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focussed interest towards the conversion of biomass as it is 
an important renewable resources for fuels, fuel additives 
and value added chemicals [4]. Among the various forms 
of biomass, lignin is one of the most attracted bio-mass due 
to its higher aromatic content of bio based atom economy. 
However, the direct use of bio oil from lignin is not feasible 
due to its high oxygen content and instability. Better quality 
of bio-fuel could be obtained by the removal of oxygen from 
its bio-oil. Various catalytic processes have been extensively 
studied for oxygen removal, for instance, catalytic crack-
ing, reduction and oxidation for upgrading the quality of bio 
fuel. Unfortunately, these processes generate high volatile 
gaseous products. Among, the various catalytic processes, 
hydrodeoxygenation has been extensively studied and is con-
sidered to be interesting for upgrading aromatics and liquid 
alkanes with effective routes [5–7]. Major source of lignin 
bio-oil containing methoxy–phenyl group, viz., anisole is 
considered as the model compound for the production of 
bio-fuel. It has added advantages of being liquid at room 
temperature, ease of handling for reaction as well as analysis 
[8]. The formal HDO catalyst such as sulfided CoMo/  Al2O3 
and NiMo/  Al2O3 have been most commonly used catalysts 
in HDO reaction. More over this type of catalysts show faster 
deactivation by coke formation due to the production of high 
sulphur streams [9].Therefore, designing a suitable catalyst 
without much deactivation and with most feasible condition 
for producing high yield of liquid fuels from pyrolysis of 
bio-oil is a major challenge. In this aspect, metal supported 
catalysts play a significant role in HDO reactions. Particu-
larly, bimetallic catalysts possessing synergistic effect due 
to the presence of metallic and acidic sites may probably be 
utilized during the HDO reaction pathway. The metal sites 
are used to activate molecular hydrogen where as acid sites 
are used to activate oxy group of reactant [10].

Abstract This work reports, formation of benzene from 
anisole via hydrodeoxygenation process using vapour phase 
fixed bed reactor. The surface properties of bimetallic cata-
lysts such as textural properties, acidic, and Pt/Ni disper-
sion has established by various characterization techniques. 
The reaction was carried out at 370 and 420 °C with space 
velocity 3.3 & 6.6 h− 1, over acidic and non-acidic supported 
mono and bimetallic catalysts. The optimum conversion and 
selectivity was observed at 420 °C and WHSV = 3.3 h− 1 for 
all mono and bimetallic catalysts. Pt/Ni/Al-SBA-15 acidic 
bimetallic catalyst shows maximum anisole conversion 59% 
with benzene selectivity 37% under atmospheric pressure, 
due to the more acidic centres and high dispersion of Pt/
Ni species on the bimetallic catalyst, enhance the anisole 
conversion; this was proved by  NH3-TPD and HR-TEM 
analysis. The acidic Pt/Ni bimetallic catalyst shows higher 
anisole conversion as compared to the mono metallic Pt/Ni 
catalysts and it works predominantly through demethylation 
and hydrogenolysis reaction pathway.
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1 Introduction

In recent years, much attention is paid on bio-fuels, because 
they reduce serious environmental pollution associated 
with the uses of fossil fuels [1–3]. Many researchers have 
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An increasing attention was focussed on oxide supported 
catalyst, particularly on silica material, which was used as 
catalytic material due their practical utilization. In particular 
mesoporous SBA-15 has sought great interest in catalysis 
due to their ordered channels with large pore size, higher 
wall thickness than other supports [11]. In the field of bio-
mass research, especially in the conversion of lignin model 
compound into fuels and value added chemicals, SBA-15 
has been paid much attention because it provides higher sur-
face area, limiting micro pore volume and has greater wall 
thickness to offer greater thermal stability to supported metal 
catalyst. Due to these reasons, supported metal catalysts play 
a significant role in biomass conversion for obtaining better 
activity and selectivity through different catalytic pathways 
involved during the HDO reactions [12].

In this investigation, Pt/SBA-15, Ni/SBA-15, Pt/Ni/SBA-
15 and Pt/Ni/Al-SBA-15 mono and bimetallic catalysts were 
prepared using wet-impregnation method and investigated 
for their catalytic efficiency over hydrodeoxygenation of ani-
sole under two different temperatures and two different space 
velocities with atmospheric pressure. The crystalline phase 
identification of active metal, morphology of the support 
and textural properties were studied. The surface metal–acid 
function present on the bimetallic catalyst was crucial in 
determining catalytic behaviour, and they have been reported 
to facilitate the hydrogenolysis of anisole and transmethyla-
tion reactions [13–15]. Based on these studies the correla-
tions between surface characteristics and catalytic activity 
were further investigated for HDO of anisole.

2  Experimental

2.1  Chemicals

All chemicals with AR grade purity (analytical reagent 
grade) were purchased and used as received without further 
purification. Tetraethylorthosilicate (TEOS; Aldrich) was 
used as silica source, Triblockcopolymer (Pluronic P123, 
triblock Poly (ethylene oxide)–Poly (propylene oxide)–Poly 
(ethylene oxide)  (EO20  PO70  EO20); Aldrich: M.W.5800) 
were used as template (>98% pure). Hydrochloric acid 
(35%) used in the synthesis was purchased from SRL Bio-
chem (India) Ltd. Anisole was purchased from SRL Bio-
chem (India) Ltd. (99% pure). Nickel (II) nitrate hexahy-
drate (Aldrich) and chloroplatinic acid hexahydrate (SRL 
Biochem India Ltd) were used as active metal sources. 99% 
pure hydrogen was purchased from Indo gas (India) Ltd.

2.2  Catalysts preparation

According to the literature, Si-SBA-15 and Al-SBA-15 
support were synthesised via direct hydrothermal method 

[16]. The aluminium containing SBA-15 mesoporous mate-
rial was synthesised as follows: 4 g of Pluronic (P123) was 
added to 30 mL of deionised water in a polypropylene bottle. 
The contents were stirred for 4 h and a clear solution was 
obtained. 70 g of 0.28 M hydrochloric acid was added and 
stirring was continued for another 2 h. Subsequently, 9 g of 
TEOS and the calculated amount of aluminium iso propox-
ide were added to the solution to obtain a given Si/Al ratio 
(25). The resulting mixture was stirred for another 24 h at 
40 °C and aged at 100 °C for 48 h. The obtained solid mate-
rial was recovered by filtration, washed with several times 
with distilled water and dried overnight at 100 °C. Finally, 
the material was calcined at 550 °C in air for 6 h. Same pro-
cedure was followed for synthesis of Si-SBA-15. The active 
metal containing 1.0% Pt/SBA-15, 7.0% Ni/SBA-15, 1.0% 
Pt/7.0% Ni/SBA-15 and 1.0% Pt/7.0% Ni/Al-SBA-15(25) 
material were prepared by wet-impregnation method. 1 g of 
synthesised Si-SBA-15 and Al-SBA-15(25) were transferred 
separately to 50 mL round bottom flask and added 25 mL 
of deionised water and stirred for 15 min. A homogeneous 
mixture was obtained. The required wt% of metal sources 
was dissolved in 5 mL of deionised water and added drop 
by drop into the mixture. After stirring for 6 h, water was 
removed by evaporation and dried at 100 °C for 12 h and 
calcined in atmospheric air at 400 °C for 6 h.

2.3  Characterization of supports and catalysts

X-ray diffraction (XRD) patterns of the prepared materi-
als were recorded by PAN Analytical diffractometer using 
Nickel filter Cu Kα radiation (λ= 1.5406 Å). The crystalline 
phase was identified by matching the peaks appearing in the 
XRD line of the test sample with JCPDS (joint committee 
on powder diffraction standards) data files and the metal 
crystallite size was calculated by the Scherrer equation. The 
porous nature of the materials was measured by nitrogen 
adsorption–desorption experiment at 77 K using Quanta 
chrome 2010-09. Surface area was calculated by the B.E.T. 
equation. Pore volume and pore size distribution were meas-
ured by BJH (Barrett–Joyner–Halenda) method using the 
adsorption branch of the isotherm. XPS measurements was 
handled using Omicron Nanotechnology, GmBH, Germany 
XM1000 monochromated with Al  Kα radiation of 1483 eV 
operated at 300 W (20 mA emission current, 15 kV) and a 
base pressure in the analysis chamber higher than 5 × 10− 5 
mbar. The survey spectrum was performed with a step size 
of 0.5 eV along with 50 eV as the pass energy. Collected 
XPS spectra were processed by CasaXPS software v.2.2.84. 
The complete reduction profile of prepared materials was 
measured by  (H2-TPR) hydrogen temperature programmed 
reduction using Quanta chrome 2010. About 100 mg of the 
dried sample was loaded in a thermostatic zone. The TPR 
profiles were obtained by the sample which was pre-treated 
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at 115 °C in highly pure helium gas (25 cc min− 1) for 1 h and 
cooled to room temperature and then the gas was changed 
to mixture of 5 vol%  H2/Ar (25 cc min− 1) introduced into 
the sample tube at room temperature till baseline is stable. 
Then TPR started from room temperature to 800 °C with 
heating rate 10 °C min− 1. The hydrogen consumption was 
determined by calibration and further integration of the 
output signal from thermal conductivity detector (TCD). 
The acidity of materials was measured by temperature pro-
grammed desorption of ammonia  NH3-TPD using the same 
setup as in the  H2-TPR analysis. The procedure followed 
for the TPD measurements involved the pre-treatment of 
the catalyst by flow of helium at 500 °C for 1 h and cooling 
to 100 °C. The mixture of 10 vol%  NH3/He was introduced 
and physically adsorbed  NH3 was removed by purging with 
a helium flow at 100 °C until the base line was flat. Thereaf-
ter, the chemisorbed ammonia was desorbed by increasing 
the temperature up to 500 °C with a rate of 10 °C  min− 1, 
its concentration in the effluent stream being monitored by 
a TCD signal. Metal contents were determined by using an 
inductively coupled plasma-optical emission spectrometer 
(ICP-OES) Perkin Elmer Optima 5300Dv instrument. TGA 
of the spent catalysts were performed using a waters TA 
instrument SDTQ 600 analyser. 10 mg of the sample was 
heated from 85 to 900 °C with heating rate 20 °C min− 1 in 
air atmosphere. The HR-TEM images were obtained on a 
TECNAI T30  G2 FEI company and working at accelerat-
ing voltage of 300 kV. The samples for the HR-TEM study 
were prepared by ultrasonic dispersion in acetone for 1 h and 
consequent deposition of the suspension on a copper grid 
and dried at 37 °C for 15 min and examined under HR-TEM.

2.4  Reaction procedure

The catalytic reaction was carried out in a fixed-bed reac-
tor using quartz tube. Pt/SBA-15, Ni/SBA-15 mono metal 
and Pt/Ni-SBA-15, Pt/Ni/Al-SBA-15 bimetal catalysts 
were used for hydrodeoxygenation of anisole. The anisole 
reactant flow was fed into the reactor using syringe infu-
sion pump (Ravel Hiteks, India). 0.3 g of mono metallic 
or bimetallic catalyst was placed in the reactor tube and 
supported on either side with thin layer of quarts wool and 
ceramic beds. The reactor was heated to reaction tempera-
ture with the help of a tubular furnace controlled by a digi-
tal temperature controller. The bottom of the quartz tube 
was connected to a coiled condenser and a receiver to col-
lect the reaction products. Before reaction, the catalyst was 
reduced in the reactor with flow of hydrogen 50 mL min− 1 
at 500 °C. During the catalytic reaction, the hydrogen flow 
rate was 50 mL min− 1 and anisole was fed at a rate of 
1 mL h− 1 or 2 mL h− 1 corresponding to a space velocity of 
3.3 h− 1 and 6.6 h− 1 respectively. The reaction was studied 
at 370 and 420 °C under atmospheric pressure. Liquid 

samples collected at 1 h intervals were analysed by off-line 
gas chromatograph (GC-17A Shimadzu) equipped with a 
Flame ionization detector and Rtx-5 (30.0 m × 0.25 mm, 
0.25 µm film thickness) column for product analysis. The 
conversion and selectivity of anisole was calculated from 
the area % of reactant and product by the gas chromatog-
raphy analysis.

3  Results and discussion

3.1  Characterization of catalysts

3.1.1  Powder XRD analysis

Figure 1a shows the low angle XRD pattern of support 
and active metal supported catalysts. The low angle XRD 
pattern of Si-SBA-15 shows three well-resolved peaks 
with crystalline plane (100), (110), and (200) indicat-
ing that the materials are 2D hexagonal mesostructured 
with space group p6mm symmetry [17]. A similar trend 
was observed for the material consisting of platinum and 
nickel containing mono and bimetal catalysts. The inten-
sity of platinum and nickel promoted catalysts was slightly 
decreased as compared to pure material and further small 
peak shift was observed at higher diffraction angle and 
these changes could not affect the structures of catalyst 
as compared with Si-SBA-15. The unit cell parameter  ao 
of calcined samples was calculated, as shown in Table 1. 
The results have been in agreement with reported literature 
and suggest that mesoporous silica SBA-15 structure was 
retained even after metal loading [18]. Figure 1b showed 
wide angle XRD patterns of Pt/SBA-15, Ni/SBA-15, Pt/
Ni/SBA-15, Pt/Ni/Al-SBA-15 catalysts in the region of 
2θ = 30°–80°. The nickel supported mono and bimetallic 
catalysts shows NiO cubic phase at 2θ = 43°, 62° and 71° 
with (111), (200) and (220) planes [19]. The intensity of 
cubic NiO phase was high in mono metallic catalyst Ni/
SBA-15, while in the bimetallic catalysts the intensity of 
this phase decreased, indicating that the addition of plati-
num with its high dispersion in the silica matrix decreases 
the NiO crystallite phase. The three new diffraction peaks 
appeared at 2θ = 39.78°, 46.28° and 67.48° were assigned 
to (111), (200) and (220) reflections of face-cantered cubic 
(fcc) platinum were in good agreement with JCPDS card 
(No. 04-0802) [18]. The particle size of platinum for mono 
and bimetallic catalyst was estimated from the (111) peaks 
as given in Table 1. The intensity of the corresponding 
reflections was much lower in case of bimetallic catalyst 
than that of the mono metallic catalyst, suggesting that 
most of the platinum in the bimetallic catalysts should be 
highly dispersed on the catalyst surface.
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3.1.2  N2 sorption analysis

Nitrogen adsorption–desorption isotherms and pore size 
distribution of the supports and the catalysts are shown in 
Fig. 2a, b. All the samples obtained are type IV isotherms 
with a broad H1hysteresis loops, indicating formation of 
mesopores with 2D-hexaganol structure [17]. The BJH 
pore size distribution curves are narrow and centred around 
11.0 nm for Si-SBA-15. Further, incorporation of Al into Si-
SBA-15 matrix, the pore size distribution becomes slightly 
wider, and average pore size shifts to 11.3 nm, indicating 
that the pore structure is slightly increased by the introduc-
tion of aluminium. It confirmed that most of the aluminium 
species are successfully incorporated into the framework of 
Si-SBA-15 support [8]. Moreover, the shape of  N2 adsorp-
tion desorption isotherms of platinum and nickel sup-
ported catalyst was similar to that of the original support, 

suggesting that the mesoporous structure of Si-SBA-15 was 
intact upon platinum and nickel impregnation. In fact, the 
mean pore diameter of mono metallic platinum and nickel 
catalyst was 9.4 nm and it decreased to about 6.1 nm and 
6.0 nm for platinum and nickel supported bimetallic cata-
lysts. The BET surface area ranges from 474 to 885 m2 g−1 
with pore volume in the range of 0.85–1.3 cc g−1 are tabu-
lated in Table 1. Both surface area and the total pore volume 
decreased after the impregnation of platinum and nickel on 
bimetallic catalysts. This might have been caused due to the 
partial pore blockage of the support by platinum and nickel 
oxide particles [20].

3.1.3  X‑ray photoelectron spectroscopy

XPS studied the chemical state of Pt and Ni on Pt/Ni/Al-
SBA-15 bimetallic catalysts, and the results are shown in 

Fig. 1  a Low angle XRD patterns of calcined Si-SBA-15, Al-SBA-15 support and Ni/SBA-15, Pt/SBA-15, Pt/Ni/SBA-15 and Pt/Ni/Al-SBA-15 
catalysts. b High angle XRD patterns of Ni/SBA-15, Pt/SBA-15, Pt/Ni/SBA-15, Pt/Ni/Al-SBA-15 and Pt/Ni/Al-SBA-15 regenerated catalysts
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Fig. 3a, b. Figure 3a shows the Pt 4f XPS spectra of Pt/
Ni/Al-SBA-15 bimetallic catalyst; the binding energies of 
71.5 and 74.1 eV have been assigned to  Pt0 with respect 
to Pt  4f7/2 and Pt  4f5/2 spin states [21]. The spin state 
Pt  4f5/2 corresponding to metallic platinum was clearly 
observed at 74.1 eV. However, the spin state with respect 
to metallic Pt  4f7/2 was not observed, this may be due to 
the presence of high content of oxidative platinum on this 
catalyst. In addition, a new peak observed at the binding 
energy of 73.0 and 77.2 eV were assigned to  Pt4+ and  Pt2+ 
oxidic species [22]. The appearance of this peak indicates 
that both metallic and oxidative Pt species were present in 
Pt/Ni/Al-SBA-15 catalyst. The Ni 2p spectrum of bime-
tallic Pt/Ni/Al-SBA-15 catalyst is shown in Fig. 3b. The 
two main chemical spin states of Ni  2p3/2 and Ni  2p1/2 
were observed at binding energy of 854.8 and 873 eV 
representing the  Ni2+ state. Further, the two shake up-
satellite peaks were found at 860.7 and 879.8 eV, respec-
tively for the emission lines of Ni 2p [23].There was no 
discernible metallic nickel phase observed in this catalyst, 
and this confirmed the existence of only NiO. The bulk to 
surface ratio of Pt and Ni on Pt/Ni/Al/SBA-15 bimetal-
lic catalyst was found to be almost 1:3 corresponding to 
platinum concentration 0.56% and nickel concentration 
1.64% which confirms the dispersion of higher amount 
of nickel than platinum species over the surface of the 
catalyst.

3.1.4  NH3‑TPD acidity measurement

Figure 4 shows ammonia TPD spectrum of Al-SBA-15 
support and Pt, Ni supported mono and bimetallic cat-
alysts.  NH3 TPD is one of the efficient techniques to 
discriminate weak and strong acid sites and to find 
out their amount and strength. The total acidity values 
obtained from TPD analysis for support and metal sup-
ported catalyst are presented in Table 1. The TPD pro-
files of Al-SBA-15 exhibited a strong broad peak in the 
range between 120 to 220 °C, indicating Al atom in the 
framework and further confirmed the presence of weak 
and medium acid sites in the Al-SBA-15 support [24]. 
Pt/Ni/Al-SBA-15 bi-metallic catalyst showed desorption 
of ammonia in the temperature range of 140–240 °C and 
280–340 °C confirming the presence of weak to medium 
and medium to strong acidic sites on the catalyst. How-
ever, on comparing Al-SBA-15 support, Pt/Ni/Al-SBA-15 
shows weak, medium and strong acid sites. The bimetal-
lic Pt/Ni-SBA-15 and mono-metallic Pt/SBA-15, Ni/SBA-
15 catalyst shows mild acidity that might be due to the 
presence of surface hydroxyl group attached to the silica 
matrix. Therefore, the presence of Al on the support could 
enhance the surface acidity of the Pt/Ni/Al-SBA-15 bime-
tallic catalyst [25].

Table 1  Textural properties, surface acidity and crystallite size of Si-SBA-15, Al-SBA-15 support and Pt/Ni supported mono and bimetallic 
catalysts

a Actual metal content from ICP-OES analysis
b BET Surface area calculated from the adsorption branch of the  N2 isotherm
c Total Pore volume calculated from the adsorption branch of  N2 isotherm
d Average mesopore diameter calculated from the adsorption branch using the BJH method
e Wall thickness of the samples estimated by the expression:  Pw =  a0 − PD where  (a0 = 2d100/√3)
f Values obtained from  NH3-TPD results
g Crystallite size of nickel and platinum oxide calculated from wide angle XRD using Debey–Scherrer equation
h Si/Al ratio from ICP-OES analysis
i Values obtained by ICP-OES analysis for regenerated Pt/Ni/Al-SBA-15 catalyst
j Crystallite size of regenerated Pt/Ni/Al-SBA-15 catalyst using Debey-Scherrer equation from wide angle XRD

Sample Metal  contenta (%) a0 (nm) SBET
b  (m2 g−1) Vtotal

c (cc g−1) PD
d (nm) PW

e (nm) Total  acidityf 
(mmol g−1)

Metal crystal-
lite  sizeg (nm)

Ni Pt Ni Pt

Si-SBA15 – – 14.9 850 1.28 11.0 3.9 – – –
Al-SBA15(25) 55 h – – 15.6 885 1.30 11.2 4.4 0.24 – –
Pt/SBA-15 – 0.97 11.8 620 1.00 9.4 2.4 0.01 – 12
Ni/SBA-15 6.85 – 11.6 574 0.88 9.3 2.3 0.01 18 –
Pt/Ni/SBA-15 6.34 0.92 9.3 483 0.85 6.3 3.0 0.02 21 14
Pt/Ni/Al-SBA-15 6.55(6.02)i 0.95(0.87)i 9.2 474 0.85 6.1 3.1 0.18 19(21)j 15(16)j
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3.1.5  H2‑TPR analysis

The  H2-TPR profiles of Pt and Ni supported mono and bime-
tallic catalyst are shown in Fig. 5. Mono metallic Pt/SBA-15 
catalyst showed two different reduction peaks at 111 and 
407 °C indicating the existence of  Pt2+ cations in dispersed 
as well as bulk state [26]. The hydrogen consumption was 
maximum observed at low temperature than at higher tem-
perature and this confirmed that most of the  Pt2+ cations 
located at 111 °C. Further, it revealed that the dispersed 
platinum species highly exist at low temperature and which 
are easily reducible than bulk platinum [27]. In the case of 
mono metallic Ni/SBA-15 catalyst two distinct reduction 
peaks in the temperature of 374 and 530 °C were observed. 
The temperature at 374 °C indicates broad signal, which 
was related to higher amount of hydrogen that was desorbed 

than the temperature at 530 °C indicating the strong metal 
interaction with support. This result suggests that,  Ni2+ is 
significantly reduced at 374 °C [19]. On the other hand, by 
comparing the mono metallic catalyst with bimetallic cata-
lysts the influence of platinum on both acidic and non-acidic 
supported catalysts can significantly decrease the reduction 
temperature of  Ni2+/Pt2+. Bimetallic Pt/Ni-Al-SBA-15 cata-
lyst shows essentially three reduction peaks, the first peak 
is attributed to the presence of  Pt2+ at temperature range of 
111 °C and it is also to be clearly noted that the second and 
third reduction temperature of 270 and 320 °C are obtained 
as a broad signal strongly indicating a possible existence of 
Ni–Pt species [28], which was favoured by the early reduc-
tion of platinum by means of spill over effect [29].

3.1.6  HR‑TEM analysis

Figure 6 shows HR-TEM images of mono and bimetal sup-
ported mesoporous catalysts; overall the active metal crystal-
lites are well dispersed over the surface of the carrier as can 
be clearly seen from the images. The original morphology 
of the support remains intact even after metal loading on 
the support as evidence from the presence of pores on the 
support. The nickel and platinum crystallite size in mono 
metallic catalyst (Fig. 6a, b) shows relatively in the range 
below 35 nm. However, the majority of these particles were 
observed at 10–20 nm. Furthermore, the platinum species 
were uniformly distributed in mono metallic Pt/SBA-15 cat-
alyst, whereas in mono metallic Ni/SBA-15 catalyst shows 
random distribution of nickel particles. In case of bimetallic 
Pt/Ni/SBA-15, Pt/Ni/Al-SBA-15 catalysts (Fig. 6c, d), the 
particle size slightly increased in the range of 35–40 nm on 
compared with mono metallic catalysts, due to the agglom-
eration of bimetallic species [30]. However, the majority 
of reactive bimetallic species was formed in the range of 
10–20 nm in Pt/Ni/Al-SBA-15 catalyst and showed uniform 
distribution. Moreover, the particle size estimated from HR-
TEM analysis was well in agreement with crystallite size 
calculated from high angle XRD as represented in Table 1.

3.2  Catalytic hydrodeoxygenation of anisole

3.2.1  Effect of Temperature and WHSV

Figure 7a–d shows the time-on-stream behaviour of anisole 
conversion for catalyst containing platinum and nickel based 
mono and bi-metallic catalysts. All tests were performed 
at two different temperatures 370 and 420 °C and at two 
different space velocities WHSV  (h− 1) = 3.3 and 6.6. The 
bimetallic catalysts Pt/Ni/Al-SBA-15 significantly enhanced 
the conversion of anisole to the desired benzene. On com-
paring mono and bimetal Pt/Ni supported catalyst; Pt/Ni/
Al-SBA-15 shows higher conversion and selectivity. It may 

Fig. 2  a Nitrogen sorption isotherms at 77  K for Ni/SBA-15, Pt/
SBA-15, Pt/Ni/SBA-15 and Pt/Ni/Al-SBA-15 catalysts. b BJH pore 
size distribution of Ni/SBA-15, Pt/SBA-15, Pt/Ni/SBA-15 and Pt/Ni/
Al-SBA-15 catalysts
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be due to the generation of considerable amount of acidity 
with high dispersion of Pt/Ni species on the surface of this 
catalyst. In all cases, the conversion of anisole to benzene 
and phenol was identified as predominant product and trace 
amounts of toluene was also observed. Figure 7a, b for Pt/
Ni/Al-SBA-15 bimetallic catalyst shows anisole conversion 
of about 59 and 31% at 420 °C with respect to lower and 
higher WHSV respectively, whereas, at lower temperature of 
370 °C (Fig. 7c, d) it showed 31 and 26% of anisole conver-
sion. The optimum conversion was observed at 420 °C with 
respect to lower space velocity. On comparison with bime-
tallic catalyst Pt/Ni /SBA-15, at 420 °C anisole conversion of 
about 45 and 23% for lower WHSV and higher WHSV were 
obtained. However, at 370 °C, 21 and 19% were obtained. 

In the present experimental conditions, mono metallic Pt/
SBA-15 (Fig. 7a, b) showed relatively low conversion, with 
the maximum conversion of about 3% at 420 °C, under 
lower WHSV. Further increasing of the WHSV there is no 
considerable changes observed, which may be due to the 
moderate capacity of hydrogenolysis of C–O bond in the ani-
sole. However, its benzene selectivity is excellent than other 
catalysts studied. These results suggest that hydrogenolysis 
of phenolic C–O bond occurs effectively than subsequent 
demethylation and methyl transfer at higher temperature. 
However, the mono metallic Ni/SBA-15 performed fairly 
higher compared to Pt/SBA-15 with maximum conversion 
20 and 8% at temperature of about 420 °C with lower and 
higher WHSVs  (h− 1) of 3.3 and 6.6. These results further 

Fig. 3  XPS spectra of Pt/Ni/Al-SBA-15 catalyst a Pt4f contribution, b Ni2p contribution

Fig. 4  NH3-TPD profiles of Al-SBA-15 support and Ni/SBA-15, Pt/
SBA-15, Pt/Ni/SBA-15 and Pt/Ni/Al-SBA-15 catalysts

Fig. 5  H2-TPR profiles of Ni/SBA-15, Pt/SBA-15, Pt/Ni/SBA-15 and 
Pt/Ni/Al-SBA-15 catalysts



754 J Porous Mater (2018) 25:747–759

1 3

suggested that acidic bimetallic catalyst Pt/Ni/Al-SBA-15 
showed better conversion and product selectivity towards 
benzene formation under the present experimental condition. 
And, it clearly arises due to the relative favourable syner-
getic catalytic effect that exist between metal and acid sites 
[31, 32].

3.2.2  Effect of WHSV over Product distribution

The time-on-stream behaviour with respect to product selec-
tivity towards anisole hydrotreating over bimetallic and 
mono metallic catalysts at two different WHSV and tempera-
ture of 420 °C are presented in (Fig. 8a–h). The maximum 
conversion and benzene selectivity were observed for all the 
catalysts at 420 °C. At lower WHSV  (h− 1) of 3.3 with the 
temperature of 420 °C, Pt/Ni/Al-SBA-15 bimetallic catalyst 
(Fig. 8a, b) showed product distribution towards benzene 
selectivity of about 36%, whereas, at higher WHSV  (h− 1) 
showed 37% of benzene selectivity. On increasing the space 

velocity, the formation of benzene was slightly increased 
and further toluene formation also observed to maximum of 
3% at 420 °C. The bimetallic Pt/Ni-SBA-15 catalyst operat-
ing at reaction temperature of 420 °C with lower WHSV 
 (h− 1) 3.3 (Fig. 8c) shows the maximum benzene selectiv-
ity of 22%. However, increasing the WHSV  (h− 1) to 6.6 
(Fig. 8d), it showed 31%. About 2% of toluene was observed 
at lower WHSV and at higher WHSV toluene formation was 
not observed. The product selectivity with respect to mono 
metallic Ni/SBA-15 (Fig. 8e, f) showed maximum benzene 
selectivity of 31% at lower WHSV  (h− 1) 3.3, whereas at 
higher WHSV  (h− 1) 6.6 it showed 11% at 420 °C. The mono 
metallic Ni/SBA-15 catalyst revealed that on increasing 
the WHSV, it could not increase the product formation of 
benzene. However, mono metallic platinum and bimetallic 
catalysts could enhance the product formation of benzene 
at higher WHSV. In general, the conversion with respect to 
all the catalysts showed maximum at lower WHSV than at 
higher WHSV.

Fig. 6  HR-TEM images and particle size distribution of oxide catalyst a Ni/SBA-15, b Pt/SBA-15, c Pt/Ni/SBA-15, d Pt/Ni/Al-SBA-15
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The time-on-stream behaviour and product selectivity of 
mono metallic platinum catalyst are shown in (Fig. 8g, h) 
at specified reaction condition. The platinum based mono 
metallic catalyst showed 35% benzene selectivity at 420 °C 
under lower space velocity, however at higher space velocity 
55% was observed. The maximum benzene selectivity was 
observed for this catalyst, which may be due to the pres-
ence of uniform dispersion of active platinum on the exter-
nal surface of the support as seen from HR-TEM images. 
In addition to that after formation of phenol intermediate, 
hydrogenolysis takes place more rapidly to produce benzene 
than subsequent process. However, this catalyst shows much 
lower conversion than other catalysts studied, possibly this 
may be due to the existence of strong interaction between 
anisole molecule and metal surface leading to higher coke 
formation at a higher temperature.

According to the activity results, the supports seem 
to have significant influence on selectivity of benzene. 

However, the acidic nature of bimetallic Pt/Ni/Al-SBA-15 
showed higher conversion and selectivity than mono and 
other bimetallic catalysts. The acidic Al-SBA-15 support 
has significant effect on benzene and toluene selectivity than 
Si-SBA-15 support. The best catalytic response of the bime-
tallic Pt/Ni/Al-SBA-15 catalyst in hydrodeoxygenation of 
anisole could be explained by considering the combination 
of various effects. One of them being the largest surface 
exposure of the active phase as determined by HR-TEM, 
presenting active phases well dispersed on external catalyst 
surfaces. Also, the Pt/Ni/Al-SBA-15 catalyst records the 
maximum total acidity among the catalyst studied (Table 1). 
Considering a correlation between acid sites and metallic 
sites for catalytic activity of anisole, the major activity of 
Pt/Ni/Al-SBA-15 could be explained by cleavage of methyl 
carbon–oxygen bond, which might occur on both metal and 
acid sites of the catalyst. These results suggests that the 
presence of acidity and the better dispersion of active metal 

Fig. 7  a–d Anisole conversions with respect to different weight hourly space velocity for Pt/Ni/Al-SBA-15, Pt/Ni/SBA-15, Pt/SBA- 15 and Ni/
SBA-15 catalysts at 370 and 420 °C. Conditions: WHSV  (h− 1) = 3.3, 6.6; temperature = 370 and 420 °C;  H2 = 50 mL min− 1
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Fig. 8  a–h Anisole conversion and product selectivity over Pt/Ni/Al-SBA-15, Pt/Ni/SBA-15, Pt/SBA-15, and Ni/SBA-15 catalysts at 420 °C 
with respect to different weight hourly space velocity. Conditions: WHSV  (h− 1) = 3.3, 6.6; temperature = 420 °C;  H2 = 50 mL min− 1
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could improve its activity for HDO and further modification 
of the support may also be contributing to the reaction con-
version by changing the binding strength of reactive species 
on the support surface through interaction between nickel 
and platinum. This effect has also been identified in other 
catalytic studies of hydrocarbon hydrogenation reactions 
[33]. The higher conversion of Pt/Ni/Al-SBA-15 bimetallic 
catalyst may be due to the presence of large synergistic effect 
between metal and acid sites and further addition of plati-
num to nickel could enhance the reducibility of nickel, which 
utilizes the more molecular hydrogen into atomic hydrogen 
for cleavage of C–O bond via hydrogenolysis process.

3.2.3  Possible reaction pathways in HDO of anisole

Concerning the mechanisms by which anisole may undergo 
HDO reaction, previous investigations have suggested that 
there are two main parallel pathways [34]. Figure 9 rep-
resents conversion pathway of anisole, path way (a) HDO 
route leading to form phenol intermediate via cleavage of 
methoxy C–O bond followed by elimination of  CH4 and 
subsequent hydrogenolysis of phenolic C–O bond leading 
to form benzene and further hydrogenation of aromatic ring 
was restricted as confirmed from GC analysis of the reac-
tion products. Path way (b) trans-methylation was another 
class of reaction; in this class of reaction methyl phenol was 
identified as intermediate and followed by hydrogenolysis 
of phenolic C–O bond of this intermediate produces toluene 
[13, 35, 36].

Pathway (d) represents direct deoxygenating route of 
aromatic ring, which was restricted, as confirmed from the 
absence of methanol from GC analysis and further ring 
hydrogenated product was not identified. The trans-methyl-
ated product of toluene maximum 3% was identified in Pt/
Ni/Al-SBA-15 catalyst, and it confirmed that the acidic site 
on the catalyst may favour the trans-methylation path. How-
ever, the Pathway (a) was identified as the predominant route 

for all the catalyst studied. Furthermore, on the basis of reac-
tion pathway, the ratio of (benzene:toluene) was calculated 
for Pt/Ni/Al-SBA-15 bimetallic catalyst under the optimum 
reaction condition of 420 °C with WHSV  (h− 1) = 3.3, the 
ratio of benzene to toluene showed (1:0.08), and it confirmed 
that the formation of benzene pathway was predominant than 
the toluene pathway. Nevertheless, the concentration of ben-
zene was achieved as maximum compared with toluene and 
this suggests that the catalyst predominantly works through 
demethylation path way. Therefore, the demethylation path-
way was identified more significant than other subsequent 
pathways.

3.2.4  Catalyst deactivation study

Sintering and coke deposition are the main factor for deacti-
vation of catalysts. The deactivation behaviour of mono and 
bimetallic catalysts was studied after anisole hydrotreating 
at 420 °C. Figure 10 shows the thermal gravimetric analysis 
of spent catalysts after reaction at 420 °C with space veloc-
ity 3.3 h− 1 on 15 h on-stream. The thermogram shows the 
following increasing order for the formation of coke in the 
catalyst 4.0% < 6.5% < 8.0% < 9.5% for Pt/Ni/Al-SBA-15, 
Pt/Ni/SBA-15, Ni/SBA-15 and Pt/SBA-15 respectively. In 
general, the formation of coke on the bimetallic catalyst was 
resisted more than the mono-metallic catalysts. This might 
be due to the large surface synergistic effect of the Pt with Ni 
over Al-SBA-15, which was similarly observed and reported 
in the literature [37]. The major coke content observed at 
340 °C indicates that the catalytic performance in terms of 
conversion was suppressed due to the formation of coke. 
However, some weight loss also occurred due to the mois-
ture produced as by-product on the catalyst surface which 
may hinder the activity of the catalyst. After regeneration, 

Fig. 9  The plausible routes for anisole hydrotreating
Fig. 10  Thermal gravimetric analysis of spent Ni/SBA-15, Pt/SBA-
15, Pt/Ni/SBA-15 and Pt/Ni/Al-SBA-15 catalysts
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the particle size estimated from high angle XRD for Pt/Ni/
Al/SBA-15 catalyst was accounted to be 21 and 16 nm with 
respect to nickel and platinum oxide respectively. The par-
ticle size was not much altered before and after regeneration 
in the thermal treatment as shown in Table 1. It demonstrates 
that the sintering may not be responsible for catalyst deac-
tivation since the reaction temperature of 420 °C is exten-
sively lower than the melting point of nickel and platinum. 
The inhibition of catalytic activity was mainly due to coke 
formation and not sintering. The conversion and selectivity 
with respect to optimized Pt/Ni/Al-SBA-15 bimetallic cata-
lyst was studied under condition of 420 °C with WHSV of 
3.3 h− 1 and the results were represented in Fig. 11. The max-
imum anisole conversion 58% with benzene selectivity 38% 
was observed. The reuse experiment demonstrates that the 
catalytic activity could not vary significantly with relevant 
to its fresh catalytic run. Even though, a small variation in 
the product distribution was occurred, this may be due to the 
redistribution of active Pt/Ni species by the thermal treat-
ment in the regeneration of catalyst. Furthermore, the loss 
of metal content after reaction was analysed by ICP-OES 
technique, the metal loss in the bimetallic catalyst Pt/Ni/
Al-SBA-15 was found to be insignificant, which was further 
confirmed by the retention of catalytic activity after regen-
eration as shown in Fig. 11. The study clearly shows that Pt/
Ni/Al-SBA-15 bimetallic catalyst provided high HDO yield 
exhibiting higher anisole conversion of 59% combined with 
benzene selectivity of 37% under atmospheric pressure. Ni/
Pt sites show superior ability for adsorbing and activating 
 H2 could facilitate the transformation of anisole to hydro-
carbon via HDO. Moreover, the main results from this study 
was that the acidic features of this catalyst arising from the 
Al-SBA-15 support could enhance the interaction with the 
anisole molecules, causing their adsorption through acidic 

and metallic sites favouring their transformation through 
C–O bond cleavage via demethylation and hydrogenolysis 
pathways to produce hydrodeoxygenated aromatics.

4  Conclusions

The nickel and platinum based supported catalysts have 
been developed heterogeneously and evaluated in HDO of 
anisole, Pt/Ni/Al-SBA-15 bimetallic catalyst were found to 
be more attractive for the HDO than single site Pt and Ni 
catalysts. However, Pt facilitates nickel oxide reduction at 
temperature lower than 350 °C by spillover effect. The acidic 
support of Al-SBA-15 was more relevant in the conversion 
and benzene selectivity, which additionally enhanced the 
activation of anisole on the catalyst surface than non acidic 
support of Si-SBA-15. The high catalytic performance of Pt/
Ni/Al-SBA-15 was attributed to the unique characteristic of 
acidic Al-SBA-15 support and further to the high dispersion 
of platinum and nickel particles over the external surface of 
the support and also to the possible synergistic effect that 
exists in this catalyst. The presence of strong metal sup-
port interaction and differences in the active phase distribu-
tion may lead to lower anisole conversion on mono metallic 
catalyst. However, on comparing the activity of mono and 
bimetallic catalytic system, the bimetallic catalyst gave more 
HDO yield.
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