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Bio-oil includes significant levels of oxygenate molecules, which might induce component instability and reduce its 

physicochemical qualities. To counteract this, the component must undergo a hydrodeoxygenation (HDO) reaction. Due to the 

presence of acidic active sites, zeolites have been shown to have high hydrogenation and deoxygenation capabilities. However,

 

natural zeolite has a large number of impurities and low acidity density.

 

Consequently, before being employed as an HDO 

catalyst, pretreatments

 

such as preparation and activation are required. In this study, the catalyst used was an active natural 

zeolite whose acidity level varied depending on the Si/Al ratio after dealumination with 3, 5, and 7 M hydrochloric acid, 

proceeded by calcination with nitrogen gas flow

 

(designated as Z3, Z5, and Z7, respectively). The results showed that 

dealumination and calcination of zeolite generally caused changes in its physical characteristics and components. The Z5 catalyst 

showed the best catalytic performance in the HDO

 

process of bio-oil. The higher heating value (HHV) of bio-oil increased from 

12 to 18 MJ/kg, the viscosity value doubled, the degree of deoxygenation increased to 77%, and the water content reduced 

dramatically to about one-third of that of raw bio-oil. Moreover, control compounds, such as carboxylic acids, decreased slightly, 

but the amount of phenol increased to about twice the content in raw bio-oil.

 

                                                  

➢Dealumination with various acid concentrations led 

to different physical characteristics. 

➢Dealumination improved the catalytic activity of 

zeolite in hydrodeoxygenation (HDO). 

➢HDO-upgraded bio-oil had an increased HHV and 

decreased water content. 

➢Dealuminated zeolite with 5 M HCl produced the 

most optimal bio-oil.
 

➢Hydrodeoxygenation of oxygenate compounds 

correlated with increasing phenol in bio-oil.
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1. Introduction 

 
The use of bio-oil is rapidly growing, especially as wood and food 

preservatives. The accessible bio-oil, on the other hand, still contains 

significant oxygenates, which can compromise component stability. 
Furthermore, a high oxygen content of 35–50% can cause deteriorated physical 

properties, such as being corrosive and having a low heating value, high 

viscosity, and low chemical stability (Hilten et al., 2010; Zhang et al., 2017; 
Ren and Ye, 2018).  

The hydrodeoxygenation (HDO) method can be used to convert high 

oxygenated chemicals to phenols and derivatives, resulting in a more stable 
bio-oil. Guaiacol (2-methoxyphenol) is a common component of bio-oil made 

from lignocellulosic biomass pyrolysis. The hydrogenolysis of hydroxyl groups 

can transform guaiacol into methane and catechol, which can then be converted 
to phenols. Furthermore, via hydrogenolysis of methoxy groups, guaiacol can 

be transformed directly into phenols (Sun et al., 2013; Grilc et al., 2014; Espro 

et al., 2017). 
 

 

 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

Selective catalysts are required for bio-oil HDO reaction to optimize the 

deoxygenation of oxygenated constituents in bio-oil. Zeolites have been 

reported to be effective in the deoxygenation process of pyrolysis vapors, 
leading to decreased formation of O/C content in bio-oil (Carlson et al., 

2008). Zeolites as catalysts are preferred in the HDO process because of 

their attractive characteristics such as large surface areas, uniform pores, 
hydrophobicity, modifiable acidity, and high thermal stability (Jha and 

Singh, 2011; De et al., 2016; Gea et al., 2020). High porosity allows 

compounds to diffuse into pores and access active sites quickly, improving 
the catalytic activity (Yoldi et al., 2019). Gea et al. (2020) reported that 

HDO reaction of bio-oil using active Sarulla natural zeolite with the Z3 

catalyst resulted in the highest contents of phenol and its derivatives at 
62.39%, with an 11.93% reduction of alkoxy compounds. The effect of pore 

sizes was observed by Lee et al. (2016) in HDO of guaiacol using 

Pt/HZSM-5 and Pt/HY catalysts. Although Pt/HZSM-5 had higher acidity 
than Pt/HY, it could only convert 13% of the guaiacol, while Pt/HY could 

convert 75%. This observation could be explained by the fact that guaiacol 

(kinematic diameter 0.67 nm) could more easily access the active sites of 
Pt/HY (porosity 0.74 nm) than Pt/HZSM-5 (porosity 80.63 nm). Garba et 

al. (2018) reported that the yields of bio-oil, gas, and char were slightly 

affected by the structure of zeolites, but the bio-oil chemical composition 
was highly dependent on the structure of the catalysts. Meanwhile, product 

distribution, coke formation, and deoxygenation rate were all influenced by 

the pore diameters and acidity of the catalysts. The main component of bio-
oil created by catalytic pyrolysis were reportedly phenolic compounds, 

ketones, aromatics, and olefins (Kurnia et al., 2017).  

Based on the previous research listed in Table 1, very few articles 

discuss the potential of natural zeolites in the HDO process, especially by 

examining the effect of the Si/Al ratio on the catalytic activity. In addition, 

most of the studies used model compounds due to the complexity of the 
compounds contained in crude bio-oil.  
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Abbreviations 

BET Brunauer-Emmett-Teller 

BJH Barrett-Joyner-Halenda 

DOD Deoxygenation 

EDX Energy dispersion X-ray spectroscopy 

HDO Hydrodeoxygenation  

HHV Higher heating value 

PZ Parent zeolite 

XRD X-ray diffractometer 

 

Feed Catalyst Si/Al Reactor T (ºC) PH2 Ref. 

Guaiacol Pd/C-HZSM-5 80, 50, and 30 Batch 275 64 bar Shafaghat t al. (2015) 

Anisole Al-MCM-41 10, 20, 40, and 60 Fixed bed 400 100 kPa Taghvaei et al. (2021) 

Anisole 

Natural zeolite 5 

Continuous flow 220 4 MPa Yan et al. (2021) 
Escott zeolite 5.7 

H-BEA 12.5 

H-MOR 10 

Pyrolysis oil FeMoP/HZSM-5 - Fixed bed 450 65 bar Hita et al. (2020) 

Pyrolysis oil Natural zeolite 2.9, 8.6, 6.8, and 6.7 Fixed bed 250 1 atm This work 

 

Table 1.  

The latest research in hydrodeoxygenation of bio-oil compounds. 
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Therefore, natural zeolite was activated in this study using mineral acids at 

various concentrations to produce zeolites with different Si/Al ratios. The 

catalyst activity test was carried out in the bio-oil HDO process. Zeolite 

characteristics before and after dealumination and calcination were observed. 

Moreover, changes in the physicochemical properties of raw and HDO bio-oil 
were also observed. Carboxylic acid, phenol, and alkoxy phenol compounds 

were the control compounds for the HDO process. The results of this study are 

expected to contribute to the understanding of the pyrolytic bio-oil upgrading 
process using the HDO method under mild reaction conditions over active 

natural zeolite with different Si/Al ratios. 

 
2. Materials and Methods 

 

2.1. Materials 

 
Commercial natural zeolite was purchased from CV. Bratachem Indonesia. 

Bio-oil was obtained from coconut shell pyrolysis. Nitrogen, oxygen, and 

hydrogen gases were obtained from PT Aneka Gas Medan. HCl (p.a), HNO3 
(p.a), and methanol (p.a) were purchased from Merck.  

 
2.2. Zeolite preparation and activation  

 
Natural zeolite was prepared by following the procedure previously reported 

by Sihombing et al. (2020). Zeolite was crushed and sieved at 100 mesh, and 
the obtained powder was soaked and washed with distilled water. Finally, the 

sample was dried in an oven at 120 °C. PZ was HCl activated by reflux method 

at 90 °C for 1 h. The HCl variations used were 3, 5, and 7 M. The precipitate 
was washed with deionized water until pH was neutral, followed by a heating 

process in an oven at 120 °C for 3 h and a calcination process at 500 °C with 

nitrogen gas flow. Acid activated natural zeolite was labelled as Z3, Z5, and 
Z7, respectively. 

 
 2.3. Catalyst characterization 

 

The chemical composition of the catalysts was characterized by an X-Ray 
Fluorescence (XRF) RIGAKU-NEX QC+QuanTEZ equipped with <160eV @ 

Mn K-Alpha Line detector. The crystal properties were analyzed using an XRD 
Shimadzu 6100 Cu Kα (λ = 1.54184 Å) at 40 kV and 30 mA at 22.00 – 70.00-

degree region. Surface morphology analysis was done using an SEM Zeiss 

EPOMH 10Zss equipped with EDX. The nitrogen adsorption-desorption test 
was performed with a Gas Sorption Analyzer (NOVA 1200e) Quantachrome 

instrument at 77 K. Specific surface area was calculated by the BET method. 

Pore volumes and diameters were estimated by the adsorption branch based on 
the BJH model. Finally, the t-plot method was used to calculate the micropore 

and external surface area. 

 
2.4. Bio-oil hydrodeoxygenation  

 
The HDO process to upgrade and stabilize bio-oil was carried out in a fixed-

bed system reactor over different catalysts, including PZ, Z3, Z5, and Z7, at 
250 ºC, 1 atm H2, and for 2 h. In the initial stage, the catalyst and feed (bio-oil) 

were weighed at a 1:40 ratio, respectively. Next, the feed and catalyst were 

placed in a container and into a stainless-steel reactor. After that, the reactor 
was placed in a furnace and heated to the specified temperature. The vapor 

produced from the reaction flowed through a silicon hose and passed through a 

condenser, where the liquid product, HDO bio-oil, was collected. During the 
reaction process, non-condensable gas was also produced, while coke was 

formed on the catalyst's surface. The yields of coke, liquid phase, and organic 

phase were calculated using Equations 1 and 2 (Oh et al., 2015): 

 

Yproduct (%) = 
𝑀𝑝𝑟𝑜𝑑𝑢𝑐𝑡 (𝑔)

𝑀𝑏𝑖𝑜−𝑜𝑖𝑙 (g)
 x 100                                                                     Eq. 1 

 
Ygas (%) = 100- [Yliquid phase+ Yorganic phase + Ycoke]            Eq. 2 

 
where Yproduct and Mproduct are the yield (liquid phase, organic phase, and coke) 

and mass of the products, respectively. 
 

 

2.5. Bio-oil characterization  

 

Bio-oil was characterized for its compound and elementary components 

(C, H, O, N, S) using a CHN Analyzer LECO-CHN 628. Physicochemical 

properties before and after the HDO process, including water content 
(Metrohm 870 KF Titrino Plus), viscosity (Viscocool 6 s brand LAUDA), 

acid number (titrimetric method), HHV (Sheng and Azevedo's formula), 

and compound composition (GC-MS-QP2010 Plus merk Shimadzu) were 
also analyzed.  

Van Krevelen diagram was depicted using H/C and O/C atomic ratios, 

which were calculated from the elemental analysis of C, H, and O. The 
degree of DOD was estimated as follows (Eq. 3):  

 

DOD(%) =
MOraw bio−oil−MOheavy oil

MOraw bio−oil
× 100                                           Eq. 3 

 

where MO is the atomic O/C ratio obtained from the molar ratios of O and 
C levels based on the elemental analysis. 

 

3. Results and Discussion 

 

3.1. Functional groups in zeolite 
 

The comparison of FTIR spectra between parent and acid-activated 

zeolite is presented in Figure 1. The wavenumber in the range of ~3400 
cm-1 indicates the stretching of the Si-O(H)-Al group. After the acid 

activation treatment, the transmittance (%) of IR radiation was significantly 

increased. This may be attributed to the depletion of water molecules bound 
in zeolite structures because of the calcination and oxidation reactions (Gea 

et al., 2020). The release of water molecules (free –OH group) is also 

approved due to the higher transmittance in the wavenumber range of 1600-
1450 cm-1 for acid-washed zeolites (Wijaya et al., 2020). Moreover, due to 

calcination, oxidation, and thermal effect, some functional groups were 

released from their bonds (Zhou et al., 2017; Ichsan et al., 2019).  
 

 

 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

 

 
Fig. 1. Comparison of the FTIR spectra of the parent and acid-activated zeolite within the 

wavenumber range of 650-4000 cm-1. 
 

 
 Zeolites containing clinoptilolite and mordenite types are reported to 

have strong stretching vibrations in the wavenumber range of ~1045-1070 

cm-1
 for the Si-O-Al and Si-O-Si groups. After the dealumination stage, 

where some of the Al leave the zeolite framework, a shift toward higher 

wavenumber is observed. As the acid concentration in the activation step 

increases, the change in wavenumber towards higher values also increases. 
In addition, the higher transmission in the wavenumber range of ~790-802 

cm-1
  shows  a  higher  amount  of  Si-O/Al-O  group  in  the  acid-activated 
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zeolites (Triantafillidis et al., 2001). The same results have been reported by 

Ates and Hardacre (2012) that acid treatment and deionization affect the 

wavenumber shift of functional groups. 

 

3.2. Surface morphology of the catalyst 
 

The surface morphology comparison between PZ and acid-activated zeolites 

is shown in Figure 2. There were differences in the surface morphology after 
the activation with mineral acid and calcination. Active zeolite tended to have 

single grains separated from each other, while the grains in parent zeolite were 

agglomerated. The Z7 catalyst had a more uniform grain size and a more 
homogeneous surface shape. Meanwhile, Z3 and Z5 catalysts had more diverse 

grain sizes. The change in the size of the zeolite particles to smaller fragments 

supported the BET analysis result, indicating increased external surface area. 
 

3.3. Elemental composition of zeolite 

 
Changes in zeolite morphology after dealumination and calcination 

treatment indicated the removal of some components in the zeolite. The 

comparison of the composition of the different zeolite samples is tabulated in 

Table 2. 
Based on catalyst composition data presented in Table 2, there was a 

significant decrease in aluminium percentage after acid activation and 
calcination. Using the mineral acid HCl (3, 5, and 7 M), the dealumination 

process  dissolved  the Al in zeolites (Ngapa, 2017).  During  the  activation  
and  calcination  processes, dealumination  must  have  caused  the alumina  to 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 
 

 

 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

release from the zeolite tetrahedral framework structure outside the 

framework, resulting in silanol-rich species, therefore increasing the Si/Al 

ratio in catalysts (Ban et al., 2010; Wang et al., 2012; Fajar et al., 2020). A 

high Si/Al ratio would impact the stability of zeolite crystals, and as a result, 

the zeolite would be more resistant to heat (Ates and Hardacre, 2012). 

The purpose of using HCl during the dealumination stage was to dissolve 

aluminium oxide from the crystal framework and force it out of the zeolite 

structures. Protons bound with the oxygen in the alumina (-AlO4-) 
functional group created by acid activation treatment formed Brønsted acid 

sites in zeolites. The Lewis acid sites in zeolites came from the Al atom in 

the zeolite framework, which was formed by releasing water molecules 
from Brønsted sites at high temperatures. Zeolites with protonated 

frameworks would quickly decompose, releasing water molecules in the 

process. Some zeolite structures were destroyed as a result, forming Lewis 
acid sites. The methods of dealumination and calcination have been shown 

to improve acid strength and the overall number of acid sites in catalysts 

(Wang et al., 2018; Liu et al., 2020). 

In addition, there was a decationization process during activation, where 

hydrochloric acid dissolved impure metals, such as Na+, K+, and Ca2+, from 

zeolite surfaces and frameworks. In Table 2, the impurities in Z3, Z5, and 
Z7 catalysts were drastically reduced by almost 50% after acid and 

calcination treatment. The calcination process could have also contributed 

to removing impurities by thermal effect. This could be observed from the 

decrease in the percentage of impure components post-acid and calcination 

treatment (Guo et al., 2021). 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 Fig. 2. Surface morphology of each catalyst;
 

(a)
 

PZ, (b) Z3, (c) Z5, and (d) Z7, by SEM imaging with 1000×
 

magnification.
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Table 2.  

Composition of parent and activated zeolite using EDX analysis. 

 

Component (%) PZ Z3 Z5 Z7 

Si 19.9 20.9 32.3 20.3 

Al 6.86 2.43 4.75 3.04 

O 44.4 61.7 48.2 57.9 

Impurities 28.8 14.9 14.8 18.8 

Si/Al 2.90 8.60 6.79 6.67 

 
 

3.4. Crystallinity of the catalyst 
 

The diffractograms of parent and acid-activated zeolites are summarized in 

Figure 3. These peaks characterize natural zeolite types of mordenite and 
clinoptilolite, including peaks indicating mordenite in the 2θ = 20.68°, 22.07°, 

27.71°, and 30.68° regions, while the characteristic peaks of clinoptilolite can 

be seen in the 2θ = 9.70°, 13.30°, 25.70°, 26.24°, 29.93°, and 35.62° regions. 
The diffraction patterns of the catalysts did not significantly contrast with one 

another. However, some increase and decrease in intensity at some of the peaks, 

especially in the zeolite-characteristic area between 2θ = 20°-30°, can be 
observed. The high characteristic peak intensity in zeolites was directly related 

to the crystalline properties. The presence of zeolite peaks and the degree of 

crystallinity are summarized in Table 3. 
 

 

 
 

 

 
 

 

 
 

 

 

 

 

 
 

 

 
 

 

 
 

 
Fig. 3. The diffractograms of parent and acid-activated zeolites; C denotes Clinoptilolite, and M 

stands for Mordenite. 
 

 
Table 3.  

Comparison of peak intensities for parent and acid-activated zeolites 

 

2θ (°) 
Intensity 

PZ Z3 Z5 Z7 

22.0707 209 164 174 179 

23.4400 33 47 87 45 

25.7000 88 75 87 91 

26.2400 76 50 47 79 

27.7133 110 114 123 124 

Degree of crystallinity (%) 
 

42.9 46.8 47.8 49.5 

 

 
Acid treatment increased the degree of crystallinity in zeolites. This was 

possible because the dealumination process dissolved most of the impurities in 

zeolite surfaces and pores. Therefore, with cleaner surfaces and pores, X-ray 

diffraction was more intense. A similar finding was reported by Wijaya et 

al. (2013), who employed acid activation using sulfuric acid 1 M and 

observed increased zeolite crystallinity, indicating that impurities in the 

zeolite were removed and a more regular tetrahedral framework was 

formed. The water trapped in zeolite structures was evaporated during the 
calcination process, allowing them to become more crystalline (Zhou et al., 

2017). The calcination process also oxidized contaminants and opened up 

the zeolite pores. Furthermore, removing non-framework Al species 
increased the Si/Al ratio and zeolite crystallinity (Feng et al., 2019; Wang 

et al., 2019). 

 
3.5. Adsorption-desorption isotherm analysis 

 

Adsorption-desorption isotherm graphs of the parent and acid-activated 
zeolites are shown in Figure 4. Based on the IUPAC classification, the 

isotherm graph was classified as type IV with a hysteresis loop at P/P0 

between 0.4-1.0. The presence of a hysteresis loop indicated meso and 
micro-sized pores in the zeolites. 

The surface area, pore diameter, and total volume of the parent and 

activated zeolites are tabulated in Table 4. After dealumination and 

calcination processes, surface area, pore diameter, and total pore volume 

increased. Dealumination causes an increase in the Si/Al ratio, an increase 

in the specific surface area, and a decrease in the concentration of Brønsted 
and Lewis acid sites (Horáček et al., 2013). In this study, the Z5 catalyst 

showed the highest percentage of micro surface area reduction 

accompanied by the most significant increase in pore size. In contrast, 
catalysts Z3 and Z7 showed a larger surface area but slightly smaller pore 

diameter. The increase in specific and external surface areas accompanied 

by a decrease in the micro surface area indicated that the Z3, Z5, and Z7 
catalysts were damaged in the initial PZ frame due to dealumination. This 

also causes a widening of the pore size of the active acid catalyst by up to 

twice that of the parent zeolite. 
The external surface area of zeolite was increased after acid treatment 

(Fajar et al., 2020). As a result of the Al framework breakdown, the micro 

surface area decreased simultaneously with the increase in the external 
surface. As a result, zeolites formed mesoporous structures (Ates and 

Hardacre, 2012). With the elimination of amorphous Al species that 

previously occupied the zeolite micropores, thermal impacts during 
calcination also contributed to the development of secondary mesopores 

(Park et al., 2005; Lazaridis et al., 2018). The presence of mesoporous 

catalysts would improve bulk molecule access to the catalyst pores while 
also increasing product conversion. 

 
Table 4.  

Surface area, pore diameter, and total volume of parent and activated zeolites 

 

Sample 
SBET 

(m2/g) 

Smicro 

(m2/g)a 

Sexternal 

(m2/g)a 

Vtotal  

(cc/g) 

Average pore 

diameter (nm) 

PZ 18.5 3.14 15.3 0.078 1.60 

Z3 21.1 2.37 18.7 0.087 3.12 

Z5 20.5 0.23 20.3 0.082 3.56 

Z7 23.4 2.06 21.3 0.081 3.12 
 

  
a
 t-plot method 

 

 
3.6. Catalytic performance 

 

The catalyst activity test was carried out for the bio-oil HDO process, 
where the proportions of the liquid phase, organic phase, coke, and gas 

produced were calculated. The yield distribution of the products is 

presented in Figure 5. 
According to the yield distribution diagram depicted in Figure 5, the 

liquid phase was the most abundant product generated, followed by the 

organic phase and gas. A relatively small amount of coke formed, which 
accounted for no more than 1% of the total product conversion. Bio-oil 

catalyzed by Z7 tended to produce a higher liquid phase percentage of 

almost 80%, thus leading to a lower organic phase yield (Lazaridis et al., 
2018). High liquid phase yield indicated the occurrence of dehydration and  
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Fig. 5. The product distribution of HDO bio-oil using the parent and activated
 
zeolites as the 

catalyst.
 

 

 

 

 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
carboxylation as the dominant reaction pathways (Palizdar and Sadrameli, 

2019). Except for the Z7 catalyst, where the gas generated was less than 

1%, the proportion of organic phase produced decreased as the 
concentration of mineral acid applied in the catalyst activation process 

increased. 

The comparison of physicochemical properties of raw bio-oil and the 
HDO bio-oil over various catalysts is summarized in Table 5. There were 

significant differences between the raw and HDO bio-oils in several test 
parameters such as HHV, viscosity, and water content. 

In general, the properties of bio-oil catalyzed by zeolites improved. 

However, Z5 and Z7 catalysts showed more remarkable physicochemical 

properties than the other two catalysts. This could be seen in the increased 

HHV from 12 to 18 MJ/kg. Meanwhile, viscosity values increased by over 

twice the raw bio-oil, water content decreased drastically by almost one-
third of the water content in the raw bio-oil, and the degree of 

deoxygenation could reach up to 77%. The pH value was proportional to 

the acid number of bio-oil. Water content was correlated to viscosity and 
HHV, where the lower the water content, the higher the viscosity and HHV. 

Based on the data tabulated in Table 5, the molar ratios of H/C and O/C 

were reduced after the HDO process, both with PZ catalyst and acid-active 
catalyst. An increasing H/C value indicates a tendency for the HDO 

reaction to occur through the hydrogenation reaction pathway, but in this 

case, the H/C value decreases after HDO. This phenomenon is an indication 
that the hydrogenation process is not the dominant pathway. Meanwhile, 

the reduced  O/C molar  ratio indicates a  deoxygenation  reaction (Bi et al., 

Fig. 4. Adsorption-desorption isotherm graphs of the parent and acid-activated zeolites. 
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2014; Serhan et al., 2019). The bio-oil catalyzed by the four catalysts showed 

a significant decrease in the molar ratio of O/C, especially in the case of the Z5 

catalyst, which showed the most drastic reduction of over 70%. This correlates 

with the DOD data in Table 5. 

 
 
Table 5.  

Properties of raw bio-oil and HDO bio-oil. 

 

Properties Raw bio-oil PZ Z3 Z5 Z7 

Elemental analysis (wt%)      

C 13.1 21.8 25.8 39.3 38.1 

H 9.76 9.14 9.07 8.05 8.41 

N 0.03 0.09 0.23 0.53 0.53 

Oa 77.1 69.0 64.9 52.1 53.0 

HHV (MJ/kg)b 12.0 14.1 15.2 18.3 18.2 

Viscosity (mm2s) 1.16 1.50 1.85 3.35 3.31 

Water content (%) 68.6 67.7 64.8 25.4 26.6 

Acid number (mg NaOH/g oil) 156 130 144 142 145 

pH 1.8 1.9 1.8 1.8 1.8 

DOD - 46.2 57.3 77.5 76.4 

H/C 8.95 5.03 4.23 2.46 2.65 

O/C 4.42 2.37 1.88 0.99 1.04 
 

a Calculated by the difference in percentage. 
b High heating value was calculated by using the following formula:  

  HHV (MJ/kg) = 1.3675 + (0.3137 C) + (0.7009 H) + (0.0318 O) 

The physical properties and components of zeolites were frequently altered 

by dealumination and calcination. During the dealumination process, different 
mineral acid molar concentrations were applied, resulting in zeolites with 

varied Si/Al ratios, which would influence the acid density of the catalyst. The 

presence of Brønsted and Lewis acid sites in the activated zeolites affected the 
reaction pathways that each active site facilitated. Furthermore, zeolite 

properties such as surface morphology, surface area, and pore size influenced 

the access to active sites where conversion reactions took place.  
In general, the Z7 catalyst exhibited superior properties in terms of 

crystallinity, Si/Al ratio, and surface area. Dealumination with a 7 M mineral 

acid concentration dissolved more aluminium from the zeolite framework, 
resulting in a considerable rise in the Si/Al ratio. This, in turn, resulted in a 

cleaner surface morphology of the Z7 catalyst, with homogenous small grains, 

resulting in a higher specific surface area. As the concentration of mineral acid 
in the dealumination process rose, the degree of crystallinity grew in a linear 

relationship with the Si/Al ratio. 

The Z5 catalyst performed better in the HDO bio-oil process than the Z7 
catalyst, despite having lower crystallinity, surface area, and Si/Al ratio. This 

could be ascribed to the high Si/Al ratio in Z7, encouraging the catalyst to be 
more hydrophobic. This, however, would have been advantageous if the 

resulting HDO product was a nonpolar compound such as alkane hydrocarbons 

and their derivatives. But in this case, the stabilization process was aimed at 
oxygenated compounds and carboxylic acids, which are semi-polar and polar. 

In addition, the lower Si/Al molar ratio raises the acidity of the zeolite, which 

helps the catalyst to enhance the rate of bio-oil deoxygenation. This finding 
was supported by the degree of deoxygenation, where the bio-oil catalyzed by 

Z5 had higher DOD than the bio-oil catalyzed by Z7. Similar results were 

reported by Zhang et al. (2014), where the catalyst HZSM-5 with a Si/Al ratio 
of 12.5 showed better catalytic performance in converting 2-methoxy-4-

propylphenol into hydrocarbons than HZSM-5 with a larger Si/Al molar ratio. 

As a result, raising the acid concentration to 7 M altered the physical properties 
of zeolite, but it did not influence component stability or acid and oxygenated 

compound conversion in HDO bio-oil. 

Another assumption that can explain the good catalytic activity of the Z5 
catalyst was its larger pore size than the other catalysts. The large pore size 

facilitates the diffusion process and overcomes the adsorption limitations for 

larger molecules (Wang et al., 2013). 
Figure 6 presents the chemicals found in the organic phase of bio-oil. The 

main bio-oil components were carboxylic acids, alkoxy phenol, and phenols.  

 

 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

 

 Fig. 6. Main components of the raw bio-oil and HDO products.
 

 

 
After the HDO process, acetic acid, which was the primary ingredient of 

raw bio-oil at 76%, was gradually decreased, with the highest drop in the 

bio-oil catalyzed by the Z5 catalyst. Meanwhile, phenol content increased 

by almost double in the bio-oil catalyzed by Z5. This result was correlated 

with the high degree of deoxygenation in Z5-catalyzed bio-oil, where 

oxygenated molecules were converted to phenol. The high carboxylic acid 
content of the bio-oil catalyzed by Z5 gradually reduces after HDO. 

Compared with the other catalysts, the degree of deoxygenation of bio-oil 

catalyzed by Z5 was also the greatest. Therefore, it can be indicated that 
deoxygenation was the dominant reaction. Carboxylic acid deoxygenation 

usually occurs via decarboxylation and ketonization reactions. In the 

decarboxylation pathway, carboxylic acids produce CO2 and CH4 (Palizdar 

and Sadrameli, 2019). This is supported by the distribution of the resultant 

HDO products (Fig. 6), which shows that the Z5 catalyst produces the 

largest gas product (almost 10%). This result also supports a linear 
relationship when it is associated with the H/C molar ratio (Table 5), where 

the smallest ratio is indicated by the bio-oil catalyzed by Z5, which is 

thought to have a lot of hydrogen coming out as methane gas. In addition, 
alkoxy phenol produced from pyrolysis of lignin undergoes demethylation 

and cleavage of methoxyl bonds over the Bronsted acid site. 
In this study, guaiacol and anisole underwent demethoxylation and 

demethylation, respectively and produced phenol (Fig. 7). GC-MS analysis 

data showed the absence of the compound in bio-oil after HDO, except in 
bio-oil catalyzed by Z7. Product distribution data also showed the presence 

of a gas phase formed and increased phenol content during the HDO 

process over acid-activated catalysts. 
 

4. Conclusions and Prospects 

 
Dealumination and calcination of zeolite generally changed its physical 

characteristics and components. The increase in acid concentration up to 7 

M modified the physical characteristics of zeolite but did not enhance 
component stability or the conversion of acid and oxygenated components 

in the HDO of bio-oil. Z5 catalyst showed the best catalytic performance in 

the HDO process of bio-oil. The HHV of bio-oil increased from 12 to 18 
MJ/kg; the viscosity value doubled, and the degree of deoxygenation was 

high at 77%, while the water content decreased drastically to almost one-

third of the water content in the raw bio-oil. The control compounds, 
including carboxylic acids, were slightly reduced, but the percentage of 

phenol increased to almost double its content in the raw bio-oil after the 

catalysis by Z5. This was correlated with the high degree of deoxygenation 
in Z5-catalyzed bio-oil, indicating that the oxygenated compound was 

converted to phenol. 

This study highlights that a catalyst with a certain Si/Al ratio and acidity 

can affect the catalytic activity in the HDO of bio-oil under mild conditions.  
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Fig. 7. Proposed reaction pathways for the hydrodeoxygenation (HDO) of guaiacol and anisole. 
 

 
Further research is needed to see the effect of variations in the Si/Al ratio of 

natural zeolite, which are smaller or larger than that used in this study, on their 

catalytic performance. In addition, technology development needs to be carried 
out to reduce bio-oil viscosity, such as using solvents or optimizing process 

conditions during the reaction. 
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