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Bio-oil is a key alternative to fossil fuels, and its commercialization requires assessing production quality and quantity. 
Catalysts play a crucial role in the bio-oil production process. This study evaluates the impact of cobalt-based zeolite 
(Co/HZSM-5) catalysts on the pyrolysis of Azolla and Ulva biomasses, focusing on bio-oil production and comparing it 
with direct pyrolysis. It demonstrated that catalytic pyrolysis improved the high heat value (HHV) and energy yield of the 
bio-oil compared with direct pyrolysis.Specifically, for Azolla, the bio-oil yield decreased from 30.64% in direct pyrolysis 
to 23.5% with the catalyst, while HHV increased from 28.6 MJ/kg to 33.2 MJ/kg. For Ulva, bio-oil yield fell from 34.43% 
to 26.1%, with HHV rising from 30.7 MJ/kg to 32.26 MJ/kg. Catalytic pyrolysis also enhanced energy recovery, achieving 
48.37% for Azolla and 69.02% for Ulva. The process altered the distribution of pyrolysis products: biogas yield dropped 
from 37% to 27.14% for Azolla and from 30.5% to 16.57% for Ulva, while biochar yield increased from 39.5% to 42.21% 
for Azolla and from 43.4% to 49% for Ulva. These results suggest that catalytic pyrolysis is effective in producing higher 
quality bio-oil and improves overall energy efficiency. 
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Introduction 
As fossil fuels cannot be sustained and have 

negative ecological consequences, green and 
sustainable alternatives to energy must be explored. A 
sustainable energy source that is gaining a lot of 
attention is biomass1,2. A clean and renewable energy 
source obtained by burning different biofuels such as 
biodiesel, biogas, bioethanol, and bio-oil is bioenergy. 
These fuels are obtained from different bio sources 
like oil seeds, agricultural wastes, animal fat, 
microorganisms, aquatic plants (e.g. algae, ferns), 
urban wastes, sludges from wastewater treatment 
sites, and organic wastes (e.g. plastics) 3–6. 

Azolla and Ulva are two types of aquatic biomasses 
with significant potential for bioenergy production. 
Azolla, a fern, is known for its rapid growth and high 
nitrogen content, making it a promising candidate for 
bioenergy applications. It is predominantly found in 
subtropical regions and can be cultivated in diverse 
aquatic environments. Azolla's high protein content and 
high growth rate contribute to its potential as a biomass 
feedstock for bio-oil production.Ulva, commonly 
known as green seaweed, is widely distributed along 

coastlines and has a high carbohydrate content. The 
plant grows quickly and is abundant in marine 
environments, making it an accessible and renewable 
source of bioenergy. The high cellulose content in Ulva 
makes it a viable candidate for conversion into bio-oil 
through pyrolysis7. 

Among the biofuels, bio-oil (products of thermal 
cracking of biomasses through a process called 
pyrolysis) does not need downstream processes, 
which makes it a promising choice. Along with a 
variety of parameters like the type of biomass, heating 
rate, temperature, and rest time that affect the process 
of pyrolysis of biomass, using catalyzers (given the 
type and volume of catalyst) can be a key qualitative 
and quantitative factor in producing biofuel8,9. Based 
on this, pyrolysis process can be catalytic or direct 
pyrolysis10,11. The bio-oil of catalytic pyrolysis has a 
better carbon content and a lower oxygen, which 
increases its heat value and quality12,13.  

The recommended mechanism for catalytic 
pyrolysis is a combination of free radicals and 
carbonium ion mechanism (based on Bronsted-Lowry 
acid-based theory)14. The catalysts used in the process 
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mostly contain metal compounds like metal oxides. In 
many cases, catalysts are comprised of two sections 
(base and booster), which improve the process yield. 
One of the main compounds used in pyrolysis 
process, which is used as the base, is zeolite 15,16. 
Zeolite has a 3D, latticed, and pentagon molecular 
structure that is formed by alumina and silica at 
different ratios. Studies have listed a wide range of 
usage of zeolite to convert different biomasses such as 
cellulose, lignin, and algae biomasses into bio-oil 
through pyrolysis process 17.  

Jones et al. (2009) examined the production of bio-
oil using cellulose and lignin biomasses and zeolite 
catalysts. They reported that the catalyst deoxygenates 
the biomasses in the first phase and then facilitates 
hydrocarbons conversion of higher heat value 18. The 
role of zeolite-based materials in biomass catalytic 
deoxygenation is explained in the review19. 

Amalina et al. (2023) examined the microwave-
assisted pyrolysis (MAP) of biomass has shown 
satisfactory generating high-quality bio-oils20. Pan et al. 
(2010) examined the role of catalyst ratio to feed  
and temperature effect for Nannochloropsis sp. 
microalgae catalytic pyrolysis using HZSM-5 catalyst 
(Si/Al=25). The ratio of feed to catalyst was equal to 
1/20% (w/w) and the operation temperature was  
300-500°C. Eventually, the top bio-oil yield was 
realized with ratio of catalyst to feed equal to  
20% (w/w) and operation temperature equal to 400°C, 
which was about 25%. Moreover, oxygen production 
was decreased by the catalyst from 30.1% to 19.5% 
and increased value of heat from 24.6 MJ/kg to  
32.7 MJ/kg 21. Mohamed et al. (2017) conducted a 
study on using different ratios of alumina-based 
cobalt to feed (5-25%) to covert fruit tree wastes into 
bio-oil using catalytic pyrolysis. They demonstrated 
that increasing the ratio of cobalt in the catalyst 
increased the yield of bio-oil and decreased coke.In 
addition, the highest bio-oil yield was equal to 
41.89% with alumina-based cobalt ratio of 20% 22. 
Ma et al. (2019) studied using zeolite catalyst ZSM-5 
with ratio to feed in 2-10% range for bio-oil 
production from Ulva microalgae at 400°C. They 
showed that the top bio-oil yield was 41.3% with 
catalyst/feed ratio of 10% 23. Chen et al. (2021) 
examined bio-oil production using sawdust and corn 
waste pyrolysis at operational temperature of 500°C. 
They used different HZSM-5/feed ratios (1:1, 1:5, and 
1:10). As shown by the result, the top bio-oil yield 
was 6% using sawdust with catalyst/feed ratio of 1:10. 
In addition, the highest level of aromatic compound 

production was equal to 27.3% (Ref.24). In order to 
improve catalytic performance further, bifunctional 
and modified catalysts were developed and 
investigated25. Pourkarimi et al. (2022) examined 
production of bio-oil using two biomasses namely 
Azolla ferns and Ulva macroalgae, using two catalysts 
including HZSM-5 zeolite and zeolite-based 
molybdenum catalyst with catalyst / feed ratio (1:5 
and 1:10). They found that the utmost energy 
efficiency and the lowest amount of pollutants for 
both Ulva bio-oil and Azolla were determined using 
Mo/HZSM-5 with catalyst to feed ratio 1:10. Also, 
the uttermost bio-oil production yield of Azolla  
and Ulva were obtained using HZSM-5 catalyst and 
with catalyst / feed ratio equal 1:10(Ref.26). 

To the best of authors’ knowledge, no study has 
been conducted about using Azolla catalytic pyrolysis 
and comparing it with Ulva catalytic pyrolysis. 
Therefore, the present study is a qualitative and 
quantitative assessment of using catalyst with two 
biomass including Azolla filiculoides and Ulva 
fasciata. Before examining the parameters that affect 
direct pyrolysis of Azolla and Ulva biomass, they were 
optimized for the study. The productivity of Azolla and 
Ulva catalytic pyrolysis using cobalt catalyst based on 
zeolite with catalyst/feed ratio of 10% was compared 
with that of direct pyrolysis of the biomasses.  
 
Experimental Section 
 

Preparation of biomass 
Anzali Lagoon (North of Iran) was the place of 

collecting Azolla filiculoides biomass. Gulf of Oman 
was the place of collecting Ulva Fasciata. After 
cleaning the sample (twice using distilled water) and 
drying under the sunlight for 10 h, the biomasses were 
ground to obtain a homogenous powder (particle size: 
500-1000 µm). The results of elemental and estimate 
analyses of the two biomasses are provided in our 
previous work 27. 
 

Preparation of catalysts  
Zeolite base used in the study was HZSM-5 zeolite 

procured from Iran Zeolite with Si/Al ratio of 40. 
According to the producer, the specific surface of 
zeolite was 370 m2/g, with pore size equal to 5.5 and 
crystallinity equal to 98%. Cobalt metal catalyst was 
prepared using moist incubation method (Fig. 1). To 
this end, adequate amounts of the nitrate salts of  
the metals were mixed with HZSM-5 base solution  
and then the sample were stirred on a magnetic plate 
(40 rpm, 25°C, and 4 h) to make sure that the active 
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metal is adsorbed to the base. Afterwards, the samples 
were dried in an oven (80°C, 18 h) and then 
calcinated in a furnace with temperature change rate 
of 3 °C/min at 400°C. The catalyst powder was 
formed as tablet using a hydraulic press (60 bar) and 
then grounded with mesh size in 40-60 range (particle 
size 250-420 µm) for reactor experiments.  
 

Characterisation of catalysts  
X-ray light source was Cu Kα with wavelength  

of 1.54056 Å with 2θ values range from 10 to 90º, 
which was used to detect crystalline structure of 
Co/HZSM-5 catalyst. To examine the morphology of 
synthesized catalysts, SEM analysis was used. Here, 
FESEM/TESCAN MIRA III (Czech Republic) was 
used. FTIR/THERMO AVATAR (USA) was used to 
detect the different functional groups present in the 
catalyst. BELSORP MINI II (Japan) with vacuum 
heating up to 450°C was used to do the Brauner-
Emmet Teller (BET) analysis. 
 

Experiment device  
The experimental setup consisted of three major 

sections: a reformer, a pyrolysis reactor, and a 
condenser, as detailed in our previous work26. Direct 
pyrolysis experiments were done using the same setting 
without the catalyst container of the reformer section27.  
 

Methodology  
The Co/HZSM-5 catalyst with loading ratio of 10% 

(catalyst/feed ratio 1:10) was used and the experiment 
was repeated for each biomass. To this end, the 
catalyst container was prepared beforehand so that a 

metal mesh with a diameter of 1 cm would be fitted to 
the longitudinal center of the reformer cylinder and 
then an asbestos layer was used as coverage. The 
reformer heater would be set to the optimum 
temperature27. Then, 14 g of biomass would be 
positioned in the pyrolysis reactor and when the 
experiment was started, nitrogen carrier (100 mL/min) 
would be fed to the device for 30 min to remove 
oxygen of the reactor. The setting including heating 
rate, temperature, and discharge rate of nitrogen gas 
would be set according to the findings of our  
previous study (460℃, carrier gas discharge rate equal 
to 0.5 L/min, and heating rate equal to 20 ℃/min for 
Azolla experiment; 500℃, carrier gas discharge rate 
equal to 0.2 L/min, heating rate = 10℃ for Ulva 
experiment)27. By achieving the needed temperature, 
the temperature of reactor would be kept constant for 
30 min until the biomass decomposition is completed 
and secondary reactions are completed while the 
pyrolysis reactor content passes through the catalyst 
inside the reformer. Following each experiment, the 
device was turned off to let it completely cool down 
and then solid residue (char) is removed from the 
reactor as biochar. Moreover, the liquid in falcon 
connected to the condenser is considered as bio-oil. 
Dichloromethane solvent would be utilized for 
cleaning the containers and elements of the device. It 
is notable that all these steps, except for using catalyst 
were repeated for direct pyrolysis experiments27.  

Having bio-oil and biochar weighed, bio-oil, biochar, 
and biogas yield were obtained using Eqs (1-3) 28: 

 
 

Fig. 1 — Schematic diagram of Co/HZSM-5 catalyst preparation 
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Bio-oil yield, wt. % = 
୫ୟୱୱ ୭୤ ୠ୧୭ି୭୧୪ሺ୥ሻ

୫ୟୱୱ ୭୤ ୤ୣୣୢ
 ൈ 100     ... (1) 

Biochar yield, wt. % = 
୫ୟୱୱ ୭୤ ୠ୧୭ି୭୧୪ሺ୥ሻ

୫ୟୱୱ ୭୤ ୤ୣୣୢ
 ൈ 100   ... (2) 

Biogas yield. wt. % ൌ  
100% െ  ሺBio െ oil yield, wt. % ൅  Biochar yield, wt. %ሻ  

... (3) 
 
Analysis of the obtained bio-oil 

To assess the bio-oil samples quality through 
detecting the compounds, the samples analysis was 
done using GC-mass 5975C (Agilent Technologies- 
American company). The qualitative parameters of 
the obtained fuel using CG-Mass and Biodiesel 
Analyzer (v.2.2), including iodine number, density, 
cetane number, and viscosity were determined. To 
perform elemental analysis, Flash EA1112 was used 
(Thermo Finnigan- American company) and the 
results yielded the highest heat value (HHV) using 
Eq. (4) 10: 

𝐻𝐻𝑉 ቂ
ெ௃

௞௚
ቃ ൌ 0.338 ∗ 𝐶 ൅ 1.428 ∗ ቀ𝐻 െ

ை

଼
ቁ ൅ 0.095 ∗ 𝑆     ... (4) 

Where H, C, O, and S refer to hydrogen, carbon, 
oxygen, and sulfur weight percentage, which were 
measured using elemental analysis. Using Eqs 4 & 5, 
energy recovery for the two biomass type were 
examined29.  
Where mbiomass and mbio-oil are biomass and bio-oil.  

Energy Recovery ሺERሻ ൌ
𝐻𝐻𝑉௕௜௢௢௜௟ ൈ 𝑚௕௜௢௢௜௟

𝐻𝐻𝑉௕௜௢௠௔௦௦ ൈ 𝑚௕௜௢௠௔௦௦
ൈ 100 

... (5) 
 
Results and Discussion 
 

XRD analysis  
Fig. 2 illustrates XRD results for the catalyst used 

in the study. The pattern for HZSM-5 zeolite has a 
sharp peak at 2θ equal to 23.9° and two small peaks of 

same size at 25.7° and 46°. These peaks indicate the 
single-phase crystalline structure of the solid. Similar 
to Co/HZSM-5 catalyst, it appears that the process of 
metal deposit does not have any effect on the 
morphology and size of nanoparticles.  

Pourkarimi et al. (2022) reported sharp peaks  
in the XRD pattern of HZSM-5 at 2θ = 23.9°, which 
is characteristic of zeolite HZSM-5. Adding 
molybdenum nanoparticles did not significantly alter 
the crystalline structure, consistent with the current 
study, where cobalt loading also did not affect the 
HZSM-5 structure26. In contrast, Ali et al. (2014) 
explored the XRD patterns of Co, Ni, and Cu-loaded 
HZSM-5 catalysts. They found that while the 
crystalline structure of HZSM-5 was maintained with 
Ni and Cu, significant structural collapse occurred in 
the Co/HZSM-5 due to dealumination, forming 
additional phases like Co₃O₄. This outcome differs 
from the current study, where no structural collapse 
was observed, likely due to differences in synthesis 
methods or conditions30. Rostamizadeh et al. (2018) 
showed that the XRD analysis of Ni-doped HZSM-5 
exhibited high crystallinity (97.2%), and that Ni 
doping did not significantly damage the structure. 
Similarly, the current findings indicate that cobalt 
doping did not affect the crystalline structure of 
HZSM-5. The consistency across these studies 
suggests that certain metal dopings, like Ni and Co, 
can preserve the crystalline integrity of HZSM-531. 

The results of XRD analysis of HZSM-5 zeolite 
across multiple studies, including our own, 
consistently show that its crystalline structure is 
maintained after metal loading (Co, Ni, Cu, Mo), 
although exceptions have been observed with cobalt 
under specific conditions. This suggests that while 
HZSM-5 is generally robust, the effects of metal 
loading can vary depending on the synthesis 
conditions and the type of metal used. 
 
SEM analysis  

The results of SEM analysis for cobalt catalyst 
based on zeolite are shown in Fig. 3. Clearly,  
HZSM-5 catalyst has particles with polyhedron and 
smooth surface smaller than 5 µm. In addition, as 
shown for metal catalysts based on zeolite, they have 
a structure similar to HZSM-5. Apparently, the process 
of metal deposition does not have a notable effect on 
the morphology and size of the nanoparticles.  

In the study by Pourkarimi et al. (2022), SEM 
images of HZSM-5 showed smooth polyhedral 
particles approximately 5 µm in size, indicating a 

 
 

Fig. 2 — XRD analysis of the catalyst used in the study 
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successful synthesis process. The addition of 
molybdenum nanoparticles did not alter the overall 
morphology or uniformity of the catalyst. This is 
consistent with the current study, where cobalt 
deposition did not affect the general morphology  
of HZSM-526. Ali et al. (2014) reported that  
the SEM images of Co, Ni, and Cu-loaded  
HZSM-5 catalysts exhibited significant differences 
depending on the metal used. Specifically, for 
Co/HZSM-5, they observed particle agglomeration 
and changes in surface roughness, suggesting a 
potential impact on morphology. This contrasts with 
the current findings, where cobalt loading did not 
cause such changes. The discrepancy may be 
attributed to differences in synthesis methods or 
conditions30. Rostamizadeh et al. (2018) found that 
Ni-doped HZSM-5 maintained a smooth and uniform 
morphology, similar to undoped HZSM-5. The SEM 
images showed no significant changes in particle size 
or shape after metal doping. This is similar to the 
current study, cobalt loading did not significantly alter 
the HZSM-5 structure31. 

The results of SEM analysis across multiple studies 
suggest that HZSM-5 zeolite generally retains its 
morphology after metal loading. While some studies, 
such as that by Ali et al. (2014), observed changes in 
morphology with cobalt loading, these differences are 
likely due to variations in synthesis methods and 
conditions. Overall, the consistency in maintaining 
particle shape and size across different metal dopings, 
as seen in this study and others, highlights the 
robustness of the HZSM-5 structure. 

 
 

Fig. 4 — FTIR analysis of the catalysis used in the study 
 

FTIR analysis  
The FTIR spectrum of HZSM-5 (Fig. 4) features 

two peaks at 454 cm-1 and 548 cm-1 which are because 
of SiO4 molecular vibration in zeolite. In addition, 
three peaks are observed at 796, 1089, and 1223 cm-1, 
which represent strain vibration of Si-O-Al structure. 
The next peak is at 1640 cm-1, which refers to the 
vibration bond of water molecules. The last peak is at 
3426 cm-1, which refers to O-H bond strain bond 
caused by the adsorbed water32. The FTIR spectrum 
for metal catalysts based on zeolite (Fig. 4b) is similar 
to that for HZSM-5 zeolite catalysts. Therefore, 
adding extra compounds does not cause notable 
changes in HZSM-5 so zeolite keeps its molecular 
structure. Similar peaks were observed by our group 
for Mo-based HZSM-5 catalysts.26  

Ali et al. (2014) reported similar FTIR spectra for 
HZSM-5 and metal-loaded zeolite catalysts, with 
consistent peaks corresponding to the Si-O and Al-O 
bonds, as well as water absorption. This indicates that 
the basic structure of the zeolite remains intact after 

 
 

Fig. 3 — SEM catalyst analysis a- HZSM-5 b- Co/HZSM-5 
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metal loading30. Rostamizadeh et al. (2018) observed 
that the FTIR spectra of Ni-doped HZSM-5 were also 
consistent with those of undoped HZSM-5, showing 
no significant changes in the peaks corresponding to 
the Si-O-Al framework. This suggests that Ni doping 
does not disrupt the molecular structure of the 
zeolite31. The results of The FTIR analysis across 
multiple studies, including the current one, 
consistently show that the molecular structure of 
HZSM-5 zeolite is maintained after metal loading. 
While some minor variations in peak positions may 
occur depending on the synthesis conditions and 
metal type, the overall integrity of the Si-O-Al 
framework is preserved. 
 
BET analysis  

BET analysis results for the HZSM-5 and 
Co/HZSM-5 catalysts are shown in Table 1. As 
shown in Table 1, the specific surface total pores 
volume and mean diameter of pores (APD) for the 
catalyst. As to Co/HZSM-5, the specific surface 
(SBET) and total pores volume (Vp) are less than 
those of HZSM-5, and the mean diameter of pores is 
higher than that of HZSM-5. The reason for this 
difference is metal nanoparticle residue on the base 
surface that might block smaller micro-pores on the 
surface. Moreover, the smaller zeolite pore blockage 
increases the mean pore size33. The ICP analysis was 
conducted to determine the metal nanoparticle volume 
on HZSM-5 more accurately compared to the 
theoretical value (5%) (Table 1). Taking into account 
the findings, the actual value of cobalt is acceptably 
near the expected values. Similar results were 
observed by our group for Mo-based catalysts26.  

Ali et al. (2014) also observed a reduction in 
surface area and pore volume for metal oxide loaded 
HZSM-5 catalysts. The study noted that the 
deposition of metal nanoparticles led to partial pore 
blockage, similar to the findings reported here30. 
Rostamizadeh et al. (2018) found that Ni-doped 
HZSM-5 exhibited a slightly reduced surface area 
compared to the undoped catalyst, with an increase in 
pore size. This suggests that the deposition of Ni, like 
cobalt, can result in the partial blockage of smaller 
pores, leading to changes in pore structure31. 

The result of The BET analysis across multiple 
studies, including the current one, consistently shows 

that metal loading on HZSM-5 catalysts typically 
results in a decrease in surface area and pore volume, 
accompanied by an increase in average pore diameter. 
These changes are primarily due to the partial 
blockage of micropores by metal nanoparticles. While 
the extent of these changes can vary depending on the 
synthesis conditions and the type of metal used, the 
overall trends are consistent across different studies. 
 

Quantitative assessment of the pyrolysis products  
Catalyst pyrolysis experiments and direct pyrolysis 

of Azolla and Ulva biomasses are listed in Table 2. 
The highest yields of bio-oil for Ulva and Azolla  
were 34.43% and 30.64%, respectively, which were 
obtained from direct pyrolysis process. The primary 
comparison between bio-oil yield from direct 
pyrolysis and catalyst pyrolysis indicates that bio-oil 
yield decreased by 7.17% and 8.03% for Azolla and 
Ulva, respectively, after adding the catalyst. The 
decrease in bio-oil yield decreased the yield of 
biochar yield and increased gaseous products. With 
the catalyst, the performance of catalytic cracking 
reactions was improved and with an increase in the 
light products (gasses) yield, bio-oil and biochar yield 
decreased. Bio-oil yield of Ulva was higher than that 
of Azolla both in direct pyrolysis and catalytic 
pyrolysis. This is also true for biochar yield; while in 
the case of biogas, Azolla had a better performance 
than Ulva with direct and catalytic pyrolysis.  
 

Qualitative assessment  
 

Elemental analysis  
The outcomes of bio-oil elemental analysis from 

direct pyrolysis and catalytic pyrolysis experiment, 
maximum thermal values, and calculated energy 
performance for Azolla and Ulva are indicated in 
Table 3 and 4. As shown in Table 3, the HHV for 
Azolla is 33.2 MJ/kg and the highest energy yield 
(48.37%) belongs to bio-oil with catalytic pyrolysis. 
In the case of Ulva, the HHV (32.26 MJ/kg) and the 
highest energy performance (69.02%) are obtained by 
catalytic pyrolysis (Table 4).The reason for this can 
be carbon/oxygen ratio based on elemental analysis; 
so that the maximum carbon content (69.1% for 
Azolla and 66.7% for Ulva) and the lowest oxygen 
content (16.5% for Azolla and 17.3% for Ulva)  

Table 1 — BET analysis of the catalyst  

Catalysts SBET (m2/g) Vp (Cm3/g) APD (nm) ICP-OES 
HZSM-5 329.197 0.059761 3.9659 - 

Co/HZSM-5 280.279 0.02492 13.114 4.94 

Table 2 — Direct and catalytic pyrolysis yield of Azolla and Ulva 

Pyrolysis process Bio-oil % Bio-char % Bio-gas % 

 Ulva Azolla Ulva Azolla Ulva Azolla 
Co/HZSM-5(1:10) 26.1 23.5 43.4 39.5 30.5 37 

Direct Pyrolysis 34.43 30.64 49 42.21 16.57 27.14 
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were observed in bio-oil samples obtained through 
catalytic pyrolysis. The carbon content increase and 
oxygen content decrease can increase HHV. This 
shows that while production performance of bio-oil 
for Ulva and Azolla decreases with catalyst, there is 
considerable growth in HHV and energy yield of the 
fuel. In addition, a comparison of Azolla and Ulva 
elemental analysis indicates that HHV of Azolla in 
both direct pyrolysis and catalytic pyrolysis exceeded 
that of Ulva. On the other hand, the energy yield of 
Ulva was higher compared to Azolla because of a 
higher bio-oil yield.  

Among the advantages of catalytic pyrolysis, the 
H/C ratio increase, and O/C ratio decrease in bio-oil 
yield can increase heat value and energy yield of the 
fuel. Vankrolen (2007) introduced a diagram to 
compare optimum performance of different fuels 
based on H/C and O/C ratio in fuels. Fig. 5 illustrates 
Vankrolen’s diagram34. The areas marked on the 
diagram indicate the optimum H/C and O/C ratios for 
different types of fuels for which the HHV and energy 
yield are obtained. The optimum range determined for 
H/C pyrolysis oil is in 1.3-1.6 range and for O/C it is 
in 0.2-0.4 range. The H to C and O to C percentages 
for the bio-oil obtained from direct pyrolysis and 
catalytic pyrolysis of biomasses are listed in Table 3 
and 4. As shown, the H/C ratio for bio-oil samples 
(1.3-1.35) is in the optimum range of Vankrolen 
diagram; while in the case of O/C ratio, the direct 
pyrolysis O/C ratio is in 0.7-0.8 range, which is 
beyond the optimum range in Vankrolen’s diagram. 
In the case of bio-oil generated through catalytic 
pyrolysis, this range is 0.2-0.3, which is the optimum 
range. Therefore, the bio-oil generated through 
catalytic pyrolysis of bio-oil has an optimum 
performance in terms of Vankrolen’s diagram, while 
the bio-oil of direct pyrolysis does not have an 
optimum performance because of O/C ratio.  

Combinational analysis 
The qualitative characteristics of biomass samples 

obtained from direct pyrolysis and catalytic 
pyrolysis can be studied through GC-MS analysis. 

The GC-MS analysis results for the samples are 
given in Table 5.  

Given the results of GC-MS analysis, the key 
compound groups in bio-oil samples including 
aromatic compounds, nitrogenated compounds, 
oxygenated compounds, alkanes/alkenes, and phenolic 
compounds and the specific values for Azolla and 
Ulva are illustrated in Fig. 6. Using the catalyst, 
alkene / alkane content was decreased, while the 
decrease for Ulva was notably higher than that of 
Azolla. While the higher content of alkane / alkene 
can increase heat value of fuel, to some extent, 
presence of more efficient compounds like aromatics 
and oxygenated compounds overshadow their effect. 
Aromatic compound content increased notably in the 
two biomasses due to using catalysts, which increased 
the HHV in comparison to the bio-oil collected from 
direct pyrolysis. It is notable that using catalysts can 
cause more complicated reactions and increase 
aromatic products’ yield. As to oxygenated 
compounds, catalytic pyrolysis decreased oxygenate 
compound ratio in a notable way with a positive 
impact on thermal value of the fuel and burning 
quality. This positive impact is stronger in Ulva 
compared to Azolla. In addition, catalytic pyrolysis 
increased and decreased nitrogenated compounds 
content for Ulva Azolla bio-oils, respectively. Therefore,  

Table 3 — Bio-oil sample Elemental analysis obtained from Azolla direct and catalytic pyrolysis 

Catalysts C H N O S (H/C)*10 O/C HHV (MJ/kg) ER (%) 
Co/HZSM-5 (1:10) 69.1 8.95 5.31 16.5 0.14 1.3 0.24 33.2 48.37 

Direct Pyrolysis 51.23 6.87 4.21 37.58 0.11 1.34 0.73 20.43 36.8

Table 4 — Bio-oil sample elemental analysis obtained from Ulva direct and catalytic pyrolysis 
Catalysts C H N O S (H/C)*10 O/C HHV (MJ/kg) ER (%) 
Co/HZSM-5 (1:10) 66.7 8.8 4.7 17.3 2.5 1.32 0.26 32.26 69.02 
Direct Pyrolysis 49.25 6.65 3.25 38.7 2.15 1.35 0.79 19.44 54.6

Fig. 5 — Vankrolen diagram 
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Table 5 — GC-MS analysis results of the bio-oil samples from 
direct pyrolysis and catalytic pyrolysis 

Row Component Formula Co/HZSM-5 
(1:10) 

Direct 
Pyrolysis 

Ulva Azolla Ulva Azolla 
1 Phenol C6H6O 1.1 5.3 2.7 15.5 
2 4-ethyl-phenol C8H10O 1.05 0.62 - 3.1 
3 2-methyl-phenol C7H8O 1.73 1.63 - 4.4 
4 Para-Crousol C7H8O 4.75 4.63 - 11.2 
5 2-5-dimethyl-phenol C8H10O 0.78 0.76 - 1.6 
6 4-methyl-phenol C7H8O 1.97 1.52 - - 
7 Catechol C6H6O2 3.05 3.21 - 9.2 
8 Toluene C7H8 8.3 8.00 3.25 3.1 
9 Benzene C6H6 4.3 4.47 2.8 - 

10 Styrene C8H8 2.5 2.42 3.3 - 
11 Ethyl benzene C8H10 4.0 4.18 - 2 
12 2-Methyl-naphtalen C11H10 3.3 2.86 - 1.3 
13 Prydine C5H5N 1.3 1.78 - 1.6 
14 Indole C8H7N 5.7 7.85 0.8 7.6 
15 3-methyl-prydine C6H7N 1.5 1.97 - 1.6 
16 3-prydinol C5H5NO 2.1 2.79 - 2.6 
17 Hexadecane C16H34 1.55 1.28 - 1.6 
18 Heptadecane C17H36 1.65 1.36 - - 
19 Pentadecane C15H32 1.7 1.48 - - 
20 Limonene C10H16 1.7 1.58 - - 
21 2-Foran-Methanol C5H6O2 2.9 2.78 - 2.3 
22 Piroul C4H5N 2.2 3.7 - - 
23 Cyclo-pentan C5H10 1.95 2.05 - - 
24 Bis-phetalat C24H38O4 3.5 3.25 - - 
25 3-methyl,  

3-cyclopentenedione 
C6H6O2 1.05 0.84 - 1.5 

26 Hexadecanal C16H32O 1.75 1.35 3.2 - 
27 Undecane nitril C11H21N 0.95 1.26 1.1 - 
28 Ethyl-acetate C4H8O2 1.35 0.98 11.9 - 
29 Allyl Nonanoate C12H22O2 1.15 0.84 2.8 - 
30 3-Dodecene C12H24 1.3 1.25 1 - 
31 3-methyl-2- 

cycloPentene 
C6H10 - - - 0.8 

32 1-Ethyl-3-
methylbenzene 

C9H12 - - - 1.75 

33 1,2,3-
trimethylbenzene 

C9H12 - - - 1.2 

34 2,3-Dimethy1- 
3-cycloPentene 

C7H12 - - - 0.7 

35 2-Methoxyphenol C7H8O2 - - - 0.7 
36 2-Ethyl phenol C8H10O - - - 1 
37 2,4-Dimethyl phenol C8H10O - - - 2.7 
38 3,5-Dimethyl phenol C8H10O - - - 2 
39 2-Ethyl 

benzimidazole 
C9H10N2 - - - 1.7 

40 4-Methyl-1, 
2-benzenediol 

C7H8O2 - - - 4.42 

41 1-Tridecene C13H26 - - - 1.1 
42 2-Tetradecene C14H28 - - 7.2 1.6 
43 Bis(2-ethylhexyl) 

phthalate 
C24H38O4 - - - 1 

    (Contd.)

Table 5 — GC-MS analysis results of the bio-oil samples from 
direct pyrolysis and catalytic pyrolysis (Contd.) 

Row Component Formula Co/HZSM-5 
(1:10) 

Direct 
Pyrolysis 

   Ulva Azolla Ulva Azolla 
44 Nanodecane C19H40 - - - 1.5 
45 2-Ethynyl pyridine C7H5N - - 3.7 - 
46 1H-Pyrrole C4H4N - - 9.9 - 
47 2-Butene-1,4-diol C4H8O2 - - 5.8 - 
48 2-Methylene- 

4-pentenal 
C6H8O - - 2.3 - 

49 1H-Pyrrole,  
3-methyl 

C5H7N - - 3.2 - 

50 Phenol,4-methylene C7H8O - - 5.8 - 
51 1-Octanol,3, 

7-dimethyl 
C10H22O - - 0.9 - 

52 2,5-Dimethyl- 
4-hydroxy-3(2H)-

furanone 

C6H8O3 - - 2.4 - 

53 1H-Indene,  
1-methylene 

C10H8 - - 3.2 - 

54 Benzonitrile,  
3-methyl 

C8H7N - - 1.1 - 

55 Nonane,2,6-dimethyl C11H24 - - 0.8 - 
56 2-methyl-3-butenyl C5H9O - - 2.5 - 
57 Nonan-4-one C9H18O - - 2.5 - 
58 Indolizine C8H7N - - 3.2 - 
59 E-2-Tetradecen-1-ol C14H28O - - 5.6 - 
60 1-Tridecyne C13H24 - - 1.3 - 
61 Decanoic Acid C10H20O2 - - 1.1 - 
62 Tetradecanamide C14H29NO - - 3.8 - 
63 2-Undecene,  

3-methyl 
C12H24 - - 1.3 - 

 

 
 
Fig. 6 — Key compound groups in Ulva and Azolla bio-oil 
sample of Ulva and Azolla through direct and catalytic pyrolysis 
 

contamination caused by Azolla bio-oil is less than 
that of caused by Ulva bio-oil. The reason for this is 
the difference in protein content in Azolla and Ulva 
biomasses. Azolla biomass (18.34%) has higher 
protein content than Ulva (15.9%). In the case of 
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Azolla, the protein content is decomposed by catalytic 
pyrolysis so that nitrogenated compounds content in 
Azolla bio-oil is higher. In the case of Ulva, however, 
the decomposed hydrogen compounds are converted 
into gas products, so that nitrogenated compounds 
content is lower in Ulva bio-oil obtained through 
catalytic pyrolysis compared to direct pyrolysis35. 
Eventually, using the catalyst decreased phenolic 
compounds notably in Azolla and to some extent in 
Ulva. The increase in aromatic compounds due to the 
use of catalyst increases heat value of fuel, while it 
also increases the pollution caused by the burning the 
fuel when the increase in heat value is more than  
25% 36. In the case of the catalyst used in this study, 
aromatic content in Azolla bio-oil was 25.56% and 
26.05% in Ulva bio-oil. Therefore, the catalyst 
trivially affected the pollutants caused by burning the 
fuel. On the other hand, phenolic compound 
decreased notably due to the use of catalyst, which 
indicates a decrease in pollution load of bio-oil 
obtained from catalytic pyrolysis compared to the bio-
oil obtained through direct pyrolysis. 

Some of the qualitative specifications of the 
produced fuels including iodine number, cetane 
number, cinematic viscosity, density, and cloud point 
were determined using GC-Mass analysis results in 
Biodiesel Analyzer v.2.2. Table 6 indicates the 
qualitative parameters of the produced bio-oil and the 
standard values (EN14214-2012) 10. With the catalyst, 
cetane number of Azolla and Ulva bio-oils increased 
by 6.4% and 11.8% respectively and iodine number 
decreased by 10.8% and 7%, respectively, which 
improved performance quality of the fuels. In 
addition, density and viscosity of the biofuels did not 
change notably after using the catalyst. However, the 
cloud point decreased to some extent, which makes 
the fuels suitable for lower temperatures. Using the 
catalyst had a positive impact on the quality of fuel 
(cetane and iodine numbers in particular) and the 
application range.  
 

Conclusion 
This study compared the impacts of cobalt-based 

zeolite catalyst with direct pyrolysis on two 

biomasses, Azolla and Ulva. While catalytic pyrolysis 
reduced bio-oil yields (23.5% for Ulva, 26.1%  
for Azolla), it essentially upgraded the heat value 
(32.26 MJ/kg for Ulva, 32.2 MJ/kg for Azolla) by 
increasing carbon content and reducing oxygen 
content. The bio-oil produced through catalytic 
pyrolysis met the optimal standards for pyrolysis oil, 
with improved cetane and iodine numbers, indicating 
higher quality. Although the catalyst had minimal 
impact on density and viscosity, it effectively 
increased energy performance. Ulva bio-oil exhibited 
higher yield and energy efficiency with lower 
pollutants, whereas Azolla offered superior heat value 
and cetane number. Thus, catalytic pyrolysis is a 
promising method for producing high-quality bio-oil. 
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