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Abstract
This study investigates the production of bio-oil from municipal solid wastes such as agricultural residues from corn cobs, 
sawdust from Lonchocarpus sericeus and automobile waste from discarded tyres. The conversion of the particles of 
Lonchocarpus sericeus, Corn cobs and shredded tyres to bio-oil was carried out using a Pyrolytic chamber of fixed-bed batch 
thermal reactor of an electrically fired furnace chamber. The pyrolytic chamber/ reactor was filled with 1500 grams of the 
particles and connected to a condenser at a temperature of 500°C for 45 minutes to form pyrolytic oil.  The products' yield from 
this study ranged from 16.01 – 25.00 %, 27.47 – 37.66 % and 42.69 – 47.53 % for char, liquid and gas, in that order. Among the 
products, volatile gas had the highest yield than the others. Both the tyre and wood wastes had the highest yield in char and the 
agro wastes had the highest yield in oil. The crust metallic and anthropogenic metallic concentrations were also determined. As 
discovered, the crust metals found in wood waste had the highest concentration of Na, K and Mn than the others while 
automobile tyres was discovered to have the highest concentration of Fe but equal concentration of Ca with the others. 
Statistically, there were significant variations in anthropogenic metallic found in the oil derived from the automobile tyre, wood 
and agro wastes. The findings of this study revealed that utilization of municipal solid wastes found littering our environment 
can  be used to generate heat or power engines if adopted. This form of energy will further sustain the energy sector and will hold 
a huge potential to national development. Based on these findings, this study could form a baseline guard for the production of 
bio-energy.
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Introduction 
The presence of oil and gas has been an indispensable factor 
for the continuous development and economic growth of 
some countries like Nigeria. With rapid increase in demand 
for energy in developing countries, the present sources of 
energy in use are not adequate to meet up with daily 
consumption as a result of the growing population and 
technological development (Akinola and Fapetu, 2015 and 
Hasanuzzaman et al., 2008). It has been reported that the 
world population is increasing at an explosive rate, it moved 

thfrom 1.65 billion to over 6 billion people in the 20  century  
and it is also predicted to still increase before 2020 (BP, 
2003).  As the population is increasing, the demand for 
source of energy is also increasing. This has shown that an 
urgent need of developing an alternative energy sources. 
Adegoke et al., 2016, Czernik and Bridgewater 2004 and 
Fuwape 1993 have done series of work on the use of various 
materials for energy generation e.g. solar power from 
sunlight, wind movement and speed, hydropower from 
water and bio-energy from biomass. The energy generated 
from environmental municipal solid wastes like agricultural 
residues and industrial wastes would be of greater 
advantages because of the negative effect of these materials 
on the environment. By using waste to produce energy, 
emissions of carbon gases from landfills can be avoided and 
potentially reduce the needful for additional landfills across 

the country. Nigeria generated more than 32 million ton of 
solid wastes annually in which 20 – 30% of the waste is 
collected in which the country can realize the greatest 
environmental benefits. Production of transportation fuels 
that may displace fossil fuels can enhance energy 
independence and reduce fossil fuel use and greenhouse gas 
emissions. The conversion of waste to energy also has 
environmental benefits compared to typical landfills that 

collect and combust es, globally about 1.5 landfill gas
billons ton of methane gas is produced from landfills yearly 
(Idehai, 2013). 

In the previous century, the world population grew 
substantially and at the same time, the world was changed by 
urbanization, industrialization and increased levels of 
affluence. Consequently, waste production increased 
tenfold; the total generation of solid waste worldwide will 
have tripled by 2100 (www.worldbank.org/en/news/feature 
accessed on 23/09/18).  Globally, about $205 billion was 
spent in 2010 on waste related challenges, and this figure 
could rise to an estimated $375 billion per year by 2025 
(www.worldbank.org/en/news/feature accessed on 
23/09/18). The problems of solid wastes are more acute in 
developing countries than developed countries of the world. 
Unlike the developing countries, many developed countries 
have developed advance technologies to manage and control 

1

Aina, K. S. Adegoke, I. S. Ademola, A. A. and Ifesanmi, O. S. (2017): Comparative Analysis of Bio-oil Produced  
from Municipal Solid Waste. Nigerian Journal of Forestry,47(1) 1- 7 



Figure 1: Bio-oil production flow chart 
(Source: Adegoke et al., 2016)
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their wastes. In Nigeria, the volume of waste generation has 
greatly sky-rocketed and the results from some major cities 
show that Lagos, Abeokuta, Ibadan, Ilorin, Ado-Ekiti, Akure 
and Ile-Ife generated large quantities of wood residue of 
807.7 ton/day, 1,335.4 ton/day, 65.5 ton/day, 69.8 ton/day, 
15.1 ton/day, 14.4 ton/day and 8.1 ton/day, respectively 
(Popoola et al., 2013). The recent information for the 
quantities of municipal wastes like sawdust, agro residues 
and automobile tyres that are found in our environment and 
the ones that litter the streets are still yet unknown. If these 
wastes are left unattended to, it may cause a lot of 
environmental problems, and if properly investigated it will 
solve a lot of environmental problems. The wastes could 
effectively serves as raw materials for other products. 
Therefore, information on these wastes as raw materials for 
energy generation could be of great benefit to the developing 
countries of the world. 

Wood waste from wood industries is a common form of 
biomass and is considered to be a major benefit for the 
production of energy because it is renewable (Akinola and 
Fapetu, 2015, Leng et al., 2015). The process of 
thermochemical conversion of biomass is a promising route 
for energy and fuel production. It is also considered as the 
easiest process to adapt to in current energy infrastructure 
(Budarin et al., 2009 and Huber et al., 2006). More attentions 
have been focused on fast pyrolysis for bio-oil production as 
the substituent for transport fuels with an advantage of low 
capital investment and also a liquefied final product (Lédé et 
al., 2007). According to Ozbay et al., (2006) there is great 
number of applications that focus on bio-oil because of its 
properties. It has low heating value, high moisture content, 
stability and non corrosiveness. The oil could be adopted as 
boiler fuel for stationary power and heat production, or 
chemical extraction. An upgraded bio-oil may be used as a 
substitution for transportation fuel (Huber et al, .2006). All 
these applications require better understanding of the 
physicochemical properties of the bio-oil made from 
different materials. 

Biomass and other environmental waste materials are now 
receiving much attention as possible source of energy 
generation. Disposed environmental wastes have huge 
environmental impacts and can cause serious environmental 
pollution. These are usually by-products from various 
industries i.e. agricultural, food, automobile industries, 
wood processing and paper industry (Hasanuzzaman et al., 
2008 and BP, 2003). The process of conversion of 
environmental wastes into sources of energy is through 
gasification, valorization and pyrolysis. Therefore this study 
investigates the production of oil from three different 
municipal solid wastes that are commonly found on Nigerian 
streets. 

Methodology
The municipal solid wastes employed in this study are both 
biomass (wood and agro residues) and automobile wastes. 
The biomass consisted of Lonchocarpus sericeus sawdust 
and corn cobs particles. The Lonchocarpus sericeus sawdust 
was collected from the sawmill section of the Department of 
Forest Products Development and Utilization at Forestry 
Research Institute of Nigeria, Ibadan. The corn cobs were 

collected from the maize grinders found in Iwo market at Iwo 
town, Osun State while the discarded automobile tyres were 
collected at vulcanizer shops located in Ibadan. These waste 
materials were used as feedstock for the research study.

Sample Preparation.
Approximately 1500 g of dust particles of Lonchocarpus 
sericeus, corn cobs and automobile tyres were used for the 
production of bio-oil. The sawdust and corn cobs were oven-

0dried at 103±2 C for 24 hours to reduce their moisture 
content before milling into powdery forms. The used 
automobile-tyre scraps were initially shredded before milling 
into particles. This was done to facilitate easy entering of the 
wastes into the reactor. The operational guideline was carried 
out in accordance with the diagram shown in figure 1. A 
pyrolytic chamber that has a fixed-bed batch thermal reactor 
and consists of an electrically fired furnace chamber was used 
for the pyrolysis. The pyrolytic reactor was fed with 1500 g of 
each particle and subjected to heat at a temperature of 500 °C 
for 45 minutes. The evolving gas from the reactor was 
distilled in the condenser to form pyrolytic oil. The liquid 
product was collected using conical flasks while the solid and 
gases yields were obtained by weight. 

Properties Determination
Procedures for Determination of Heavy Metals 
in the Bio - oils
The liquids obtained were taken to a Multidisciplinary 
Central Research Laboratory at University of Ibadan, Ibadan 
to the concentration of crust and anthropogenic metals such 
as Potassium, Sodium, Calcium, Magnesium, Iron, Copper, 
Zinc, Lead, Chromium, Nickel, Manganese and Cobalt. The 
samples tested were the heavy oil and lighter fraction 
derived these waste materials. The samples were analysed 
using Atomic Absorption Spectroscopy (AAS) machine. 
The AAS machine is a spectro-analytical procedure for the 
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quantitative determination of chemical elements using the 
absorption of optical radiation (light) by free atoms in the 
gaseous state. In analytical chemistry, the technique is used 
for determining the concentration of a particular element in 
the sample to be analyzed. Two grams (2 g) of each sample 
was digested with 20 ml of the mixture of acid and oxidant 
i.e. HNO  (65 %) and H O  (30 %) at the ratio 2:1; using 3 2 2

microwave assisted digestion procedure. It was micro-
waved at 700 W for 10 min, allowed to cool and then filtered. 
The filtrate was made up to 50ml mark with 0.2 m HNO  3

(Rehana et al., 2009). 

Methods of  Data Analyses 
The method used in analysing and presentation of data 
obtained in this study included analysis of variance and 
graphical analysis. All statistical analysis was conducted 
using completely randomized design with separation of 
means carried out using Duncan's Multiple Range Test 
[DMRT] at 5% level of probability. These were done to 
know the differences between the means and to choose the 
best variables combination. The Statistical Package for the 
Social Sciences (SPSS) version 20.0 package was employed 
for the analysis. The use of graphical analysis was done to 
provide an easy means of observing the trend of any 
relationship which might exist between the study variable 
and the properties.

Results and Discussion
Pyrolytic Products Yield  
As shown in Figure 1, the results obtained from the reactor 
plant show that the pyrolysis yielded three products (solid, 
liquid and gas phases) with very remarkable results. The 
mean values for the product yield ranged from 16.00 to 37.67 
% (Table 1).   As presented in Table 1, the values obtained for 
solid product were 16.00 %, 24.66 % and 25.00 % for agro 
waste, used tyre and wood waste, respectively. Similarly, the 
values obtained for liquid products were 27.40 %, 32.65 % 
and 37.67 % for agro waste, used tyre and wood waste, 
respectively (Table 1). As observed in figure 1, the 
percentage product yields from the environmental wastes 

Figure 1: Product yield from solid waste material under pyrolysis at 500 °C

greatly increase for gases than the others. It implies that the 
quantity of gases found in the products were higher than the 
other products. It was also revealed that the solid product 
yield from used tyre and wood waste were slightly equal 
while the solid product yield from agro waste recorded the 
lowest value (Figure 1). As also illustrated in Figure 1, agro 
waste had the highest liquid yield, followed by the used tyre 
and the least for the wood waste. Finally, wood waste had the 
highest gas yield followed by the agro waste and the least for 
used tyres (Figure 1). In pyrolysis, the highest feedstock 
conversion is achieved in the gas yield, followed by the oil 
and char. The values obtained in this study are lower than the 
values obtained in previous study by Martinez et al., (2014). 
This author obtained product yield of 50 % and 47 % for the 
liquid yield found in biomass and tyres, respectively. The 
solid yield (Char) and liquid yield (oil) varies in yields from 
the wastes used in this study. These observations might be 
attributed to the differences in the physical and chemical 
composition of the feed stocks and their compositions when 
operated within a normal fast pyrolysis regime (fast heat-up 
of feed, short residence time of solids, rapid cooling of 
product vapour). Typical product yields from the waste 
materials under fast pyrolysis conditions are organic liquid 
(Crude/heavy yield), product water (afloat/submerged the 
organic liquids), char and non-condensable gases (CO , CO, 2

H , CH ) (Lehto et al., 2013). However, it can be observed 2 4

that the  values obtained in previous study by Martinez et al., 
(2014) for waste tyre pyrolysis char yield (48.3 ± 1.0 wt. %)  
is significantly higher than the value obtained in this study 
but agrees with the values obtained in previous studies by 
Martinez et al., (2013) and Aylon et al., (2008). The values 
obtained for liquid yield of used tyres, using – reactor at 500 
0C, compares favorably with the findings of  Martinez et al., 
(2014), Aylon et al., (2008) and Mastral et al., 2000. 
Although these experimental conditions are not optimal for 
waste tyre pyrolysis, it is worth noting that the use of a higher 
reaction temperature for biomass could favour the 
occurrence of undesired secondary reactions such as thermal 
cracking, increase in the water content and decrease in the 
liquid yield, as shown for biomass pyrolysis in this type of 
reactors (Puy et al., 2011, Mohan et al., 2006). The results of 
analysis of variance conducted for the pyrolytic products 
yield is presented alongside with the mean values in Table 1. 
The results show that there were significant differences 
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Table 1: The mean values of the pyrolytic products yield from environmental waste materials

Figure 2: Variation in the crust metals (Iron and Potassium) of oil produced from environmental solid wastes

The value represents the mean values of 9 samples with 
standard deviation while the same superscript along the 
column means the difference is not significant 

Crust Metals Found in the Environmental 
Wastes 
The mean values obtained in this study for crust metals are 
presented in Table 2. The values obtained  ranged as follows; 
1.26 mg/L to 1.86 mg/L ; 1.81 mg/L to 3.56 mg/L; 27.7 mg/L 
to 32.0 mg/L; 1.58 mg/L to 1.97 mg/L and 1.15 mg/L to 1.78 
mg/L for potassium, iron, sodium, calcium and magnesium 
respectively. Potassium content was 1.26 mg/L, 1.31 mg/L 
and 1.86 mg/L for used tyre, agro waste and wood waste 
respectively; Iron content was 3.55 mg/L, 1.83 mg/L and 
1.81 mg/L for used tyre, agro waste and wood waste 
respectively; Magnesium content was 1.15 mg/L, 1.71 mg/L 
and 1.78 mg/L for used tyre, agro waste and wood waste 
respectively. Calcium and sodium contents were 1.97 mg/L, 
1.76 mg/L and 1.58 mg/L; and 27.7 mg/L, 29.1 mg/L and 
32.0 mg/L for used tyre, agro waste and wood waste 
respectively. In figure 3, wood waste had the highest 
concentration of Sodium, Potassium and Manganese than 
the others while used tyres had the highest concentration of 
iron.  Two classes of metallic elements were mostly found in 
the bio – oils, which are crust and anthropogenic metallic. 
Metals such as K, Na, Ca, Mg, Al, and Fe were regarded as 
crust metals. Figure 1 display the crust metal contents found 
in the bio-oils derived from used tyres, wood waste and agro 
waste and the corresponding data are also tabulated in Table 
2. The others metals like Co, Cr, Cu, Ni, Mn, Zn and Pb are 
classified as anthropogenic (Leng et al., 2015 and Wang et al. 

2003). According to the report of Bunt and Wanders (2008), 
metals such as Pb, Hg, Cd and Ca were regarded as volatile 
metals while the others were regarded as less volatile. The 
crust metal concentrations in pyrolysis bio-oils observed in 
this study varied between 1 and 100 mg/L, these values agree 
with the findings of Leng et al., (2015). Their crust metal 
concentration of bio oil varied between 1 to 1,000 mg/kg. 
The observation in figure 3 revealed that wood waste had the 
highest concentration of Na, K and Mg while only used Tyres 
had the highest concentration for Fe. It was also observed 
that all the materials had equal concentration of Ca (Figure 
3). The chemical and/or physical form of crust metals could 
be one of the important factors influencing the volatilization 
of the metals found in the oil during pyrolysis (Quyn et al., 
2002). As reported by (Leng et al., 2015), the metal contents 
of the bio-oils were found to be: 3 parts per million for K, 2 
parts per million for Na, and 7 parts per million for Ca. 
Meanwhile the bio- oil produced from materials with high 
concentration of calcium can be reduced by addition of 
organic solvent which is a simple and cost-effective method 
to improve the quality of the fuel.

The results of analysis of variance obtained in this study are 
presented in Table 2.  The concentration of crust metal found 
in the environmental waste materials used in this study was 
significantly different at 5 % level of probability except in 
magnesium. This implies that there is significant variation in 
the level of crust metals concentration in the materials used 
for this study. The mean separation result with Duncan's 
Multiple Range Test is presented in Table 2.
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Material Before 
Pyrolysis 

(g) 

After 
Pyrolysis 
(Char) (g) 

Char 
Weight 

(%) 

Liquid Weight 
(%) 

Gases Weight 
(%) 

Agro waste (corn cobs)
 

1500
 

240
 

16.01±0.011b

 
37.66±0.005a

 
46.33±0.010a

 Tyre Waste (shredded)
 

1500
 

370
 

24.66±0.010a

 
32.65±0.010b

 
42.69±0.010b

 Wood Waste (Sawdust)
 

1500
 

375
 

25.00±0.015a

 
27.47±0.010c

 
47.53±0.010a

 



Table 2: The mean values of the crust metals obtained from the environmental solid waste

The value represents the mean values of 9 samples with 
standard deviation while the same superscript on the same 
row means no significant difference (P<0.05) 

Anthropogenic Metallic Elements in 
Environmental Wastes
The mean values for anthropogenic metallic elements found 
in the wastes used for the production of Bio-oil are presented 
in Table 3.  The anthropogenic metals' values obtained in the 
oil derived from the wastes ranged from 0.14 to 0.52 mg/L, 
0.05 to 0.08 mg/L, 0.12 to 0.20 mg/L, 0.02 to 0.03 mg/L, 0.08 
to 0.23 mg/L, 0.09 to 0.16 mg/L and 0.18 to 0.21 mg/L for 
zinc, manganese, nickel, cobalt, copper, chromium and lead 
respectively. The values obtained in this study for 
anthropogenic metals shows that used tyre had the highest 
values for zinc, manganese, nickel, cobalt, copper and 
chromium (Table 3). Also in Table 3, the used tyre oil had the 
highest concentration of Lead than the others. In figure 3, it 
was observed that there were variations in anthropogenic 
metals found in the oil derived from the used tyre, wood and 
agro wastes. Similarly, there is little variation in metallic 
elements such as manganese, nickel, cobalt, copper and lead 
found in the oil derived from wood and agro wastes while 
there is large variation in elements such as zinc and 
chromium found in the oil derived from the wood and agro 
waste (figure 3). 

The results obtained in this study for anthropogenic metals 
were similar to the results in the studies of Leng et al., (2015) 
and Yuan et al., (2011). In the study of Yuan et al., (2011), the 
commonest heavy metals found in the bio-oil made from 
sewage sludge were Pb, Cr, Ni, Cu, Zn, and Cd. In another 
study, the contents of Pb, Cr, Ni, Cu, Zn, and Cd in some 

Figure 3: Variation in the anthropogenic metals of oil produced from environmental solid wastes
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liquefaction/pyrolysis bio-oils were also reported (Yuan et 
al., 2015). The metals analyzed in this study for the bio-oils 
derived from the solid wastes were Ni, Cr, Cu, Co, Zn, Mn, 
Pb and these metals varied in concentration. From the report 
of Yuan et al., (2011), the top three abundant anthropogenic 
metals were Zn, Cr, and Cu with concentrations exceeding 
20 mg kg−1, and the average level of Zn reached 43.6 mg 

−1kg . The result obtained in this study agrees with and are 
within the same range of values obtained by Yuan et al., 
(2011). This study had the average level of Zn reached 52 mg 

−1kg  and the concentrations of other top abundant 
anthropogenic metals analyzed in this study are within the 

−1range of 18 to 23 mg kg . Yuan et al., (2011) reported that the 
concentration of crust metals found in the bio-oil was 10 
times greater than the concentration of anthropogenic 
metals. This is similar to the findings in this study. From the 
studies set out to assess the characteristics and significance 
of metal contents emitted from diesel engines, it was 
discovered that the emitted concentrations of crust elements 
(such as Al, Ca, Fe, Mg, and Si) were much higher than those 
of anthropogenic elements (which includes Ag, Ba, Cd, Co, 
Cr, Cu, Mn, Mo, Ni, Pb, Sb, Sr, Ti, V, and Zn) from diesel 
vehicle engine exhausts under the transient-cycle condition; 
and the emission of the metal contents in vehicle exhaust 
could be fully explained by the consumption of metal 
contents in diesel fuel (Wang et al., 2003). 

The results of the Analysis of Variance for anthropogenic 
metallic elements are presented in Table 3. The results in 
Table 3 show that there were significant differences (P<0.05) 
in all the anthropogenic metallic elements except manganese 
and cobalt. It implies that there are significant variations in 
anthropogenic metallic elements in the oil from the three 
environmental wastes except manganese and cobalt.

5

Variable used
                                       

Metallic elements (mg/L)           
 

Sodium  Magnesium  Iron  Calcium  Potassium  
Used tyre   27.7±0.1b  1.15±0.02a  3.558±0.04a  1.97±0.02a  1.26±0.00b  
Agro waste  29.1±0.2b  1.71±0.02a  1.825±0.27b  1.76±0.02b  1.31±0.01b  
Wood waste  32.0±0.1a

 1.74±0.93a
 1.811±0.01b

 1.58±0.02c
 1.86±0.02a

 

 



The values represent the mean values of 9 samples with standard deviation. 
The same superscript on a row means no significant difference (P<0.05), 

Conclusion 
The physical and chemical properties of the oils produced 
from municipal solid wastes were successfully investigated 
through the use of pyrolysis method at the temperature of 
500°C. This study revealed that the oil produced from the 
wastes contains crust and anthropogenic metals that forms a 
baseline guard for bio-oil manufacturing. These metallic 
elements aid combustion in engines after pretreatment or 
upgrading for optimum utilization. The invention of the oil 
will not only assist in provision of energy but to sustain 
energy as well. The ash content in the oils were relatively low 
and the oil was in fractions, both lighter and heavier. Based 
on these findings, it can be concluded that these fractions 
contain chemical extracts which could be used as food 
flavorings, resins, adhesives, agrichemicals, and fertilizers. 
The percentage of gasses generated is quite large and this can 
further be processed into cooking gas. This could serve as a 
competitive alternative source of energy to fossil fuel, 
improve the economy of the country and drastically reduce 
the impacts of environmental pollution. More investigation 
needs to be done on the properties of the bio oils such as the 
pH, heating value, minerals, elemental ratio, moisture 
content, and viscosity. 

Recommendations
I therefore recommend that further research work should be 
carry out to investigate the other properties such as ash 
content, solids content, pH, heating value, minerals, 
elemental ratio, moisture content, and viscosity of oil 
derived from this environmental materials for utilization 
potential. The results from further research will prove the use 
of these environmental materials as an alternative to fossil 
fuel in generation of energy. This study will serve as a 
guideline for the production of bio–oil because most 
importantly, diesel fuel engine had been know to contains 
crust and anthropogenic metals that forms a baseline guard 
for bio-oil manufacture. 
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