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Abstract: Fossil fuel crises along with global environmental issues, due to combustion of fossil fuel, lead to focus on 
biomass derived fuels. Bio-oil nowadays is seriously considered to be one of the favorable, renewable and alternative 
energy sources to replace fossil fuel and has become a significant energy carrier for transportation, industrial and 
commercial applications. In this study, bio-oil was upgraded by catalytic cracking in a fixed bed reactor in the presence of 
three different catalysts HY, H-mordenite and HZSM-5.All of the experimental runs were carried out at 500 °C, 0.3MPa 
and 15:1 oil to catalyst ratio. Catalysts characterization revealed that HZSM-5 with uniform pore and TPD analysis shows 
the presence of large number of acidic sites as compared to HY and H-mordenite. HZSM-5 proved its effectiveness in 
terms of deoxygenation and converting oxygenating compounds to hydrocarbons. The amount of hydrocarbons formed 
was 16.27 wt % OLP for HZSM-5, 15.16 wt% for HY and 14.954 wt % for H-mordenite. HZSM-5 possessed a strong 
acidity, uniform pore size and high activities which tended to permit the transformation of the oxygenated compounds 
present in the bio-oil to hydrocarbons. The upgraded bio-oil obtained posses improved physiochemical properties such 
pH which was increased from 2.21 to 3.56 while density was decreased upto 0.82 kg/m3. The calorific value also 
increased upto 31.65 kJ/kg. The improved bio-oil by HZSM-5 catalyst can be considered as a potential for to be used as 
direct fuel.  
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1. INTRODUCTION 

Due to the continuous increase in population and 
industrialization, energy consumption is increasing but 
energy sources are decreasing [1, 2]. Most of the 
developing countries are facing two major problems 
related to fossil fuel such as emissions and the limited 
resources [3]. Due to the burning of fossil fuels SOx 
and NOx are emitted which are the major cause of acid 
rain and greenhouse gas that posed major threat to 
world climate [4, 5]. If this phenomenon continues, it is 
forecasted that some extreme natural calamities are 
expected. 

Biomass is being considered to be an efficient 
alternative energy resource via convert to liquid product 
in high heating process named as pyrolysis [6]. Vapors 
produced by pyrolysis of biomass are condensed to a 
liquid product known as bio-oil that has dark brown 
color and pungent smell [7]. Bio-oil or pyrolysis oil has 
the potential to be an alternative to fossil fuel. Crude  
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bio-oil can be used directly in boilers, different 
important chemicals can be separated from it and it can 
also be upgraded so that it can be used in engines for 
energy generation. Bio-oil contains large amount of 
oxygen almost 35-40 wt% [8] and can be decomposed 
to release oxygen as H2O, CO2 or CO in the presence 
of catalyst to form hydrocarbon [9]. 

Bio-oil has potential as an alternative fuel to replace 
fossil fuel. Contrast to fossil fuel, bio-oil is considered to 
be CO2 neutral [10] and contains very minor quantity of 
nitrogen and sulfur. Consequently, bio-oil usage 
contributes less air pollutants and greenhouse gases 
into the environment [11]. However there are some 
limiting properties that restrict bio-oil to be used at large 
scale such as high oxygen and water contents, high 
viscosity and low calorific value [12]. 

The direct usage of bio-oil as substitute for 
conventional petroleum fuels is therefore limited and 
consequently, upgrading of bio-oil has attained the 
great interest [9]. Upgrading process for bio-oil mainly 
involves the removal of oxygenated compounds or their 
conversion into light hydrocarbons with high calorific 
value [13]. Mostly, two methods has been proposed for 
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upgrading i.e. catalytic hydrotreatment in presence of 
hydrogen [14-16] and catalytic cracking [17-19] that 
does not require hydrogen. Catalytic cracking in the 
absence of hydrogen for upgrading of bio-oil has 
gained the great interest and many researchers have 
worked on this [10, 18, 20, 21] due to its cost 
competitiveness. 

The selection of catalyst plays important role in 
catalytic cracking, and zeolite based catalyst is thought 
to be most effective for cracking process [10, 22, 23]. 
The nature of the product obtained after catalytic 
cracking depends upon the type of catalyst: when 
HZSM-5 is used aromatic hydrocarbons are obtained, 
while aliphatic hydrocarbons are obtained when HY-
Zeolites based catalyst are used for upgrading [10]. 
Acidic sites in HZSM-5 lies on the intercrystaline 
surface and all are easily accessible for cracking. 
Molecules ranging from C6 – C10 can easily diffuse due 
which HZSM-5 is considered to be beneficial for 
cracking and aromatization of heavy hydrocarbons [13]. 
H-Mordenite and HY are large pore zeolites and 
possess both Lewis and Bronsted acidic sites. H-
Mordenite has channel like pore structure in which 
basic building block consist of five membered rings. 
Diffusion in H-Mordenite pore structure is in parallel 
channels. So HY and H-Mordenite allows larger 
hydrocarbons feasibility for cracking [24]. In catalytic 
cracking, the hydrocarbon yield was thought to be less 
due to high coke and char formations and deactivation 
of catalyst [24]. 

In this work, catalytic cracking of bio-oil over HY, H-
mordenite and HZSM-5 catalysts in a continuous fixed 
bed reactor was investigated. As bio-oil contain number 
of chemical compounds with complex nature, it 
becomes difficult to estimate the conversions. To 
overcome the complications and to ensure 
consistencies in the study, the model compounds 
majorly present in bio-oil i.e. phenol, ketones, acetic 
acid, aldehyde and water were used to study the 
cracking performance. Degree of de-oxygenation 
wasalso calculated at different operating temperatures. 

2. MATERIALS AND METHODS 

2.1. Bio-oil 

Model bio-oil samples were freshly prepared before 
each experiment which consisted of acetic acid (10 wt 
%), 2-furaldehyde (20 wt %), acetone (10 wt %), phenol 
(30 wt %) and water (30 wt %).  

2.2. Catalyst 

Three different types of catalysts have been used in 
this work Table (1). HZSM-5 and HY catalyst has 
similar SiO2/Al2O3 ratio 30:1 while for H-mordenite it 
was 20:1. The surface area of HZSM-5 is the lowest 
among all with 400 m2/g while for HY and H-Mordenite 
it is 680 and 500 m2/g, respectively. 

Table 1: Catalyst Characterizations 

Catalyst SiO2/Al2O3 Surface Area(m2/g) 

HZSM-5 30:1 400 

HY 30:1 680 

H-Mordenite 20:1 500 

 
2.3. Catalyst Characteristics 

Scanning electron microscopy Oxford LEO 1430 
was used for obtaining the surface morphology. 
Surface images for all samples were taken at a 
magnification of 20 KX. The Thermo Scientific TPDRO 
1100 with TCD detector was used for ammonia 
temperature programmed desorption (NH3-TPD) 
measurements. About 100 mg of sample was placed in 
a U-shaped quart tube with ID = 4mm. The sample was 
first pretreated at 300ºC for 2 hr in a He- stream at 100 
ml/min. After being cooled down to 20ºC, the 
pretreated sample was exposed to NH3 for 30 min. 
After that, the sample was purged with a He air stream 
at 20ºC until the baseline of NH3 in the mass spectrum 
was steady. Finally, the NH3-TPD was performed at the 
rate of 10ºC/min in a He flow from 30ºC to the required 
temperature. 

Bruker-AXS D8 Advance was used for the X-ray 
diffraction (XRD) patterns. The pore size and surface 
area were calculated based on the Brunauer-Emmett-
Taylor (BET) method while the pore volume was 
calculated based on the Barrett-Joyner-Halenda (BJH) 
method. The Physisorptionanalyser Micromeritics 
ASAP 2020 Accelerated Surface Area and Porosimetry 
was used for obtaining the N2 adsorption-desorption 
isotherms. A sample weighing 0.1444±0.0001 g was 
first degassed at 300 ºC for 4 hrs. Then, the analysis 
was carried out based on the measured content of 
liquid N2 adsorbed and desorbed at its boiling 
conditions (-196 ºC and 1atm). The total gas quantity 
adsorbed or desorbed was recorded at the standard 
temperature and pressure (0 ºC and 1atm) conditions. 
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2.4. Fixed Bed Reactor 

All the experiments were conducted in fixed bed 
reactor as shown in Figure (1). Initially, the reactor was 
loaded with 3 g of catalyst on glass wool supported by 
wired fixed bed and the upper surface of the catalyst 
was again covered by glass wool. The reactor was 
therefore placed in a furnace. The reactor was heated 
to desired temperature and purged continuously with 
N2 gas (50 ml/min) until desired temperature and 
pressure conditions were achieved. Subsequently, the 
bio-oil was pumped into the reactor with constant flow 
rate of 1 ml/min. Finally, the condensed liquid products 
were collected at the outlet of the condenser while 
gaseous products were collected in gas tank. 
Thereafter, both collected products were subjected to 
GC analysis. 

Two performance indicators calculated that include 
are oil yield and degree of de-oxygenation:  
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Where: Yoil is the yield of oil, moil is the weight of 
produced oil, mfeed is the weight of feed, DOD is the 
degree of de-oxygenation and wt% is weight percent of 
oxygen in oil. These two parameters give an overview 
of the extent of reaction. 

3. RESULTS AND DISCUSSIONS 

3.1. Catalyst Characterization 

3.1.1. XRD Analysis 

The XRD spectrum of the HZSM-5, HY and H-
Mordenite is shown in Figure (2). The spectrum of the 
HZSM-5 catalyst showed the crystalline nature based 
on the presence of the main peaks at 7º to 10º and 23º 
to 25º on the scale of 2θ. The main peaks which 
indicated the crystalline nature of the commercial 
HZSM-5 were present within the ranges of 7º to 10º 
and 23º to 25º. The main peaks presented from 5º to 
35º show a high crystallinity for the HY catalyst. It can 
be observed from Figure (2) that H-mordenite was 
crystalline in nature as major peaks which reflect this 
observation lie between 5º to 10º, 13º to 15º, 19º to 
20º, 22º to 23º and 25º to 30º. A similar kind of 
observations has been reported by Sheng et al. [25]. 

 
Figure 1: Process flow diagram of catalytic cracking unit. 
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Figure 2: XRD patterns for HZSM-5, HY and H-Mordenite. 

3.1.2. Scanning Electron Microscopy (SEM) 
Analysis 

The SEM analysis was used to analyse the surface 
morphology of all three catalysts used in the present 
work. Figure (3) shows the surface image for the 
commercial HZSM-5, HY and H-Mordeniteat the 20.0 
KX magnification. It can be observed that all of the 
particles in HZSM-5 were in the crystalline shape and 
the sizes of all particles were evenly distributed, but for 
HY it can be observed that based on the particle size, 
they were not evenly distributed and for H-
Mordenitethe particles were in a pellet type shape while 
the particle size was also not uniform. It did not change 
with a large variation from particle to particle. All 
catalysts are porous in nature and can be used for 
cracking. But as it can be observed, HZSM-5 has 
uniform distribution of particles compared to HY and H-
Mordenite, which gives HZSM-5 better cracking in term 
of higher DOD of product which causes high formation 

hydrocarbons. HY and H-Mordeniteparticles were 
scattered and also did not posses uniform pore volume 
due to which reactants are not properly converted. 
Similar observations have been reported by Adjaye 
[18]. 

3.1.3. Physisorption Analysis 

The N2Physisorption analysis was carried out to find 
out the pore volume and surface area, and to check the 
adsorption-desorption behaviour of HZSM-5, HY and 
H-Mordenite. The BET surface area of HZSM-5, HY 
and H-Mordenite which includes the pore volume, pore 
size and surface of the catalyst are shown in Table (2). 

Table 2: Surface Properties of HZSM-5, HY and H-
Mordenite 

Parameters HZSM-5 HY H-Mordenite 

Pore size (nm) 2.9 6.8 8.2 

Pore volume (cm3/g) 0.09 0.17 0.05 

BET surface area (m2/g) 330 710 465 

 
3.1.4. TPD Analysis 

Figure (4) shows the NH3-TPD patterns for the three 
different catalysts. The area under each peak 
represents the amount of ammonia desorbed and the 
position represents the strength of the acidity. The NH3 
desorption curve for the HZSM-5 represented two peak 
patterns 200-300 ºC and 450-500 ºC which indicates 
the presence of weak acidic sites and strong acidic 
sites. The pattern of the NH3 desorption was consistent 
with the literature already presented for the HZSM-5 
catalyst [26]. Meanwhile, for H-Mordenite, the NH3 
desorption pattern shows that the intensity of the weak 
acidic sites was higher as compared to the strong 

 

Figure 3: Surface Image of HZSM-5, HY and H-Mordenite. 
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acidic sites. Furthermore, for the HY zeolite catalyst, 
the peak for the weak acidic sites was quite significant 
but in terms of the strong acidic sites, they were not too 
obvious. Cui et al. [27] presented a similar kind of 
results for the Y-Type zeolite catalyst. Sombatchaisac 
et al. [28] reported that the strength of the strong acidic 
sites was less in the HY catalyst as compared to the 
weak acidic sites, and the trend indicated by them was 
in a similar way as for the present work. 

 

Figure 4: Ammonia TPD for HZSM-5, HY and H-
Mordenitesamples. 

3.2. Product Evaluation 

In order to evaluate the performance of the catalyst 
and to prove the concept that HZSM-5 is the most 
appropriate catalyst for upgrading bio-oil by catalytic 
cracking, a comparison between the different catalysts 
was performed. Upgrading of the model bio-oil by 
catalytic cracking was carried out under optimized 
conditions (500 ºC, 0.3 MPa, and O/C ratio of 15:1) 
obtained from a parametric study for catalytic cracking 
of model bio-oil in the presence of HZSM-5 as 
discussed before. The overall product distribution for 
upgrading the model over three catalysts is shown in 
Table (3).Since deoxygenation was the major concern 
for the upgrading of bio-oil, it was important to measure 
the products concerned, such as gases which were 
mainly eliminated due to decarboxylation and 
decarbonylation and the aqueous phase which is the 
product obtained after dehydration. The extent of the 
products obtained, such as the aqueous phase and the 
gases from the catalytic cracking over different 
catalysts can used to select the best suitable catalyst 
for the upgrading of the bio-oil.  

Table 3: Product Distribution after Upgrading the Model 
Bio-Oil of Three Different Types of Catalysts 

Catalyst 
Type OLP (wt%) Aqueous Phase 

(wt%) 
Gases 
(wt%) 

HZSM-5 61.08 18.95 19.97 

HY 64.62 18.04 17.34 

H-Mordenite 64.43 17.25 18.32 

 
3.2.1. Aqueous Phase 

The aqueous phase formation from dehydration is 
the major route for the deoxygenation in the upgrading 
of the bio-oil. From Table (3), it can be seen that the 
aqueous fraction produced by HZSM-5 is the highest 
as compared to the other catalysts. As earlier 
discussed, HZSM-5 has a uniform pore size as well as 
a smaller surface area as compared to the HY and H-
Mordenite catalysts. In case of large pore sized 
catalysts, during the upgrading process, a large 
number of reactant molecules can easily pass through 
the supercages and do not undergo the reaction and 
remain unconverted [29]. In the case of HZSM-5, it 
possesses the uniform pore size which allows the 
reactant to react and be easily transformed with the 
help of the active sites of the catalyst. As based on 
SiO2/Al2O3, the ratio for HZSM-5 is higher than for H-
Mordenite which indicates the more acidic strength in 
HZSM-5 due to which, the amount of the hydroxyl 
group with the organic compounds are eliminated and 
this causes dehydration. This was also reported by Ben 
et al. [30]. They reported that the higher Al2O3 ratio led 
to the elimination of the methoxy group, ether bond and 
dehydration of the aliphatic and aromatic hydroxyl 
groups with the upgrading bio-oil process. Further on, 
Guo et al. [31] studied the performance of the catalyst 
for upgrading the bio-oil. They reported that the HZSM-
5 caused the formation of the maximum aqueous 
phase which was the main deoxygenation route. 
Adjayeet al. [32] reported that HZSM-5 was the most 
suitable dehydrating catalyst as compared to the HY, 
H-Mordenite and silica-alumina catalysts. 

3.2.2. Gaseous Phase 

The gaseous product is the final product obtained 
from the upgrading process. Cracking caused the 
formation of gases which is considered to be the 
efficient deoxygenating route. As listed in Table (3), 
HZSM-5 tended to produce gaseous products in a 
higher fraction as compared to the other two catalysts. 
Gases were formed mainly due to decarboxylation and 
decarbonylation which resulted in the CO and CO2 
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formation. Due to the bio-oil being deficient in the 
hydrogen, minor traces of the hydrogen has also been 
detected. Guo et al. [31] observed a similar kind of 
observation for HZSM-5 as a catalyst for upgrading the 
bio-oil as an efficient catalyst for promoting 
decarbonylation and decarboxylation reactions as 
compared to other zeolite-based catalysts. Adjaye et al. 
[32] showed that the gaseous products resulting from 
the catalytic upgrading of bio-oil were mainly carbon 
oxides. Furthermore, HZSM-5 was considered to be 
the most efficient catalyst from among the H-Mordenite, 
silica-alumina and HY catalysts. 

3.2.3. Organic Liquid Product (OLP) 

The Organic Liquid Product (OLP) is of main 
interest after the catalytic upgrading of the bio-oil. The 
detailed analysis of the OLP obtained is shown in Table 
(4) which involved the elemental analysis and the 
calorific value obtained by the three catalysts. It can be 
seen that the yield of OLP was low for HZSM-5 as 
compared to HY and H-Mordenite. This could be 
related to the quality of OLP. In the presence of HZSM-
5 which involved evenly distributed surface area 
particles and a uniform pore size, it allowed more 
conversion of the oxygenated particles due to which 
efficient dehydration, decarboxylation and 
decarbonylation occurred. Meanwhile, efficiency and 
more conversions in the presence of HZSM-5 reduced 
the yield of OLP by increasing the amount of gas and 
aqueous product formation. Due to the efficient 
removal of oxygen content by using HZSM-5, the 
formation of hydrocarbons from oxygenated 
compounds were the result, and the end product, OLP, 
obtained had a better quality based on the high calorific 
value as shown in Table (4).The quality of OLP can 
also be examined from the calorific value as shown in 
Table (4). The energy density of OLP obtained after the 
catalytic cracking in the presence of HZSM-5 was 
higher as compared to HY and H-Mordenite. 
Furthermore, one can consider that HY has a surface 
area higher than that of HZSM-5 but, the SiO2/Al2O3 is 
the same for both. Though it can be considered that 

there is no doubt that SiO2/Al2O3 had an influence over 
the upgrading of the bio-oil as mentioned by Vitolo et 
al. [10]. They mentioned that the pore size affected the 
reaction occurrence the mostdue to the catalyst. 
However, if the reactants did not interact with the active 
sites of the catalyst, there would be no conversion. 
Similarly, H-Mordenite with the highest pore size but 
being less crystalline in nature from among all three 
catalysts allowed for less interaction of the reactants 
with the active sites of the catalyst. Moreover, it was 
observed to be a less efficient catalyst in terms of 
upgrading the bio-oil.  

From Table (4), it can be observed that the OLP 
obtained after using HZSM-5 as a catalyst had a higher 
carbon content and the least oxygen content. This 
revealed the high calorific value of OLP, and HZSM-5 
proved to be the best among the other catalysts. The 
carbon content of the product OLP obtained from 
upgrading in the presence of the H-Mordenite catalyst 
was low as compared to others but it had a high 
oxygen content which led to the observation that there 
was less conversion of the oxygenated compounds and 
thus the calorific value of the product was also low. The 
HY catalyst gave an OLP with a higher calorific value 
as compared to H-Mordenite catalyst. The amount of 
hydrocarbons formed was 16.27 wt % of OLP for 
HZSM-5 but for HY and H-Mordenite they were 15.16 
wt % and 14.954 wt % of OLP, respectively. The high 
percentage of hydrocarbon formation by using HZSM-5 
can be related to the pore size, pore volume, 
SiO2/Al2O3 and the acidic strength of the catalyst. So, 
the DOD of the OLP obtained after upgrading the 
model bio-oil in the presence of HZSM-5, HY and H-
Mordenite was 45.57%, 40.87% and 39.07%, 
respectively. HZSM-5 proved its effectiveness as the 
best deoxygenating catalyst. 

CONCLUSIONS 

In this study, bio-oil was upgraded by catalytic 
cracking in a continuous reactor over three different 

Table 4: Elemental Analysis and Gross Calorific Value of the OLP Obtained by the Catalytic Cracking of the Model 
Bio-Oil over Three Different Catalysts 

Catalyst Type Carbon 
(wt %) 

Hydrogen 
(wt %) 

Nitrogen 
(wt %) 

Oxygen 
(wt %) 

Gross Calorific Value 
(kJ/g) 

HZSM-5 67.41 6.12 0.16 26.29 30.321 

HY 65.36 5.93 0.14 28.57 29.159 

H-Mordenite 64.12 6.25 0.19 29.44 28.127 
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catalysts HY, H-Mordenite and HZSM-5. The catalysts 
used for cracking proved its effectiveness based on the 
observed conversion of model compounds and 
improved properties of bio-oil. The most effective 
catalyst based on the quality of end product was 
HZSM-5. Hydrocarbons formed was 16.27, 15.16, 
14.954 wt % of OLP by using HZSM-5, HY and H-
Mordenite, respectively. The high percentage of 
hydrocarbon formation by using HZSM-5 can be 
related to the pore size, pore volume, SiO2/Al2O3 and 
the acidic strength of the catalyst. The DOD of the OLP 
obtained after upgrading the bio-oil in the presence of 
HZSM-5, HY and H-Mordenite was 45.57%, 40.87% 
and 39.07%, respectively. 
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