
Abstract 

Six tropical biomass samples namely: Ogbono

wood (Irvingia wombolu), Mango wood (Mangifera

indica), Neem wood (Azadiracta indica), Ogbono

shell (Irvingia wombolu), Ogirisi wood (Neubouldia

laevis) and Tropical Almond wood (Terminalia cat-

appa) were pyrolyzed in a bench scale screw reac-

tor at 450oC. The physicochemical properties of the

samples were determined prior to the pyrolysis

experiments. The bio-oil and bio-char produced

were similarly characterized using standard proce-

dures established by American Standard and Test

Methods (ASTM). The highest bio-oil yield of 66

wt% and least bio-oil yield of 53 wt% were obtained

from Neem wood and Tropical Almond wood

respectively. The characterization results of the

products show that even though the moisture con-

tent of the bio-oil was quite higher than those of the

original feedstock, their higher heating values were

higher than those of the parent feedstock. Both

characterization results show that the feedstock and

their fast pyrolysis products are good materials for

bioenergy production. The Gas Chromatography

Mass Spectroscopy (GC-MS) analysis of the bio-oil

shows the presence of useful chemicals such as phe-

nols and levoglucosan, which could be harnessed

for industrial applications.

Keywords: biomass, pyrolysis, bio-oil, characteriza-

tion, energy, bio-char

1. Introduction

The rapid degradation of the environment due to

climatic changes resulting from huge consumption

of fossil fuels has led to the search and advocacy of

biomass-based fuels as alternative or blend to fossil

fuels thereby reducing the fossil fuel consumption

gross index. The geographical spread of biomass

vis-à-vis natural gas, oil and coal is a support for

encouraging the use of biomass for energy produc-

tion.

Biomass fast pyrolysis is one of the sources of

the biofuels regarded as future generation fuels

which are suitable for the environment (Dinesh et

al., 2006, Bui et al., 2009, Sivakumar et al., 2010).

Pyrolysis is the intermediate process in both com-

bustion and gasification technologies involved in

biomass to energy conversion. Knowledge of the

pyrolysis characterization of biomass materials and

their products are very important in the design of

any conversion technology systems as well as a

guide to selecting most suitable species for biofuel

production from the biomasses (Tsamba et al.,

2006). Hence, the characterization of the parent

feedstock is fundamental in pyrolysis technology. It

is usually more cost effective to transport the fast

pyrolysis products than transporting the bulk bio-

mass from one place to the other compared to other

conversion techniques.

Even though, virtually, every plant biomass can

be pyrolyzed (Ingram et al., 2008) some species are

more suitable than the others under the same tech-

nical and operational conditions. In tropical Africa,

there are huge wastes resulting from low mecha-
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nized system of agriculture such as stalks, shells,

shrubs or remains of felled trees and stumps. These

are commonly burnt in the open as part of a land

clearing method (Senjobi et al., 2007, Pantami et

al., 2010) to give way to farm operations. Similarly,

logs of wood in the forest are hewed for fuelwood

or burnt in the open (when dry) to make way for

other uses of the forest. Wood shavings and sawmill

wastes are similarly burnt as a way of disposing

them (Azeez et al., 2010). These contribute to the

ranking of Africa as leader in biomass burning emis-

sion source (Andreae, 1991; Roberts, 2008). The

emissions from the burning contribute to the cli-

matic problems confronting our environment. If

Africa’s huge biomass potential is adequately uti-

lized in bioenergy production, it will contribute

immensely to the solution of global energy demand

and economic problems of the developing nations.

The search for green energy has attracted a lot

of interests in research, ranging from characteriza-

tion of different biomass materials for their energy

production potential (Satyanarayan et al., 2010; De

Ramos et al., 2011), to actual production and

upgrading of bioenergy-based products for fuel and

chemical production. To date there is little or no evi-

dence, in literature, of converting the tropical bio-

mass species used in this work, to bioenergy.

However, Azeez et al. (2010) pyrolyzed three tropi-

cal biomass materials – iroko (Chlophora excelsa

L.), albizia (Albizia adianthifolia L.), and corncob

(Zea mays ssp) obtained in Nigeria alongside two

European species – spruce (Picea abies L.) and

beech (Fagus sylvatica L), in a Fluidized Bed reac-

tor and Py-GC/MS. In their work, the tropical bio-

mass species showed some potential as sources of

bioenergy and could compete favourably with tem-

perate biomass species if pre-treatment operations

such as removal of ash and extractives are carried

out. In our work, six biomass species were charac-

terized and pyrolyzed in a bench scale screw pyrol-

ysis reactor with a view to determining their suit-

ability for commercial bio-oil production. The prod-

ucts were characterized in order to determine their

potential as sources of bioenergy. The pyrolysis of

the biomass used in this work for bio-oil production

and characterization has not been reported in liter-

ature to the knowledge of the authors.

2 Experimental

2.1 Feedstock selection

Six tropical woody biomass samples obtained with-

in Nsukka urban and prepared at the National

Centre for Energy Research and Development,

University of Nigeria, Nsukka were used for the

experiment. These include Ogbono wood (Irvingia

wombolu), Mango wood (Mangifera indica), Neem

wood (Azadiracta indica), Ogbono shell (Irvingia

wombolu), Ogirisi wood (Neubouldia laevis) and

Tropical Almond wood (Terminalia catappa).

Ogbono wood tree is deciduous and can be as old

as 60 years before it can be felled for wood pro-

duction. Usually the fruit is made of edible pulp and

cartilaginous seed housed in a woody shell. In some

regions it a common economic tree that grows

uncultivated in large numbers owned by families.

For this work the specimen was cut from the mature

tree about 15 to 20 years together with its shell.

Mango trees can be planted in large plantations as

a commercial tree. The specimen for this research

was obtained from one estimated to be up to 25 to

30 years old even though not from a commercial

farm. In tropical Nigeria, mango trees can be plant-

ed individually near residential homes only to be

felled when its presence poses a safety threat to

buildings. The wood can only be useful as fuelwood

for combustion purposes. It could constitute as an

environmental nuisance if not burnt immediately. 

A Neem tree in Nigeria serves as an ornamental

and medicinal plant depending on the purpose of

its cultivation and the part of the plant of interest. It

can be as old as 45 years before aging depending

on the soil conditions. It grows in large quantities

even though there is no existing ‘Neem farm’ in our

country. Like the mango wood it can only be used

as fuelwood for combustion purposes when felled.

The sample for this research is from a mature tree

that is not less than 20 years of age. The Ogirisi tree

and the Tropical Almond tree are wild plants which

are not cultivated for economic purposes other than

for local fencing and ornamental shade respective-

ly. They are both soft woods that cannot be used for

wood production for structural purposes. Because

they are fast growing they produce large wood. The

ones used for this research were obtained from

species that are not more than 10 years old. The

samples were cut, air dried and milled to a particu-

late size less than 1 mm passing mesh 40 (425µm)

using Wiley milling machine. 

2.2 Feedstock characterization

The physicochemical analyses of the feedstock were

carried out to determine the properties of the feed-

stock prior to the bench scale pyrolysis. The prop-

erties analyzed include the: moisture content, per-

centage ash, higher heating values (HHV); compo-

sitional analysis (lignin and structural carbohy-

drates) and elemental composition analyses to

determine (C, H, N, O, S). The detailed procedures

for these analyses are similar to those reported in

(Okoroigwe et al., 2012). 

2.3 Pyrolysis experiment: 

The bench scale pyrolysis experiment was per-

formed with the screw reactor (Figure 1). The sys-

tem is made of a biomass delivery unit being pow-

ered by a 1.5 horse power (Hp) electric motor and

comprising: (1). The metering device (2), Made of a

glass cylinder fitted into the 420 mm long stainless
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steel barrel (4), housing the screw shaft (3).

Nitrogen gas is delivered to the system on top of the

hopper to ensure complete purging of air (oxygen)

from the system before and during the pyrolysis

process. The barrel is heated externally by six band

heaters (6) of 750W each, fixed on the barrel. There

are 3 heating zones for the pyrolysis process. Two

band heaters form a heating zone equally spaced

along the 420 mm heated zone of the reactor and

set to raise the temperature of the barrel to a fixed

value. As the electric motor drives the shaft, the bio-

mass is smeared on the hot barrel wall which

decomposes the biomass. Since the barrel outer

wall is heated, heat transfer to the shaft and inside

wall is by conduction and slight convection because

of trapped gas. To prevent backflow of heat from

the nearest band heaters to the hopper base and to

prevent preheating of the biomass, a cooling system

(5) is introduced by continuous flow of running

water forming the feed cooling system.

The products recovery system of the reactor

comprises the heated char trap (7) and the shell and

tube heat exchanger (8) used to condense the

vapour into liquid bio-oil in the Bio-oil containers

(9). After the thermal decomposition of the bio-

mass, aerosol (comprising the char and vapour)

formed travel together to the char trap where char

separation takes place. The char trap was heated

using heating tapes rated 570 and 430 W in order

to avoid pre-condensation of the vapour in the char

trap. The liquid bio-oil was obtained by rapid

quenching of the temperature of the vapour from

about 450oC to about 2oC or less as obtained in dif-

ferent experiments. This was possible because two

bio-oil collection containers were used. Both con-

tainers were each connected to a heat exchanger.

The two containers were however interconnected

by small tubing such that the products not collected

in the first container due to inability to condense are

collected in the second tube at much reduced tem-

perature. The flow of the refrigerant is counter-cur-

rent to the flow of the aerosol. The non- condensa-

ble gas exits from the last container by means of gas

delivery pipe. Most of the liquid products con-

densed at the first condenser, while at much lower

temperature a further liquid product was collected

in the second condenser. The non-condensable

gases were let out of the chamber by gas delivery

tube and collected into gas trap bags for analysis

with gas analysers. The exit gas temperature was

monitored using k-type thermocouples at tempera-

ture 8 to 2oC. When tested for combustion, the mix-

ture of gases burnt with blue flame implying the

presence of flammable gases confirmed to be H2,

C2H4, and CH4 by analysis of the gas using gas

chromatographer. 

2.4 Products characterization

The bio-oils were analysed for moisture and ash

contents, density, pH, elemental composition, vis-

cosity, and heating values. They were also analysed

using GC/MS for the determination of chemical

compounds present in the oils. For the char, only

the heating value and ash content were determined

using bomb calorimeter and electric furnace meth-

ods respectively. The elemental analysis for deter-

mination of Carbon, Hydrogen, Nitrogen, Oxygen

and Sulphur content of the bio-oil samples was per-

formed at Galbraith Labs Inc, Knoxville, Tennessee

USA. The ASTM D5291-02 (Standard Test

Methods for Instrumental Determination of Carbon,

Hydrogen, and Nitrogen in Petroleum Products and

Lubricants) and the LECO CHN 2000 analyser

were used as standard procedure and instrumenta-

tion respectively. Oxygen was determined by differ-

ence while Sulphur was determined according to

ASTM D4239-83 using LECO SC-432DR (Trace

E16-2A). The water content of the liquid product

was determined by Karl Fischer titration method

according to ASTM E203 at the Galbraith labs.

3 Results and discussion

3.1 Feedstock characterization

The results of the characterization of the feedstock

used in the pyrolysis experiments are presented in

Table 1. The table contains the proximate (physical

properties) and ultimate analyses results. 
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Figure 1: The schematic diagram of the reactor



Table 1 shows the levels of moisture present in

the samples at the time the experiments were car-

ried out. There was varying moisture as expected,

since wood samples have different cellular structure.

It is obvious that moisture affects heating values of

biomass samples (Demirbas, 2007), hence the vari-

ation in heating values of the samples ‘on as

received’ basis. But on moisture fee (dry basis)’,

mango wood has the highest heating value of

23.35MJ/kg while Neem wood has the lowest heat-

ing value of approximately 20.1MJ/kg.

On an ash free basis, the lower heating value of

mango wood appears to be highest even though its

ash content is not lower than that of Tropical

Almond wood. It has been shown that ash in bio-

mass has a dominant effect on bio-oil yield and

composition (Azeez et al., 2010; Brown, 2011).

Removal of ash and extractives in pre-treatment

steps prior to pyrolysis improves the quality of bio-

oil (Das et al., 2004). This implies that Tropical

Almond wood with 0.88% ash content is a better

option than the rest in terms of bio-oil yield and

quality. But this does not agree with the result pre-

sented in Table 2, where Neem wood yielded 66

wt% of bio-oil followed by mango wood even

though their ash contents are slightly higher than

that of Tropical Almond wood. Since ash content is

not the only factor determining the percentage bio-

oil yield, there could be other conditions favouring

the yield of bio-oil in one biomass than the others

in this experiment. 

The hydrogen to carbon ratio (H:C) and oxygen

to carbon ratio (O:C) are good parameters to eval-

uate energy potential of biomass. It appears that all

the biomass species are good feedstock for energy

production by considering their H:C and O:C ratios

with the later close to 1. The result of the composi-

tion analysis of the lignocelluloses is presented in

Figure 2. Comparatively, all the biomass species are

rich in cellulose and lignin. The percentage compo-

sition of cellulose is not less than 35%, while lignin

is between 20 and 35%. The maximum value of

hemicelluloses (18%) occurred in ogirisi wood,

while the least (8%) occurred in ogbono shell. The

biomass materials were not pre-analysed for extrac-

tives; hence the ‘difference’ could represent inor-

ganic materials in form of extractives. The large

value of this component is in agreement with Azeez

et al. (2010) who asserted that tropical species are

richer in extractives than European biomass

species. The extractives are made up of phenolic

compounds, terpenes, aliphatic acids, chinones and

alcohols. High content of these components often

results in low polyoses content in wood. These

could be responsible for the chemicals present in

the bio-oil as presented in Table 3.
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Table 1: Feedstock characterization

Property Base Ogbono Mango Neem Ogbono Ogirisi Tropical almond

wood wood wood shell wood wood 

Physical Moisture content (%) 6.27 4.83 6.83 7.70 6.42 7.62

HHV MJ/kg) ar 20.01 22.23 18.71 20.20 20.69 20.50

db 21.34 23.35 20.08 21.88 22.10 22.19

daf 21.61 23.60 20.35 22.10 22.60 22.40

Ash (%) ar 1.14 0.98 1.22 0.91 2.06 0.88

db 1.22 1.03 1.32 0.99 2.21 0.96

Ultimate analysis C (%) 45.94 46.39 45.86 47.62 46.00 45.86

H (%) Ar 6.11 6.27 6.36 6.34 6.50 6.36

db 5.73 5.97 5.93 5.85 6.08 5.88

N (%) < 0.50 < 0.50 < 0.50 < 0.50 < 0.60 < 0.50

O (%) (by difference) 44.64 45.19 45.34 44.03 44.04 45.34

S (%) <0.50 < 0.50 < 0.50 < 0.50 < 0.50 < 0.50

O:C 0.97 0.97 0.99 0.92 0.96 0.99

H:C 0.13 0.14 0.14 0.13 0.14 0.14

Note: ar = as received, db = dry basis, daf = dry and ash free 

Table 2: Pyrolysis experiment results

Parameter Sample

Ogbono Mango Neem Ogbono Ogirisi Tropical almond

wood wood wood shell wood wood

Bio-oil yield (wt %) 60 61 66 58 57 53

Bio-char yield (wt %) 19 22 15 19 17 19

NCG (wt %) by difference 21 17 19 23 26 28



3.2 Pyrolysis experiments

Even though the experiments were carried out at

different temperature, the operation temperature

values were within the accepted range for maxi-

mum bio-oil production from fast pyrolysis experi-

ments (Bayerbach et al., 2006; Bayerbach et al.,

2009, Sulaiman and Abdullah, 2011). The mass

balance of the bio-oil production is presented in

Table 2 and shows that the highest bio-oil yield of

66wt% was obtained from Neem wood, while the

least yield occurred in Tropical Almond wood.

These values are close to that obtained by Azeez et

al., (2010) even though a fluidized bed reactor was

used at 470oC. Meanwhile, the bio-oil % yield of all

the samples is greater than those obtained by

Mullen and Boateng (2008) in the pyrolysis of

switchgrass, early bud and full flower alfalfa in a

2.5kg/hr fluidized bed reactor at 500oC.

However, the yields are lower than 75 – 80wt%

bio-oil proposed by Bridgwater (1999) on fast

pyrolysis of wood. Higher bio-oil yield may be

obtained under improved reactor and operating

conditions. As many factors affect the yield of bio-

oil, it may be very difficult to specifically peg certain

factors as responsible for the variation in the quan-

tity obtained from these species. Since more than

50% by weight of materials pyrolyzed are convert-

ed to bio-oil, then the species might be good

enough for commercial bio-oil production. Even

though the water content of the bio-oils from fast

pyrolysis of these biomass species is high, their car-

bon and hydrogen content are high such that the
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Table 3: Chemical components of the bio-oil (area %) on chromatograms

Compound % area by sample

Ogbono Mango Neem Ogbono Ogirisi Tropical almond

wood wood wood shell wood wood

Acetic acid 23.18 24.06 27.7 29.58 30.68 22.99

Acetol 12.92 10.63 14.7 14.93 13.87 10.86

2,3-pentanedione 2.85 - 4.11 3.63 3.53 2.74

2,5-dimethyl-furan 2.35 - 2.44 2.48 2.81 2.56

3-methyl- 1,2-cyclopentanedione 3.08 3.48 3.39 3.29 3.9 3.49

Guaiacol 4.4 1.76 3.05 4.37 4.28 3.55

2-methoxy-4-methyl-phenol 4.25 - 1.84 4.01 2.66 3.12

2,6-dimethoxy-phenol 3.96 5.49 7.01 3.11 6.04 6.92

2-methoxy-4-(1-propenyl)-phenol 3.88 1.85 2.22 2.58 3.23 3.36

1,2,4-trimethoxybenzene 3.16 2.55 3.55 2.34 2.68 4.96

3’,5’-dimethoxyacetophenone - 2.68 2.10 - 2.29 2.40

Levoglucosan 17.2 12.92 7.48 15.55 3.65 12.16

2,6-dimethoxy-4-(2-propenyl)-phenol 3.52 8.03 4.9 1.52 4.18 5.51

4-hydroxy-3,5-dimethoxy-benzaldehyde 2.44 3.66 - - 2.83 2.13

Figure 2: Structural carbohydrates and lignin composition



fuels can combust well in boilers and engines. For

high energy output the bio-oil from these species

would need to undergo upgrading to improve their

heating values.

3.3 Products characterization

a) Bio-oil

In order to achieve the desired quality of the bio-oils

as sources of chemicals and fuel for power produc-

tion, full characterization of the oils were carried

out. Thus, Table 4 shows the elemental composition

of the oils from the biomass samples. The table

shows that the sulphur and nitrogen content of the

oils were ≤0.05 and 1.5 respectively. This implies

that the combustion of the oils will result in emission

of little or no sulphur and nitrogen related pollu-

tants. The values of oxygen content of the bio-oils

in this work are close and similar to those obtained

in the bio-oil of other woody biomass samples such

as presented by (Dinesh et al., 2006; Adisak et al.,

2007; Uzun et al., 2010) but slightly higher than

those of Ingram et al.(2008). The presence of O2

that is primarily responsible for the difference in the

behaviour and properties of hydrocarbons and bio-

mass liquid products such as bio-oils (Oasmaa and

Czernik, 1999). In fact, it is rare to obtain bio-oil

whose oxygen content is less than 30wt%. So, the

values obtained in these tropical biomass samples

are not out of place for a typical bio-oil. It is the

presence of high oxygen and water content in the

bio-oils, that the fuels are plagued by poor volatili-

ty, high viscosity (Table 4) and corrosiveness

(Dinesh et al., 2006; Oasmaa and Czernik, 1999).

The elemental composition of the bio-oils resembles

those of the parent feedstock from where they are

derived and differ significantly from petroleum oils.

The presence of O2 and water in the biomass pyrol-

ysis bio-oil may be responsible for the low pH val-

ues of the product as shown in Table 4. This agrees

with the high value of acetic acid content of all the

bio-oils shown in Table 3. The pH of heavy fuel oils

is zero while that of bio-oil from wood pyrolysis can

be as low as 2.5 (Dinesh et al., 2006), confirming

the range of values (2.8 – 3.5) obtained in this

work. Similarly, the density (gcm-3) and/or the spe-

cific gravity of the bio-oils (Table 4) are slightly

above 1 which are typical of pyrolysis liquids but

are higher than those of heavy fuel oil. This implies
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Table 4: Some physical and chemical properties of the bio-oils

Bio-oil Density pH Viscosity Water con- Elementalanalysis (wt %)

(g/cm3) @40oC (cp) tent (wt %)

C H O N S

Ogbono wood 1.08 2.87 13.7 34.76 44.73 7.42 43.83 0.66 <0.05

Mango wood 1.10 3.31 10.5 33.41 38.39 7.78 47.97 0.90 <0.05

Neem wood 1.11 2.80 17.4 29.99 39.68 7.42 49.66 1.25 <0.05

Ogbono shell 1.05 2.88 5.7 36.82 37.83 7.96 41.93 0.70 <0.05

Ogirisi wood 1.06 3.50 12.2 37.10 35.01 8.05 43.36 0.69 <0.05

Tropical Almond wood 1.04 2.81 8.5 36.81 37.74 7.77 50.27 0.50 <0.05

Figure 3: Ash content of feedstock and pyrolysis products

1: Ogbono wood, 2: Mango wood, 3: Neem wood, 4: Ogbono shell, 5: Ogirisi wood, 6:-Tropical Almond wood



that the bio-oil from these tropical biomass samples

can serve similar purposes which other non-tropical

species have served.

The conversion of the biomass to bio-oil and

char resulted in significant improvement in the qual-

ity of the products as fuel over the parent feedstock.

Even though in Figure 3 the ash content of char

increased over the values obtained for the raw feed-

stock, the heating values increased significantly

(Figure 4), when compared with those for the feed-

stock. This implies increased energy value of the

products (bio-oil, char and gas) vis-à-vis the raw

feedstock.

GC/MS analysis result

The gas chromatography and mass spectrometry

analysis of the bio-oils was carried out and Table 3

shows the composition by quantity (area %) of

major chemical compounds in the bio-oils. It also

shows the summary of some of the major chemical

compounds and their relative abundance (% area)

in the chromatographic analyses of the oils using

GC/MS. The chemicals are similar to those identi-

fied by some researchers (Ingram et al., 2008;

Czernik and Bridgwater, 2004; Sipila et al., 1998;

Akwasi et al., 2007). This shows that the biomasses

and their bio-oil products can be sources of valu-

able chemicals such as phenols used for industrial

purposes. Conversion to bio-oil and char through

pyrolysis instead of direct combustion is value addi-

tion to the materials as sources of chemicals and

energy.

b) Bio-char characterization

Only the heating values and the ash contents were

determined as shown in Figures 3 and 4 respective-

ly. All the char products show significant potential to

be used as sources of thermal energy in combustion

chambers of boilers and combustors. The pyrolysis

conversion of the feedstock produces high energy

density fuel (bio-char) whose higher heating values

are close to those of coal. Generally, it implies that

the bio-char from these samples can supplement

the energy input of the pyrolysis reaction through

product recycling and thus reduces the energy

input. Even though the elemental analyses of these

bio-char products were not carried out to identify

the sulphur and nitrogen content, insignificance

presence of these elements in the parent feedstock

shows that these bio-char could serve as environ-

mentally friendly fuel.

4. Conclusion

The feedstock and their pyrolysis products possess

the properties required for applying the pyrolysis

technology to the conversion of the feedstock and

products to energy. The bio-oil products and char

can be utilized in power generation by combustion

in boilers and thermal plants. If upgraded, better

fuel quality will be obtained from the bio-oil prod-

ucts. The results of the GC/MS analysis of the bio-

oils show that these products can be sources of use-

ful industrial chemicals where the focus lies on

chemical production. The wastes resulting in the

cultivation or use of the feedstock, in daily socio-

economic activities of the tropical regions where

they are largely produced, can be easily converted

to useful energy through fast pyrolysis leading to

improved lifestyle, better agricultural output and

better environment. The use of these biomass

species for energy and chemicals production

through fast pyrolysis conversion is recommended.
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Appendix A: Pyrolysis experiments photographs
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Figure A1: Reactor in use

Figure A2: Char trap

Figure A3: Bio-oil condensers and containers Figure A5: Combustibility test of NCG

Figure A4: Bio-oil and bio-char


