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Production by Pyrolysis and Analysis of Bio-oil fran Mahogany
Wood (Swietenia macrophylla)

Abstract- This work presents the production and the analg$igpyrolysis oil (bio-oil)
obtained from a hard wood chips (MahogaByietenia macrophylla). A pyrolysis batch type
reactor was designed and constructed to carryheuptoduction process of the pyrolysis oil.
The yield of mahogany pyrolysis oil was optimizeithwreaction temperature to produce
high quantity of gaseous outputs. Elemental analgad Fourier transform infrared analysis
were carried out. The FTIR analysis revealed thesgmce of aliphatic and aromatic
compounds in the mahogany pyrolysis oil. The phgsiemical properties of mahogany
pyrolysis oil were determined. During the productjarocess, the temperatures at which the
yields were obtained were recorded. This was daiegua temperature regulator and a
thermocouple mounted on the body of the furnace rEsults showed that the flash point,
pour point, gross and net calorific values are °C254, 21.96MJ/kg and 20.65MJ/kg
respectively, at the end of pyrolysis. The maximliquid yield is 60% at 45C. The
combustible organic compounds of pyrolysis oil al#d at these optimum process
conditions are analyzed for some of their propsrig an alternative fuel.

Keywords: Alternative Energy, Biomass, Bio-Oil, Calorific Value, Flash point, Swietenia
macrophylla, Mahogany wood, Production process, Pyrolysis Oil, Renewable Energy, Temperature.

1. INTRODUCTION

The need for alternative fuels has recently cont@edorefront of public interest, thanks
to increased awareness in the global warming. Tai@ contributor to global climate change
has been carbon dioxide emissions created by lrussil fuels. One of the proposed
solutions to mitigating global climate change islfghifting; supplementing fossil fuels with
renewable, carbon-neutral biomass derived fuetsfidbls). Different forms of liquid biofuels
are being developed; ethanol, bio-diesel and Hi¢Gmoper and Alley, 2002)

Biomass is a vast renewable energy source thabearsed to produce heat for home and
industrial facilities, generate electricity and reatkkansportation fuels. It is the earliest and
now the third largest global source of energy, casmg up to 40% - 50% of energy usage in
many developed countries (like USA) and other dmpiely countries that have large
agriculture and forest area. As a result, it hasHighest potential among other alternative
energy options in terms of contributing to modewrcisty’'s near term energy needs
(Bridgwater, 2003). The use of biomass also offeropportunity to produce carbon neutral
energy, helping to mitigate greenhouse gas emissa&nd the adverse effects of global
climate change. Furthermore, localized biomassurees can allow nations to achieve
foreign energy independence and strive toward théssons targets (Bridgwater, 2003;
Demirbas and Balat, 2006). Currently, it is estedathat 12% of the world’s primary energy
is supplied by biomass and with the continual camstion of viable fossil fuel reservoirs,
policies such as the emissions trading scheme drdturope and the possible future
implementation of carbon taxes, the utilizationbaddmass energy is likely to increase and
play a significant role in near term energy mark@&emirbas and Balat, 2006). In order to
take advantage of the current infrastructure amdgynconversion technologies available for
liquid fuels, raw biomass must be converted infayaid. The thermo-chemical process for
doing so is termed fast pyrolysis and other forfhsamversion processes include biological
and physical processes (Bridgwater, 2003).

The pyrolysis the biomass has attracted more istteéreproducing liquid fuel product
because of its advantages in storage, transport vanshtility in application such as
combustion engines, boilers, turbines, among otHeysolysis is a thermal decomposition
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process that occurs in the absence of air with tshesidence times at intermediate
temperatures (400 — 580) and with rapid quenching of vapours into a léjibio-oil
(Shaddix and Hardesty, 1999). It should be noted tie bio-oil feedstock (biomass) is the
main variable affecting the quality (Bridgwater,0&). This technology has the capability to
produce bio-fuel with high fuel-to-feed ratios foompeting and eventually replacing non-
renewable fossil fuels. However, the developmentad¥anced technologies is the next
challenge for pyrolysis researchers to achievettnget. It is necessary to convert biomass
into liquid fuels for direct use in vehicles, trajrships and aeroplanes to replace petrol and
diesel (Demirbas, 2002; Muradov and Veziroglu, 2008

Bio-oil is a liquid dark brown, fuel, derived froplant material (biomass) via a thermal
decomposition process called fast pyrolysis. Itstimted for a multicomponent mixture
composed of various molecules that are producetidoypyrolysis of cellulose, hemicellulose
and lignin. Bio-oil is most suitable as a “drop-inméplacement for heat and power
applications. Its production is done by treating thiomass in reactor. The biomass from
wood residues is fed into a reactor where it isdigonverted into a vapour. The resulting
vapour passes into a cyclone where solid part{clear) are removed. The vapour then enters
a quench tower or condenser where it is quicklyjemturning into bio-oil. Non-condensable
gases are either returned to the reactor to maiptaicess heating or exported for other uses.
This process produces three products: bio-oil (685%), char (15 - 20%) and non-
condensable gases (10 - 20%) (Ozcimen and Karaagjiar014). The presence of water
in bio-oil which lowers the heating value, viscgsitlame temperature, combustion rate
makes its application in power generation and engse low demanding in many countries.
In general, bio-oil will separate into two distinghases (aqueous and non-aqueous) if the
bio-oil contains more than 30% water (Oasmaa anerrlz, 1999). Research is currently
being performed to reduce water content of bidagidrying the feedstock prior to pyrolysis
(Wang et al., 2008). Furthermore, availability of raw matertairough which the bio-oil
would be obtained is another major concern in thedyction of bio-oil when this raw
material (wood) is not readily available due toate&tation which has been a big challenge
threatening global warming (Samy and Boateng, 2008}¥pite the name bio-oil, it is not an
oil like vegetable oil or petroleum oil becausedntains up to 30% water. Bio-oil, unlike
ethanol and bio-diesel, is considered a secondrgtome biofuel because the fuel can be
made from inedible lignocellulosic plant materiaging advanced thermochemical processes
(UN - Energy, 2007).

The reactor is the heart of the pyrolysis process thermal apparatus or vessel use for
controlling the reaction process. This is where baction takes place, where biomass is
pyrolyzed to pyrolysis gas and char. In the reatttere are high temperatures, up to 1000 °C.
The temperature must not fluctuate more than 20%hefintended reactor temperature
because it can have effects on the quality of ther.cOne of the primary functions is to
ensure a low oxygen supply at 2%. (Schmidt et 2012). There are number of reactor
designs that can be employed and are capable dcfvaud) the heat transfer requirements.
Fluidized beds; bubbling and circulating; Ablatiixomass particle moves across hot surface
like butter on a hot skillet); Vacuum; Transportedds without a carrier gas. Of these
designs, the fluidized and transported beds apgpd@ave gained acceptance as the designs of
choice for being reliable thermal reaction devicapable of producing bio-oil in high yields
(Hariram and Mohammed, 2014). For example: a neprageh in the heating system was
developed to recover the hydrocarbons from waséeiti a fixed bed reactor under inert
atmosphere. It was noticed that at 475he pyrolysis reaction yielded optimum liquicdgat
a vapor residence of 5 sec. The physio-chemicdysisaof this bio-oil included elemental
analysis, gas chromatography/mass spectrometrysidfowansform infrared analysis and
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distillation showed the presence of hydrocarbonofisne, short and long chain alkyl,
aromatic hydrocarbons in various quantities (Subaetyal, 2013).

Further development of pyrolysis technology is angaand many research articles have
been published on the theme in bio-oil applicatiomgecent times. This work seek to
demonstrate how bio-oil is derived from plant mialer(biomass) via a thermal
decomposition process called fast pyrolysis, and ba extracted from wood; and the
chemical composition that makes it serve as a fo@l.the purpose of this work, pyrolysis
method was employed to extract bio-oil from woodafidgany). The resulting bio-oil was
characterized for some physical-chemical paramatsirsy Elemental analysis and Fourier
transform infrared analysis.

2. MATERIALS AND METHODS
2.1 Reactor Design and Operation
The essential components of pyrolysis processhare ¢n Fig. 1. The pyrolytic reactor (Fig.
2) was designed for waste materials of biomassc@tural wastes, and scrap tyres, among
others. It consists of a batch reactor made of stéel sealed at one end and constructed for
batch operation. The top of reactor can be opefefating the raw material and solid residue
(char) can be removed at the end of the operafibe. temperature inside the reactor is
measured by using thermocouple. The reactor isstdaternally by an electric heater, with
the temperature being measured by a Cr-Al: K tymgmocouple fixed inside the reactor,
and temperature is controlled by an external PlBtrafier. During the reaction, the top is
kept closed by a cover plate tightly secured to #ystem, prevented ingression of
atmospheric air into the reactor, thereby achieyiyiplysis conditions. The pyrolyser it has
a coating with a clay mixed with bentonite inswdatin between the thickness of the wall to
prevent the heat loss to the surrounding. An eixie @t the side carries away the evolved
gases during pyrolysis. The load used was of lkwadd chips sample in each pyrolysis
reaction. The condensable liquid products weresctdld through the condenser and weighed.
After pyrolysis, the solid residue (left) insideethreactor was removed. Reactions were
carried out at different temperatures ranging f&56 — 460°C.

Water inlet

!

Furnace . & condenser ’ 1

Water outlet

Heat source .

Fig. 1. Schematic diagram of pyrolysis reactor

Gas passing through a pipe

oilfdrop
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Fig. 2. Designed pyrolytic reactor setup (dimensiain “mm”

The experiments were conducted by maintaining thelysis reactor under various
conditions. Different temperature conditions andthey rate are required for different feed
and types of pyrolysis. For slow pyrolysis temperatrequirement is 250 to 5 and
heating rate is about 10 — 2G@/min. Generally, the most important controlled qass
variables to be considered during start-up inclyptessure and temperature. Start-up burner
will be supplied to heat the reactor walls initallThe reactor vessel during start-up will not
be pressurized. However, during the course of tis&ibution the reactor walls via the start-
up burner, gradual pressure will be added intosdw@ium. The reactor process vessel will be
inserted before supplying heat via the start-upnéur This will be necessary to provide
conditions adequate and necessary for the pyrohgsistion to occur efficiently without
disturbances. The pyrolytic reactor design spedtifims are shown in Table 1.

Table 1. Design specifications of pyrolytic reactor

S/N | Components Specifications
1. Furnace outer dimensic 240mm x 400mt
2. Furnace inner dimensions 230mm x 400mm
3. Pipe size through whicthe hot gas pass 20mm x 250mr
4, Condenser 20mm x 26mm
5. Length of condenser exit to oil collector 50mm

6. Height of the heater from furnace 9mm

7. Length of condenser 500mm

8. Electrical heater capac 1.8kWw

9. Amount of feedstock by batch 1kg

10. | Requirectime for 1kg of samp 120minute

11. | Operating temperature 350 — 466C

2.2 Instrumentation

The instrumentation panel consists of a fuse wnitoff switch, and thermometer. The
temperature of the pyrolysis is measured by a tbeomple connected to a temperature
indicator of 1°C accuracy. The time is measurealgjigital timer of 0.01 second accuracy.
The weight of input feedstock and residue afteplygis are measured by a weighing balance
of 1g accuracy.
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2.3 Design Calculations
The volume flow rate of the product gas from a webinet heating value is found by
(Bridgwater, 2005):

V=Q+LHV Eqg. 1
For the reason that the volume of gases changeterntiperature or pressure, it is necessary
to specify the temperature and pressure the floev véeas measured at. However, Eqg. 1
assumes standard conditions of temperature andypeegi.e. 1 atmosphere and 0 QP
(Bridgwater, 2005).

Most pyrolytic reactions are predominantly endothier This Implies heat must be
supplied to the reactor for these reactions to talleee at the designed temperature. The
amount of external heat supplied to the reactoreddp on the heat requirements of the
endothermic reactions as well as the pyrolysis tatpre. The general energy balance
equation is given by (Bridgwater, 2005).

Q =mxCy X AT Eq. 2
The first step of this mass balance involves resgiihe heat energy content of wood
supplied to the reactor. For the constant-presgaetion, the enthalpy of the product is equal
to the sum of the reactant enthalpies and anytheagfer to the system. That is (Bridgwater
et al, 2001).

H, = H,+Q Eq. 3

This is basically the measure of time that woodigas will remain in the reactor until they
are converted into products and ejected. Anticghaesidence time for 1kg of feedstock is
between 110-150minutes (Bridgwater, 2003).

2.4 Analyzes in the bio-oil

Physio-chemical analysis, Elemental analysis andri€o transform infrared spectrometry
analyses were carried out on the mahogany pyrolyiito understand its properties and
characteristics for its usage in internal combustengine. Fourier transform infrared
spectrometry was used to study the FTIR pattermi&ta and Mohammed, 2014).

2.4.1 Experimental procedure for flash point

The flash point of the pyrolysis oil indicates thevest temperature at which the pyrolysis oll
can form an ignitable mixture in air near the scefaf the oil. To determine this, 10ml
volume of the pyrolysis oil was poured into an emaping dish and a thermometer was
suspended at the centre of the dish ensuring btieabutlb just dips inside the oil without
touching the bottom of the dish. The temperaturéhefoil gradually rises using an electric
stove at a temperature of%@5 The temperature at which the oil sample givésadbluish
smoke continuously is noted as the smoke pointthedtemperature at which flame was
observed is known as the flash point (Sipila e1898).

2.4.2 Experimental procedure for pour point

Pour point is the temperature at which the pyrslysi becomes semi solid and loses its flow
characteristics. To determine this 10ml of thesainple was put in a refrigerator and allow
for some time, when flow ability of the oil reducedbe temperature of the oil was taken
(Sipila et al, 1998).

2.4.3 Experimental procedure for calorific value

Calorific value: the combustion heat of fuel is #mount of heat produced when the fuel is
burned completely. The two heating (gross or higatimg value and net or low heating
value) are defined (Oasmaa and Kuoppala, 2003) HHi of the sample was determined by
means of the following Institute of Gas Technold@yT) formula shown in Eq.4.
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The amounts of elements (C, H, O, N and Ash) apeessed in mass percentages.
HHV (:—;) = 354.68C + 1376.29H — 15.924sh — 124.69(0 + N) + 71.26  Eq.4

The LHV is calculated from the HHV and hydrogen o of the pyrolysis oil by the
equation;

LHV (ﬁ) — HHV (é) — 218.13H (Wt. %) Eq. 5

No subtraction of free water has to be made becdngseater in bio-oil cannot be removed
by physical methods as is the case for heavy metmolfuel oils (Oasmaa and Kuoppala,
2003). The bio-oil was collected with a beaker at diffdrégmperatures and placed on a
weighing balance. The weight of yield was taken ig@ercentage then was determined.

2.4.4 Fourier Transform Infrared (FT-IR) Spectroscopy

FT-IR analysis was carried out to characterize dtganic functional groups in the bio-olil
samples. Bio-oil obtained from Mahogany wood wemalgzed and each spectrum was an
average of 64 scans from 400-4000 'trat 2 cm spectral resolution. FT-IR data
interpretations for each spectrum were based eratiire survey using extensive elucidation.

3. RESULTS AND DISCUSSION

3.1 Results of physic-chemical parameters for pyriic bio-oil

Table 2 shows thermal parameters and chemical csitigroof the pyrolytic bio-oil obtained
from mahogany wood.

Table 2. Results of physic-chemical parameters fgoyrolitic bio-oil

Thermal parameters Value Elemental analysis (wt.%) Value
Flash point 128C Carbon 52
Pour point £c Hydrogen 6
Gross calorific value (HHV) 21.96 MJ/kg  Ash 0.03
Net calorific value (LHV) 20.65 MJ/kg Oxygen 38

Nitrogen 0.3

The elemental analysis was carried out on the nmahogyrolysis oil to identify the presence
of various elements, organic and in-organic materlawas noticed the mahogany pyrolysis
oil contained 52 wt.%, 6 wt.%, 0.3 wt.%, 38 wt.%dab.03 wt.% by weight of Carbon,
Hydrogen, Nitrogen, Oxygen and in-organic ashegees$vely as shown in Table 2.

3.2 Results of yield for pyrolitic bio-oil
Table 3 shows pyrolysis temperature and yield efttio-oil obtained from mahogany wood.

Table 3. Pyrolysis Temperature and Yield

Pyrolysis temperaturéQ) Yield (wt.%)
350 42
365 48
380 51
40C 56
450 60
460 55

In Fig. 3, it can be observed that from the origin0°C that no bio-oil was produced, the
heat input to the wood was only used for the thétraasformation of the components of the
wood namely; cellulose, hemicellulose and lignis.tAe temperature approaches 350the
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first trace of bio-oil was observed. With furtherciease in the pyrolysis temperature, the
percentage of bio-oil yield increased rapidly wiih maximum occurring at 45tC. Above
450°C, it was observed that despite the further ineréshe pyrolysis temperature, that the
bio-oil yield did not improve as expected, rathestarted diminishing. The explanation to
this is that above 45C, most of the wood particles must have pyrolySgte system will
eventually get to a temperature at which no bigaoaduction will be observed, showing that
the pyrolysis process has been completed.

70
60
50
40

30

Yield (w %)

20

10

350 365 380 400 450 460
temperature (°C)

Fig. 3. Variation of pyrolytic bio-oil yield with t emperature

3.3 Results of analysis for infrared spectroscopic

Fourier Transformed Infra-Red (FTIR) Spectroscapgn excellent tool for functional group
analysis and identification of organic compoundgvéStein et al, 2005). The spectrum
(FTIR) of bio-oil from Mahogany wood is shown ingFi4 and its interpretation in Table 4.
The spectrum shows the possibility of five hydrdcers in chemical composition of bio-oil.
The medium band at 1613 ¢and 3294 cril were thus assigned to N-H stretch of amine
compounds. The strong band around 3033 - 3937 were found to correspond to O-H
stretching vibration of alcoholic compounds of naetbl, ethanol and phenol. The spectra
wavelength at 2239 ciwere assigned to C=0 stretching vibration of cayb@ombustible
hydrocarbon, whereas the peak value at 2159 amul 2476 cr were assigned to C=C and
C=N anti-symmetric stretching vibration of ethenedamitrile compounds capable of
burning.
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Fig. 4. FTIR spectrum pyrolytic bio-oil of mahogany

Table 4. Interpretation of spectrum (FTIR) of pyrolysis oil from mahogany wood

SIN | Wavelength (cn™) Functional group Compounds

1 836.5931 C-ClI Aliphatic chloro compound

2 907.373i R-0-R Ether C-0 stretcl

3 1142.815 KHC=CH Vinylidene C=C vibration

4 2321.788 CHl Methyl CH stretch

5 1612.555 RNH 1° amine NH stretch

6 1923.555 R-S-EN Thiocyanate SCN anti-symmetric Stretch
7 2000.22: RCOOF Carboxylic acid CO stret:

8 2078.784 RCOOH Carboxylic acid CO stretch

9 2158.531 LHC=CH, Ethene CH antisymmetric stretch
10 | 2239.157 RC=0 Carbonyl compound CO stretch
11 | 2475.737 R-EN Nitriles CN antisymmetric stretch
12 | 2558.20- CH,SH Thiol SH stretc

13 2637.451 CH Methylene CH stretch

14 | 3033.32 RCHOH %alcohol OH stretch

15 | 3293.739 RNH 2° amine NH stretch

16 3464.27 RCHOH 2 alcohol OH stretch

17 | 3598.0° R,CHOH 2% alcohol OH stretcl

18 3858.07 ERCHOH 3 alcohol OH stretch

19 | 3937.135 FCHOH 3 alcohol OH stretch

The FT-IR spectra of bio-oil fractions from pyralyf Mahogany wood are presented in
Figure 4 (Table 4). Various peaks with strong, raedi broad and weak intensities were
found indicating different bond types such as CeHQ, C-O, O-H, N-H and C—N in the
bio-oil fractions. The C-O stretching vibrationstkeeen 2000 cim and 2079 cm-1 was
because of ketones and aldehydes, whereas the i@tehing vibrations between 3033 ¢m
and 3937 cm-1 were from phenols and alcohols. Sityjlthe bands between 1143 tand
2159 cm-1 represented C-C stretching vibrations ttughe presence of alkenes and
aromatics. The bands at 3294 cm-1 indicated theepe of hydrocarbon groups bound to
aromatic rings. The C-H stretching vibrations bemwe2322 crit and 2637 c¢cm-1 and
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deformation vibrations between 1350 tmnd 1475 cm-1 indicated the presence of alkanes.
Presence of both O—H and C-O stretching vibratindiated presence of carboxylic acids
and their derivatives in the bio-oil. The main aipsion bands corresponded to 3005 cm-1
assigned to =C—H stretching of the C—C double boflls 2963 cril and 2852 cm-1 region
is assigned as stretching of C—H saturated bon@él tm-1 as C=0 stretching of the
carbonyl functionalities, 1585 cm-1 as C=C straighof the C—C double bonds, 1168 cm-1
as C-O-C stretching of the ester functionalitied @3 cm-1 as C—H plane stretching of
saturated C—H bonds (Siengchum et al., 2013). Tapmpeak at 2239 cm-1 arises from
C=0 stretching vibrations of ketones; the bandédi3lcm-1 arises from primary amide NH3
bend; and peaks at 907 ¢rand 837 cm-1 may arise from out of plane ring fremdibration

of aromatic rings. It was concluded that the presenf different functional group of
compounds indicate the presence of hydrocarboritkeroil and also the O-H broad peak
indicate the presence of water contents in bio-bBile broad O-H peak was due to the
interaction (hydrogen bonding) among the water eatst This oil sample consist of Alkane,
Alkenes', ether, alcohol, aromatic, the presence of thigtional group indicate the presence
of hydrocarbons in the bio-oil.

4. CONCLUSION

From the experimental investigation and analysie,following conclusions were derived: A
pyrolysis batch reactor was successfully desigmet anstructed with the overall yield of
mahogany pyrolysis oil was found to be 52 wt.%; Ti@ximum yield of bio-oil (above 55
wt.%) was obtained under the conditions of pyralyati temperature of 43D; the elemental
analysis revealed the presence of Carbon, Hydrogégrggen and Oxygen, at 52 wt.%, 6
wt.%, 0.3 wt.% and 38 wt.% respectively; the FTIRalgsis showed evidence of many
aliphatic and aromatic compounds; the oil possefseirable flash point; the heating value
of the oil is moderate and has HHV of 21.96MJ/kg§eTconclusion of this work is that
pyrolysis is a good alternative source of fuel. Ha@duction from pyrolysis produce lower
emissions including CO, NQOand smog particles
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