the metal catalyzed hydrogenation of aromatic 

oxygenates occurs prior to deoxygenation over Brønsted acid sites under mild conditions (150-250 

°C and 20-50 bar H2 which offer enhanced catalyst lifetimes).28-30 31 32 Phenol HDO over Pd/MoO3-

P2O5/SiO2 at 112 °C and 10 bar H2 is reported to proceed via hydrogenation to cyclohexanol over 

highly dispersed Pd nanoparticles, followed by cyclohexanol dehydration to cyclohexene over the 

m-MoO3-P2O5 support and subsequent Pd catalyzed cyclohexene hydrogenation to cyclohexane.29 

A similar mechanism is advanced for phenol HDO over Ru/HZSM-5 at 200°C and 50 bar H2,30 

and 1 wt% Pt/sulfonic acid-SBA-15.33 Guaiacol HDO is also reported at 250 °C and 50 bar H2 over 

bifunctional catalysts including Pd, Rh, Ru, and Pt supported on Al2O3, Al2O3-SiO2, and nitric-

acid-treated carbon black (NAC) supports.31 Under these conditions, metal sites appear responsible 

for guaiacol hydrogenation to 2-methoxycyclohexanol, with subsequent deoxygenation to 

cyclohexane occurring over the acidic support. The superior activity of Pt/Al-SBA-15 for guaiacol 

HDO versus Pt/HZSM-5 is attributed to the larger pore diameter of the former, highlighting the 

importance of in-pore mass transport.23 Pt/TiO2
34 also shows promise for guaiacol hydrogenation 

at 280 °C and 10 bar H2, but a Pt loading ≥2 wt% was deemed necessary for efficient ring 

hydrogenation. Despite these studies, the detailed reaction sequence for guaiacol HDO remains 

unclear due to competing pathways35,36 and limited efforts to quantify the roles of acid and metal 

on alcohol/ether deoxygenation and ring hydrogenation respectively. 

Anisole, containing only an aryl methyl ether group, is a useful model for phenolic residues 

obtained from lignin depolymerization during fast pyrolysis. Anisole HDO occurs through 

competing pathways,20, 37, 38 depending on the reaction conditions employed, with high 
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temperatures of 300-500 °C typical.21, 37, 39, 40 Under low pressure and high temperature conditions 

(1 bar H2 and 375 °C) continuous flow anisole HDO over 1 wt% Pt/SiO2 forms benzene as the 

dominant product via demethylation to a phenol intermediate.40 Comparison of 1.7 wt% Pt 

supported on SiO2, γ-Al2O3, Na-Beta, and NaH-Beta catalysts for anisole HDO (1 bar H2 and 400 

°C) revealed little synergy between metal and acid sites, with [phenol+benzene] yields <50 % and 

only trace methoxycyclohexane/cyclohexane.37 Likewise over 1 wt% Pt/H-Beta under the same 

conditions, anisole is also reported to undergo transalkylation and demethylation reactions to 

cresol and phenol respectively rather than HDO.21 Monometallic Pt and bimetallic core-shell 

Mo@Pt catalysts supported on SiO2-Al2O3 also exhibited poor activity for anisole HDO at 450 °C 

favoring transalkylation and demethylation products (phenol and cresol).41 In contrast high 

pressure, moderate temperature (52 bar H2 and 200 °C) conditions for anisole HDO over 5 wt% 

Pd/USY yields predominately cyclohexane (produced via a methoxycyclohexane intermediate), 

but with only a 56 % selectivity.38 Similar trends but lower activity were reported for USY 

supported 5wt% Ni and Ru catalysts. In contrast, anisole HDO over 0.5 wt% Pt/HY (40 bar H2 and 

250 °C) resulted in an increased 86 % selectivity to cyclohexane.20  

Possible reaction pathways for anisole HDO are summarized in Scheme 1: low pressure, high 

temperature conditions favor aromatic products regardless of the support; high pressure, low 

temperature conditions favor ring hydrogenation and deoxygenation to cyclohexane over acidic 

supports, however the mechanism of this multi-step transformation has not been elucidated, and 

the synergy between metal and acid sites42 not quantified and fully exploited. 
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Scheme 1. Major reaction pathways for anisole hydrodeoxygenation. 

 

Herein we investigate the respective roles of metal and acid sites, and their synergy, in anisole 

HDO over Pt/(Al)-SBA-15 catalysts. Small metal nanoparticles, derived using low (0.14 wt%) Pt 

loadings, act in concert with Brønsted acid sites to direct stepwise ring hydrogenation of anisole 

to methoxycyclohexane, demethoxylation to cyclohexene, and subsequent hydrogenation to the 

desired cyclohexane product. Tuning the metal-acid synergy promotes cyclohexane productivity 

by almost three orders of magnitude while simultaneously minimizing precious metal loading.  

 

EXPERIMENTAL 

Catalyst Synthesis 

Mesoporous SBA-15 was prepared according to the literature.43 Briefly, 10 g P123 was added to 

a polypropylene bottle, followed by 75 mL of deionized water. Subsequently, 250 mL of 2M HCl 

was added, and the resulting mixture stirred at 35 °C for 2.5 h until the P123 was fully solubilized. 

To this mixture, 23 mL of tetraethyl orthosilicate (TEOS) was added and stirring continued at 

35 °C for a further 24 h. Hydrothermal aging was then conducted by placing the polypropylene 

bottle inside a drying oven at 80 °C for 24 h. The resulting solid was recovered by filtration, washed 
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repeatedly with deionized water, and subsequently calcined at 550 °C for 6 h under air (heating 

rate of 1°C.min-1), and then cooled to room temperature and stored under air.  

Al-SBA-15 was prepared according our previous reports using a true liquid crystal templating 

approach,44, 45 by adding 2 g of P123, 0.7 g of Al(NO3)3, and 2g of 2M HCl to a 100 mL beaker 

(pH = 2), which was then immersed in an ultrasonic bath at 50 °C for 2 h to achieve a homogeneous 

mixture. To this, 4.1 mL of tetramethylorthosilicate (TMOS) was added under vigorous stirring 

until a smooth gel was obtained. The molar ratio of TMOS and Al(NO3)3 was adjusted so a total 

of 15 molar equivalent of TMOS was added to ensure a Si:Al ratio of 15:1. The gel was then 

transferred to a vacuum oven to remove the reactively-formed methanol at 40 °C under light 

vacuum (100 mbar) overnight. The resulting solid was recovered from the beaker and calcined at 

550 °C for 5 h (heating rate of 1.5 °C.min-1), cooled to room temperature and ground and sieved 

to a uniform particle size (sub-100 mesh). Additional Al-SBA-15 materials with Si:Al ratios of 6 

to 67 was prepared for control experiments.  

Pt nanoparticles were deposited on SBA-15 and Al-SBA-15 by wet impregnation of ammonium 

tetrachloroplatinate. 477.4 mg of (NH4)2PtCl4 was dissolved in 50 mL deionized water (5 mg/mL 

of Pt). The required amount of this stock solution was transferred to a two-neck 100 mL round-

bottomed flask containing the desired silica support to obtain two families of materials with Pt 

loadings spanning 0.14-4.44 wt% (SBA-15) and 0.16-9.54 wt% (Al-SBA-15). The final solution 

in each flask was topped up to 25 mL with deionized water, and the resulting slurry then stirred at 

room temperature overnight, and subsequently 50 °C for 4 days, until dry powder was obtained. 

The powders were recovered and calcined at 500 °C in a muffle furnace for 2 h (heating rate of 5 

°C.min-1), and subsequently reduced under flowing H2 (15 mL.min-1) in a tube furnace at 400 °C 

for 2 before cooling to room temperature. Samples were stored in air. 
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Catalyst characterisation 

Elemental analysis was performed by inductively coupled plasma atomic emission spectroscopy 

(ICP-AES) using a Varian VISTA-AXCCD spectrophotometer (Table 1). Sample digestion was 

undertaken using an aqueous mixture of 2:1:1 HF/HNO3/HCl. Textural properties of parent silicas 

and silica supported catalysts were obtained by N2porosimetry at 77 K using a Nova 4000e 

Quantachrome porosimeter and NovaWin software version 11. Samples were degassed at 120 °C 

for 8 h prior to analysis. Pore diameter and volumes were calculated by applying the BJH method 

to the desorption isotherm, micropore areas were determined by t-plot analysis. Low and wide 

angle XRD patterns were recorded on a Bruker D8 Advance diffractometer equipped with a 

LynxEye high-speed strip detector Cu Kα (1.54 Å) radiation source, with a Ni filter, calibrated 

against a quartz standard. Low angle patterns were recorded from 2θ=0.3-8° with a step size of 

0.01°, and wide angle patterns from 2θ=20-90° with a step size of 0.02°. Scherrer peak width 

analysis was used to estimate volume-averaged Pt crystallite diameters for Pt particles >5nm. For 

smaller Pt particles (< 5 nm) HRTEM imaging was performed on a JEOL 2100-F microscope 

operated at 200 kV, with image analysis using ImageJ 1.41 software. Samples for HRTEM analysis 

were prepared by dispersing the required amount in methanol, followed by drop casting on 100-

mesh carbon coated copper grids, and drying at room temperature. Pt dispersions were measured 

via CO pulse chemisorption on a Quantachrome ChemBET 3000 chemisorption analyzer. Samples 

were degassed at 150 °C under flowing He for 1 h, prior to reduction at 200 °C under flowing H2 

(10 mL.min-1) for 1 h before room temperature analysis. This reduction protocol is milder than 

that employed during Pt impregnation and does not induce particle sintering. A CO:Pt surface 

stoichiometry of 0.68 was assumed. Temperature-programmed desorption (TPD) measurements 

of acid properties were performed on a Mettler Toledo TGA/DS2 STAR analyzer linked to a 
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Pfeiffer Vacuum ThermoStar mass spectrometer (MS). For TPD measurements, 30 mg of catalysts 

were wet-impregnated with small amount of propylamine, and dried in a fume hood under lamellar 

flow, before drying in vacuum oven at 45 °C overnight. The impregnated catalysts were analyzed 

between 40 and 800 °C at a heating rate of 10 °C/min under flowing N2 (30 ml/min). The evolved 

reactively-formed propene from propylamine decomposition was analyzed at m/Z = 41 using MS. 

DRIFTS measurements were performed using a Thermo Scientific Nicolet environmental cell and 

smart collector accessory and Thermo Scientific Nicolet iS50 FTIR spectrometer with MCT 

detector. The catalysts diluted with KBr (10 wt%) were wetted ex-situ with pyridine, and excess 

pyridine was removed overnight in vacuo at 40 °C. Prior to room temperature analysis, the 

catalysts were loaded in environmental cell and subjected to evacuation at 200 °C for 2 h under a 

He atmosphere to remove physisorbed water.  

 

Hydrodeoxygenation reactions 

Hydrodeoxygenation was performed in a 100 mL Parr 5500 Series stainless steel autoclave with a 

glass liner. In a typical reaction, the reactor was charged with the required amount of catalyst (50-

300 mg as detailed in Table S1), 0.5 mL of n-tetradecane (Sigma-Aldrich, >99 %) as an internal 

standard, and 2 mmol anisole (Sigma-Aldrich, 99.7 %) in 50 mL n-dodecane (Sigma-Aldrich, 

>99 %) for Pt/SBA-15, or 5 mmol anisole in 50 mL n-dodecane for Pt/Al-SBA-15. Selected 

catalysts were also evaluated for phenol HDO using 100 mg catalyst, 5 mmol phenol (Sigma-

Aldrich, >99 %) in 50 mL n-dodecane solvent, and methoxycyclohexane HDO using 25 mg 

catalyst, 10 mmol methoxycyclohexane (Sigma-Aldrich, >95 %), 50 mL n-dodecane solvent, 800 

rpm, and 6 h reaction time. In all cases the reactor was sealed and purged three times with N2 

before heating to 200 °C under inert atmosphere. The reactor was subsequently pressurized with 
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20 bar H2 and stirring (800 rpm) commenced. Aliquots (1 mL) were periodically withdrawn 

through a dip-tube and diluted 1:1 v/v with ethyl acetate before injection into a Varian 450GC 

fitted with a CP-Sil 5 CB column (15m x 0.32mm x 0.25μm) calibration. Reactivity parameters 

were calculated according to the equations below. Conversion was calculated using nt as the 

reactant concentration at time t and n0 as the initial reactant concentration. Selectivity was 

calculated for liquid phase products, where nx=i is the number of moles of product i, and Σnx 

denotes the total amount of products detected. Mass-normalized initial rates were calculated at 

20 % conversion, and corresponding turnover frequencies (TOFs) obtained by subsequent 

normalisation to the surface Pt concentration determined by CO chemisorption. The standard 

deviation in quoted values is ~3 %. 

 

% Conversion = [(n0 – nt) / (n0)] x 100    

% Selectivity = [(nx=i) / (Σnx)] x 100     

% Yield = (Conversion x Selectivity) / 100   

TOF = mmol.h-1 / mmolPtsurface   

 

Catalyst comparisons in this work are based on both rate data and 6 h yields, the latter account for 

potential differential deactivation over the course of reaction. Anisole conversion remained <80 % 

in all experiments (a consequence of our mild reaction temperature), mitigating potential bulk mass 

transport limitations. 
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RESULTS & DISCUSSION 

Catalyst characterization 

Preservation of the textural properties of the parent mesoporous SBA-15 and Al-SBA-15 silica 

supports following Pt impregnation was first verified by N2 porosimetry; Type IV adsorption-

desorption isotherms with H1 hysteresis loops were observed for all materials (Figure S1) with 

corresponding BJH pore diameters of ~4.6±0.5 nm for Pt/SBA-15 and 3.6±0.4 nm for Pt/Al-SBA-

15. BET surface areas fell for both SBA-15 and Al-SBA-15 following Pt impregnation (Table 1), 

attributed to micropore blockage for Pt/SBA-15 as evidenced by t-plot analysis. For Al-SBA-15, 

the micropore surface area was <5 % of the total surface area and hence the ~45% area loss 

following Pt impregnation suggests mesopore blockage by nanoparticles. TEM measurements of 

low loading Pt/SBA-15 revealed the presence of 3-6 nm particles aligned within the mesopore 

channels, as previously reported46 (Figure S2); the largest particles, comparable to or exceeding 

the pore diameter, are likely present on the external surface. Smaller (1.5-3 nm) Pt nanoparticles 

were observed within the mesopore channels of Pt/Al-SBA-15 (Figure S3). Bulk and surface 

physicochemical properties are summarized in Table 1.  

Low angle XRD revealed (100), (110), and (200) reflections characteristic of P6mm symmetry 

present within SBA-1543 and Al-SBA-1545 supports (Figure S4). These reflections were preserved 

in all corresponding Pt functionalized materials, indicating that the ordered hexagonal-close-

packed (hcp) mesoporous architecture of both supports remained intact following Pt impregnation. 

Wide angle XRD of SBA-15 and Al-SBA-15 supported Pt catalysts exhibited reflections at 2θ = 

39.9°, 46.2°, and 67.9°, corresponding to (111), (200), and (220) facets respectively of fcc Pt 

metal46 (Figure S5). The peak width of Pt reflections decreased with metal loading for both 

supports, consistent with a fall in Pt dispersion calculated from CO chemisorption, corresponding 
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to Pt nanoparticle growth from 4®17 nm for SBA-15 and 2®34 nm for Al-SBA-15 (Table 1). 

Similar Pt loadings gave rise to smaller Pt nanoparticles for Al-SBA-15 in agreement with TEM, 

consistent with observations for Pd on alumina grafted SBA-15.47 

The nature of acid sites was further probed by pyridine DRIFTS (Figure 1).48 Unfunctionalized 

SBA-15 did not exhibit any adsorption bands characteristic of chemisorbed pyridine in accordance 

with the literature.49 In contrast, Al-SBA-15 exhibited bands at 1447 cm-1 and 1597 cm-1 

characteristic of pyridine adsorbed at Lewis acid sites arising from partially coordinated Al atoms 

(isomorphically substituted into the SBA-15 walls or extra-framework).50  Additional bands at 

1548 cm-1 and 1640 cm-1 are attributed to pyridinium ions adsorbed at Brønsted acid sites arising 

from Al substitution into the SBA-15 walls and associated charge balancing by protons. The 

remaining band at 1492 cm-1 is common to both the pyridinium ion and Lewis-bound pyridine. 

Platinum functionalization had minimal impact on the Brønsted:Lewis acid ratio on the Al-SBA-

15 support. 

 

Figure 1. DRIFT spectra of chemisorbed pyridine over Pt/Al-SBA-15. 
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Table 1. Textural properties of SBA-15 and Al-SBA-15 supported Pt catalysts. 
Support Support 

Si:Ala 

Nominal 
Pt 

loading 
/ wt% 

Actual 
Pt 

loadinga 
/ wt% 

Pt 
dispersionb  

/ % 

Pt 
particle 
sizec,d 
/ nm 

BET 
surface 
areae 

/ m2g-1 

Micropore 
surface areae 

/ m2g-1 

BJH pore 
diameter 

/ nme 

Pore 
volumee 

/ cm3g-1 

Wall 
thicknessc 

/ nm 

Acid site 
loadingf 

/ mmolg-1 

SBA-15 n/a n/a n/a n/a n/a 927 (±93) 328 (± 33) 4.7 0.93 5.7 n/a 

SBA-15 n/a 5 4.44 7.7 17 (±2)c 714 (±71) 169 (± 17) 4.7 0.79 5.5 n/a 

SBA-15 n/a 2 1.21 12.9 13 (±1) c 889 (±89) 173 (± 17) 4.7 1.03 6.7 n/a 

SBA-15 n/a 1 0.88 13.6 11 (±1) c 624 (±62) 110 (± 11) 4.7 0.77 5.3 n/a 

SBA-15 n/a 0.3 0.27 15.6 5 (±2)d 648 (±65) 182 (± 18) 4.7 0.69 5.3 n/a 

SBA-15 n/a 0.2 0.14 19.2 4 (±2)d 492 (±49) 132 (± 13) 4.7 0.52 6.5 n/a 

Al-

SBA-15 

14.5 n/a n/a n/a n/a 443 (± 40) 33 (± 3) 3.6 0.44 6.0 0.34 

Al-

SBA-15 

14.1 10 9.54 2.0 34 (± 3) c 254 (± 25) 0.0 3.6 0.78 5.8 0.18 

Al-

SBA-15 

14.3 2 1.36 10.0 8 (± 1) c 273 (± 23) 0.0 3.6 0.34 5.9 0.16 

Al-

SBA-15 

13.7 0.5 0.46 12.8 4 (±2)d 229 (± 23) 0.0 3.6 0.40 5.9 0.17 

Al-

SBA-15 

14.0 0.2 0.16 18.6 2 (± 1) d 273 (± 27) 0.0 3.6 0.45 5.9 0.17 

aICP-AES;bCO chemisorption;cXRD;dTEM;eN2 porosimetry;fTGA-MS
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The total acid site density was quantified by titration with propylamine; the desorption 

temperatures of propene and ammonia reactively-formed by propylamine decomposition over acid 

sites also provide a qualitative measure of acid strength (Figure S6).51  A common acid site loading 

of 0.17 mmol.g-1 was observed for all Pt/Al-SBA-15 materials, approximately half that of the 

parent Al-SBA-15. The propene desorption temperature was approximately 440 °C (indicative of 

moderate-strong acid sites44, 52) for Al-SBA-15 and Pt/Al-SBA-15 materials. In summary, the 

nature and strength of Al-SBA-15 support acidity was essentially independent of Pt 

functionalization.  

 

Anisole hydrodeoxygenation: 

Anisole HDO was first investigated over Pt/SBA-15 (Figure S7a-b). Specific activity per gram 

of Pt was inversely proportional to Pt particle size (Figure 2), however a significant deviation 

from linearity is observed, wherein rate µ diameter-g with a proportionality constant g>1. This 

indicates that activity was not directly correlated with the Pt surface atom density and hence that 

at least one of the potential competing routes for anisole conversion in Scheme 1 is structure 

sensitive.53, 54 This structure sensitivity is evidenced by the particle size dependence of turnover 

frequencies (TOFs) per surface Pt sites (determined by CO titration) wherein 4 nm particles were 

three times more active than 17 nm particles, reaching TOFs >2000 h-1 (compared to 1100 h-1 for 

Pd/C in water,28 4500 h-1  over Pt/SiO2 at 375 °C in vapor flow and atmospheric pressure H2
40 and 

680 h-1 for Ni2P/SiO2 in liquid flow).40 Structure sensitivity has also been observed in the 

solventless HDO of phenol over Ni/SiO2,55 however their TOFs for phenol hydrogenation were 85 

times slower for 5 nm particles (40 h-1) than for 22 nm particles (2300 h-1) which may reflect the 

lower reducibility of nickel. 56 Note that benzene and toluene hydrogenation over Pt nanoparticles 
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are favored over smaller nanoparticles, possibly due to particle size dependency in reactant 

adsorption energies.57, 58 

 

Figure 2. (a-b) Specific activity and (c) corresponding turnover frequency for anisole 

hydrodeoxygenation over Pt/SBA-15 catalysts as a function of Pt particle size. Reaction 

conditions: 200 °C; 20 bar H2; 300 mg 0.14-0.27 wt% Pt/SBA-15 or 100 mg 0.88-4.44 wt% 

Pt/SBA-15; 2 mmol anisole; 50 mL dodecane solvent; and 800 rpm. 

 

The observation that anisole conversion is structure sensitive implies that one (or more) of the 

resulting products should also exhibit structure sensitivity,59, 60 and indeed the particle size 

dependent specific productivity of the ring-hydrogenated methoxycyclohexane mirrors that of 

anisole conversion, (Figure 3) consistent with the direct pathway indicated in Scheme 1. In 

contrast, the formation of benzene and cyclohexane minor products appears structure insensitive, 

suggesting that deoxygenation of their precursors must be rate-limiting, although their low 

concentrations make a definitive assessment difficult. The carbon mass balance was >85 % for all 

Pt/SBA-15 catalysts. 
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Figure 3. (a) Specific productivity and (b) corresponding turnover frequency of product formation 

for anisole hydrodeoxygenation over Pt/SBA-15 catalysts as a function of Pt particle size. Reaction 

conditions: 200 °C; 20 bar H2; 300 mg 0.14-0.27 wt% Pt/SBA-15 or 100 mg 0.88-4.44 wt% 

Pt/SBA-15; 2 mmol anisole; 50 mL dodecane solvent; and 800 rpm. 
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studies indicate anisole can decompose via demethylation to phenol and subsequent deoxygenation 

to benzene via a 1,4-cyclohexadieneol intermediate.69  Direct demethoxylation of anisole to 

benzene has also been invoked in the liquid phase,70 although this reaction is thermodynamically 

unfavorable by 80-100 kJ mol-1 compared to demethylation.71, 72 Cyclohexane may originate from 

either the demethoxylation of methoxycyclohexane or the hydrogenation of benzene.57 As we 

discuss below, the former pathway dominates under our reaction conditions. 

 

Figure 4. Selectivity at 20 % iso-conversion for anisole hydrodeoxygenation over Pt/SBA-15 

catalysts as a function of Pt particle size. Reaction conditions: 200 °C; 20 bar H2; 300 mg 0.14-

0.27 wt% Pt/SBA-15 or 100 mg 0.88-4.44 wt% Pt/SBA-15; 2 mmol anisole; 50 mL dodecane 

solvent; and 800 rpm. 

 

The significance of the demethoxylation pathway in anisole HDO was subsequently 

investigated by studying the reactivity of phenol over small (0.14 wt% Pt/SBA-15) and large (4.44 

wt% Pt/SBA-15) Pt nanoparticles (Figure S7c-d). Specific activity for phenol HDO was between 

20 and 140 times greater than that for anisole HDO (Figure 5a), however the reverse structure 
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sensitivity was observed with the TOF increasing from 54,000 h-1 to 106,000 h-1 from 4 to 17 nm 

particles (in accordance with phenol hydrogenation over Pt/C73 and m-cresol HDO over Pt/TiO274). 

Note that average cyclohexane productivity from anisole over 6 h was only 8 mmol.gPt-1.h-1 for the 

high loading Pt/SBA-15 catalyst. 

 

Figure 5. Comparison of (a) specific activity and (b) 6 h product yields for anisole and phenol 

HDO over 0.14 wt% Pt/SBA-15 and 4.44 wt% Pt/SBA-15 catalysts. Reaction conditions: 200 °C, 

20 bar H2; 300 mg 0.14 wt% Pt/SBA-15 for anisole or 100 mg 0.14 wt% Pt/SBA-15 for phenol or 

100 mg 4.44 wt% Pt/SBA-15 for anisole and phenol; 2 mmol anisole or 5 mmol phenol; 50 mL 

dodecane solvent; and 800 rpm.  

 

Ring hydrogenation was the dominant pathway in phenol HDO, with cyclohexanol yields 

exceeding 75 % for both Pt/SBA-15 catalysts (Figure 5b); this contrasts with anisole HDO 

wherein negligible reactively-formed cyclohexanol was observed. We therefore conclude that 

demethylation is only a minor pathway in anisole HDO. In common with anisole HDO, yields of 

the minority deoxygenation products of phenol HDO (cyclohexane and benzene) increased with 

Pt particle size. 
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The preceding results demonstrate that Pt is effective for ring hydrogenation of anisole (and 

phenol) but ineffective for deoxygenation, consistent with literature for metal-only catalyzed 

HDO. 28 71 75 Introduction of acidity into the silica support dramatically enhanced both the specific 

activity for anisole HDO and the yield of desired cyclohexane product (Figure 6 and Figure S8), 

although a similar size dependence was observed for Pt/Al-SBA-15 as for Pt/SBA-15 (Figure S9). 

The TOF for 0.16 wt% Pt/Al-SBA-15 was 67740 h-1 per Pt site or 621 h-1 per H+, comparing very 

favorably with 10,700 h-1 for Pd/USY (200 °C and 52 bar H2),38 ~10,000 h-1 for 0.5 wt% 

Pt/HY(2.6) (250 °C and 40 bar H2),20 and 424 h-1 for Ni2P/SiO2 (300 °C and 15 bar H2).76 Such 

promotion may either reflect a new (facile) reaction pathway for anisole, such as transalkylation, 

demethylation,20, 37, 77 or hydrolysis,78 or the suppression of poisoning of Pt active sites by reaction 

intermediates formed over Pt/SBA-15. Since the same products are observed for Pt/Al-SBA-15 

and Pt/SBA-15 (methoxycyclohexane, cyclohexane and benzene), we can infer that the former 

scenario is improbable, whereas experimental and theoretical studies over model Pt catalysts 

suggest that anisole is indeed prone to decomposition to strongly chemisorbed species (consistent 

with the latter scenario).69, 79-81 The strong synergy between Pt and Brønsted acid sites confers a 

several hundredfold increase in average cyclohexane productivity over 6 h (from 15 mmol.gPt-1.h-

1 to 6500 mmol.gPt-1h-1) for a common, low Pt loading, associated with a dramatic rate 

enhancement coupled with a sharp rise in cyclohexane selectivity (from 15 % to 92 %). Note that 

this synergy is significantly weaker for high metal loadings typically adopted in the literature, 

resulting in a smaller 6 h productivity enhancement (8 mmol.gPt-1.h-1 versus 161 mmol.gPt-1.h-1, see 

Table S2). 
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Figure 6. Comparison of specific activity and 6 h product yields for anisole HDO over 0.14 wt% 

Pt/SBA-15 versus 0.16 wt% Pt/Al-SBA-15. Reaction conditions: 200 °C; 20 bar H2; 300 mg 

Pt/SBA-15 or 50 mg Pt/Al-SBA-15; 2 mmol anisole (Pt/SBA-15) or 5 mmol anisole (Pt/Al-SBA-

15; 50 mL dodecane solvent; and 800 rpm. 

 

To establish whether support acidity influences the deoxygenation of reactively-formed 

methoxycyclohexane, its reactivity was compared over the SBA-15 and Al-SBA-15, and Pt 

functionalized analogues (Figure S10). The parent Al-SBA-15 support was active for 

methoxycyclohexane demethoxylation to cyclohexene (presumably via dehydration of 

cyclohexanol)82 whereas SBA-15 was inert (Figure 7), evidencing the significance of acid sites in 

ether HDO.83 This can be rationalized based on acid sites promoting ether cleavage via protonation 

of the ether oxygen to form R-O(H+)-R, followed by hydrolysis to R-OH species.84 Pt addition to 

Al-SBA-15 promoted rapid cyclohexene hydrogenation to cyclohexane, but had little impact on 

the rate of methoxycyclohexane demethoxylation. Although Pt/SBA-15 showed some activity for 

methoxycyclohexane conversion, it was fully deactivated after 1 h reaction (Figure S11) 
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evidencing self-poisoning of metal sites; this is consistent with the accumulation of 

methoxycyclohexane during anisole HDO (as inferred in the preceding paragraph). A physical 

mixture containing 25 mg each of 0.14 wt% Pt/SBA-15 and Al-SBA-15 exhibited a cyclohexane 

productivity of only 148 mmol.gcat-1.h-1, approximately half that of the bifunctional catalyst, 

demonstrating the importance of close proximity between metal and acid sites in maximizing 

HDO. Such proximity facilitates spillover of reactive intermediates to and from  acid sites at the 

perimeter of metal nanoparticles,85, 86 consistent with the  observation that small Pt particles 

supported on Al-SBA-15 are optimal for HDO.  

  

Figure 7. Comparison of activity, and 6 h conversion and product yields for methoxycyclohexane 

hydrodeoxygenation over SBA-15, Al-SBA-15 and Pt analogues. Reaction conditions: 200 °C; 20 

bar H2; 25 mg 0.14 wt% Pt/SBA-15 or 0.16 wt% Pt/Al-SBA-15; 10 mmol methoxycyclohexane; 

50 mL n-dodecane solvent; and 800 rpm.  
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 The amount and strength of acid sites will likely both influence anisole HDO, however 

independently varying these is challenging due to cooperative effects that emerge between 

neighbouring acid sites as their number is increased.87, 88 Changing the solid acid support entirely 

to tune acid strength is problematic since metal dispersion and acid site accessibility are 

simultaneously changed.24, 26 We therefore prepared a family of Al-SBA-15 supports of similar 

textural properties but different Al content (Si:Al ratios from 6 to 79). 27Al MAS NMR and 

propylamine TPD analysis of Al-SBA-15 as a function of Si:Al ratio revealed an inverse 

relationship between the number of acid sites and their strength, associated with the formation of 

extra-framework alumina at very low Si:Al ratios (Figure S12). Stronger acid sites promote 

cyclohexanol deoxygenation, and hence the combination of higher Si:Al ratio supports with small 

Pt nanoparticles offers an interesting avenue for future research. 

Anisole HDO over Pt/Al-SBA-15 thus proceeds through metal catalyzed ring hydrogenation to 

methoxycyclohexane, followed by acid catalyzed demethoxylation and dehydration to 

cyclohexene, and subsequent metal catalyzed hydrogenation of cyclohexene to cyclohexane as 

shown in Scheme 2. In the absence of support acidity, methoxycyclohexane accumulates on Pt 

sites possibly resulting in self-poisoning through decomposition products. Alternative reaction 

pathways, such as anisole demethylation to phenol or transalkylation to cresol, do not appear to 

operate, although the former may account for small amounts of reactively-formed benzene. Small 

Pt nanoparticles (formed at low Pt loadings) promote anisole hydrogenation, and their combination 

with Al-SBA-15 unlocks highly active and selective catalysts for anisole HDO to cyclohexane at 

moderate temperature (200 °C) and H2 pressure (20 bar). Future work will explore the possibility 

of even greater precious metal thrifting89 through extension to small Pt clusters (or single atoms90) 

in combination with hierarchically porous solid acid supports. Resasco and co-workers recently 
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reported that isolated Pt cations on a (moderate Lewis acid) TiO2 support were less active than 

small Pt clusters for m-cresol HDO,74 and future work will explore whether similar behaviour is 

observed for Brønsted acid supports. 

 

Scheme 2. Major reaction pathways for anisole hydrodeoxygenation over Pt/Al-SBA-15. 

 

CONCLUSIONS 

Anisole HDO to cyclohexane over bifunctional Pt/Al-SBA-15 catalysts proceeds via the stepwise 

(and structure sensitive) ring hydrogenation of anisole over Pt nanoparticles to 

methoxycyclohexane, demethoxylation over moderate-strong Brønsted acid sites to cyclohexene, 

and subsequent rapid hydrogenation over Pt to the desired cyclic alkane. Competing pathways for 

such as anisole demethylation to phenol or transalkylation to cresol are disfavored at the moderate 

reaction conditions (200 °C and 20 bar H2) used in this study. A consequence of the preferential 

ring hydrogenation of anisole over small (£4 nm) Pt nanoparticles, is that the optimum synergy 
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with neighboring acid sites occurs for metal loadings far lower than commonly adopted (£0.16 

wt% versus 1-5 wt%19, 25-27), conferring an 865-fold increase in cyclohexane production per gram 

Pt coupled with a 28-fold reduction in metal, exemplifying the concept of precious metal thrifting. 
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