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Abstract 

Silica with two different sizes i.e. microsilica (MS) and nanosilica (NS) was used as a catalytic support for vanadi-

um (5-15 wt%) in the pyrolysis of pomelo peels. Besides use of pomelo peels (agricultural residues) as a feedstock 

for the pyrolysis, to contribute to environmental sustainability, rice husk was used as a silica source for obtaining 

the silica support. From the result, it was found that non-catalytic pyrolysis of pomelo peels gave a bio-oil yield of 

33.3 wt%. The catalytic pyrolysis with vanadium-modified silica decreased the bio-oil yields ranging between 27.2-

33.1 wt%. This was due to the occurrence of the second reactions generated from the active sites on the catalysts, 

which leads to the conversion of bio-oil into gas products. For NS catalyst, increasing the amount of vanadium 

loading directly decreased the bio-oil yields and increased the gas yield. The variation of product phase distribu-

tion was not clearly observed for MS catalyst even with various vanadium loadings. In addition, NS catalyst exhib-

ited higher efficiency in reducing the acid content in the bio-oil, and increasing the phenol content. The distin-

guished properties of the nanoparticles may be the main reason for these phenomena. 
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1. Introduction 

Agricultural residues are one of the major 

environmental problems in developing coun-

tries. Dumping or burning them in public places 

result in soil contamination, air pollution and 

water pollution when leached into a water 

source [1–3]. For pomelos, the large citrus fruit 

usually cultivated and consumed throughout 

Southeast Asia, their unusable thick peels are 

weighted about 40% of the fruit (1-2 kg). About 
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8 M metric tons of pomelo are annual produced 

worldwide [4], therefore an enormous amount of 

pomelo peels will be left and could cause envi-

ronmental impacts if inappropriate disposal oc-

cur. Due to the main content of pomelo peels in-

cluding cellulose, they can be applied for cellu-

lose production application [5–7]. In addition, 

the relatively high content of cellulose and low 

amount of lignin [8] makes pomelo peels an at-

tractive candidate for bio-oil production through 

a pyrolysis process. This is because cellulose can 

enhance the ignition characteristics of pyrolytic 

processes [9]. The opposite is true for lignin 

with more aromatic compounds. Therefore, the 

https://creativecommons.org/licenses/by-sa/4.0
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pyrolysis of pomelo peels has previously been 

investigated along with other agricultural resi-

dues [10].  

Bio-oil obtained from the pyrolysis of bio-

mass is considered a renewable fuel to replace 

consumable fossil fuels. However, the bio-oil 

are highly acidic and corrosive, resulted from 

oxygenated organic compounds including car-

boxylic acid and carbonyl compounds [11–13]. 

To decrease those compounds, catalysts with 

acid properties which provide some specific re-

actions such as deoxygenation and dehydration 

should be introduced during the pyrolysis [14]. 

Various types of catalysts, including ZSM-5 

[15], FCC [16], HZSM-5 [17], Y-zeolite [18], and 

Ca(OH)2 [19], are used in the catalytic pyroly-

sis. Cheap materials and wastes are also used 

in order to reduce cost of production and envi-

ronmental issues, for example; corn cob-derived 

activated carbon [20], Choerospondias axillaris 

seed biochar [21], and red mud [22]. 

Silica (SiO2) is abundant and cheap, and can 

be produced from agricultural residues such as 

rice husk. It is frequently applied in catalytic 

reaction due to high strength, high abrasion 

and chemical resistance, and durability [23]. 

Even inertness, it can be modified with other 

components to achieve specific catalytic proper-

ties. Vanadium is one of the metals previously 

used as a modifier for the catalytic pyrolysis of 

biomass [24–26], which exhibited improving for 

activity and selectivity of the pyrolysis prod-

ucts. In addition, the advantage of nanotech-

nology nowadays leads using of nanoscale ma-

terials instead of conventional microscale mate-

rials. As a result, nano-silca is chosen for many 

applications including as a catalytic support for 

the particular reactions. For example, in the 

polymerization with metallocene, nano-silica 

highly interacted with the catalytic species on 

it, and thus can initiate the polymerization re-

action with moderate catalytic activities [27]. 

In that study, it was also found that the effect 

of particle size existed even for the slightly dif-

ferent particle sizes. The other catalytic reac-

tions using the nano-silica were such as in situ 

polymerization with Ziegler-Natta catalyst [28], 

syngas production [29], desulfurization [30], 

and so on [31–33]. However, there are only few 

studies concerned on using nano-silica for the 

catalytic pyrolysis of biomass. For instance, 

Guo et al. [34] have employed nano-silica modi-

fied with Ni for acetic acid steam reforming  in 

order to utilize the biomass-pyrolyzed bio-oil in 

the hydrogen production. The catalyst showed 

the high activity with carbon conversion of 

95.3% and H2 yield of 2.38 mol. 

Therefore, in this study, the catalytic pyrol-

ysis of pomelo was conducted with nano-silica 

as a support modified with vanadium in vari-

ous concentrations. In order to investigate the 

effect of support size, micro-silica were also 

used to compared with nano-silica. Rice husk 

was brought for silica extraction to obtain silica 

here, complied with utilization of agricultural 

residues as same as the production of bio-oil 

from pomelo peels. Micro-silica was first pre-

pared from the rice husk, and then nano-silica 

was consequently synthesized from the micro-

silica via a precipitation method. The prepared 

catalysts were characterized with various tech-

niques such as X-Ray diffraction analysis 

(XRD), X-ray fluorescence (XRF), and scanning 

electron microscopy (SEM). The obtained bio-

oils were determined for their yields, and their 

qualities including physical properties and 

chemical compositions. The effects of the cata-

lysts on the pyrolysis process and the bio-oil 

quality were further discussed. 

 

2. Materials and Methods  

2.1 Materials 

Rice husk and pomelo peels were donated 

from local areas in Nakhon Pathom province, 

Thailand. Hydrochloric acid (HCl, 37%) and so-

dium hydroxide (NaOH) were purchased from 

RCI Limited, New Zealand. Ammonium meta-

vanadate (NH4VO3) were obtained from QRëC, 

New Zealand. 

 

2.2 Preparation of catalyst 

2.2.1 Micro-silica 

Micro-silica was prepared from the rice 

husk by soaking it into the water for 1 day, fil-

tered and then soaked in 1 M hydrochloric at 

80 °C for 1 h. The soaked rice husk was 

washed, neutralized and dried overnight in the 

oven. The prepared rice husk was then calcined 

under atmosphere at 700 °C for 5 h to obtain 

the powder-like ash which was practically des-

ignated as MS. 

 

2.2.2 Nano-silica 

The prepared MS was brought to mixed 

with 1.5 M NaOH at the ratio of 1:6, shaken, 

and heated at 100 °C for 1 h. The mixture was 

then centrifuged and filtrated. The filtrate was 

then reprecipitated with 1 M HCl, adjusted the 

pH around 7.0-7.5, heated at 50 °C for 5 h. The 

solid precipitate was then washed with water, 

and a silica-water slurry was detected for con-

ductivity generated by the leaving ion such as 
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Cl− and Na+. The washing step was repeated 

until no conductivity detected in the slurry. 

The solid from that process was dried at 80 °C 

for 10 h, ground and weighted. The obtained 

material was designated as NS.  

 

2.2.3 Silica modified with vanadium 

Both types of silica were modified with va-

nadium by incipient wetness impregnation 

with ammonium vanadate (NH4VO3). The cer-

tain amount of NH4VO3 solution was drop in 

the silica, dried at 120 °C for 1 h and then calci-

nated at 565 °C for 7 h. The obtained catalysts 

were designated as MS/VX for vanadium-

modified MS, and NS_VX for vanadium-

modified NS, with X identifying its vanadium 

content. 

 

2.3 Pyrolysis 

The catalytic pyrolysis of pomelo peels was 

performed in a 0.5 L bath reactor, operating at 

500 °C for 2 h. with heating rate of 12.33 

°C/min. 100 g of pomelo peels was packed in 

the reactor with 10 g of the catalyst above sepa-

rated by quartz wool. N2 was used as a carrier 

gas with a gas flow rate 170 mL/min, and was 

purge for approximately 5 minutes to remove 

the internal oxygen prior the pyrolysis. The 

outlet of the reactor was connected to two con-

denser set-ups and both two condenser set-ups 

were connected to coolant. The bio-oil product 

was condensed in round bottom flasks in the ice 

bath. After the completion of the operation, the 

remained solid in the reactor was allowed to 

cool and then weighted to determine the prod-

uct yield. 

 

2.4 Characterizations 

2.4.1 Catalyst 

Morphology: The morphology was investi-

gated using Tescan Mira3 Scanning electron 

microscope. No coating was used to avoid inter-

ference from the coating element. Transmission 

electron microscope (TEM) was also used to de-

termine the particle size of the nano-silca parti-

cle, using JEOL-TEM 200CX transmission elec-

tron spectroscopy. The sample was dispersed in 

ethanol to obtain the uniform dispersion prior 

to the measurement. 

BET surface area: The surface area of silica 

was determined by nitrogen physisorption tech-

nique using Micromeritics ASAP 2020 surface 

area and porosity analyzer. The catalyst sam-

ple was thermally heated at 150 °C for 1 h be-

fore nitrogen adsorption at temperature of − 

196 °C. 

Chemical composition: The chemical compo-

sition of silica was measured using X-ray fluo-

rescence (XRF) with PANalytical MiniPal 4 

EDXRF spectrometer, equipped with a 30 kV 

rhodium anode tube with a helium purge facili-

ty. A high-resolution silicon drift detector was 

used to count x-rays intensity. Matrix correc-

tions were made by using either a ratio to the 

Compton peak or theoretical alpha coefficients, 

using minipal 4 software. 

Acidity: The acidity was measured using a 

titration method [35]. The catalyst (0.1 g) was 

added into 50 mL of NaOH (0.05 M), shaken 

for 24 h and then separated with centrifuga-

tion. 10 mL of solution was added with one 

drop of phenolphthalein and titrated with HCl 

solution (0.05 M), until became transparent. 

Finally, the acidity was calculated as follows; 

 

(1) 

 

 

2.4.2 Bio-oil 

Product yield: Products from pyrolysis in-

cluded of 3 phases: liquid (bio-oil), solid (char) 

and gas. The percentage of product yield was 

calculated as follows; 

 

(2) 

 

Chemical composition: Types of compounds 

in the bio-oil were analyzed using GCMS tech-

nique with Thermo Scientific (TG-5MS) 

equipped with a capillary polar wax column, 

polyethylene glycol (PEG)-coated (length of 

30m, internal diameter of 0.25 mm and film 

thickness of 0.25 mm). The conditions used 

were as follows: injection volume of 0.2 mL, ov-

en at 40 °C (1 min) and continued with heating 

rate of 10 °C min−1 to 300 °C, split mode with a 

ratio of 100:1 and injection temperature of 290 

°C. For the conversion to phenol reported, it 

was calculated as follows; 

 

 (3) 

 

 

3. Results and Discussion  

3.1 Characterization of Catalyst 

Rice husk was calcined to obtained white 

powder of silica named as MS. After that, the 

MS was precipitated with an acid (HCl). The 

smaller particles of silica which should has 

size in nanoscale was then produced 

(nanosilica, NS). Both types of silica were ana-

lysed with a scanning electron microscope 

( ) ( ) 5
( . / . )

initial added
molof NaOH molof HCl

Acidity mol NaOH g cat
g of catalyst

 −  
=

( %) 100%
g of each phase

Product yield wt
g of total product

= 

%
(%) 100%

%

wt of phenol
Conversionto phenol

wt of total phenoliccompound
= 
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Run Catalyst 
Acidity of catalyst 

(mmol.NaOH/g cat)  

Product yield (wt%) 

Liquid Solid Gas 

1  -  - 33.3 31.3 35.4 

2 MS_V5 18.3 32.5 31.5 36.0 

3 MS_V10 20.3 30.3 30.8 38.9 

4 MS_V15 20.5 32.4 32.4 35.2 

5 NS_V5 18.7 33.1 30.9 36.0 

6 NS_V10 19.1 28.0 32.3 39.7 

7 NS_V15 20.2 27.2 31.5 41.3 

Table 1. Acidity of catalysts and product yields of the obtain bio-oils from the pyrolysis of pomelo peels 

with various catalysts. 

Figure 1. SEM micrographs of MS and NS at various magnification levels. 

Figure 2. TEM image of NS at various magnification levels. 
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(SEM), and their SEM micrographs are shown 

in Figure 1. It was found that MS exhibited ir-

regular particles, which were larger than those 

of NS. For NS when observing at the low mag-

nification level, it showed spherical-like parti-

cles with various sizes up to ~10 mm. At the 

higher magnification level, it was seen that the 

individual (secondary) particles composed of 

the small primary particles with sizes ranging 

within the nanoscale (<100 nm). These agglom-

erated nanoparticles may perform distinguish-

ing characteristic of nanomaterial during the 

pyrolysis reaction. From the BET measurement 

in Table 1, NS exhibited the larger surface area 

and the smaller average pore size than MS as 

usual due to the smaller particles. The pore vol-

ume of NS was nearly the same as that of MS 

in a trade-off between more internal pore vol-

ume reached from the higher number of nano-

particles, and less volume from the broken of 

microparticles. 

To support that NS has the particle size in 

nanometer scale as expected, a TEM technique 

was performed to disclose it. The TEM image in 

Figure 2 displayed a bunch of spherical-like 

particles, thus the agglomeration of the prima-

ry particles still existed. However, it can be ob-

served that those NS particles had size ranging 

between 50-100 nm in according to the defini-

tion of nanoparticles.  

Crystal structures of the silica were investi-

gated using an XRD technique, and the XRD 

patterns of MS and NS are shown in Figure 3. 

It can be seen that both types of silica still ex-

hibited nearly similar XRD patterns with a 

broad peak at 2θ = 22° attributed to typical 

amorphous silica. Small peaks at 2θ = 30.91° 

and 45.08° were only observed for NS. In gen-

eral, there has been concern about using silica 

particles extracted from natural resources, 

which usually contains metal impurities, and 

thus not favorable for advanced scientific and 

industrial applications [36]. In addition, the 

process to generate nano-silica through the 

precipitation method with NaOH and HCl 

could leave some impurities remained onto the 

silica surface, and cause the mentioned prob-

lem.  

From the experimental test, it was found 

that without rewashing the nanoparticle by 

water, the XRD pattern of the prepared silica 

(a small picture in Figure 3) showed the in-

tense sharp peaks at 2θ = 30.91° and 45.08° in-

dicating to NaCl leaving in it [37]. After the 

washing and being proved that there was no 

ion leaching to the rinsed water by a conduc-

tometer, it was observed that NS still had some 

typical peaks of NaCl with low intensity. This 

suggests that it may located inside the crystal 

lattice and cannot be easily removed. From the 

XRF measurement, it was found that MS had a 

SiO2 content of 98.00% while NS has a lower 

one of 97.42 with Cl content of 1.87%. The im-

purity changed the crystal structure of the ma-

terial as seen, and could slightly influence 

their catalytic performance. Therefore, the 

preparation method of silica should be careful-

ly conducted to avoid inefficient catalyst for 

further using in the catalytic reaction.  

The crystal structure change after vanadi-

um impregnation was also determined as the 

result shown in Figure 4 [38]. It was observed 

that for MS with every vanadium loading, the 

Figure 3. XRD patterns of MS, NS and NS 

(unwashed). 

Figure 4. XRD patterns of MS and NS with 

various vanadium contents. 
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vanadium could not be well dispersed and 

formed as vanadium oxide (V2O5) in the silica. 

For NS, only the highest vanadium loading (at 

15%) exhibited the existence of vanadium (VO2) 

in the structure. This reveals that the larger 

surface of NS makes the vanadium better dis-

persed than that of the lower surface of MS. 

Change in oxidation states of vanadium (V3+ 

and V4+) upon the silica with different particle 

sizes was also exposed here. 

 

3.2 Pyrolysis of Pomelo Peels 

The pyrolysis of pomelo peels was conducted 

along with no catalyst and two types of cata-

lysts i.e. MS and NS with various vanadium 

concentrations. The product distributions from 

all pyrolysis systems are shown in Table 1. It 

can be seen that for all catalytic pyrolysis sys-

tems (runs 2-7) they gave the lower liquid yield 

than that of the conventional pyrolysis (run 1), 

while the solid yields were all nearly similar in 

all systems. The decrease of liquid yield was 

due to the catalytic reactions such as decarbox-

ylation and decarbonylation, leading the inter-

mediate vapor to be smaller molecules and gas 

products. In addition, cracking organic com-

pounds into light gases could also be derived 

from the strong acid sites of the catalyst. The 

reduction of liquid yields with the catalysts is 

commonly found in many catalysts, for example 

MgO [39], activated carbon [40], and Ni-carbon 

[41]. Besides the catalytic reactions taking 

place due to the presence of the catalyst, Fang 

et al. [39] suggested that adding the catalyst 

(MgO) could also decreased the activation ener-

gy and increased the cracking rate. 

It was observed that the NS was more effi-

cient to generate the catalytic reaction than the 

MS. Nanoparticles of alumina (Al2O3) has also 

been reported to have the remarkable ability 

as a catalytic support for metals (Ni, Fe, Cu, Zn 

and Mo) to perform catalytic reactions 

(deoxygenation) during the pyrolysis of pine 

needle biomass [42]. In addition, the effect of 

vanadium concentration was apparently exert-

ed for the NS only, as the bio-oil yield de-

creased with increasing the vanadium content. 

Change in oxidation state of vanadium be-

tween MS and NS could be one of the factors 

affecting their catalytic performance. In addi-

tion, from many literatures, the benefit of na-

noparticle size on the catalytic activity are at-

tributed to high surface-to-volume ratio, lower 

activation energy [43], and unique adsorption 

ability [44]. High surface of the nano supports 

could make the space for each active site of the 

catalysts to stay far away, leaving them easy to 

be attacked by the vapor molecules. On the 

other hand, for MS with over vanadium load-

ing impels the active sites to be closer, and cre-

ates steric hindrance, which deters the catalyst 

activity. The results of XRD can support this 

attribution as NS posing the better dispersion 

of vanadium modifiers on its surface than MS.  

The effect of different surface area of the sil-

ica support on the catalytic performance has 

previously found in the copolymerization of 

ethylene and 1-hexene (comonomer) [45]. It 

showed that silica with the larger surface area 

produced copolymers with the higher comono-

mer incorporation, suggesting to more space 

between the active sites on its surface for the 

large molecules of comonomer attacking.  

The almost constant solid yields were re-

sulted from the solid product forming in the re-

actor without direct contact with the catalyst 

[35], and thus no catalytic reactions involve 

with the solid formation. Nevertheless, the sol-

id formation may be taken place under high 

pressure of vapor which generated above reac-

tion zone but only inside the reactor as the 

same for all run, not relating to the catalyst.  

The bulk acidity of the catalyst measured 

with the titration method were nearly the 

same, and not directly related to the catalytic 

activity. Surface acidity should be further de-

termined for better explanation of the result. 

Nevertheless, from the literature [25], it was 

found that the higher content of vanadium 

could lead to the higher acidy as observed in 

vanadium contained H-MCM-41 catalysts, and 

then the higher acidity enhanced deoxygena-

tion (decarbonylation and decarboxylation) 

during the biomass catalytic pyrolysis. This is 

in consistent with this study as seen that the 

catalytic reaction was intensified with the 

higher content of vanadium.  
Figure 5. Selected compounds in the bio-oils 

obtained from various catalysts. 
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3.3 Bio-oil Characterization 

The compositional analysis of the obtained 

bio-oils was performed using GC-MS measure-

ment. The detected compounds were classified 

into 4 main groups (acid, phenolic, ketone, ali-

phatic and aldehyde) and 1 other group includ-

ing furan, sugar, amide, alcohol etc., as shown 

in Figure 5. 

It was obviously seen that the amounts of 

acid compounds were relatively low in the bio-

oils obtained with the NS catalyst, and de-

creased with increasing the vanadium content 

in the catalyst. The decrease of acid content in 

the bio-oils agrees with the decrease of bio-oil 

yields. This is probably because the acid com-

pounds were removed as gas via the catalytic 

reaction generated with the nanocatalysts, for 

example, the decomposition of acetic acid to 

methane and carbon dioxide (reaction 4). The 

amounts of acetic acid in the bio-oils as shown 

in Table 2 also supports this assumption.  

 

CH3COOH → CH4 + CO2  (4) 

 

In addition, transformation of acetic acid in the 

bio-oil into other useful product e.g. H2 has 

been proposed by many literatures, using cata-

lytic steam reforming (CSR) through the reac-

tion as follows: 

 

CH3COOH + 2H2O → 4H2 + 2CO2 (5) 

 

The catalysts used for CSR included Al2O3 

supported with Pt, Pd, Rh, Ru, and Ni [46];  

Co/SBA-15 supported with Cu, Ag, Ce, and Cr 

[47]; and also rice husk silica supported with Ni 

[34], or as a source for hydroxy-sodalite zeolite 

[48]. This indicated that rice husk silica has the 

potential to perform CSR during the pyrolysis 

and could reduce the amount of acetic acid as 

observed in this study. The suitable condition 

for CSR may be spontaneously created inside 

the pyrolysis system here with the high mois-

ture content in the pomelo peels. 

Phenolic compounds contents in the bio-oils 

were all higher with the catalysts, especially 

NS_V15. In general, the decomposition of lig-

nin of the feed stock generates phenolic com-

pounds, mostly alkylated phenols. Further re-

actions through the catalysts such as decarbox-

ylation, oligomerization, decarboxylation, de-

methoxylation, and demethylation could turn 

the alkylated phenols into phenols [49]. From 

Table 2, it can be seen that both the amounts 

of phenolic compounds and the phenol in-

creased with the catalysts. This suggests that 

the reactions, which promote the decomposi-

tion of lignin component and conversion to phe-

nol, were both enhanced with the catalysts. 

The ability to convert phenolic compounds to 

phenol for all systems was also shown in Table 

2, and was found that it dramatically increased 

with the nanosilica catalyst.  

Other nano-oxide i.e. NiO, ZnO and Cu2O 

have also previously shown the high ability in 

phenol production from the biomass pyrolysis 

[50]. The characteristic of nanoparticles may be 

suitable for the catalytic reaction favoring the 

phenol production. The opposite was true in 

our previous study with the synthesized ZSM-5 

catalyst [14], which found that the phenol con-

tent in the obtained bio-oil decreased with the 

catalyst. Besides the difference in the catalyst 

types, the in situ catalytic method of that work 

(mixing catalyst and biomass together in the 

reactor) also differs from this study. For in situ 

system, the catalyst is immersed to a concen-

trated stream of pyrolysis vapors, thus having 

more opportunity to oligomerize to larger aro-

matic compounds at acid sites, thus decreasing 

the phenol composition in the bio-oil. There-

fore, the method of catalytic pyrolysis was also 

the crucial factor to determine the chemical 

compositions of the obtained bio-oil. 

Run Catalyst 

Compound 
Conversion to 

phenol (%) 

Heating value 

(MJ/kg) Acetic acid 
Phenolic 

compounds 
Phenol 

1  - 33.1 18.7 5.3 28.4 25.83 

2 MS_V5 28.5 23.6 6.1 25.9 26.45 

3 MS_V10 32.9 28.2 11.1 39.3 28.07 

4 MS_V15 29.6 22.4 7.2 32.1 27.23 

5 NS_V5 30.3 22.2 10.0 45.0 26.68 

6 NS_V10 12.2 25.0 11.1 44.4 26.96 

7 NS_V15 7.9 34.8 18.1 52.0 26.61 

Table 2. Chemical composition, conversion of phenol and heating value of the bio-oils from various cat-

alyst. 
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For the aldehyde contents in bio-oil, they 

varied considerably among all catalysts. In fact, 

it has been found previously that the vanadium 

in silica supports exhibited some selectivity to-

ward aldehyde formation through the Mars van 

Krevelen (MvK) mechanism [24]. This was due 

to a moderate to high M−O bond strength in 

the vanadium oxide, creating oxygen vacancies 

by partial reduction, and then favoring MvK 

mechanism. Therefore, in this study the other 

effects could be more profound than the effect 

of M−O bond strength of the vanadium which 

benefits aldehyde production.   
The heating value of the bio-oils from the 

catalytic pyrolysis slightly increased compared 

with the conventional pyrolysis, as shown in 

Table 2. The highest heat value (28.07 MJ/kg) 

belonged to the bio-oils with MS_V10, resulted 

from the high number of aliphatic compounds, 

and low contents of ketones and aldehydes. An 

increase of heating values with the catalyst has 

also been found in our previous study [51] with 

ZSM-5 synthesized from rice husk, which in-

creased the heating value from 22.26 to 24.78 

MJ/kg. This can confirm that the rice husk has 

the potential in using as a precursor for prepar-

ing the catalyst, which is efficiently used in the 

catalytic pyrolysis system. Nevertheless, as 

mentioned above the purity of the silica from 

the rice hulk (natural resources) should be 

aware, and also the process to produce the sub-

sequent nanomaterial.  

When comparing the heating values of the 

bio-oil of a variety of biomass from non-

catalytic pyrolysis (Table 3), it was found that 

the bio-oils derived from the pomelo peels in 

this study is comparable to the others. There-

fore, the pyrolysis of pomelo peels is an inter-

esting way in utilization of the agricultural res-

idue, and conversion into valuable bio-oil prod-

ucts. For the bio-oil yields, it was seen that 

they greatly vary between the variation of bio-

mass. This is resulted from the composition of 

the biomass, which is an important factor in 

determining the bio-oil yield, especially the ra-

tio of cellulose and hemicellulose  [52]. 

 

4. Conclusion 

Rice husk was used for preparation of MS 

and NS modified with vanadium (5-15 wt%) for 

used as catalysts in the pyrolysis of pomelo 

peels. It was found that non-catalytic pyrolysis 

pomelo peels provided the bio-oil yield of 33.3 

wt%. When introducing the catalysts into the 

pyrolysis systems, it decreased the bio-yields 

due to the occurrence of the second reactions, 

which leads to the conversion of bio-oil into gas 

product. For NS catalyst, increasing the 

amount of vanadium loading directly decrease 

the bio-oil yields and increase the gas yield. In 

addition, NS exhibited higher efficiency in re-

ducing the acid content in the bio-oil, and in-

creasing the phenol content than MS. The dis-

tinguished properties of the nanoparticles may 

be the main reason for these phenomena. 
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Biomass Temperature (°C) Bio-oil yield (wt%) Heating value (MJ/kg) Ref. 

Pomelo peels 500 33.3 25.83 This study 

Eucalyptus wood 480 30.0 21.4 [53] 

Cassava rhizome 472 63.23 26.9 [54] 

Sugarcane bagasse 499 64.6 29.15 [55] 

Sugarcane leaves 403 53.4 27.44 [55] 

Sugarcane tops 402 52.2 25.48 [55] 

Forest residue 450 53.3 22-27 [56] 

Jackfruit peel 550 52.6 29.3 [57] 

Napier grass 480 32.97 19.79 [58] 

Cassia pods 400 33.16 21.36 [10] 

Table 3. Bio-oil yields and heating values of the bio-oils obtained from the pyrolysis of various biomass. 
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