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Abstract:

Wood is a three-dimensional biopolymer composite; comprising of cellulose, hemicelluloses and lignin
with minor amounts of extractives and inorganic. The amount of each of these carbohydrate polymers can be
altered or changed by torrefaction. Hence, the impact of toreffaction on the chemistry of selected pine grown
in Nigeria was the focus of this study. Torrefied samples of Pinus caribaea used in this study were subjected
to different temperatures regimes at 225, 250, 275 and 300°C. Extractives analysis and ash content were
determined using gravimetric and proximate analysis respectively. The chemical characterization was carried
out using wet chemistry method. The result from this study revealed that, as the torrefied temperature
increases from 225 to 300, the volatiles within the torrefied wood samples reduced from 8.00 to 4.47%. The
ash content varied between 1.44 and 2.7%. The hemicelluloses were found to range between 21 to 33%, the
lignin content from 33- 53% for torrefied sample and this was found to increase with temperature. The
cellulose content reduced with increasing temperature from 24% to 13 %. This study evidently showed that
the composition of polymers of Pinus caribaea wood was affected by the different temperatures and slightly
by different tree parts. The study shows that most of the polymers were evidently degraded between 225 and
250°C and more evidently as the temperature approaches 300°C. The decrease in pine wood component
can be attributed not to volatiles loss but also the char formation during torrefaction. The wet chemistry
methods used in this study further proven its reproducibility and representative for the analysis of torrefied
biomass in developing country. Also, this study gives an insight into chemical alteration that occurred in
torrefied Pinus caribaea grown in a typical Nigerian Plantation.
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INTRODUCTION

Torrefaction of woody biomass is a thermo-chemical process in the temperature range of about 200-
300°C under an inert atmosphere (Bourgois & Guyonnet 1988) or low-oxygenated field. The method helps to
improve the properties of biomass, which includes resistance to biodegradation, reduction in hydrophilicity,
and higher energy density. These features make the storage and handling of biomass and pellet production
more convenient. It also enhances the grindability and ignitability are which are beneficial in pulverized fuel
combustion (Van der Stelt et al. 2011). Torrefaction has been studied extensively and reviewed by several
authors (Van der Stelt et al. 2011; Chew and Dochi 2011; Chen et al. 2015; Madanayake et al. 2017).
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The energy crisis and over-use of fossil fuels globally has caused major concerns for environmentalist
which led to renewed interest in sustainable biofuels. This core interest in the search for an alternative has
led to a search for plant biomass, which is seen as an ideal source of sustainable energy and biobased
products because it is renewable and available in high amounts and relatively low cost (Del 2012). Several
countries has pioneered change in this regard; for instance, just recently, in the United Kingdom, wood
pellets are now being utilized for co-firing and for biomass power plants with the aim of reducing the
greenhouse gases emission and increase of renewable energy usage in total energy consumption in order to
meet the European Commission’s 2020 Climate and Energy Plan (US EIA, 2016), also biomass comprising
of wood and waste has been used to generate at least 1.5% of the country total power output in 2016 (US
EIA 2017). Therefore, in order to increase domestic biomass utilization, the development of low-cost
technologies with utilization of enhanced efficiency is required.

Most plant biomass is lignocellulosic and mainly consists of three biopolymers: cellulose,
hemicelluloses, and lignin with minor amounts of extractives, and inorganics which together form a complex
and rigid structure (Xu et al. 2013, Roger et al. 2013). This chemical composition varies with tree species,
part (root, stem, or branch), type of wood (i.e. normal and reaction wood), geographic location, climate,
and soil conditions. The amount of each of these carbohydrate polymers can be altered or changed by the
age, type of species and through a heat treatment (torrefaction). Torrefaction of biomass e.g.; wood, is a
mild form of pyrolysis at temperatures between 200°C to 300°C (392 to 608°F). This torrefaction alters
the inherent properties (chemical makeup) of the treated material. Several methods have been previously
studied to determine the chemical changes during the torrefaction process. The wood polymers (cellulose,
hemicelluloses and lignin) degradation at mild heat treatment has also been studied with the utilization of
sugar analysis (Bourgois & Guyonnet 1988; Phuong et al. 2007). Phuong et al. (2007) also observed a
decrease in sugar content after heat treatment at 200°C. In addition, different spectroscopic methods have
been utilized to study the chemical changes that occurred during torrefaction (Windeisen et al. 2007; Rousett
et al. 2011). For instance, Shang et al. (2010) observed a decrease in the concentration of carboxylic groups
with FTIR (Fourier....) after torrefaction. Likewise, Khazraie et al. (2012) reported decrease in carboxylic
group using quantitative wet chemistry.

Since torrefaction affects the organic nature of biomass, it is essential to have determined the level of
chemical alteration in the basic wood polymer subjected to this process, hence the purpose of this study.
Therefore, the objective of this study was to determine hollocellulose, lignin, ash and extractive content of a
torrefied Pinus caribaea Morelet wood species grown in Nigeria using the wet chemistry method.

MATERIALS AND METHODS
Sample Preparation and Torrefaction
Sample Preparation

The wood of Pinus caribaea Morelet obtained from the the plantation of the Department of Forestry
and Wood Technology of Federal University of Technology (FUTA), Nigeria was used in this study. The
tree was sectioned into top, middle and base and this is referring to as tree part. The wood samples
were dimensioned into chips of 10x10x60mm. The moisture content of each sample was determined
using an electrically powered oven with the gravimetric method, dry mass.

Torrefaction

In order to measure the properties modifications due to the heat treatment, the treatment itself is of
greatest importance and has to be accurately applied. In the present study we used a device (Fixed bed
reactor) specifically designed and developed at Federal University of Technology Akure (FUTA). The
dimensioned wood sample was subjected to torrefaction in the fixed bed reactor at a temperature range
of 225°C, 250°C, 275°C and 300°C. Upon successful modification, the samples were kept in an air tight
chamber too cool and further prepare for various analysis.

Chemical reagent and methods

All chemicals and reagents used for this study were of analytical grade and commercially available.
Raw biomass. The study detailed investigations was carried out using gravimetric method for the
compositional analysis of lignocellulosic biomass. The choice of this method was hinged on its proven result
reproducibility, representative for the analysis of biomass and economically viable gravimetric methods
particularly suitable for developing countries

Extractives Analysis and Ash Contents

Wood extractive (WE) were quantified by the procedure as reported by Rabemanolontsoa (2011) and
(TAPPI 1988). This procedure was based on gravimetric analysis method to quantify extractives. By
acetone extraction, lipophilic wood components, such as fatty acids, resins, fatty alcohol, sterols and
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glycerides were extracted. In addition, low molecular phenolic compounds like lagans were also extracted.
(Chacha et al. 2011). The extractives were expressed as total percentage weight for all extractives. WE
was calculated as:

W, _W,
WE = —==—2[%)] 1)
W,
where: WE = Wood Extractive, in %;

W, ,=Weight of Wood before extraction, in g;
W,=Weight of wood after extraction, in g.

The proximate analysis was carried on all the torrefied samples to determine the percentage of
percentage of ash content (PAC) following Kurada (2000) procedures.

Determination of Hemicellulose

1g of extracted biomass (W,, g) was carefully transferred into a 250mL Erlenmeyer flask. 150mL
(Mmililitre) of 0.5M NaOH was measured out accurately into the Erlenmeyer flask. The mixture was
allowed to boil in a water bath for 3.5hrs using distilled water. After boiling, the mixture was left to cool at
room temperature. The slurry was filtered through the vacuum filtration and set until the pH of the solution
approached the residues were dried to a constant weight of 103 + 2°C. The difference between the sample
weight before and after this treatment is the hemicellulose content (%w/w) of dry biomass (Ayeni et al. 2013
and 2015, Blasi et al. 1999 and Li et al. 2004).

Determination of Lignin Content

The acetone extracted wood samples of 200mg were weighed into small test tubes and 2mL of 72%
H2S04, was added to each sample and incubated for 60 minutes at 30°C with regular stirring to allow for
complete hydrolysis. Thereafter, the primary hydrolysates were transferred into Erlenmeyer flask and 56mL
of distilled water was added, thereby resulting to the final sulphury acid concentration of 4%. The second
step of hydrolysis was made to occur in an autoclave for 30 mins. The slurry was then cooled at room
temperature. The pressure cooker was allowed to cool down slowly and then the samples were then
removed. The secondary hydrolysates were filtered through vacuum using a filtering crucible. The acid
insoluble lignin was determined by drying the residues at 105°C and accounting for ash by incinerating the
hydrolyzed samples at 575°C in a muffle furnace. The acid soluble lignin fraction was determined by
measuring the absorbance of the acid hydrolyzed samples at 320nm. The lignin content was calculated as
the summation of acid insoluble lignin and acid soluble lignin (Sluiter et al. 2008).

% KLext,free = o X100 @)

where: A = Extract free wood;
W = Drendy weight.

Determination of cellulose content

Cellulose: The cellulose content (%w/w) was calculated by difference, assuming that extractives,
hemicellulose, lignin, ash, and cellulose are the only components of the entire biomass. (Ayeni et al. 2013,
Blasi et al. 1999 and Li et al. 2004).

Data Analysis

The experimental design used for this study was Randomized Completely Block Design (RCBD); the
different sawdust species parts of the tree (top, middle and base) and different temperature regime. The
data obtained was analyzed using Analysis of variance (ANOVA) and descriptive statistics was used to
show the results.

RESULTS AND DISCUSSION

The results of Moisture content, Wood Extractive, Ash, Hemicellulose, Lignin and Cellulose of
torrefied Nigerian grown Pinus caribaea Morelet wood was represented using statistical models such as
tables as relevant to the objective of the study. The results of Analysis of variance (ANOVA) for moisture
content, extractives, lignin, hemicelluloses and celluloses were presented in Table 1 and their respective
mean values were presented in Table 2.
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Moisture Content (MC)

The result of ANOVA in Table 1 revealed that, for moisture content, a significant difference was
recorded within the different temperatures of the torrefied samples. The moisture content did not vary
significantly within the tree parts used in this study. The moisture content (Table 2) revealed that the
moisture content reduces with increase in temperature. The reduction in MC was due to continue loss of
both free water and bond water present within the cell wall as the temperature progresses. The MC ranged
between 2.92% (300°C) 11.48% (un-torrefied samples). The moisture content reported MC in the study
were within the 5-10% range reported by Maciejewska et al. (2006) and Carl Wilen et al. (2013) 2-
12% for torrefied samples.

Table 1
ANOVA for Moisture content, Wood Extractive, Ash, Hemicellulose, Lignin and Cellulose of Pinus
caribaea
Source Sum of Squares | Df | Mean Square | F P value
Moisture Torrefaction temperature | 127.10 4 | 3177 4.13 0.04*
Content Tree parts 3.84 2 |1.92 0.25 0.78"™
Error 61.51 8 | 7.69
Total 192.46 14
Extractives Torrefaction temperature | 28.89 4 | 7.22 4.59 0.03*
Tree parts 10.05 2 |5.02 3.19 0.09™
Error 12.56 8 | 157
Total 51.50 14
Hemicelluoses | Torrefaction temperature | 60.40 4 |15.10 3.39 0.07"™
Tree parts 3.73 2 |1.87 0.42 0.67"™
Error 35.60 8 [4.45
Total 99.73 14
Ash Content Torrefaction temperature | 2.879 4 | 0.720 4.93 0.03*
Tree parts 0.254 2 |0.127 0.87 0.46
Error 1.168 8 |0.146
Total 4.301 14
Lignin Torrefaction temperature | 1009.10 4 | 252.27 41.00 0.00*
Tree parts 4217 2 |21.08 3.43 0.08™
Error 49.22 8 |6.15
Total 1100.49 14
Cellulose Torrefaction temperature | 482.13 4 | 120.53 5.80 0.01*
Tree parts 62.17 2 | 31.09 1.49 0.28"™
Error 166.18 8 |20.77
Total 710.48 14
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Table 2
Mean value for Moisture content, extractives, Ash, Hemicelluloses, lignin and Cellulose of Pinus
caribaea
Treatment | Moisture | gyiractives | Ash Hemicelluloses | Lignin(klasson) | Cellulose
content
a
Raw 11.48 8.00 1.44 28.56° 32.48° 29.52
o b b c ab
225(°C) | gg5 263 1.50 33.00°% 33.70° 24.27
o b be ab abc
250 (°C) | 438 5.20 2.33 30.67° 42.60° 22.20
o b ab bc
275(°C) | 5oy 447 2.55 25.00% 46.05" 18.48
o b b a [
300(°C) | ,q, 720 2.70 21.00° 53.49° 13.98

Means with the superscript are not significantly different from each other.

Extractive content

As shown in Table 1, there is significant difference among the temperature regime, and within the
different tree parts, no significant difference was recorded (p-value > 0.05). The extractive contents (Table 2)
ranged between 4.47% and 8.00%. This is higher than the reported result of Shebani et al. (2008), where
the extractive content varies between 2-5% but later stated that it can exceed 15% in some species.
The result of this work is similar to the study conducted by Sixta (2006) where the Extractive content
ranges between 2-8%.

Ash Content

The ANOVA (Table 1) revealed that there were no significant differences recorded for the different
temperatures and different parts of the tree at P-value <0.05. Though, there were no significant differences
recorded, the result of mean separation revealed that the value increased with increase in temperature i.e.,
1.44 to 2.70% for raw and 300 respectively as shown in Table 2. It is evident from this study that as the
torrefied temperature increases, the volatiles reduces while the fixed carbon is increased. The result of this
work also shows a similar trend with the work of Ho et al. (2014) where they reported that in Ash content in
Larch wood, increasing the reaction temperature.

Hemicellulose Content

The result of ANOVAs in Table 1 revealed that no significant difference was recorded within the
different temperatures. The hemicellulose content was found not to be significantly different within the tree
parts was recorded as P value >0.05. Previous studies reported that hemicelluloses are the most thermally
sensitive of the biomass components (Wang and Howard 2017) and decreased with increased temperatures
(Strandberg et al. 2015). Hemicellulose decomposition results mostly in char and formation of extractable
matters, but the majority of the decomposition products are volatiles. Volatiles consist of carbon monoxide
and carbon dioxide, while condensable fraction includes water, acetic acid, methanol, formic acid, lactic acid,
and furfural.

Lignin Content (LC)

Table 1 revealed that torrefaction temperature significantly affects the LC. In the case of tree parts,
LC were not significantly affected in this study. The lignin content of pine in Table 2 showed that the raw
sample had the lowest value of 32.48% for lignin and temperature 300 has the highest value of
53.49%. This means that lignin content was affected by temperature used. This study is corroborated by
the work of Wenjia et al. (2013). They reported that the thermal decomposition of lignin occurs at 280 to
500°C vyielding phenol via cleavage of ether and carbon-carbon linkages and in accordance with the
research of Yang et al. (2007) and Wang and Howard (2017). As the temperature increases, the lignin
content increases as well and this report is consistent with previous studies (Medic et al. 2012; Inari et al.
2011 and Windeisin et al. 2007). This result is higher than the result reported by Yongfeng Li. (2011) where
the lignin content ranges from 25 and 35% but similar to the study conducted by Dardick et al. (2010)
where the Lignin content ranges from 32-54%. The result of this study also showed similar trend with 32-
56.8% reported in the study conducted by Reyes et al. (2015).

Cellulose Content (CC)
The ANOVA (Table 1) for cellulose content of Pine revealed that, significant difference were recorded
for the different temperatures as P<0.05 and for different parts of the tree, there was no significant
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difference. The result of cellulose content in Table 2 revealed that cellulose reduced with increasing
temperature, that is, the raw sample had the highest value of 29.52% and temperature 300 had the lowest
value of 13.98%. Cellulose is known to have a crystalline structure which makes it to be stable than other
components during mild torrefaction process as supported by the (Strandberg et al. 2015). The presence of
1-4-B-glucosidic bonds between glucose units and inter and intramolecular hydrogen bonds are responsible
for the crystalline structure in cellulose. Subjection of cellulose to heat treatment during torrefaction leads to
depolymerization particularly at 280°C where there is an increase in glucose using the acid methanolysis
method (Tooran et al. 2014).

This result is lower than the reported result of Sixta (2006) where the cellulose content of wood ranges
from 40-44% but similar and within the range of the study conducted by Bhuiyan and Hirai (2005) where the
cellulose content ranges from 13-49%. This shows that within the torrefaction temperature used in this work,
celluloses degradation was initiated massively.

CONCLUSION

This study evidently showed that the composition of carbohydrate polymers of Pinus caribaea
Morelet were affected by the different temperatures and slightly by different tree parts. Extractive content,
ash and weight of hemicellulose were significantly affected. The cellulose content reduced with increasing
temperature while the lignin content increased with increasing temperature which is also consistent with
previous reports on torrefaction. The work shows that most of the sugars were evidently degraded between
225 and 250°C and more evidently at the temperature approaches 300°C.The decrease in pine wood
component can be attributed not to volatiles production but also the char formation during torrefcation.

Finally, additional work is required to relate the end use properties such as energy value, hydrophilic,
grindability and bio-degradability to the chemical changes experienced in the torrefaction regimes and to
make a comparison on effect of temperature between soft wood and hard species to allow for improved fuel
flexibility.
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