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Abstract1 

This work investigates the deoxygenation reaction during the decomposition of 

anisole (methoxy-rich model compound of lignin) over bi-functional catalyst. The bi-

functional catalyst consisted of a single metal loaded on an acid support; the active 

metals, i.e. Ni, Co, Mo and Cu, were loaded at various rates, and the acid support 

was HZSM-5 zeolite with a Si/Al ratio of 25 (HZ(25)). Experiments were conducted in 

a bench-scale fluidised bed reactor within the temperature range from 400˚C to 

600˚C. Experimental results revealed that the increase in temperature and metal 

loading promoted the selectivity of BTX fraction. Nevertheless, a simultaneous 

increase in the yield of carbonaceous deposits was also observed at the expense of 

liquid fraction, both phenolics compounds (Phs) and aromatic hydrocarbons (AHs). 

500˚C was the preferred temperature for BTX production. Ni-loaded HZ(25) catalyst 

                                                
1
 Abbreviations: HZ(25), HZSM-5 with Si/Al ratio of 25; x%M/HZ(25), x% metal M loaded 

HZ(25); BTX, benzene, toluene and xylene; AH, aromatic hydrocarbon; Phs, phenolic 
compounds 

mailto:101011398@seu.edu.cn
e804426
Text Box
Chemical Engineering Journal, Volume 336, 15 March 2018, Pages 211-222DOI:10.1016/j.cej.2017.11.128

e804426
Text Box
Published by Elsevier. This is the Author Accepted Manuscript issued with: Creative Commons Attribution Non-Commercial No Derivatives License (CC:BY:NC:ND 4.0).  The final published version (version of record) is available online at DOI:10.1016/j.cej.2017.11.128. Please refer to any applicable publisher terms of use.



could dramatically facilitate the conversion of Phs to monoaromatics and increase the 

selectivity of BTX fraction by 43.4%; Mo-loaded HZ(25) catalyst exhibited the best 

catalytic activity towards the total production of AHs and promoted the BTX yield by 

27.1%. It was also found that 1 wt.% was the optimum loading ratio for both Ni and 

Mo on HZ(25) to obtain the highest BTX yield and selectivity. Characterization of 

fresh bi-functional catalysts showed that micro polycrystalline metal sites, in the 

range of 4 -10 nm, existed on the fresh catalyst and exhibited strong interaction with 

the HZ(25) support. For the spent catalysts, large amount of amorphous 

carbonaceous deposit was observed, ascribed to the polycondensation of aromatic 

compounds during the reaction. Three reaction pathways were proposed for the 

catalytic deoxygenation of anisole, with the hydrogen being available in-situ as 

product of the polycondensation reactions. 

Key words: anisole; catalytic decomposition; deoxygenation; bi-functional catalyst; 

BTX 

1. Introduction 

Large amount of waste lignin is produced annually by the pulp and paper industry [1–

3]. Conversion of lignin into a liquid fraction via fast pyrolysis, followed by the 

catalytic upgrading of this fraction is a promising approach to produce aromatic 

hydrocarbons that can be used as additives for transport fuel, such as the BTX 

fraction, i.e. benzene, toluene, and xylene [4–6]. Methoxy compounds abundantly 

exist in the primary liquid product derived from fast pyrolysis of lignin; and the 

catalytic deoxygenation is a favourable route for their upgrading for fuel application 

[7]. Anisole (or methoxybenzene) is a prototype model compound to investigate the 

reactivity of methoxyl-based lignin-derived compounds [8]. The decomposition of 

anisole is commonly recognized to consist of two steps: transmethylation and 

deoxygenation [9–11]. Transmethylation is considered to be the initial reaction step 

of the process; it mainly produces methyl-containing Phs, which are intermediates for 



the subsequent formation of AHs [12–16]. Further conversion of the Phs through 

deoxygenation reaction at higher temperature gives rise to AHs and even naphthenic 

hydrocarbons [9–11]. 

Metal-based solid catalysts are one of the most promising catalysts used in lignin fast 

pyrolysis and the upgrading of the derived bio-oil to produce AHs [11,17,18]. These 

catalysts consist of active metals dispersed on a solid support. Various supports 

have been studied, including inert metal oxides (i.e. SiO2, Al2O3 etc.), carbon 

nanofibers, and acid zeolite (i.e. HBeta, HZSM-5 etc.) [19], with the latter being most 

widely used [20–23]. Transition metals, such as Ni, Co, Mo and Pt etc., have been 

found to be highly active catalysts for product reforming [20,24–26]. The use of noble 

metals as catalysts for the lignin derived bio-oil upgrading and catalytic reforming 

have been widely investigated using representative model compounds [23,27,28]. 

Metal-supported solid catalysts promote the deoxygenation reactions during the 

decomposition of anisole; and noble metals, especially Pt, has been reported to 

exhibit good catalytic performance in such process [20,29]. However, the applicability 

of noble metals is hindered by their high costs. The use of base metals has been 

suggested as they are preferred in terms of lower cost. However, regardless the 

increasing interest of using base metals in catalytic fast pyrolysis of lignin and its 

related model compounds [17,26,30–35], anisole decomposition over base metal 

based catalysts have been rarely reported.  

It is commonly acknowledged that acid sites play an important role in anisole 

decomposition [36–38]. Nevertheless, limited literature reporting the use of bi-

functional catalyst, i.e. consisting of a base metal and acid solid support, in the 

decomposition of anisole is available. On the other hand, most of the research work 

about deoxygenation stage in the catalytic anisole decomposition considers the 

external supply of hydrogen to the reaction atmosphere [20,24,39–42]. The use of 

hydrogen not only increases the cost and risk of the process, but also an excessive 



hydrogen supply normally leads to aromatic ring saturation with high selectivity 

towards cyclohexane and cyclohexanol  [40]. There is an increasing interest in using 

alternative hydrogen sources, such as hydrogen-rich AH mixtures (propylene, n-

decane, benzene, or tetralin) [13]. Nevertheless, there is a lack of investigations that 

evaluate the ability of in-situ hydrogen supply during the reaction of anisole 

decomposition; even though the methyl group in the anisole molecule is a 

hydrogen-rich group itself. 

In this work, the catalytic deoxygenation reaction during the decomposition of anisole, 

as a lignin-related model compound, was investigated. Bi-functional catalysts, 

consisting of a single metal (i.e. Ni, Co, Mo and Cu) loaded on acid support (HZSM-5 

zeolite with a Si/Al ratio = 25) were used. The effect of temperature and metal 

loading on quantity and quality of the products was studied. Experiments were 

performed in a bench-scale fluidised bed reactor under atmosphere pressure to 

investigate the intrinsic reaction mechanism. 

2. Materials and methods 

2.1. Materials 

Anisole was supplied by Aladdin Reagents Co., Ltd. The HZSM-5 (Si/Al=25, HZ(25)) 

zeolite catalyst was provided by Nankai University Catalyst Co., Ltd, China. 

Precursors of metal active site used for catalyst synthesis, i.e. nickel nitrite 

hexahydrate (Ni(NO3)2·6H2O), cobalt nitrite hexahydrate (Co(NO3)2·6H2O), 

ammonium molybdate tetrahydrate ((NH4)6Mo7O24.4H2O), and copper nitrate 

trihydrate (Cu(NO3)2·3H2O), were supplied by Aladdin Reagents Co., Ltd. The 

chemicals used for calibration in GC-MS (analytical purity) were also provided by 

Aladdin Reagents Co., Ltd. N2, H2 and all the standard gaseous species used for the 

operation and calibration of GC-FID were supplied by Nanjing Shangyuan Industrial 

Gas Plant at a purity of 99.999%. 



2.2. Methods 

2.2.1. Catalyst preparation  

Single metal/HZ(25) catalysts were synthesized by wet impregnation of the support 

(HZ(25)) with aqueous solutions of the metal precursor, i.e. Ni(NO3)2·6H2O, 

Co(NO3)2·6H2O, (NH4)6Mo7O24.4H2O and Cu(NO3)2·3H2O, in different concentrations 

depending on the targeted active metal loading (see supplementary file S1 for full 

details). The impregnation mixtures were stirred with a magnetic stirrer during 24 h at 

room temperature (~25°C). Water was removed by evaporation at 80°C and the 

impregnated support was then dried at 110°C for 12 h, followed by air calcination in a 

muffle furnace at 500°C for 6 h. The calcined catalyst precursors were crushed and 

sieved to a particle size range between 60-80 mesh. The catalysts were reduced in-

situ with 25 vol.% H2/N2 (total flow rate of 500 mL/min) for 2 h before each 

experiment. Reduction temperatures were established from H2-TPR analyses and 

varied with the loaded metal. Catalysts with various metal loadings were prepared, i.e. 

0.5, 1 and 5 wt.% in the case of Ni and Mo, and 1 wt.% in the case of Co and Cu. 

Catalysts were denoted as x%M/HZ(25), where M is the active metal (M = Ni, Cu, Mo 

or Co) and x is the loading ratio (x = 0.5, 1, or 5). 

2.2.2. Catalyst characterization 

2.2.2.1 H2-TPR  

H2-TPR (Temperature Programmed Reduction) analyses were performed on the 

calcined impregnated supports to determine the reduction temperature for the metal 

active sites. About 100 mg of the sample was loaded in a U-shaped quartz tube and 

flushed with a 20 mL/min Ar stream at 400°C for 40min. The temperature was then 

decreased to room temperature (~25°C) under inert conditions. The sample was 

reduced under a stream of 10 vol.% H2/Ar (total flow rate of 20 mL/min) with the 

temperature increasing at a heating rate of 10°C/min up to 800°C. The output signal 

of H2 concentration was detected with a thermal conductive detector (TCD). 



2.2.2.2 TEM-EDS 

Both fresh (reduced) and spent metal-based HZ(25) catalysts were analyzed by 

Transmission Electron Microscopy (TEM) in order to evaluate the morphology of 

metal active sites and carbonaceous deposits on the zeolite support. Specimens 

were prepared by ultrasonic dispersion of catalyst samples in ethanol before 

dropping the suspension to a copper/nickel grid. A Tecnai G2 T20 provided by FEI 

Ltd was used. Images of the microstructure and the relevant selected area electron 

diffraction (SAED) patterns of the specimens were acquired. Energy Dispersive 

Spectrometer (EDS) tests were also performed using Genesis 2000 from EDAX Ltd. 

to determine the elements present on the sample surface. 

2.2.2.3 XPS 

X-ray photoelectron spectroscopy (XPS) tests were carried out to evaluate the 

surface composition of the fresh catalyst samples and the composition of 

carbonaceous deposits on the spent catalyst. The tests were performed in a XPS 

analyser ESCALAB 250Xi from Thermo Fisher Scientific Inc. with an Al Kα X-ray 

source (10 mA, 20 kV), under the conditions of 20 and 100 eV pass energy for the 

survey spectra and the single element spectra (Ni, Co, Mo, Cu, C), respectively. 

Peaks were identified by means of the American National Institute of Standards and 

Technology (NIST) database. 

2.2.3 Experiments 

Experiments were carried out in the bench scale fluidised bed reactor (D*H (mm) = 

32*600) sketched in Fig. 1. Nitrogen was used as fluidising gas, and the flow velocity 

was adjusted by running cold experiments, and set to approximately two times the 

minimum fluidisation velocity, found to be Umf = 0.027 m/s. Details on the calculation 

of  Umf are found elsewhere [10, 31].  



 

Fig. 1 Schematic for reactor setup 

For each experiment, 50 g of fresh catalyst was placed inside the reactor and 

fluidised by a N2 flow rate of 154 L/h. A total amount of 8.3 g of liquid anisole was 

place in a syringe pump at the beginning of the experiment and pumped into the 

reactor at a constant flow rate of 50 g/h during the test. Reaction time was 10 min. 

The effect of temperature was investigated performing catalytic decomposition 

experiments over 1%Ni/HZ(25) at 400, 500 and 600°C. In order to investigate the 

effect of the metal type on the anisole decomposition, experiments were carried out 

over 1%Ni/HZ(25), 1%Co/HZ(25), 1%Mo/HZ(25) and 1%Cu/HZ(25) at 500°C. The 

effect of metal loadings were investigated by performing experiments with 

0.5%Ni/HZ(25), 1%Ni/HZ(25), 5%Ni/HZ(25), 0.5%Mo/HZ(25), 1%Mo/HZ(25) and 

5%Mo/HZ(25) at 500°C. For each experiment, the outflow stream was passed 

through a three stages quench traps to collect the liquid product, which was further 

diluted to a constant volume of 150 mL. The liquid fraction was then analysed by GC-

MS in an Agilent GC7890 gas chromatograph-mass spectrometer equipped with a 

capillary column DB-5ms (30 m x 250μm x 0.25μm). The injector temperature was 

kept at 270˚C. The column was programmed from 40˚C (3 minutes) to 180˚C (2 min) 

with the heating rate of 5˚C/min, and finally to 280°C (held 2 min) with the heating 

rate of 10°C/min. Overall running time for each GC-MS test was 45min. The mass 



spectra were operated in electron ionization (EI) mode at 70 eV, and were obtained 

from m/z 35-550. Each species in the liquid sample were quantified by total ion and 

were identified based on the database of NIST library, and was calibrated with an 

external standard solvent. All detected compounds (peak threshold value: 18) were 

utilised for the calibration. The amount of carbonaceous deposits on the spent 

catalyst was determined by thermogravimetric analysis with a SETSYS-1750 CS 

Evolution TG Instrument. In each test, around 15 mg of sample was charge in the 

pan and heated from room temperature (~25°C) up to 900°C at a heating rate of 

20 °C/min and under an air flow rate of 20 mL/min. The sample was kept at 900°C for 

15 min to ensure total burn-out of the carbonaceous deposits. Non-condensable 

gaseous products were analysed by GC-FID, which was equipped with a column 

SE54. The injection volume of gaseous sample was 1µL, and the injector 

temperature was 270°C with 6.3 mL/min helium as the carrier gas. The initial column 

temperature was set to 40°C with equilibration time of 2 min, and the maximum 

temperature was 300°C. Overall running time for each GC-FID test was 45 min. 

Yields of the liquid fraction, carbon deposits and gaseous fraction were determined 

as a percentage of the initial weight of the anisole sample. The standard deviation of 

the liquid and carbonaceous deposit yields were evaluated by the repeating three 

sets of experiments; further details are provided in supplementary file S2. 

3 Results and discussion 

3.1 Characterization of fresh catalysts 

The reduction temperature for each metal oxide loaded on HZ(25) was determined 

by H2-TPR analyses. Fig. 2 shows the H2-TPR profiles of Ni/HZ(25), Co/HZ(25), 

Mo/HZ(25) and Cu/HZ(25) catalyst samples. In the case of Ni/HZ(25) catalyst, two 

distinct peaks at around 423°C and 535°C were observed. The larger peak at 423°C 

indicates a higher consumption of hydrogen, which points to the principal reduction of 

NiO to Ni at this temperature. The second peak at 535°C relates to the metal oxides 



in the channels of zeolite that are more difficult to reduce due to the stronger 

interaction between the metal sites and support, which may be attributed to the 

presence of acidic sites in the zeolite support [24,41,44,45]. The reduction profile of 

Co/HZ(25) also showed two peaks at around 516°C and 672°C respectively. The 

major peak is assigned to the transition of CoO to Co. The small peak evolved at 

higher temperature suggests the existence of nanosize CoO species in the zeolite 

channels and the stronger metal-support interaction [44,46]. In the case of Mo/HZ(25) 

catalyst, a main H2 peak evolved at around 424°C, and a shoulder to that peak was 

observed at around 453°C, indicating the reduction of MoO3 to MoO2. Another peak 

at 710°C is attributed to further reduction of MoO2 to metal Mo [47,48]. Two clearly 

distinctive reduction peaks were observed in the case of Cu/HZ(25) at 201°C and 

425°C respectively. The first peak is assigned to the reduction of intra-zeolite CuO to 

Cu2O, while the peak at higher temperature corresponds to the further reduction to 

Cu [45,49,50]. Besides, additional minor H2 consumption was observed at 600°C, 

which is ascribed to the copper oxides particles in zeolite channels that are difficult to 

be reduced. 

 

Fig. 2 H2-TPR profiles of M/HZ(25) (with M =  Ni, Co, Mo, or Cu). 10 vol.%H2/Ar flow 

rate = 20mL/min; Heating rate = 10°C/min 



Following H2-TPR results, Ni/HZ(25) and Cu/HZ(25) were in-situ reduced at 600°C, 

Co/HZ(25) was reduced at 700°C, and Mo/HZ(25) was reduced at 800°C 

respectively prior to fresh catalysts characterization and experiment. 

TEM analyses with various magnifications (200nm, 100nm, 50nm, and 20nm) were 

performed on fresh 1%M/HZ(25) samples, i.e. 1%Ni/HZ(25), 1%Co/HZ(25), 

1%Mo/HZ(25), and 1%Cu/HZ(25). Representative TEM micrographs are shown in 

Fig. 3, and more graphs can be found in the supplemental files S6 to S9. For the four 

catalysts, the metal particles were observed to be highly dispersed on the zeolite 

surface in the form of primarily micro polycrystal [51,52]. The crystal nature was 

confirmed by the diffraction rings shown in the selected area electron diffraction 

(SAED) patterns (see supplementary files S6 to S9). Fig. 3 highlights the average 

sizes of the crystals for each catalyst, which were found to range between 4 and 10 

nm for all metals. As it shown in Fig. 3 (a), the microcrystal particles of Ni exhibited 

irregular shape, and were difficult to be distinguished. Sankaranarayanan et al. [44] 

observed the same when evaluating Ni loading by TEM. The particles of Mo and Cu 

also consisted of microcrystals with blurry boundaries, as shown in Figs. 3 (c) and (d). 

On the contrary, the Co microcrystals showed polygon shapes with clear boundaries, 

as shown Fig. 3(b). 

 

(a)                                              (b) 



 

(c)                                              (d) 

Fig. 3 TEM micrographs of the fresh catalysts: (a) 1%Ni/HZ(25) , (b) 1%Co/HZ(25), 

(c) 1%Mo/HZ(25) and (d) 1%Cu/HZ(25)  

EDS tests were carried out to confirm the main elements present in the surface of the 

four fresh catalysts and estimate their quantities, as shown in Table 1 and 

Supplementary file S32. For each of the catalysts, the active metal species were 

found to be in a concentration around 1 wt.% (based on the whole catalyst sample 

weight), which agrees with the expected loading ratio. 

Table 1 Metals loading on single metal loaded catalysts detected by EDS 

Catalyst Elem Weight% Atomic% 

1%Ni/HZ(25) Ni 1.0 0.3 

1%Co/HZ(25) Co 1.3 0.4 

1%Mo/HZ(25) Mo 1.1 0.2 

1%Cu/HZ(25) Cu 1.4 0.4 

                                                
2
 Copper support grid was used for testing the Ni, Co, and Mo catalysts in the tests of TEM-

EDS, and nickel support grid was used for testing the Cu catalysts. The net grid metals were 
also identified in the tests but have been excluded in the quantitative analysis. 



XPS was used to identify the state (i.e. valence) of metal elements on the surface of 

the reduced fresh catalyst and evaluate the interaction between metals and the 

support. The spectra for fresh 1%Ni/HZ(25), 1%Co/HZ(25), 1%Mo/HZ(25) and 

1%Cu/HZ(25) were based on Ni(2p), Co(2p), Mo(3d) and Cu(2p) respectively and 

shown in Fig. 4. 

      

(a)                                                                (b) 

      

(c)                                                                (d) 

Fig. 4 XPS spectra of (a) Ni(2p) on Ni/HZ(25), (b) Co(2p) on Co/HZ(25), (c) Mo(3d) 

on Mo/HZ(25), (d) Cu(2p) on Cu/HZ(25) 

For Ni/HZ(25), the peaks at 862.01 and 856.86 eV are ascribed to Ni2+, which can be 

either Ni(OH)2 or NiO, and the peak at 853.80 eV is assigned to Ni0. In the case of 

Co/HZ(25), five peaks were identified; the first peak at 787.28 eV is assigned to CoO, 

and the peaks at 803.82, 798.18 and 782.42 eV can all be assigned to Co(OH)2. The 

small peak at 778.06 eV is attributed to Co0. In the case of Mo/HZ(25), the peaks at 



236.16 and 233.00 eV are ascribed to MoOx, and the peak at 231.00 eV may 

attribute to either Mo0 or Mo(OH)x/Mo. For Cu/HZ(25), two peaks were seen. The 

peak at 953.16 eV can be assigned to either CuO or Cu(OH)2, and the other peak at 

933.01 eV is attributed to Cu0.  

XPS revealed that despite the catalysts were reduced under hydrogen at the required 

temperature, metals at different oxidization state are still found to different extent in 

all samples. This can be due to both unreduced metals and active metal sites 

interacting with the HZ(25) zeolite support, especially their connections to the 

structure oxygen. Considering that XPS is a surface technique and the surface metal 

would be readily reduced at the corresponding temperatures, the metal support 

interaction is expected to be the main reason. Similar phenomenon has been 

previously reported in the literature [53]. The metal hydroxides i.e. Ni(OH)2, Co(OH)2, 

Mo(OH)x and Cu(OH)2 are regarded as the evidence for the interactions between the 

metal and acid sites. The results in Fig. 4 also show that the oxidised state was 

dominating in the case of Ni/HZ(25), Co/HZ(25), and Mo/HZ(25); particularly in 

Co/HZ(25)  sample where only a small portion of Co0 was observed [54–56]. On the 

contrary, relatively large amount of Cu0 was detected in Cu/HZ(25), which implies 

that Cu may have less interaction with the HZ(25) support compared to the other 

metals. This is in agreement with the H2-TPR results that showed lower reduction 

temperatures for Cu/HZ(25) catalyst compared to the other metal-based catalyst; no 

obvious interaction peak was observed at temperatures higher than 450°C. 

3.2 Effect of temperature on deoxygenation reaction over single 

metal/HZ(25) catalysts 

The effect of temperature on deoxygenation reaction in the anisole decomposition 

process over 1%Ni/HZ(25) was evaluated within 400°C and 600°C (experiments D1, 

D2 and D3 in Table 2). The anisole conversion and yields of liquid, gas and solid 

(carbonaceous deposits) products are shown in Table 2. The conversion of anisole 



was 90.0% at 400°C and 100% at both 500°C and 600°C. The total liquid product 

yield decreased with temperature from 41.6 wt.% at 400°C (excluding 

undecomposed anisole) to 19.9 wt.% at 600°C. On the contrary, the carbonaceous 

deposit yield increased from 45.2 wt.% at 400°C to 77.3 wt.% at 600°C. Gas product 

yield was lower than 0.4 wt.% in all cases. GC-FID analyses revealed that the gas 

fraction was mainly composed of alkanes and olefins at all the temperatures (see 

Supplemental files S4). These compounds are probably produced from the release of 

methyl groups. 

Fig. 5 shows the composition of the liquid product obtained over 1%Ni/HZ(25) at the 

different tested temperatures. The composition of the liquid product obtained over 

HZ(25) is included for comparison; more details can be found elsewhere [10]. The 

liquid fraction produced at 400°C consisted mainly of undecomposed anisole and 

Phs. It is worth noting that the conversion of anisole over Ni-based catalyst (90%) 

was lower than that over non-metal HZ(25) catalyst (~99.4%) [10]. This result may be 

attributed to the combined effect of the loss of acid sites on the solid support due to 

the metal loading, and the negligible activity of the metal sites at 400°C. The amount 

of Phs significantly decreased with temperature; particularly in the case of 

1%Ni/HZ(25) with Phs reduced to 2.4 wt.% at 500 °C and no Phs detected at 600°C. 

On the contrary, the yield of AHs increased with temperature, with a maximum of 

28.8 wt.% achieved at 500°C. At all temperatures, AHs consisted mainly of BTX, 

although a small proportion of polycyclic aromatic hydrocarbon (PAH), including 

naphthalene and methyl naphthalene, was observed (<3 wt.% in yield). The 

maximum BTX yield was also observed at 500°C (25.6 wt.%), although maximum 

selectivity was achieved at 600°C. In the case of HZ(25), the maximum BTX yield 

was observed at 600°C. This 100°C difference in the peak temperature points to the 

effect of Ni in lowering the activation energy required for the deoxygenation reaction 

during anisole decomposition. Therefore, the increase in temperature favoured the 



production of BTX through the deoxygenation of Phs compounds, which are 

abundant intermediates produced from the transmethylation of anisole [10]. Results 

revealed that temperatures of 500°C or higher are required for the deoxygenation 

reactions over 1%Ni/HZ(25) to occur. However, an increase in temperature also 

resulted in an increase in carbonaceous deposit yield and decrease in total liquid 

yield, which indicates that temperature rise promoted the solid products formation. 

Deoxygenation and carbonaceous deposit formation are known to be competitive 

reactions over Ni-based catalysts, both are favoured by high temperatures [57]. A 

compromise between the effects of these two reactions is better achieved at 500°C, 

which is found to be the optimum temperature giving rise to the highest BTX yield 

although decreasing the selectivity. Additionally, it is worth noting that multi-methyl 

Phs (xylenols and trimethyl-methyl Phs) were only detected in the liquid products at 

400°C. This result suggests that these compounds are more readily to be converted 

to AHs and carbonaceous deposit at higher temperatures than phenol and cresols. 



 1 

Table 2. Conversion, product recovery and product yields (in wt.% of reactant) from anisole decomposition over HZ(25) and x%M/HZ(25). 2 

No. Catalyst T (
o
C) 

Conversion 

(%) 

Product recovery 

(%) 

Liquid products 

Gas yield Solid yield Liquid yield 

BTX selectivity 
b
 (%) 

Total Phs AHs BTX 

T1 
a
 HZ(25) 400 99.4 n.d. 72.5

c
 70.0 1.9 1.9 2.6 n.d. 27.0 

T2
 a

 HZ(25) 500 

100 

n.d. 41.2 10.0 31.2 23.6 57.1 n.d. 42.0 

T3
 a

 HZ(25) 600 n.d. 33.5 0.0 33.5 27.3 81.5 n.d. 46.2 

D1 

1%Ni /HZ(25) 

400 90 96.8 51.6
c 

37.8 3.8 3.0 7.3 0.1 45.2 

D2 500 

100 

99.4 31.3 2.4 28.8 25.6 81.9 0.2 68.0 

D3 600 97.6 19.9 0.0 19.9 19.4 97.6 0.4 77.3 

D4 0.5%Ni /HZ(25) 500 99.3 33.8 6.7 27.2 23.9 70.6 0.1 65.4 



D5 5%Ni /HZ(25) 500 95.0 4.3 0.0 4.3 4.3 98.7 1.2 89.5 

D6 1%Co /HZ(25) 500 95.9 37.6 8.8 28.8 25.9 68.8 0.1 58.2 

D7 1%Mo /HZ(25) 500 100.0 38.8 3.6 35.2 30.0 77.4 0.5 60.7 

D8 0.5%Mo/HZ(25) 500 96.0 35.7 5.3 30.4 25.6 71.7 0.6 59.7 

D9 5%Mo /HZ(25) 500 99.9 35.4 8.0 27.3 25.2 71.2 0.3 64.2 

D10 1%Cu /HZ(25) 500 98.2 40.8 7.1 33.7 28.3 69.3 0.5 56.9 

n.d. non-determined 3 

a
 Data derived from previous study [10] 4 

b
 Selectivity calculated with respect to the total liquid yield, included unreacted anisole 5 

c
 The value considers unreacted anisole
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Fig. 5 Effect of temperature on the composition of the liquid product obtained from 9 

anisole decomposition 1%Ni/HZ(25) and HZ(25) (from reference [10]).  10 

The lower conversion of anisole and total liquid yield observed over 1%Ni/HZ(25) 11 

catalysts compared to those over sole HZ(25) can be related to the larger formation of 12 

carbonaceous deposit caused by the 1 wt.% of Ni loading. Despite these lower values, 13 

both the BTX yield and selectivity improved when testing 1%Ni/HZ(25). The BTX yield 14 

increased from 1.9 wt.% to 3.0 wt.% at 400°C and from 23.6 wt.% to 25.6 wt.% at 15 

500°C, although experienced a decrease from 27.3 wt.% to 19.4% at 600°C related to 16 

the higher yield of carbonaceous deposits. Simultaneously, the BTX selectivity 17 

enhanced from 2.6% to 7.3% at 400°C, from 57.1% to 81.9% at 500°C, and from 18 

81.5% to 97.6% at 600°C. The results are attributed to more Phs being converted into 19 

BTX through deoxygenation and less polycyclic aromatic hydrocarbon (PAH) being 20 

formed in the presence of Ni active sites, especially at high temperatures. Nevertheless, 21 

at 400°C and 500°C, the significant decrease in the Phs yield over 1%Ni/HZ(25) 22 

compared to non-metal HZ(25) did not result in an equivalent increase in AHs yield,  23 

showing part of the Phs compounds were converted directly or indirectly, prior 24 



 

formation of AHs, into carbonaceous deposit [36]. Indeed, the solid product fraction 25 

increased by respect 18.6 wt.% at 400°C and 26.0 wt.% at 500°C when using the Ni-26 

based catalyst. Interestingly, the distribution of Phs products (cresols, xylenols and 27 

trimethyl-phenols) showed little change, which suggests that Ni sites did not inhibit the 28 

transmethylation reactions, and phenol, cresols and multi-methyl Phs formed during 29 

transmethylation were further consumed as the precursors for both AHs and 30 

carbonaceous deposit. Regardless the catalysts, no Phs were detected in the liquid 31 

product at 600°. Nevertheless, the BTX yield was lower over 1%Ni/HZ(25), which 32 

confirms that the severe formation of carbonaceous deposit on the Ni-based catalyst 33 

surface occurred at the expense of AHs. The higher BTX selectivity at 600°C achieved 34 

over 1%Ni/HZ(25) compared to HZ(25) points that the presence of Ni favours the 35 

production of monocyclic AHs by deoxygenation even at high temperature. 36 

3.3 Effect of type of metal on deoxygenation reaction over single 37 

metal/HZ(25) catalysts 38 

Four different metal-based catalysts were tested to evaluate the influence of the type of 39 

metal active site on the anisole conversion and yields products. Table 2 shows the 40 

experimental results obtained over 1%Ni/HZ(25) (D2), 1%Co/HZ(25) (D6), 41 

1%Mo/HZ(25) (D7) and 1%Cu/HZ(25) (D10). Fig. 6 exhibits the liquid product 42 

distribution obtained over each of the metal-based catalysts at 500°C; results achieved 43 

with HZ(25) are also shown for comparison. Gas fraction composition is found in the 44 

Supplemental file S4. Metal-based catalysts lead to lower liquid yield and higher 45 

carbonaceous yield compared to non-metal catalyst. The lowest liquid yield of 31.3 46 

wt.% and highest carbonaceous deposit yield of 68.0 wt.% were obtained over 47 

1%Ni/HZ(25), while the highest liquid yield of 40.8 wt.% and the lowest carbonaceous 48 

deposit yield of 56.9 wt.% were obtained over 1%Cu/HZ(25). The results indicate that 49 



 

Ni active site presents higher activity towards carbonaceous deposit formation than 50 

other metal sites at similar loading values.  51 

Liquid products obtained from the experiments with 1%Mo/HZ(25) presented similar 52 

distribution to that for non-metal HZ(25). However, the Phs yield decreased significantly 53 

when the metal active site was added. The largest decrease was observed over 54 

1%Ni/HZ(25) and 1%Mo/HZ(25). Regarding AHs, yield was improved from 31.2 wt.% 55 

to 35.2 wt.% when using 1%Mo/HZ(25), and to 33.7 wt.% when using 1%Cu/HZ(25). 56 

Similar AHs yield of 28.8 wt.% was observed over 1%Ni/HZ(25) and 1%Co/HZ(25) 57 

catalysts. Regardless the active metal, BTX constituted the main fraction of the AHs 58 

compounds. The BTX yield in the experiment with 1%Mo/HZ(25) was found to be the 59 

highest with a value of 30.0 wt.%, and a selectivity of 77.4% referred to the total liquid 60 

products. The rest of the liquid fraction consisted of PAH (yield of 5.2 wt.%) and Phs 61 

(yield of 3.6 wt.%). A lower BTX yield was achieved over 1%Ni/HZ(25), although this 62 

catalyst led to the highest BTX selectivity of 81%. A similar BTX yield was obtained 63 

with 1%Co/HZ(25). However, BTX selectivity was only 68.8%, mainly because of the 64 

lower conversion of Phs, as the PAH yield was relatively low (2.92 wt.%). In the case of 65 

1%Cu/HZ(25), the liquid products consisted of 28.3 wt.% of BTX, with a selectivity of 66 

69.3% due to a large proportion of both Phs (for 7.1 wt.%) and PAH (for 5.4 wt.%) 67 

formed. 68 



 

 69 

Fig. 6 Effect of type of metal on the composition of the liquid product obtained from 70 

anisole decomposition over 1%M/HZ(25) (M = Ni, Co, Mo or Cu) and HZ(25). Reaction 71 

temperature = 500 °C 72 

Ni and Mo based catalysts exhibited distinctive performance respectively in BTX 73 

production among the four metal based catalysts in this study. Ni-based catalyst was 74 

observed to give rise to very high BTX selectivity in the liquid products, but it also 75 

promoted the formation of carbonaceous deposit resulting in a lower amount of total 76 

liquid product. Mo-based catalysts gave rise to higher yield of AHs compared to Ni-77 

based catalysts, preserving more liquid products from being converted into 78 

carbonaceous deposits. However, it showed lower activity towards the conversion of 79 

Phs into AHs, and more formation of PAH, which decreased selectivity. It is 80 

hypothesized that a combination of Ni and Mo as bi-metal loading in one catalyst would 81 

integrate both effects; this hypothesis will be investigated in a future work of our group. 82 



 

3.4 Effect of metal loading on deoxygenation reaction over single 83 

metal/HZ(25) catalysts 84 

Three metal loadings, i.e. 0.5 wt.%, 1.0 wt.% and 5.0 wt.%, on catalysts of x%Ni/HZ(25) 85 

and x%Mo/HZ(25) were tested for the decomposition of anisole at 500°C (experiments 86 

D2, D4, D5 and D7, D8, D9 in Table 2). These two metals were selected based on the 87 

positive results shown in section 3.3. The anisole conversion and yields of liquid, gas 88 

and carbonaceous solid products are shown in Table 2, and the liquid yield distribution 89 

is exhibited in Fig. 7 (a) and (b). 90 

 91 

(a)                                                                (b) 92 

Fig. 7 Effect of metal loading on the composition of the liquid product obtained from 93 

anisole decomposition: (a) x%Ni/HZ(25) catalyst and (b) x%Mo/HZ(25) catalyst, x = 0.5 94 

wt.%, 1 wt.% and 5 wt.%. Reaction temperature = 500 °C 95 

In the case of the catalyst series x%Ni/HZ(25), the increase in metal loading gave rise 96 

to a significant decrease in the total yield of liquid products, from 33.8 wt.% for 97 

0.5%Ni/HZ(25) to 4.3 wt.% for 5%Ni/HZ(25). Accordingly, carbonaceous deposits 98 

increased from 65.4 wt.% to 89.5 wt.%. Gas product yields lower that 1.2 wt.% were 99 

obtained during these experiments reactions (composition of this fraction given in 100 

Supplemental file S4). Specifically, Phs yield was 6.7 wt.% when 0.5%Ni/HZ(25) was 101 

used, and decreased when the loading ratio increased, till no Phs were obtained in the 102 



 

experiment with 5%Ni/based catalyst. The yields of AHs and BTX both experienced a 103 

slight rise when the loading ratio increased from 0.5 to 1wt.%, although they sharply 104 

deceased over 5%Ni/HZ(25) catalyst. Regarding BTX selectivity, it kept increasing with 105 

the loading ratio till 98.7% corresponding to the 5%Ni loading. 106 

The results indicate that 0.5%Ni and 1%Ni loadings have similar catalytic activity 107 

towards the conversion of anisole into liquids. However, it seems that the conversion 108 

pathway of Phs into BTX is relatively impaired when using 0.5%Ni/HZ(25), and as a 109 

result the BTX selectivity for 1%Ni loading was higher than that for 0.5%Ni loading by 110 

11.3%. Complete conversion of Phs into BTX was observed over 5%Ni/HZ(25) with 111 

almost 100% selectivity. This result confirms the high efficiency of Ni in production of 112 

monocyclic AHs. On the other hand, more solid products were found at the expense of 113 

liquid products when the loading ratio raised to 5 wt.%, which proves that Ni loading is 114 

also the key factor leading to the formation of carbonaceous deposit. Among the tested 115 

catalysts, 1%Ni/HZ(25) gave rise to the best results in terms of both BTX yield and 116 

selectivity, and carbonaceous deposits formation.  117 

In the case of x%Mo/HZ(25) series, the differences in liquid yield and distribution due to 118 

increase of metal loading were not as significant as those observed with the 119 

x%Ni/HZ(25) series, particularly when referring to 5 wt.% loading. The maximum AHs 120 

yield, BTX yield and BTX selectivity were 35.2 wt.%, 30.0 wt.% and 77.4% respectively 121 

when using 1%Mo/HZ(25) as catalyst. At the same time, this catalyst exhibited a 122 

minimum for the Phs yield. This result indicates the increase of Mo loading may 123 

improve Phs conversion, but 5%Mo loading may be high enough for the metal sites to 124 

block the microspores of HZ(25) (atomic radius of Mo is ~2.0Å) and reduce the activity 125 

of the catalyst toward the formation of AHs to some extent [58]. Contrary to 126 

x%Ni/HZ(25) series, the increment of Mo loading did not affect significantly the 127 

production of carbonaceous deposits. This implies that Mo active sites are prone to 128 



 

promote liquid formation even at high metal loading ratio. 1 wt.% loading of Mo gave 129 

rise to higher BTX yields than the other loading ratios, and the yield was also higher 130 

than that obtained over 1%Ni/HZ(25). However, none of the x%Mo/HZ(25) catalysts led 131 

to a BTX selectivity as high as that achieved over 1%Ni/HZ(25). 132 

3.5 Characterization of spent catalysts 133 

Carbonaceous deposits from on the spent catalyst samples 1%Ni/HZ(25), from 134 

experiment D2, and 1%Mo/HZ(25), from experiment D7, were characterised by TEM-135 

EDS and XPS analyses. TEM micrographs are shown in Fig. 8. Comparing to the 136 

micrographs from the fresh catalysts (Figs. 3 (a) and (c)), it can be observed that 137 

carbonaceous deposits covered the catalyst surface after the reaction, such that the 138 

metal particles were almost non-visible. The absence of diffraction rings in Fast Fourier 139 

Transform (FFT) images of the spent catalyst confirms the amorphous nature of the 140 

carbon deposit (see Supplemental files S10 and S11). 141 

 142 

(a)                                                 (b) 143 

Fig. 8 TEM micrographs for the spent catalysts: (a) 1%Ni/HZ(25) after experiment D2 144 

and (b)1%Mo/HZ(25) after experiment D7 145 

EDS tests were used to identify the main elements present in the surface of the spent 146 

catalysts and to estimate the amount of carbonaceous deposits, as shown and Table 3 147 



 

(further details found in Supplemental file in S5). As can be seen, carbon element in 148 

the spent catalysts was roughly 6.6 wt.% for the spent 1%Ni/HZ(25) catalyst sample, 149 

and 5.0 wt.% for the spent 1%Mo/HZ(25) catalyst sample. This result agrees with the 150 

experimental results which showed that Ni-based catalysts gave rise to more 151 

carbonaceous products. 152 

Table 3 Carbonaceous deposits on spent catalysts, 1%Ni/HZ(25) after experiment D2 153 

and 1%Mo/HZ(25) after experiment D7, detected by EDS 154 

 Spent 1%Ni/HZ(25) Spent 1%Mo/HZ(25) 

Elem Weight% Atomic% Weight% Atomic% 

C 6.6 10.7 5.0 8.7 

Ni 1.0 0.3 - - 

Mo - - 1.6 0.4 

XPS spectra based on C(1s) for the spent catalysts are shown in Fig. 9. The samples 155 

were obtained from the experiments running over 1%Ni/HZ(25) at 400, 500 and 600°C 156 

(experiments D1, D2 and D3 respectively), and 1%Co/HZ(25), 1%Mo/HZ(25) and 157 

1%Cu/HZ(25) at 500°C (experiments D6, D7 and D10, respectively). Carbon spectra 158 

from all spent catalysts exhibited three peaks, except in the case of 1%Mo/HZ(25) that 159 

exhibited only two obvious peaks.  160 

The peaks around 289.10, 288.90 and 288.70 eV are assigned to chain compounds 161 

containing carbonyl groups, i.e.-CH2-C(CH3)(C(O)O-CH2-CH3)-)n and (-162 

CH2CH(C(O)OH)-)n [59]. The carbonyl compounds could be formed by the adsorption 163 

of CO and CO2 on the catalyst surface [60]. The peaks around 286.00, 285.90, 285.80 164 

and 285.90 eV are attributed to chain compounds primarily consisting of C-O bond for 165 

phenol ethers or alcohols [57]. The peaks around 284.40, 284.50 and 284.70 eV are 166 

ascribed to either graphitic carbon [61], or aliphatic and aromatic carbon polymers 167 



 

[62,63]. Considering the morphology of the deposits observed by TEM, amorphous 168 

aliphatic and aromatic carbons are more likely to be formed.  169 

     170 

(a)                                                                (b) 171 

      172 

(c)       (d)                                                                 173 

      174 

 (e)      (f) 175 



 

Fig. 9 XPS spectra of C(s1) for the spent catalyst: (a) 1%Ni/HZ(25) after D1, (b) 176 

1%Ni/HZ(25) after D2, (c) 1%Ni/HZ(25) after D3, (d) 1%Co/HZ(25) after D6, (e) 177 

1%Mo/HZ(25) after D7, (f) 1%Cu/HZ(25) after D10 178 

In the case of the spent 1%Mo/HZ(25), apart from the peak at 284.46 eV 179 

representative of  aliphatic and aromatic carbon, the other peak evolved at 287.13 eV 180 

is attributed to chain compounds containing metal carbide [64]. The signal for metal 181 

carbides compounds may also be related to peaks at 284 eV for the spent 1%Ni/HZ(25) 182 

[65] and 1%Co/HZ(25) [66], at 288 eV for 1%Co/HZ(25) [67], and at 289 eV for 183 

Cu/HZ(25) [68]. The metal carbides are known to be important intermediates in the 184 

formation of carbonaceous deposit [69]. 185 

The results shown in Fig. 9 reveal that the carbonaceous substance deposited on each 186 

spent metal/HZ(25) catalyst mainly consists of chain compounds of aliphatic carbon, 187 

aromatics and carbonyl groups, which can be attributed to the polycondensation of the 188 

methyl groups and aromatic compounds during the decomposition of anisole. 189 

Considering the experimental results in sections of 3.2 and 3.3, Phs and AHs can be 190 

the main precursors for the polycondensation reactions that originate from the metal 191 

carbides. The intensity of the three peaks for spent 1%Ni/HZ(25) increased with 192 

temperature, confirming the increment of temperature in the range of 400 to 600°C may 193 

result in larger carbon deposition. Regarding the four spent catalysts of different metal-194 

based HZ(25) at 500°C, the spectra for the spent 1%Ni/HZ(25) and 1%Mo/HZ(25) 195 

catalysts showed the highest intensities peaks, which implies that these two catalysts 196 

are more prone to the formation of carbonaceous deposit compared to Co- and Cu-197 

based catalysts. This result agrees with the experimental results on the higher catalytic 198 

activity of Ni/HZ(25) and Mo/HZ(25) compared to that of Co/HZ(25) and Cu/HZ(25). 199 



 

3.6 Reaction pathways of catalytic deoxygenation in anisole 200 

decomposition over single metal/HZ(25) 201 

Reaction pathways for the deoxygenation in the decomposition of anisole over 202 

metal/HZ(25) catalyst at 500°C are proposed based on the experimental investigation, 203 

as shown in Fig. 10.  204 

The deoxygenation reactions follow transmethylation reactions as the second stage of 205 

anisole decomposition, and the products primarily consist of AHs, particularly targeting 206 

BTX compounds. The deoxygenation is regarded to occur with the involvement of 207 

hydrogen, i.e. hydrodeoxygenation (HDO). In this work, no hydrogen stream was input 208 

during the experiments, consequently, the hydrogen is assumed to be transferred in-209 

situ during the reactions. The analyses of the gas products and spent catalyst showed 210 

the presence of alkanes and olefins potentially generated from methyl group 211 

polycondensation. Carbonaceous deposit of chain aliphatic and aromatic polymers was 212 

also observed, likely yielded from the polycondensation reactions of Phs and AHs. The 213 

polycondensation reactions could simultaneously produce abundant hydrogen, acting 214 

as reactant for the hydrodeoxygenation reactions occurring in the system. 215 

Based on the results, three intrinsic reaction pathways are proposed for the 216 

deoxygenation reactions in the decomposition of anisole over metal/HZ(25) catalyst. 217 



 

 218 

Fig. 10 Reaction pathways for catalytic deoxygenation during the decomposition 219 

process of anisole over x%M/HZ(25)  220 

A phenolic compound could either undergo polycondensation prior to deoxygenation 221 

(pathway 2-3 in Fig. 10), or experience firstly deoxygenation followed by 222 

polycondensation (pathways 4 and 5-6). It should be noticed that xylenols and trimethyl 223 

phenols were obtained as low temperature products and only a little xylene and no 224 

trimethylbenzene were found in the products at 500°C. This implies that multi-methyl 225 

phenols may easily undergo demethylation reaction before deoxygenation or be more 226 

readily consumed in the polycondensation over the surface of metal/HZ(25).  227 

The three pathways lead to the production of BTX, part of which could further be 228 

converted to PAH (naphthalene and methyl naphthalene, pathway 7), which were also 229 

observed in the liquid fraction along with the BTX products in most of the experiments. 230 



 

4 Conclusion 231 

In this work, the catalytic deoxygenation reaction during the decomposition of anisole 232 

over bi-functional catalyst was investigated. Experimental results showed that the 233 

increase in temperature favoured the increase in BTX yield and selectivity. However, it 234 

also increased the yield of undesirable carbonaceous deposits at the expense of both 235 

Phs and AHs compounds. 500˚C is found to be the optimum temperature for achieving 236 

the highest BTX yield and a moderate yield of carbonaceous deposit. The type of metal 237 

active site supported on HZ(25) was also found to have an influence on the BTX yield 238 

and selectivity. 1%Ni/HZ(25) presented the best selectivity towards the formation of 239 

BTX by converting more Phs to monocyclic AHs, while 1%Mo/HZ(25) presented the 240 

best catalytic activity towards high AHs production by impairing the formation of 241 

carbonaceous deposits. Both Ni and Mo based catalysts showed superior performance 242 

in BTX production compared to Co and Cu. Change of metal loading had significant 243 

influence in the case of x%Ni/HZ(25) series. Experiments based on 5%Ni/HZ(25) 244 

exhibited 98.7% BTX selectivity but with only 4.3 wt.% liquid yield, while 0.5%Ni/HZ(25) 245 

showed lower activity on the conversion of intermediates Phs into AHs. In the case of 246 

x%Mo/HZ(25), the loading ratio had less influence in the BTX yield and selectivity. The 247 

optimal loading ratio to produce BTX fraction was 1 wt.% both for the Ni- and Mo-based 248 

catalyst series. Carbonaceous deposit on spent catalysts consisted primarily of 249 

aliphatic and aromatic carbon produced by the polycondensation during the 250 

decomposition of anisole, and Phs and AHs were important precursor compounds. The 251 

deoxygenation was considered to proceed by the in-situ supply of hydrogen generated 252 

in the system by means of the polycondensation reactions.  253 
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