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Abstract: Technologies for conversion of waste solid materials to liquid fuel and bio-crude oil have been researched 

widely for the production of renewable energy as substitute to fossil fuel oil. However, ash composition of biomass affects 

the pyrolysis process and the bio-crude oil product has unsatisfactory properties compared to conventional petroleum oil, 

such as, low heating value, high viscosity, corrosiveness, and the presence of oxygenated compound which causes bio oil 

ageing. This paper investigated the total waste materials; corn cobs and paper sludge obtained in municipal areas of Abuja, 

Nigeria, employed in pyrolysis of demineralized corn cobs and the upgrade of crude bio oil via thermal cracking using 

zeolite prepared from waste paper sludge, with expectation to improve bio oil properties. Demineralization of corn cob 

removed most of the ash content of biomass allowing for pyrolysis process. The prepared zeolite with mesoporous cage-like 

crystals analyzed using SEM was able to effectively catalyze thermal cracking of the crude bio oil and reduce the quantity of 

less desired high molecular weight oxygenated compounds. The bio oil chemical composition obtained from GC-MS 

analysis indicated the bio oil consisted of oxygenated compounds and hydrocarbons such as aliphatic hydrocarbons 

(28.768%), alcohols (-0.001%), amines (10.472%), carboxylic acids (0.144), phenols (0.047%), and esters (60.57 %), which 

significantly influenced the bio oil properties. The physical and chemical properties of the corn cob bio oil was determined 

for density (0.852 ± 0.03), viscosity (1.66 ± 0.01), cloud point (-34.0 ± 0.02) and calorific value (30.9 ± 0.01). With the 

exception of Flash point (58 ± 0.01) and acid value (13.1 ± 0.03). In comparison, the produced bio oil had properties likened 

to petroleum fraction of conventional gasoline than diesel. In conclusion, pyrolysis of corn cob and upgrade of the crude bio 

oil using prepared zeolite was found as a promising process in improving bio oil quality. The pyrolysis study has potential in 

the management of environmental wastes to help resolve the challenge of solid waste disposal. 
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1. Introduction 

Biomass is a renewable energy source that can be 
utilized to manufacture a wide range of chemicals and 

products (Bridgewater and Grassi, 1991; Chum and 

Overend, 2001; Sun et al., 2021). Biomass has a number 

of advantages over conventional fossil fuels, including 

their minimal sulfur and nitrogen content, as well as no 

net CO2 emissions into the atmosphere (Bridgewater and 

Grassi, 1991; Yang et al., 2015). Biomass is referred to as 

organic matter that is derived from living things and is 

available as a renewable and sustainable resource. It is 

made up mostly of carbon, hydrogen, oxygen, nitrogen, 

and a trace amount of sulfur (Capunitan and Capareda, 

2012).  Forest products, energy crops, agricultural waste 

and waste by-products, residues from various industrial 

activities such as pulp and paper mills, sawmills, and the 

organic part of industrial and municipal trash are all 

examples of biomass resources. (Bar-On et al., 2018). 

Lignin, hemicellulose, cellulose, extractives, and 

inorganic components make up biomass composition.   

Biomass is the world's fourth largest source of energy, 

accounting for 12% of total primary energy production 

globally; in many developing nations, such as those in 
Africa, it accounts for 40-50% of total energy production 

(Trinh et al., 2013; Cordella et al., 2013). Large volumes 

of agricultural left overs are presently used as raw material 
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for the paper industry or as animal feed sources in 

developing nations like Nigeria. . In Nigeria, around 1.5 

million tons of corncobs were collected out of a total corn 

yield of over 7 million tons recorded in 2010 (Suberu et 

al., 2012). However, when collection and disposal of these 

residues become increasingly difficult and expensive, they 

are often discarded as waste or simply burned in the fields, 

causing considerable environmental problems. Physical, 

biological, chemical, or thermal conversion processes can 

be used to create a solid, liquid, or gaseous fuel from 
biomass. Thermochemical conversion seems to be the 

most promising method for producing bio oils and other 

valuable compounds.  Biomass pyrolysis is one of the 

most efficient biofuel production technologies and 

pyrolysis has proven to be an excellent technique for 

increasing the value of biomass, these may be done on 

practically any biomass source.  The process involves 

heating biomass polymers in the absence of oxygen which 

allows them to depolymerize but inhibits burning (Lopez 

et al., 2017). Pyrolysis is divided into two types: fast 

pyrolysis and slow pyrolysis.  Slow pyrolysis is 

considered more in this study. Slow pyrolysis produces 
roughly 35 wt. % charcoal, 30 wt. % liquid, and 35 wt. % 

gas by gently heating biomass feedstock to 450-500 °C, 

with vapour residence times ranging from minutes to 

hours.  Bio char is usually the principal product produced 

from this process. (Ravikumar et al., 2017). Bio-oil 

produced from biomass pyrolysis is environmentally 

benign because it emits the least amount of greenhouse 

gases. However, its fuel qualities remain unsatisfactory 

and requires the crude bio oil to be upgraded in order to 

compare to fossil fuels, particularly in terms of 

combustion efficiency. Several methods such as 
esterification, hydrogenation, thermal cracking, 

fractionation, and other processes are used to upgrade 

these bio-oils and improve their characteristics for various 

uses (Chan et al., 2020).  Heavy molecular weight 

compounds will condense first while water and other light 

oxygenates remain in the vapour phase, allowing bio-oil 

fractionation to separate water- and water-soluble 

chemicals such as organic acids (Zhang et al., 2013; Mei 

et al., 2019; Sun et al., 2021). Physical and chemical 

properties such as water content, oxygen content, ash 

content, viscosity, density, calorific value, acidity/pH, and 

the chemical makeup affect utilization of bio-oil as fuel 
and other applications.  Biomass is majorly obtained as 

environmental wastes and its constituents, which vary 

with various biomass species are known to influence the 

properties, composition and amount of pyrolysis products. 

(Raveendran, et al., 1996; Yang et al., 2015). Osayi and 

Osifo (2019) and Miandad et al., (2016), reported the use 

of prepared zeolites zeolite for improved properties of 

pyrolytic oil and attributed the findings to structural 

properties of the catalyst used. This enabled the use of 

other catalysts to be investigated. Catalytic pyrolysis is an 

effective process of bio oil production and waste 
management. Several research on pyrolysis of biomass 

exists, nevertheless, according to literature and knowledge 

available to the author, no study has focused on the 

application total waste materials in preparation of zeolite 

using waste paper sludge as a precursor and its application 

in slow pyrolysis of demineralized waste corn cobs 

biomass. The liquid bio oil produced will be characterized 

for its chemical composition using GC– MS technique and 

physicochemical properties to determine its fuel 

suitability. The aim of this research was to investigate the 

slow pyrolysis of waste corn cob biomass using prepared 

zeolite catalyst obtained from waste paper sludge. The 

experiments were carried out in laboratory scale batch 

reactor and in-situ upgrading for enhanced bio oil 
properties. The study will be relevant in valorization and 

management of wastes. 

2. Materials and methods 

Waste materials, corn cobs and paper sludge were 

collected from municipal areas around Abuja in Nigeria. 

The corn cobs were sundried to reduce moisture before 

milling to microscopic particle sizes. Waste paper sludge 

was also collected and washed using distilled water before 

drying in the oven, it was calcined for 8 hours at 550°C. 

The paper sludge-ash was collected and stored. 

2.1. Demineralization of corn cob  

The demineralization process was carried out to reduce 

the amounts of ash, alkali and alkali earth metals. The 

prepared waste corn cob biomass 5g, was washed with 50 
cm3 of nitric acid solvent for one hour at room 

temperature and left overnight. The solvent was discarded 

and a fresh amount was added, this process was repeated 

consecutively for three days and the residue rinsed with 

distilled water. The residue was oven dried at 1100c for 

one hour. 

2.2. Characterization of waste corn cobs 

American Society for Testing and Materials standard 

methods were used in characterization of the waste corn 

cobs. Moisture content, ash content, and volatile matter of 

corn cobs were determined using the methods; ASTM 
E1756-01, ASTM E1755-01, and ASTM E872-82. The 

dry weight percentage was used to represent the average 

results from the sample. The percentage of fixed carbon 

was calculated from amounts of volatile matter (VM) and 

ash content (AC) using the following formula:  

Fixed carbon (wt.%) = 100 – (VM + AC)                                             

(1)  

2.3. Experimental set-up  

A 100 g of corn cob was placed in a quartz flask. 

Pyrolysis reactions were carried out in nitrogen 

atmosphere using an electric heating mantle. 

Thermocouple was put in the middle of the feedstock 
mass and connected with the electric heating mantle to 

control the pyrolysis temperature. A heat exchanger 

condenser consisting of a low-temperature thermostatic 

bath was used to collect volatile vapor phase products in a 
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collecting bottle. Equation 2 was used to calculate the bio 

oil yield.  

Bio − oil  yield =
Weight of bio−oil

Weight of (corn−cob)
 𝑋 100         (2) 

2.4. Characterization of Bio-oil  

The separation and identification of all the compounds 

present in the crude bio-oil was performed using a gas 

chromatograph mass spectrometer (GC-MS). The 

upgraded bio-oil was analyzed for the properties; density 

(ASTM D4052) and viscosity (EN 16896), acid value 

(ASTM – D 974(00), calorific value and cloud point 

according to standards. (ASTM 2006; ASTM 2007). 

3. Results and discussion 

3.1. Physicochemical properties  

Table 1 shows the results of proximate and elemental 

analyses of the corn cob biomass. The thermal 

composition parameters and biomass fuel quality are 

determined by proximate analysis (Varma and Mondal, 

2017). The quality and amount of pyrolysis liquid are 

affected by the volatile matter and ash concentration. The 

mineral content (ash) of biomass can have a big impact on 

the pyrolysis process, it is also known to deactivate the 

catalyst in catalytic pyrolysis (Jiang et al., 2020).  The 

corn cob ash concentration was found to be 1.05 wt. %.  
This is within acceptable limits, but it also suggests that 

alkali and alkali earth-metals may be present in biomass, 

this suggests the biomass be demineralized prior to 

pyrolysis. According to Jiang et al., (2020).  Microwave-

assisted glycerol pretreatment favored demineralization 

and delignification. Owing to demineralization, 

delignification, and concentration of crystalline cellulose 

via pretreatment, the yield of levoglucosan (44.5%) was 

significantly increased as compared to that of un-

pretreated corncobs (6.9%) in fast pyrolysis.  Vassilev et 

al., (2013), also reported on the composition and 

application of biomass ash, they concluded that 
pretreatment methods such as demineralization to be 

effective in improving yields. Although small levels of 

moisture in biomass may improve the condensation of 

volatile components like bio-oil from steam, moisture 

content has a propensity to affect biomass during storage. 

The moisture content of corn cobs was found to be 7.14 

wt. %.  For the pyrolysis process, this is okay. Kim et al., 

(2016) reported similar low moisture contents in cellulose 

feedstock pyrolysis over zeolites. Moisture content should 

be less than 11% for the pyrolysis process, according to 

Bridgwater et al., (1999).  The volatile content of the corn 
cobs was determined to be 87.1 wt%. A biomass material 

with higher volatile content was easily devolatilized and 

more reactive than lower volatiles containing biomass 

Graboski and Bain, (1981). The amount of bio-char that 

can be obtained from the pyrolysis process is called fixed 

carbon of biomass, and it can affect the bio-oil production 

(Li et al., 2021). The fixed carbon for corn-cobs was 

determined as 11.25 wt. %. The corn cob feedstock 

contained 43.58 wt. % carbon, 6.44 wt. % hydrogen, 0.67 

wt. % nitrogen, 0.001 wt. % sulfur, and 49.30 wt. % 

oxygen, according to the elemental analysis.  Because the 

corn cob feedstock has a low amount of nitrogen and 

sulfur, the findings of elemental analysis indicate that the 

corn cob biomass is environmentally safe to use as a 

feedstock for the pyrolysis process.  As a result, the 

combustion products of their bio-oil would be influenced 

(Diallo et al., 2021). The high carbon content would 
improve the calorific value of its products. 

SEM micrographs for prepared zeolite from waste 

paper sludge at two magnifications 30.0 Kx and 10.0 Kx 

is shown in Figure 1. It shows a highly mesoporous flake-

like crystal network is observed, in general the prepared 

zeolites possess characteristic surfaces of the faujasites 

type, a mesoporous network of cage-like crystals with 

large pore spaces between them (Kaduk, 2005). Similar 

images were obtained by Zhao et al., (2016) where 

Mesoporous zeolite-Y (denoted as meso-Y) was 

synthesized using hydrothermal synthesis method, they 

reported them to have  high micro-activity and lowest 
coke yield this was ascribed to the mesoporous structure 

which is known to improve the mass transfer of the larger 

molecules. Also a study by Tang et al., (2017) showed that 

zeolite-Y nanoparticle assemblies (Y-NA) with a 

mesoporous structure were directly synthesized at 75 °C 

for 16 hours. The results showed that Y-NA had a micro–

mesoporous structure composed of highly crystalline 

particle assemblies with sizes of 400–900 nm. TEM 

micrographs are shown in Figure 2, for the prepared 

zeolite from waste paper sludge. The images show a 

highly porous poly-crystalline network of crystals of 
varying shapes and sizes. This is characteristic of highly 

porous zeolite crystals. 

3.2. Compounds distribution  

One of the key elements that renders bio-oil non-useful 

is its chemical composition.  Table 2 shows the detected 

chemicals and their distribution as area % resulting from 

the GC-MS study.  Small chromatogram peaks, as well as 

peaks belonging to undetermined chemicals, are not 

included in the table. The chromatogram for bio-oil 

derived from slow pyrolyzed corn-cob is given in Figure 3. 

A complicated mixture of water and organic compounds 

made up 99.0 % of the bio-oil generated by pyrolysis. The 
chemical composition of the bio-oil consisted of 

oxygenated compounds and hydrocarbons such as 

aliphatic hydrocarbons (28.768%), alcohols (-0.001%), 

amines (10.472%), carboxylic acids (0.144), phenols 

(0.047%), and esters (60.57 %). 2,4-Di-tert-butylphenol, 

Hexadecane, 2,6,10-trimethyl-, Pyridine, 3,5-diethoxy-, 1-

oxide, Dodecanoic acid, Dodecanoic acid, 1,2,3-

propanetriyl ester, and others were among the major 

chemicals discovered. Various investigations have found 

comparable chemicals in biomass-derived bio-oils. 

Khuenkaeo and Tippayawong (2020) reported that major 
organic compounds found in corncob oil were phenolic 

compounds including: 1,2-benzendiol, phenol 4 ethyl, 
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phenol 2,6-dimethoxy, and phenol 4-ethyl-2-methoxy that 

percentage of area were about 18, 11, 10, and 9, 

respectively. In addition, aromatic compound, benzene 1-

3-dimethyl-2 propoxy was significantly high, area % as 12.  

Biswas et al., (2017) studied pyrolysis of agricultural 

biomass residues (corn cob, wheat straw, rice straw and 

rice husk). They reported that all bio-oils contents were 

mainly composed of oxygenated hydrocarbons. The 

higher area percentages of phenolic compounds were 

observed in the corn cob bio-oil than other bio-oils. 
Similar compositions were also reported by Tsai et al., 

(2006) and Chen et al., (2011) for bio oil production from 

rice husk. The large number of hydrocarbons found in the 

bio-oil indicates that it can be used as a bio-fuel. It also 

indicates that deoxygenation will boost its storage 

capabilities. 

3.3. Physicochemical properties of bio oil  

The bio oil obtained from corn cob pyrolysis was 

employed in the determination of some physicochemical 

properties of corn-cob bio-oil, a summary of the results 

and their comparison between two types of conventional 

fuels; gasoline and diesel is shown Table 3. This 
comparison will indicate the suitability of the corn cob bio 

oil as a fuel. The liquid products, commonly referred to as 

crude bio-oil, are usually reddish-brown in color and have 

an unpleasant odour. (Prasertpong et al., 2017). The bio 

oil in this study was upgraded via distillation to obtain a 

clear liquid product. The composition of bio-oil has a 

considerable impact on the characteristics as well as its 

storage and application, the ageing and energy value of 

bio oil is also affected by the density and viscosity. 

(Hassan et al., 2020; Fekhar et al., 2020). The bio oil in 

this study had a density of 0.852 ± 0.03 g/cm3 and a 
viscosity of 1.66 ± 0.01 cst. The determined density is 

higher than gasoline standard of 0.715–0.780, but within 

the range for diesel standard 0.845 - 0.860.  These values 

are attributed to the chemical composition of the bio oil.  

Fekhar et al., (2020), reported that the presence of large 

amount of high molecular weight oxygenated compounds 

in the bio oil increases the density and viscosity. Varma 

and Mondal (2017), reported high density up to 1.039 

g/cm3 and viscosity up to 27.0 cst for pyrolysis of 

cellulose with plastics. Ingram et al., (2008) also reported 

density of 1.19 g/cm3 and viscosity of 5.3 Cst, for 

Pyrolysis of wood and bark. The acidity of bio oil is not a 
desirable quality due to its ageing effect and eventual 

corrosion of operating equipment (Van Nguyen et al., 

2019). The acid value of bio-oil was determined as 13.1 ± 

0.03 mgKOH, this is higher than the values for both 

conventional gasoline <1, and diesel 0.08 – 1.0. The 

acidity of the bio oil is attributed to the presence of 

carboxylic and phenolic acids. Acid values as high as 20 

mgKOH were reported by Fekhar et al., (2020) for 

pyrolysis of paper and plastics, these values increased 

even more with age. Varma and Mondal (2017), also 

reported acidity in bio oil from pyrolysis of sugarcane 
bagasse, with pH ranging from 2.0 – 6.0. Christensen et al., 

(2013) studied the titration of hydrotreated biomass and 

reported high acidity in bio oil with pH up to 16.0, this 

was attributed to the presence of large amounts of 

carboxylic and phenolic chemicals. When a liquid is 

exposed to a flame, the flash point is the lowest 

temperature at which the vapor above the liquid will ignite. 

The flash point of bio-oil was determined to be 58 ± 0.01 

oC, this value is higher than conventional gasoline and 

diesel specifications but is much closer to diesel. Varma 

and Mondal (2017), recorded flash points ranging from 63 

– 107 oC for pyrolysis of sugarcane bagasse. In terms of 
volatility, the flash point of bio-oils has an impact on their 

use as a fuel (Idris et al., 2020). The flash point is related 

to the bio oil viscosity and density. The molecular weights 

of the components in bio-oils will have a big impact on 

the cloud point. (Hossain and colleagues, 2019). The 

greatest temperature at which a cloud of waxy crystals 

becomes visible is called cloud point. The bio-oil became 

cloudy at -34.0 ± 0.02 oC. The carbon content of bio oil is 

proportional to the heating value.  A calorific value of 

30.9 ± 0.01 MJ/kg was determined in the bio oil, which is 

lower than both conventional gasoline 44–46 MJ/kg, and 
diesel 43.06 MJ/kg, specifications. The calorific value is 

indicative of the hydrogen to carbon ratio. According to 

Khuenkaeo and Tippayawong (2020), the calorific value 

of bio-oils derived from various biomass was around 25.3 

MJ/kg for pyrolysis of coconut shells, 20.4 MJ/kg for 

bamboo, and 20.0 MJ/kg for corncobs, respectively. 

Similarly, in varied experimental conditions, Ling et al., 

(2015) reported calorific values averaging 30.0 MJ/kg for 

bio oil from pyrolysis of oil palm biomass. Calorific 

values up to 43 MJ/kg were recorded by Varma and 

Mondal (2017). The high energy value reflects the amount 

of carbon to hydrogen ratio in the bio-oil. 
 

 

Table 1: Physicochemical properties of corn-cob 

 

Feedstock Corn-cob 

Proximate analysis (wt. %) 

Moisture 7.14 

Ash content 1.05 

Volatiles 87.7 

Fixed carbon 11.25 

Elemental analysis (wt. %) 

C 43.58 
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H 6.44 

N 0.67 

O 49.30 

S 0.001 

 

Table 2:  GC-MS profile of corn-cob feedstock 

 

RT Compound Area % 

10.5455 2,4-Di-tert-butylphenol 0.047 

31.1745 1-Azabicyclo[2.2.2]octan-4-ol -0.0054 

42.9335 Tetradecane, 3-methyl- 8.1552 

45.138 Pentadecane, 6-methyl- 5.2895 

43.639 Hexadecane, 2,6,10-trimethyl- 19.0031 

42.285 Octanoyl chloride 1.3727 

24.4431 5-Eicosene, (E)- 0.2379 

39.1868 Eicosanoic acid, heptyl ester 0.2035 

32.3718 Pyridine, 3,5-diethoxy-, 1-oxide 7.5639 

41.4115 1,3,5-Triazin-2(1H)-one, 4,6-bis(ethylamino)- 0.8204 

11.9896 Dodecanoic acid 0.1442 

35.741 Acetic acid, 6-iodo-9-oxabicyclo[3.3.1]non-2-yl ester 0.3212 

33.0498 Dodecanoic acid, 2,3-dihydroxypropyl ester 1.3294 

51.8238 Methoxyacetic acid, tetradecyl ester 0.0575 

50.9032 Dodecanoic acid, ethenyl ester 0.2728 

46.7487 Dodecanoic acid, 1,2,3-propanetriyl ester 58.5921 

 

Table 3: Properties of bio-oil 

 

 

Property                           Corn cob bio-oil 

             Conventional fuel 

Gasoline Diesel 

Density(150C) (g/cm3) 0.852 ± 0.03 0.715–0.780  0.845 - 0.860 

Viscosity (400C) (Cst) 1.66  ±  0.01 0.40–0.75  4.0 - 4.5 

Acid value (mgKOH) 13.1  ±  0.03 <1  0.08 – 1.0 

Flash point (0C) 58     ±  0.01 28 0C  55 0C 

Cloud point (0C) -34.0 ±  0.02 -  - 

Calorific value (MJ/kg) 30.9  ±  0.01 44–46 43.06 
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Figure 1: SEM micrographs of zeolite at 10.0KX and 35.0 KX magnifications 

 

 
 

Figure 2: TEM micrographs of zeolite at 100nm and 50nm. 
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Figure 3: GC-MS Chromatogram of bio-oil 

 

4. Conclusion 

The management of environmental solid waste 

materials, biomass, and their utilization in technologies for 
conversion to sustainable liquid biofuel has been 

problematic due to the high mineral content in biomass 

affects the pyrolysis process and the pyrolysis product 

crude bio oil has unsatisfactory properties attributed to 

presence of unwanted oxygenated compounds in the crude 

bio oil. This paper focusses on the properties of bio oil 

obtained from pyrolysis of demineralized corn cobs and 

the crude bio oil upgrade using zeolite catalyzed thermal 

cracking. Demineralization favoured the pyrolysis process 

by reducing the ash content of biomass. The prepared 

zeolite catalyst was able to effectively catalyze thermal 

cracking of the crude bio oil and reduce less desired high 
molecular weight oxygenated compounds. The bio oil 

chemical composition consisted of oxygenated 

compounds and hydrocarbons such as aliphatic 

hydrocarbons (28.768%), alcohols (-0.001%), amines 

(10.472%), carboxylic acids (0.144), phenols (0.047%), 

and esters (60.57 %) which significantly influenced the 

bio oil properties. The physical and chemical properties of 

the corn cob bio oil was determined for density (0.852 ± 

0.03), viscosity (1.66 ± 0.01), cloud point (-34.0 ± 0.02) 

and calorific value (30.9 ± 0.01). With the exception of 

Flash point (58 ± 0.01) and acid value (13.1 ± 0.03), The 
results have proved that pyrolysis using waste materials 

corn cob and paper sludge can produce bio oil with 

substantially improved properties likened to petroleum 

fraction of conventional gasoline. Further research can be 

carried out on co pyrolysis of corn cob with plastics to 

improve the energy value of the bio oil. This study has 

potential for production of sustainable fuel and 

management of environmental waste. 
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