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Abstract Two woody species of different origins were sub-
jected to Fourier transform infrared (FTIR) spectroscopy, ther-
mogravimetric analysis, and analytical pyrolysis gas
chromatography/mass spectrometry (Py-GC/MS). Flynn-
Wall-Ozawa, a model-free technique, was adopted for the de-
composition kinetic study of Isoberlinia doka (ID) and Pinus
ponderosa (PP). FTIR spectroscopy was employed to deter-
mine the level of cellulose crystallinity in the samples under
investigation using the total crystallinity and lateral order in-
dices methods. The apparent activation energy appeared as a
function of conversion with significant influence from bio-
mass diversity. The apparent activation energy recorded
values of 202 to 365 kJ mol−1 for ID and 205 to
583 kJ mol−1 for PP. Thus, biomass decomposition kinetics
is better modeled as a multi-step reaction mechanism. The
analytical Py-GC/MS showed the presence of acids, sugars,
and phenolic compounds in significant proportions for the two
biomass samples. There were marked distinctions in both the
quantity and the individual compounds detected in the bio-
mass samples that were investigated.

Keywords FTIRspectroscopy .Thermogravimetricanalysis .

Kinetic study . Biomass . Analytical Py-GC/MS

1 Introduction

The apparent threat to respective regional energy security pro-
voked by perpetual uncertainty in the international oil market
has occasioned sustained global interest in renewable energy
resources. The dire environmental consequences and non-
sustainability of fossil energy sources have also been major
catalysts in the quest for alternative energy among policy
makers and researchers worldwide. Biomass resources, alter-
native energy sources, have received considerable attention
because they are abundantly available at relatively inexpen-
sive cost. They also have a reputation of low carbon footprint
and a wide geographical spread.

Biomass can be broadly classified into woody plants, her-
baceous plants and grasses, aquatic plants, and manure [1].
Isoberlinia doka (ID) and Pinus ponderosa (PP) are examples
of important woody species that have significant socio-
economic and ecological value in their individual geographi-
cal regions. In West Africa, for instance, an estimate of 2.6×
106 km2 has been reported to be occupied by the Isoberlinia
woodlands [2]. Fuel wood or charcoal production, furniture
making, structural purpose, craftwork, and light construction
are some of the numerous applications of ID. Similarly, PP
thrives over a vast expanse of land (approximately 11×
1010 m2), occupying more than 35 % of land area in the
USA [3, 4]. The annual production of PP is reported to rank
third in volume after Douglas fir and Hem fir (Western hem-
lock, grand fir, white fir, Pacific silver fir, and California red
fir); however, PP was second in total value. Among other
softwood species, PP possesses an exceptional dimensional
stability and finds useful applications in residential construc-
tion, paneling, and various cabinet works. Apparently, wood
processing activities generate significant wastes (35 % w/w
from original log), which oftentimes pose daunting manage-
ment challenges. This is particularly so in the developing
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nations, thus, making them attractive feedstocks in bioenergy
application, biofuel production, and the chemical extraction
industry [5].

Woody biomass is heterogeneous in nature and possesses a
complex chemical character. Its cell wall composition is an
intricate matrix of carbohydrates (cellulose and hemicellulose)
and lignin alongside low molecular weight organics, usually
referred to as extractives. Cellulose is a linear polymer that
comprises largely inter- and intramolecular glucosidic bonds,
forming an ordered crystalline macromolecule. A proportion
of cellulose is also amorphous in nature as exemplified by
about 35 % lack of crystallinity in wood-derived cellulose
[6]. The degree of polymerization of cellulose is another crit-
ical aspect of its structure, and it is estimated to be between
1000 and 15,000 [6]. Hemicellulose, though much less order-
ly, contributes significantly to the structural integrity of the
plant cell wall [7, 8]. It is a highly branched carbohydrate
noted for its cross-linking effect [8]. The degree of polymeri-
zation exhibited by hemicellulose is much lower than that
found in cellulose, typically between 100 and 200 [6].
Lignin is primarily responsible for the structural rigidity of
the cells. Its chemical structure is essentially aromatic in na-
ture, interconnected by ether and carbon-carbon linkages [9].

Since woody biomass possesses numerous constituents
with diverse chemical composition, preliminary biomass char-
acterization becomes a research priority in most bioenergy
application programs. Aside from the traditional chemical
and thermal analysis, spectroscopic method is another valu-
able analytical tool sensitive to structural features. The former
is an invasive and a destructive technique; however, infrared
spectroscopy has the merit of non-destructive capability while
providing both qualitative and semi-quantitative information.
Several comparative investigations have employed Fourier
transform infrared spectroscopy (FTIR) for the analysis of
different wood species. Popescu et al. [10] deployed the
FTIR technique to study the structural differences between a
hardwood and a softwood species. A similar means was used
by Rosu et al. [11] to investigate the chemical and structural
changes on a wood surface due to a photo-degradation pro-
cess. Balogun et al. [12] conducted an FTIR study of a woody
and non-woody biomass resource while Huang et al. [13]
undertook an IR spectroscopic study on the distinction of three
different types of wood species.

Evidently, thermochemical decomposition processes play a
critical role in the utilization of lignocellulosic biomass for
renewable energy programs. During biomass decomposition,
diverse organic species are evolved at different rates due to the
heterogeneity inherently associated with lignocellulosic bio-
mass. The development of accurate decomposition mecha-
nisms and the design of optimum process conditions and ef-
ficient thermal reactors are therefore major research goals
which can be accomplished through the study of biomass
decomposit ion kinetics. In the study of biomass

decomposition kinetics, the rate of reaction is an important
consideration as it proceeds uniquely as a function of process
temperature, heating rate, and pressure [14]. The evaluation of
kinetic variables can be done by either model-fitting or model-
free techniques. However, model-free techniques have some
distinct merits that have been earlier reported in a previous
publication [15].

In addition, thermochemical decomposition processes such
as pyrolysis are designed primarily for the extraction of bio-oil.
The application of the bio-oil is largely dependent on its chem-
ical composition; thus, the identification of the individual chem-
ical species is of prime importance to researchers. The analytical
pyrolysis gas chromatography/mass spectrometry (Py-GC/MS)
is a powerful tool that may be deployed for prospecting the
broad spectrum of chemical compounds in bio-oil [15].
Balogun et al. [16] carried out a Py-GC/MS experiment on
biomass species of both woody and non-woody origin.

The aims of this study were to provide information on the
suitability of a temperate region wood species, Pinus
ponderosa (PP), and a tropical wood species, Isoberlinia doka
(ID), as a pyrolysis feedstock. The Flynn-Wall-Ozawa (FWO)
method, a model-free technique, was chosen for the determi-
nation of the kinetic variables of thermal degradation by TGA.
The physical and chemical compositions of the samples were
determined by classical methods and FTIR spectroscopy.
Analytical pyrolysis (Py-GC/MS) was performed to deter-
mine the pyrolysis products that could be formed from these
different species.

2 Experimental

2.1 Sample preparation

The ID sample was obtained from an Ilorin timber processing
plant, Kwara state, Nigeria [12]. The PP sample was sourced
from Bennett Lumber, Princeton, Idaho. The two biomass
samples were milled in a Thomas Wiley mill model 4
(1 mm screen) and screened to obtain a particle size between
0.5 and 1.0 mm.

2.2 Compositional analysis

The dichloromethane (CH2Cl2) extractives content was deter-
mined, in duplicate, according to ASTM method D 1108 as
detailed by Balogun et al. [16]. The carbohydrate analysis was
determined using a modified sulfuric acid method for cellu-
losic samples [17]. Briefly, extractives-free wood (10 mg) was
weighed into a glass tube to which 77% H2SO4 (100 μL) was
added and mixed for 5 min. Then 5 % phenol in water (1 mL)
plus conc. H2SO4 (5 mL) were added to the mixture, vortex
mixed, incubated at 30 °C for 30 min, and absorbance mea-
sured at 490 nm (Biomate; Thermo Electron Corp.). The lignin
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content was determined, in duplicate, according to the acetyl
bromide procedure by Liyama and Wallis [18]. Concisely,
extractives-free biomass (5 mg) was placed in a glass tube to
which 25 % (w/w) acetyl bromide in acetic acid (5 mL) contain-
ing perchloric acid (70 %, 0.2 mL) was added and heated to
70 °C for 30 min. The solution was then transferred to a
100-mL volumetric flask containing 2 M NaOH (10 mL) and
acetic acid (25 mL), the volume made up with acetic acid, and
absorbance measured at 280 nm (Biomate; Thermo Electron
Corp). The absorptivity of lignin (ɛ) values of 23.3 and
20.9 L g−1 cm−1 were used for PP and ID, respectively [18].
The ash content was determined by furnacing samples at
600 °C according to ASTM D 1102. The proximate analysis
(ash content, fixed carbon (FC), and volatile matter (VM)) of
these samples was performed according to ASTM E870.

2.3 FTIR spectroscopy

Spectroscopic analysis of vacuum-dried biomass samples
were performed on an iS5 spectrometer (ThermoScientific).
Two spectra were collected in the single bounce attenuated
total reflection (ATR) mode (iD5, ZnSe) in the scan region
of 650 to 4000 cm−1 and a total of 64 scans. An average
spectrum was generated and subsequently ATR and baseline
corrected mathematically with the OMNIC v9 software.

2.4 Higher heating value (HHV) determination

The HHV for pressed dried samples (5.5×6.3 mm Ø) were
determined, in duplicate, by bomb calorimetry (Model 1261;
Parr Instruments) according to ASTM D 5865. The determi-
nation of the HHV was also estimated using the mathematical
model developed by Shafizadeh and Degroot [19]. The model
correlates carbohydrate, lignin, and extractives contents ac-
cording to Eq. (1)

HHV ¼ 0:1739 Ceð Þ þ 0:2663 Lð Þ þ 0:3219 Eð Þ ð1Þ
where Ce is carbohydrate, L is lignin, and E is extractives
content.

2.5 Biomass decomposition kinetics

The global kinetic model for the rate of biomass decomposi-
tion is expressed as

dθ
dt

¼ Aexp −
E

RT

� �
f θð Þ ð2Þ

integrating Eq. (2) by separation of variables at constant
heating rate β yields

g θð Þ ¼ A

β

Z T

T0

exp −
E

RT

� �
dT ¼ AE

βR

� �
p xð Þ ð3Þ

where A (min−1) is the pre-frequency factor, R is the universal
gas constant (8.314 J mol−1 K−1), θ is the degree of conver-
sion, and f(θ) is the reaction model which is a function of
conversion. The term p(x) represents the temperature integral
and has no exact analytical solution. The approximation pro-
posed by FWO is commonly used for the linearization of the
temperature integral in Eq. (3). A detailed derivation is pre-
sented in a previous publication [15].

2.6 Analytical Py-GC/MS and TGA experiments

Analytical Py-GC/MS was conducted, in duplicate, on a
Pyrojector II (SGE Analytical Science) at 500 °C in He
coupled to a GC/MS (FOCUS-ISQ; ThermoScientific) instru-
ment operating in the electron impact ionization mode. The
compounds were separated on the ZB5-MS capillary column
(30×0.25 mm Ø; Phenomenex) with temperature pro-
grammed to be 40 to 250 °C at 5 K min−1. The eluted com-
pounds were identified by their mass spectra, authentic stan-
dards, and with the NIST 2008 library matching. TGA was
performed on a Perkin Elmer TGA-7 instrument from 50 to
900 °C at heating rates of 5, 10, and 15 K min−1 under nitro-
gen (30 mL min−1), and data analyzed using the Pyris v8
software (Perkin Elmer) as detailed by Balogun et al. [15].

3 Results and discussion

3.1 Compositional and proximate analyses

The cell wall structure for woody biomass is primarily a com-
posite of polysaccharides and lignin, and the amounts of these
components vary from one woody species to another. The
compositional and proximate analyses of the biomass samples
being studied is presented in Table 1. It is shown that the
extractive content of ID (0.58 %) is much lower than that of
PP (5.1 %). The PP value for CH2Cl2 extractives content was
consistent with the literature (3.8–6.1 %) [20, 21]. The carbo-
hydrate content for both (ID and PP) samples are comparably
close and the PP value is slightly lower than reported by Soria
et al. [21].

The CH2Cl2 extractives content for ID agrees with values
from literature for some African tropical woods (Lophira
alata Banks ex Gaertn. f, Aucoumea klaineana Pierre,
Microberlinia brazzavillensis A. Chev), all with values less
than 1 % [22]. The lignin content of ID (a tropical hardwood)
is relatively higher than that of PP (softwood). The lignin
content of PP was comparable to literature Klason lignin
values [20, 21]. Telmo and Lousada [23] observed a similar
trend in which the values for the Klason lignin content of some
tropical hardwood species were greater than those of the soft-
wood species.
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The values for the ash content obtained for both biomass
samples are in agreement with values in literature [16, 24].
However, it is noteworthy that the ash content for PP (0.29 %)
is much lower than the value obtained for ID (2.72 %).

Since ash is typically composed of inorganic minerals, the
variation observed may be explained by the differing climatic
and environmental conditions in the respective geographical
regions. Das et al. [25] observed that ash in biomass has sig-
nificant influence on the quality of organic yield. Hence, bio-
mass resources with relatively lower ash content may be more
attractive feedstock in pyrolytic reaction processes. The ID
and PP values obtained for the volatile matter and fixed carbon
contents are well within the range specified in literature for
woody species [16, 24]. The volatile matter/fixed carbon ratio
also conforms to findings from previous publications [24].
Generally, biomass is known to possess much higher volatile
matter content than solid fossil fuels like coal and peat, mak-
ing it more suitable for pyrolytic oil production. In Table 1, the
two methods used for the HHV determination showed small
variations in the values obtained for both samples. This not-
withstanding, the trend for the HHV was fairly similar as PP
had a slightly higher HHV in both cases. The HHV for both
samples under investigation are close and fall within the range
for some woody species [12, 23].

3.2 FTIR spectroscopy of woody biomass

The biomass cell wall is a complex macromolecular configu-
ration of polymer fractions which differ from one lignocellu-
losic biomass to the other. FTIR spectroscopy is a viable an-
alytical tool for the examination of the chemical composition
and functional groups of lignocellulosic material. The FTIR
spectra of ID and PP are shown in Fig. 1. But for few excep-
tions, these spectra have essentially similar features. In the
band region of 3600–3000 cm−1, ID and PP show peaks that
are characteristic of OH bond vibrations in hydroxyl groups at
3344 and 3346 cm−1, respectively [12, 26]. At 2900–
2700 cm−1, both samples display prominent absorption peaks,
which are attributable to asymmetric methoxyl C–H stretching
vibrations [10].

The degree of cellulose crystallinity is a vital piece of in-
formation that can be obtained from some specific spectral
bands on the FTIR spectrum. Bands assigned to cellulose
were 897 cm−1 (C1–O–C4 glycosidic linkage), 1370 cm−1

(C–H bending), 1420 cm−1 (C–H wagging), and 2900 cm−1

(C–H stretching) [27, 28]. The overlapping bands (1335 and
1315 cm−1) observed on the IR spectrum for PP is an indica-
tion of cellulose with a relatively high crystalline cellulose I
content [12, 29]. The intense peak at 1030 cm−1 is attributable
to C–OH and O–CH3 stretching vibrations, and they are char-
acteristic bands of lignin and cellulose fractions [26].
Furthermore, the band at 1157 cm−1 is characteristic of cellu-
lose C–O–C bridges of amorphous cellulose. Cellulose crys-
tallinity was determined using two FTIR methods, the lateral
order index (LOI) and total crystallinity index (TCI) [30–32].
The intensity ratios at 1420 cm and 897 cm−1 (I1420/I897) was
used to determine the cellulose crystallinity by LOI and gave
values of 1.7 and 1.5, respectively, for ID and PP. The LOI
values were consistent with hardwoods (LOI=1.6) [29].
Furthermore, the TCI was determined from the band ratios
at 1370 and 2900 cm−1 (I1370/I2900), and values of 0.55 for
ID and 0.70 for PP were obtained. These TCI values were
lower than values obtained from softwood and hardwood
pulps [31].

The characteristic lignin bands at 1605 and 1508 cm−1 (ar-
omatic rings), 1462 cm−1 (C–H deformation), 1330 cm−1 (S
ring breaking for ID), and 1270 cm−1 (OCH3, G ring breaking)
were observed in the spectra of ID and PP. The lignin syringyl/
guaiacyl (S/G=1.1) ratio for ID was calculated from 1462 to
1508 cm−1 band intensity ratios [33] and was lower than other
hardwoods (S/G 1.2–2.0) [34, 35].

3.3 Thermal decomposition

The data obtained from the TGA are expressed as a function
of conversion (θ) according to Eq. (4):

θ ¼ mi−m
mi−mf

ð4Þ

Table 1 Proximate and compositional analyses of woody biomass samples

Biomass Compositional analysisa (wt.%) Proximate analysisb (wt.%) HHVb, c (MJ kg−1) HHVb, d (MJ kg−1)

CH2Cl2 extractives Total carbohydrate Lignin Ash Fixed carbon Volatile matter

ID 0.6 55.4 33.9 2.7 16.9 80.8 20.1 18.9

PP 5.1 54.7 29.3 0.3 6.4 93.4 20.4 19.0

a Dry-ash-free basis
b Dry basis
c Bomb calorimetry
dMathematical model
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where mi is the initial mass of the sample, m is the
mass of the decomposed sample, and mf is the mass
of the final residue. The thermal decomposition profiles
obtained for PP and ID at multiple heating rates are
shown in Fig. 2, and this degradation behavior is typi-
cal of most lignocellulosic biomass [7, 16]. The small
DTG peaks below 350 K indicate the evaporation of
moisture and the liberation of some low molar mass
organics. The appearance of broad DTG peaks between
500 and 650 K, where the highest level of volatile re-
lease is recorded, represents primarily the decomposition
of the carbohydrate (hemicellulose and cellulose) frac-
tion. It is noteworthy that the over 50 % of mass loss
experienced at this stage agrees with the values obtained
for the carbohydrate content in Table 1. The hemicellu-
lose decomposition usually precedes with a characteris-
tic shoulder, while the contiguous peaks are traditionally
assigned to cellulose decomposition [36]. The gradual
slope above 650 K is representative of lignin decompo-
sition as lignin is considered to degrade over a wide
temperature range [36]. However, the sharp peaks
around 700 K might be on account of some heavy
chemical species formed from subsequent secondary re-
actions [37].

Figure 2 also illustrates the influence of varied heating rates
on the thermal decomposition process. It is observed that an
increase in the heating rate shifts both the onset of decompo-
sition and the DTG peaks toward higher temperature values
without changes in the thermal profiles. Based on the knowl-
edge of reaction kinetics, this thermal decomposition trend
underscores the temperature dependence of the reaction rate
and the fact that the decomposition mechanism is independent
of the heating rate particularly under the experimental condi-
tions deployed [14]. Similarly, the height of the derivative
peaks increases as the heating rate rises.

3.4 Biomass reaction kinetics

The plot of the apparent activation energy, E(θ), versus θ,
obtained using the FWO model for ID and PP is displayed
in Fig. 3, showing values in the 0.02≤θ≥0.98 domain with
0.02 intervals. The dependence of activation energy on the
extent of conversion is clearly evident as E(θ) varies continu-
ously throughout the conversion range. This is not an
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uncommon phenomenon as biomass decomposition mecha-
nisms are often fraught with successive and concurrent reac-
tion routes. More so, the heterogeneous character of lignocel-
lulosic biomass makes biomass thermal degradation highly
susceptible to competing reactions. The values of E(θ) obtain-
ed for both PP and ID samples also show significant variation
as θ progresses. The diversities in the structural and chemical
makeup of the polymeric fractions for the two woody species
are likely to be contributory.

The early stage of the decomposition process (θ<0.1) re-
corded average values of 54 and 40 kJ mol−1 for ID and PP,
respectively. These values are relatively higher than that re-
ported in literature for a woody biomass at the dehydration
stage [38]. Lopez-Velaquez et al. [14] also observed that the
E(θ) values obtained at the dehydration stage were much
higher than the water diffusion energy barrier required to
weaken the van der Waals bonds. This apparent contradiction
can be explained by the inability of chemical kinetic models to
accurately describe dehydration, a physical process, which is
predominant at the early stage of most biomass thermochem-
ical processes.

The E(θ) values rose above 200 kJ mol−1 at θ ≥0.1. These
values are typical of E(θ) for woody biomass above 10 %
conversion level [15, 39]. Figure 3 shows a slow rise in E(θ)
values till they peak at 242 (PP) and 251 kJ mol−1 (ID) as θ
changes from 0.14 to 0.36 for PP and 0.10 to 0.28 for ID. This
stretch corresponds to the region assigned principally to hemi-
cellulose decomposition. The exhibition of the gentle slopes
might not be unconnected with the fact that hemicellulose is a
composite of numerous polysaccharides with its characteristic
non-crystallinity, thereby making it easily prone to chain
cleavage along the weak bonds [14]. It has been reported that
the decomposition of hemicellulose is usually accompanied
with the formation of polymeric intermediates that undergo
secondary thermal cracking [9, 14]. This may have led to the
peak E(θ) value at the final stage of hemicellulose decompo-
sition. Contrary to a fairly constant E(θ) value observed for PP

as θ progresses to about 0.7, a sudden reduction in the value of
E(θ) is noted for ID (199 kJ mol−1) at θ=0.4 followed by an
essentially constant E(θ) to around θ=0.5. This trend may be
an emphasis on the diverse nature of polymer components or
their distribution as it relates to different biomass species [9].
Furthermore, the dependence of E(θ) on θ is again demonstrat-
ed around the cellulose decomposition region. This behavior
in ID may be according to a conclusion that bond rupture
happens during cellulose decomposition at the point of max-
imum strain in the polymeric configuration, possibly along the
boundaries between the amorphous and crystalline region of
cellulose [9, 14]. The occurrence of the primary prominent
peaks at θ=0.58 (ID) and 0.72 (PP) may have arisen from
the simultaneous contribution of each biomass fraction and
the associated cross-linking effect, accentuating the competi-
tive character of biomass decomposition processes [40].
Lastly, at θ=0.82 and 0.96, maximum values for E(θ) read
364 and 583 kJ mol−1 for ID and PP, respectively. This final
stage represents lignin decomposition on one hand and the
degradation of residual species formed from series of second-
ary reactions on the other. In summary, this is a lucid demon-
stration of the intricacies involved with biomass decomposi-
tion processes in which each biomass fraction possesses def-
inite reaction characteristics. Biomass thermal decomposition
processes are more accurately modeled as multi-step reaction
mechanisms characterized by multiple reactions occurring
along parallel and successive pathways. This conclusion
agrees with findings from literature [12, 14].

3.5 Analytical Py-GC/MS experiments

The thermal decomposition processes of lignocellulosic ma-
terials are known to evolve volatiles that consist of numerous
chemical species. The volatiles emerge as a result of thermal
cracking of polymeric components, that is, hemicellulose, cel-
lulose, and lignin. The Py-GC/MS is a powerful analytical
tool, which is valuable in prospecting the chemical constitu-
ents in the thermal decomposition process, pyrolysis, of most
biomass resources. Table 2 shows the volatile pyrolysis com-
pounds from PP and ID, their respective retention time, mo-
lecular ion, and percent peak area.

A total of 51 compounds were detected during the Py-
GC/MS analysis of PP and ID. Aside from the following
compounds [(i) furfuran, (ii) 2-hydroxy-cyclopent-2-ene-
1-one, (iii) 2-hydroxy-3-methyl-2-cyclopenten-1-one, (iv)
isoeugenol, (v) 2 propenal guaiacol], which have yields
that are fairly similar for both feedstock, significant dif-
ferences were observed in the percent peak area for other
compounds. For instance, ID had a relatively higher yield
of ethyl guaiacol, vinyl guaiacol (products of lignin de-
composition), and levoglucosan. At a relatively low tem-
perature (≤300 °C), levoglucosan, an intermediate prod-
uct, is formed during the thermal gradation of cellulose as
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Table 2 Analytical Py-GC/MS of ID and PP showing retention time, molecular ion, compounds, and % peak area

Compound M+ RT (min) PP ID
% Area peak

CO2 44 1.54 4.6 7.6

Furfuran 68 1.76 2.2 2.2

Acetic acid 60 2.26 2.7 3.4

1-Hydroxy-2-propanone 74 2.57 2.0 1.5

Methyl pyruvate 102 3.81 1.5 1.1

Butanedial 86 4.01 0.5 –

Acetic anhydride 102 4.15 1.3 –

Furaldehyde 96 5.00 0.9 1.0

3-Methyl-penta-1,3-diene-5-ol 98 5.52 0.5 0.6

5-Methyl-furanone 98 5.78 0.3 0.5

2(5H)-Furanone 84 6.94 0.6 –

Cyclohexen-3-ol 98 7.08 0.2 –

2-Hydroxy-cyclopent-2-ene-1-one 98 7.27 1.7 1.6

Benzaldehyde 106 8.22 0.4 –

2-Methyl-2-cyclohexene-1-ol 110 8.63 0.3 –

α-Pinene 136 9.00 0.3 –

3,4-dihydro-2-methoxy-2H-pyran 114 9.24 0.9 0.7

β-Pinene 136 9.55 0.6 –

2H-pyran-2,6(3H)-dione 112 9.68 0.3 –

2-Hydroxy-3-methyl-2-cyclopenten-1-one 112 10.09 1.0 1.0

Methyl phenol 108 10.90 0.2 –

Methyl phenol 108 11.52 0.5 –

Guaiacol 124 11.87 3.0 3.9

Non-2-en-1-ol 142 14.71 1.4 0.9

Methyl guaiacol 138 14.86 6.3 4.6

5-Hydroxymethyl-2-furaldehyde 126 16.01 1.6 –

Ethyl guaiacol 152 17.21 1.4 2.1

Vinyl guaiacol 150 18.19 5.2 7.3

Syringol 154 19.14 – 2.9

Eugenol 164 19.33 2.6 1.8

Propyl guaiacol 166 19.56 0.4 0.6

Vanillin 152 20.45 1.9 1.1

cis-Isoeugenol 164 20.63 1.4 1.3

Methyl-syringol 168 21.61 – 3.2

trans-Isoeugenol 164 21.70 6.4 6.9

Propyl guaiacol 166 21.94 0.8 1.0

1,2-Dipropenyl guaiacol 162 22.36 1.1 0.6

Acetoguaiacone 166 22.63 1.0 1.7

Ethyl syringol 182 23.54 – 1.1

Guaiacyl acetone 180 23.69 1.3 0.5

Levoglucosan 162 22–24 6.1 8.8

4-Vinyl-syringol 180 24.46 – 5.4

Coniferyl alcohol 180 24.71 0.7 0.5

Unknown 180 24.9 0.6 –

4-Allyl-syringol 194 25.34 – 1.3

Guaiacyl acetic acid 182 26.43 2.1 –

2-Propenyl syringol 194 26.63 – 1.8

Coniferyl alcohol 180 26.96 1.5 –
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a result of depolymerization reaction [41]. The slightly
higher value of carbohydrate observed in Table 1 for ID
may be responsible for the relatively higher yield of
levoglucosan in ID. A similar trend had been noted in
literature, in which a woody species with the higher glu-
cose con ten t produced the la rges t quan t i ty of
levoglucosan [41]. Further reaction of levoglucosan
through fission and disproportionation is capable of liber-
ating furan and acids [42].

PP was observed to produce a comparatively higher yield
of hexadecanoic acid and could be attributed to its higher
extractives content. Furthermore, it was noticed that a total
of 13 compounds detected in ID were not found in PP.
Majority of these compounds were syringyl lignin derivatives.
Examples include methyl-syringol, ethyl syringol, 4-vinyl-
syringol, 2-propenyl syringol, and acetosyringone. A similar
observation was made where these compounds were either
present only in biomasses of African origin or had a greater
yield in comparison with those of European origin [41]. In
addition, it was observed that ten compounds with percent
area peaks ≥1.0 % found in PP were absent in ID. It is note-
worthy that 3-hydroxy-1-propenyl-guaiacol, a product of lig-
nin decomposition, had the highest peak (12 %), and it was
only detectable in PP. Furthermore, oleic acid (4.1 %) together
with resin acids (2.6 %) were detected in PP. Generally, the
lignin-derived compounds identified were more than 60 %;
this may not be unconnected with the design configuration
of the Py-GC/MS unit. The air-tight design facilitates the ef-
ficient cleavage of some ether linkages in the lignin

components, thus, enhancing the decomposition of lignin
leading to a higher conversion in comparison to the conven-
tional pyrolysis units [41].

4 Conclusion

The two woody biomass samples from the USA and
Nigeria, PP and ID, were successfully characterized for
composition, thermal decomposition products, and ther-
mal decomposition kinetics. There were marked differ-
ences in the composition of both biomass species as ID
showed higher contents of lignin, ash, and CH2Cl2 ex-
tractives. The TGA clearly demonstrated the degradation
mechanism for lignocellulosic biomass fractions and the
influence of varied heating rates on the thermal degra-
dation process of both samples studied. The data gener-
ated also provided information as to their potential uses
as feedstocks for pyrolysis.

The spectroscopic study gave valuable information on
cellulose crystallinity, essential functional groups, and
the lignin syringyl/guaiacyl ratio in the lignocellulosic
species. An IR spectrum revealed that PP possessed cel-
lulose with relatively high crystalline cellulose I content.
The apparent activation energy was shown to vary sig-
nificantly as a function of conversion with E(θ) varying
from 202 to 365 kJ mol−1 for ID and 205 to
583 kJ mol−1 for PP. The yields of lignin derivatives

Table 2 (continued)

Compound M+ RT (min) PP ID
% Area peak

Syringaldehyde 182 27 – 1.1

1,2-Dipropenyl syringol 192 27.18 – 1.3

2-Propenyl syringol 194 27.55 – 5.7

Acetosyringone 196 28.26 – 3.6

2-Propenal guaiacol 178 28.33 3.0 2.6

3-Hydroxy-1-propenyl-guaiacol 180 28.53 12.0 –

Syringyl acetone 210 29.05 – 1.0

Hexadecanoic acid 256 32.86 4.0 1.3

Sinapyl aldehyde 208 33.27 – 1.8

Sinapyl alcohol 210 33.47 – 1.0

Resin acid 256 34.1 1.0 –

Methoxy-hydroxy-stillbene 226 34.61 2.1 –

Resin acid 256 34.99 1.0 –

Oleic acid 282 36.14 4.1 –

Resin acid 254 37.21 0.6 –

Dimethoxy stillbene 240 37.8 2.1 –

Total 100.0 100.0
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and acids, from analytical Py-GC/MS, were significantly
distinctive for both biomass species.
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