il
UNIVERSITI PUTRA MALAYSIA

EFFECTIVENESS OF PYROLIGNEOUS ACID PYROLYSED FROM
TROPICAL LIGNOCELLULOSIC BIOMASS AS BIOPRESERVATIVE

LEE SOON HENG

FH 2015 7




U[P|M

UNIVERSITI PUTRA MALAYSIA

VA

EFFECTIVENESS OF PYROLIGNEOUS ACID PYROLYSED FROM
TROPICAL LIGNOCELLULOSIC BIOMASS AS BIOPRESERVATIVE

By

LEE SOON HENG

Thesis Submitted to the School of Graduate Studies, Universiti Putra Malaysia,
in Fulfilment of the Requirements for the Degree of Doctor of Philosophy

August 2015



COPYRIGHT

All material contained within the thesis, including without limitation text, logos, icons,
photographs and all other artwork, is copyright material of Universiti Putra Malaysia
unless otherwise stated. Use may be made of any material contained within the thesis
for non-commercial purposes from the copyright holder. Commercial use of material
may only be made with the express, prior, written permission of Universiti Putra
Malaysia.

Copyright © Universiti Putra Malaysia



Abstract of thesis presented to the Senate of Universiti Putra Malaysia in fulfilment of
the requirement for the degree of Doctor of Philosophy

EFFECTIVENESS OF PYROLIGNEOUS ACID PYROLYSED FROM
TROPICAL LIGNOCELLULOSIC BIOMASS AS BIOPRESERVATIVE

By
LEE SOON HENG

August 2015

Chairman : Associate Professor H’ng Paik San, PhD
Faculty : Forestry

Lignocellulosic biomass are natural and abundantly available resource has been
steadily gaining attention from relevant industries as feedstock for the production of
chemicals, fuels and biocompatible materials due to increased concern in economic and
environmental issues. The potential of being converted into usable chemicals which
pyroligneous acids is one of the chemicals from the distillation of smoke generated
during charcoal making. It was found to be potential use as bio-preservative due to the
complex mixture of water, acetic acid, methanol, acetone, formic acid, guaiacols,
catecols, syringols, vanillins, furan carboxaldehydes, isoeugenol, pyrone and more
than 200 organic compounds including phenolic compounds, which are pyrolytic
products of lignin and hemicellulose. This study focuses on development of
pyroligneous acid as bio-preservative against wood biodegradable agents. Pyroligneous
acids derived from different types of lignocellulosic biomass at temperature of; 300°C,
400°C and 500°C. The chemical compounds were then analysed using Fourier
Transform Infrared (FT-IR) Spectroscopy and Gas chromatography - mass
spectrometry (GC-MS). The results showed that pyroligneous acids derived with 3
temperature ranges were slightly different in chemical compositions, but significantly
different in the contents of each chemical component. A total 24, 23 and 22 compounds
were identified from the Rubberwood, OPT and Mix Hardwood pyroligneous acid,
respectively. Ketones, organic acids, aldehydes, esters, phenols and its derivatives were
found in the pyroligeneous acids where acetic acid and phenol were the primary
compounds in the pyroligneous acids. For the efficacy of pyroligneous acid test,
rubberwood test block was immersed in pyroligneous acid for 24 h at room temperature.
Treated rubberwood test block were later tested against mold
(Penicillium chrysogenum), white rot fungus (Pycnoporous sanguineus) and
subterranean termites (Coptotermes curvignathus) according to ASTM standard
methods. Results showed that Pyroligneous acids pyrolysed from sawdust of
rubberwood, oil palm trunk and mixed hardwood are effective against biodegradable
agents. The test blocks treated with all pyroligneous acids produced from different
temperatures are equally effective against the mold, decay fungi and termites.
Compounds 2-methoxy-phenol and 4-ethyl-2-methoxy-phenol contributed to inhibit
Penicillium chrysogenum, compounds 4-ethyl-2-methoxy-phenol contributed to inhibit
Pycnoporus sanguineus while compounds acetic acid and phenol in pyroligneous acids



found to be active chemicals in controlling termite attacks. Therefore, further studied
had been carry out using OPT and Rubberwood pyroligneous acid pyrolysed at 500°C
with impregnation method using different concentration of 100%, 50% and 30% of
pyroligneous acid. Results showed that dilution of pyroligneous acid were effective
against mold and decay fungi while only had mild effectiveness against termites.
Rubberwood and OPT pyroligneous acids at 500°C in dip-treatment process gave the
best antimicrobial properties while Mix hardwood showed the best performance in
antitermites properties. All the pyroligneous acid used in dip-treatment process showed
equal antifungal properties. Concentration 50% Rubberwood and 30% OPT
pyroligneous acids were effective against mold inhibition and decay fungi with
impregnation process compared to 100% concentration pyroligneous acids with dip-
treatment process. However, concentration of pyroligneous acids in impregnation and
dip-treatment process showed mild effective to termites attacked.
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Lignoselulosa biomas adalah sumber semula jadi dan boleh didapati dengan banyaknya.
Dengan peningkatan perhatian dalam isu-isu ekonomi dan alam sekitar, ia telah
semakin mendapat perhatian daripada industri berkaitan sebagai bahan mentah untuk
pengeluaran bahan kimia, bahan api dan bahan biocompatible. Salah satu potensi yang
menukarkannya menjadi bahan kimia yang berguna iaitu asid pyroligneous, dimana
ianya salah satu bahan kimia yang terjana daripada penyulingan asap semasa
pembuatan kayu arang. la didapati potensi sebagai bio-bahan pengawet disebabkan
kerumitan sebatian air, asid asetik, metanol, aseton, asid formik, guaiacols, catecols,
syringols, vanillins, karbohidrat furan, isoeugenol, pyrone dan lebih daripada 200
sebatian organik termasuk sebatian fenolik, yang merupakan produk pirolisis lignin dan
hemiselulosa. Kajian ini memberi tumpuan kepada pembangunan asid pyroligneous
sebagai bio-pengawet terhadap agen biodegradasi kayu. Asid Pyroligneous diperolehi
dari pelbagai jenis lignoselulosa biomas pada suhu 300°C, 400°C dan 500°C. Sebatian
kimianya dianalisis dengan menggunakan Fourier Transform Infrared (FT-IR)
Spectroscopy dan Gas chromatography — mass spectrometry (GC-MS). Hasil kajian
menunjukkan bahawa asid pyroligenous diperolehi daripada 3 julat suhu adalah sedikit
berbeza dalam komposisi kimia, tetapi berbeza dengan ketara dalam kandungan setiap
komponen kimia. Sebanyak 24, 23 dan 22 kompaun telah dikenal pasti daripada asid
pyroligenous Kayu Getah, Batang Kelapa Sawit dan Campuran Kayu Keras masing-
masing. Keton, asid organik, aldehid, ester, fenol dan terbitannya ditemui dalam asid
pyroligeneous di mana asid asetik dan fenol adalah bahan utama dalam asid
pyroligenous. Blok kayu getah direndam dalam asid pyroligneous selama 24 jam pada
suhu bilik untuk menguji keberkesanan asid pyroligneous. Blok kayu getah yang telah
dirawat kemudiannya diuji dengan pulapok (Penicillium chrysogenum.), kulat
(Pycnoporous sanguineus) dan anai-anai (Coptotermes curvignathus) mengikut
Piawaian ASTM. Hasil kajian menunjukkan bahawa asid Pyroligneous yang dihasilkan
daripada habuk kayu getah, batang kelapa sawit dan campuran kayu keras berkesan
terhadap agen biodegradasi kayu. Blok kayu yang dirawati dengan asid pyroligneous
yang dihasilkan daripada suhu yang berbeza didapati adalah sama berkesan terhadap
kulat, pulapok dan anai-anai. Sebatian 2-methoxy-fenol dan 4-etil-2-methoxy-fenol
menyumbang untuk menghalang Penicillium chrysogenum, sebatian 4-etil-2-methoxy-
fenol menyumbang untuk menghalang Pycnoporus sanguineus manakala sebatian asid



asetik dan fenol yang terkandung dalam asid pyroligenous didapati mengawal serangan
anai-anai. Oleh itu, kajian lanjutan dijalankan dengan menghasilkan asid pyroligneous
daripada batang kelapa sawit dan kayu getah pada suhu 500°C dan dirawat dengan
kaedah tekanan dengan kepekatan asid pyroligneous 100%, 50% dan 30%. Keputusan
menunjukkan bahawa pencairan asid pyroligneous adalah berkesan terhadap kulat dan
pulapok manakala hanya keberkesanan yang sederhana terhadap anai-anai. Asid
pyroligneous daripada Kayu Getah dan Batang Kelapa Sawit pada suhu 500°C dalam
proses celup-rawatan memberikan ciri-ciri antikulat terbaik manakala Campuran kayu
keras menunjukkan keberkesanan terhadap anai-anai. Semua asid pyroligenous yang
digunakan dalam proses celup-rawatan menunjukkan sifat antikulat yang sama.
Kepekatan asid pyroligenous 50% Kayu Getah dan 30% Batang Kelapa Sawit adalah
berkesan terhadap kulat dan pulapok dengan proses impregnasi berbanding 100%
kepekatan asid pyroligenous dengan proses celup-rawatan. Walau bagaimanapun,
kepekatan asid pyroligenous dalam proses impregnasi dan celup-rawatan menunjukkan
keberkesanan yang sederhana terhadap anai-anai.
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CHAPTER 1

INTRODUCTION

1.1 Background

Lignocellulosic biomass is referring to plant biomass which is built up by cellulose,
hemicellulose and lignin (Perez, 2011). Lignocellulosic biomass can be coming from
wide range of source; trees to agricultural residues. Therefore it is considered the most
abundant material in the world. Every year, there are about 2 x 10 tons of
lignocellulosics biomass are produced as waste in the world (Perez, 2011). This
includes the wood residue from primary and secondary wood products mills such as
sawmills, wood and bark from pulp and paper mills, panel mills, crafts and furniture.
Other example of lignocellulosics biomass waste includes residue of demolition,
construction, discarded wood products, and agriculture sectors’ residue.

Lignocellulosic biomass can be produced into many valuable products. Previous study
from H’ng (2006) showed that lignocellulosic biomass are capable produced into wood
composites product such as plywood, wood plastic composite and laminated veneer
lumber without any modifications on the resin formulation. He also found that,
lignocellulosic materials have wide potential as chemical derivatives either for food or
for energy (Chin, 2010). In his study, he found that fermentation of lignocellulosic
biomass to ethanol is an alternative route to energy feedstocks which helps covering the
depleting source of fossil fuels (Chin, 2010; Bhattacharyya et al., 2013).
Lignocellulosic biomass also has potential in the chemical derivation to produce usable
products through bioconversion techniques. In theory, the components of wood can be
converted into any desired chemicals; the chemicals which can be in practice derived
from wood depend greatly on its chemical composition. One of the chemicals that can
be derived from lignocellulosic biomass is pyroligneous acid through pyrolysis method.
In this study, the pyroligenous acid was produced from two major lignocellulosic
biomasses available in Malaysia. The two main lignocellulosic biomass sources in
Malaysia which are wood residues from wood working industry and oil palm trunks
that removed during the oil palm replanting activities. The oil palm trunks were not
only underutilized but also causes pollution as well (Ratnasingam et al., 2008).

Pyroligneous acid appears in dark and reddish-brown colour. The chemical
composition of pyroligneous acid includes acetic acid, methanol, acetone, wood oils
and tars (Lee et al., 2011; Ninomiya et al., 2004). Wood vinegar is another term for
pyroligneous acid. Currently, pyroligneous acid is mainly used as fertilizer additives,
deodorization agents and also as a natural aid for mild pain relief and detoxification. It
also helps in sterilizing and promotes healing for minor wounds.



For years, public had put their special attention to the workability of pyrolysis of
biomass since it helps reducing environmental pollution especially that arising from
wastes accumulation and open field burning (Bonelli et al., 2001). It is useful for
vermin examination, deodorant and soil improvement. However, further study on the
characteristics to establish new functionality such as new biocides against wood
biodegradation would be greatly helpful (Lee et al., 2011; Kartal, 2004). Among
different potential uses of pyroligneous acid, many research organizations have put
their special attention on developing the pyroligneous acid into wood preservatives
(Suzuki et. al., 1997 & Mourant et. al., 2005).

1.2 Statement of problem and justification

In the world economy, wood plays an important role as a renewable resource.
However, wood is subject to deterioration by mold, insects like termites, and wood
degrading fungi. To avoid deterioration of wood during storage, manufacturing,
transportation or when in service, it needs to be protected. Protection of wood can be
generally realized by doing preservation it. Wood preservation can increase the
durability and resistance to organisms that cause deterioration with different chemical
and processes.

Currently there are several commercial wood preservatives which are in the form of
oil-borne and water-borne. These are typically toxic, not environmental friendly and
also not renewable. Due to the public concern, people are looking into more
environmental friendly alternative wood preservative. One of the solutions is by
introducing natural chemical derived wood preservative from plants, which is
pyroligneous acid that produced from pyrolysis process of lignocellulosic biomass.
Pyroligneous acid from pyrolysis process of wood is believed to prevent the wood from
termite and fungal attack due to its complex structure.

Pyroligneous acids have a potential source of valuable chemicals that can be developed
as a new wood preservative against biological degradable (Lee, 2010). Mohan et al.
(2007) stated that the pyroligneous acid can be used as preservatives for timber in wet
condition while Jung (2007) stated that it could inhibit the growth of pathogenic
fungus, Alternaria mali, which is known as the agent of Alternaria blotch of apple
plants.

Pyroligneous acid could also be used as a fungicide for wood preservative as Bruce and
Highley (1991) stating that it is useful for controlling the wood decay Basidiomycetes.
Lee (2010), Yatagai et al. (2002) and Sameshima et al. (2002) have done the
correlation of termiticidal activity with acetic acid and phenolic contents in the
pyroligneous acid produced from charcoal production. From research of Nakai, et al.
(2007) it is found that the resistance of wood against brown-rot fungi can be
strengthened by pyroligneous acid from pyrolysis of sugi and acacia wood. Femi-Ola
(2008) stated that many researchers are now focused towards the alternative non toxic
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and biological methods of controlling termites. Therefore, the production of these
chemical products from pyroligneous acid could become economically viable and
profitable.

As mentioned early, the pyroligneous acid is the product produced from high
temperature carbonization of lignocellulosic biomass. However, the content of
chemical compounds in pyroligneous acid depends on the biomass chemical
composition mainly the three major components, i.e. cellulose, hemicellulose and
lignin. The interaction of the three major components during pyrolysis show different
reactivity depending on temperature condition of decomposition of each component
(Lee et al., 2010; Diem et al., 2005). The overall pyroligneous acid conversion level
related with interactions between the components and minus amounts of mineral matter
that naturally present in whole biomass samples which catalyze numerous reactions
taking place during pyrolysis and affect the final content of pyroligneous acid (Lee et
al., 2010; Bonelli et al., 2001; Liu et al., 2008).

The main chemical compounds of pyroligneous acids include methanol, allylalcohol,
acetic acid, acetone, acetaldehyde, methyl acetone, furan and furfural, and formic,
propionic and butyric acids (Tiilikkala et al., 2010). Pyroligneous acids may also
contain various phenolic compounds, fermentable sugars, furan compounds, organic
acids, etc. The degradation of lignin and wood sugars is generally forming phenolic
compounds and organic acid are believed to be derived from acetyl groups in the
hemicelluloses.

Velmurugan et al. 2009 showed that the pyrolysis of bamboo and broad-leaved trees
produce acids (mainly acetic acid) and phenols, which have great antifungal properties
that is found useful in wood treatment. Salim et al. (2014) showed that 4-ethyl-2-
methoxyphenol, 2, 6-dimethoxyphenol, guaiacol and cresol, in pyroligneous acids
showed good antifungal activity.

Therefore, in this study the effectiveness of pyroligenous acid produced from
ruuberwood waste, mixed hardwood waste and oil palm trunk at three different
temperatures as wood preservative were evaluated on rubberwood block for mold,
decay fungi and termites biodegradation.



1.3 Objective

The main objective of this study is to evaluate the efficacy of pyroligneous acid
pyrolysed from lignocellulosic biomass as wood bio-preservative against mold, fungus
and termites.

The specific objective:-

1 To study the physical and chemical compositions of pyroligneous acid derived
from different types of lignocellulosic biomasss.

2 To determine the effectiveness of rubberwood treated with pyroligneous acid
pyrolysed from different lignocellulosic biomass and temperature against mold
(Penicilium chrysogenum).

3 To determine the effectiveness of rubberwood treated with pyroligneous acid
pyrolysed from different lignocellulosic biomass and temperature against decay
fungi (Pycnoporous sanguineus).

4 To determine the effectiveness of rubberwood treated with pyroligneous acid
pyrolysed from different lignocellulosic biomass and temperature against ternites
(Coptotermes curvignathus).

5 To enhance the effectiveness of pyroligneous acid as wood preservative using
impregnation method on rubberwood block.



REFERENCES

Abeysinghe U.M. and  Amarasekera H.S. (2011). Pressure and non-pressure
preservation methods for rubber wood treatment by boron preservatives.
Proceedings of International Forestry and Environment Symposium, Sri Lanka.
Published by Department of Forestry and Environmental Science, University of
Sri Jayewardenepura

Anonymous.(1978). Standard method of accelerated laboratory test of natural decay
resistance of woods.ASTM D2017-71.Philadelphia: American Standard of
Testing Material.

Anonymous.(1980). Standard method of laboratory evaluation of wood and other
cellulosic materials for resistance of termites. ASTM D3345-74.Philadelphia:
American Standard of Testing Material.

Anonymous.(2002). Increasing timber processing, utilization efficiency and reducing
waste.ITTO 2002.( PPD 66/02 (1))

Anonymous.(2003). Standard method for fungicides for controlling sapstain and mold
on unseasoned lumber (Laboratory Method).ASTM D4445-03.Philadelphia:
American Standard of Testing Material.

Anonymous, (2005).A new source of growth. Kementerian Perusahaan Perladangan
dan Komoditi,. Access on 13 September 2006.

Anonymous, (2006).Malaysian Timber Council. Access on 13 September 2006.

Alexopoulos, C., Mims, C., & Blackwell, M. (1996).Introductory mycology, (4th ed.).
New York: Wiley.

Bhattacharya A., Ganguly A., Das S., Chatterjee P.K. and Dey A. (2013). Fungal
isolates from local environment: isolation, screening and application for the
production of ethanol from water hyacinth. International Journal of Emerging
Technology and Advanced Engineering; 3:58-65.

Beall, F.C. (1971). Differential calometric analysis of wood and wood
components.Wood Sci. Tech; 5: 159-175.

Blanchette, R. A., & Biggs, A. R. (2005). Defence mechanisms of woody plants against
fungi. New York: Springer-Verlag.

Bonelli, P.R., Rocca, P.A.D., Cerrella, E.G. and Cukierman, A.L. (2001). Effect of
pyrolysis temperature on composition, surface properties and thermal
degradation rates of brazil nut shells. Bioresour. Technol.; 76: 15 — 22.

Bridgwater, A. V. (1990). Biomass pyrolysis technologies, biomass for energy and
industry.Journal of Elsevier Applied Science; 25: 329-342.

120



Bruce, A. and Highley T.L. (1991). Control of growth of wood decay basidiomycetes
by trichoderma spp. And other potentially antagonistic fungi.Forest Prod. J.; 41:
63-67.

Brundrett, G. W. (1990). Criteria for moisture control. London: Butterworth.

Chin, K. L., H’ng, P. S., & Paridah, M. T. (2014). Unlocking the destructive powers of
wood-eating termites: from pest to biopolymer derivatives extractor. In Biomass
and Bioenergy (pp. 307-321). Springer International Publishing.

Chen, C.A., Pakdel, H., Roy, C., (2001). Production of monomeric phenols by
thermochemical conversion of biomass: a review. Bioresource Technology; 79:
277-299.

Darrell, J. (1974). The fungal spore: form and function. New York: Wiley.

Demirbas, A. (2011). Competitive liquid biofuels from biomass. Applied Energy; 88(1):
17-28.

Demirbas, A. (2001). Partly chemical analysis of liquid fraction of flash pyrolysis
products from biomass in the presence of sodium carbonate.Journal of Energy
Conversion and Management; 43: 1801-1809.

Demirbas, A. (2006). Effect of temperature on pyrolysis products from four nut shells.J.
Anal. Appl. Pyrol.; 76: 285-289.

Demirbas, A. (2000). Biomass resources for energy and chemical industry.Journal of
Energy Education Science and Technology;5: 21-45.

Demirbas, A., & Gilli, D. (1998).Acetic acid, methanol and acetone from
lignocellosics by pyrolysis.Journal of Energy Education Science Technology; 12:
111-115.

Diem, V., Elena, H., Nikolaos, B., Wilhelm, H. and Eckhard, D. (2005).Hydrothermal
reforming of alcohols, pyroligneous acid and pyrolysis oil.Proceeding of
International Joint 20th AIRAPT and 43th EHPRG Conference. June 27- July 1.

Dhanarajan, G. (1969). The termites fauna of malaysia and its economic significance.
Malaysian Forester; 32: 274-278.

Encinar, J.M., Gonzalez, J.F. and Gonzalez, J. (2000).Fixed-bed pyrolysis of cynara
cardunculus 1. Product yields and compositions.Fuel Process Technol.; 68: 209
- 222.

Feist W.C., R.M. Rowell, and W.D. Ellis.(1991). Moisture sorption and accelerated
weathering of acetylated and methacrylated aspen.Wood Fiber Science 23: 128.

121



Femi-Ola T.O., Ajibade V.A. and Afolabi A. (2008). Chemical composition and
termicidal properties of parkia biglobosa (jacq) benth.J. Boil. Sci., 8: 494-497.

Fengel, D. and Wegener, D. (1984). Wood: chemistry, ultrastructure, reactions. Berlin:
Walter de Gruyter.

Gifford, P. (2000). Wood biomass for energy.Forest Products Laboratory Journal; 4:
12-20.

Green, N. P. O., Stout, G. W., & Taylor, D. J. (1990).Biological science (2nd ed.).
United Kingdom: Cambridge University Press.

Griffin, D. (1994). Fungal physiology (2nd ed.). New York: Wiley-Liss.

Harper, J. L., & White, J. (1974).The demography of plants. Annual review of Ecology
and Systematics.419-463.

Hawksworth, D. L., Kirk, P. M., Sutton, B. C., & Pegler, D. N. (1995). Ainsworth &
bisby’s dictionary of the fungi (8th ed.). Wallingford: CAB International.

Hickin, N. E. (1971). Termite — a world problem. London: The Rentokil Library.
Hutchinson & Co. Ltd.

H’ng P.S., Paridah M.T. & Gan C.W. (2007). Flexural properties of laminated veneer
lumber produced from oil palm veneers. Pertanika 30(1): 65-70

Hwang, Y.H., Matsushita, Y., Sugamoto, K. and Matsui, T. (2005).Antimictobail effect
of wood vinegar from cryptomeria japonica sapwood on plant pathogenic
microorganisms.Journal of Microbial Biotechnology 15(5): 1106-11009.

Ibrahim D., Kassim J., Lim S.H. and Rusli W. (2008). Efficacy of pyroligneous acid
from Rhizophora apiculata on pathogenic Candida albicans. Journal of Applied
Pharmaceutical Science. 3(07):007-013.

Islam, M.R., Nabi, M.N. and Islam, M.N. (2003). The fuel properties of pyrolytic oil
derived from carbonaceous solid waste in bangladesh. J. Teknol., 38(A): 75-89.

Jung, K.H. (2007). Growth inhibition effect of pyroligneous acid on pathogenic
fungus, alternaria mali, the agent of alternaria blotch of apple. Biotechnol.
Bioprocess Eng., 12: 318-322.

Kamm B, Kamm M (2004) biorefinery systems. Chem Biochem Eng 18:1-6

Kartal, S. N., Imamura, Y., Tsuchiya, F., & Ohsato, K. (2004). Evaluation of fungicidal

and termiticidal activities of hydrolysates from biomass slurry fuel production
from wood. Journal of Bioresource Technology, 95: 41-47.

122



Kaylen, M., Vandyne, D. L.,Choi, Y. S., & Blase, M. (2000). Economic feasibility of
producing ethanol from lignocellulosic feedstocks.Bioresource Technology, 72:
19-32.

Kirubakaran, V., Sivaramakrishnan, V., Nalini, R., Sekar, T., Premalatha, M., &
Subramanian, P. (2007).A review on gasification of biomass.Journal of
Renewable and Sustainable Energy Reviews, 13: 179-186.

Koopmans A. & Koppejan J. (1997).Agricultural and forest residues-generation,
utilization and availability. In: Regional consultation on modern applications of
biomass energy. Regional Wood Energy Development Program in Asia, FAO,
Kuala Lumpur, Malaysia, Jan 6-10.

Laks, P. 2002. Fungal and termite attack on thermoplastic/wood fiber composites. In:
Proceedings, 98" AWPA, ed. P. Laks, p. 37-42. Memphis: Tennessee.

Laks, P. (2000). Decay and termite attack on thermoplastic/wood fiber composites. In S.
A. Verhey (Ed.), Proceedings of the 5th Pacific Rim Bio-Based Composites
Symposium (pp. 727-734).Canberra, Australia: The Australian National
University.

Lee, C. Y. (2002). Subterranean termite pests and their control in the urban
environment in malaysia.Sociobiology,40: 3-9.

Lee, S. H., Hng, P. S., Chow, M.J., Sajap, A. S., Tey, B. T., Salmiah, U. & Sun, Y.L.
(2011). Effectiveness of pyroligneous acid from vapour released in charcoal
industry against biodegradable agent under laboratory condition.Journal of
Applied Science, 11: 3848-3853.

Lee, S. H., Hng, P. S., Lee, A. N., Sajap, A. S., Tey, B. T., & Salmiah, U.
(2010).Production of pyroligneous acid from lignocellulosic biomass and their
effectiveness against biological attacks.Journal of Applied Science, 10: 2440-
2446.

Lin, Y., & Tanaka, S. (2006). Ethanol fermentation from biomass resources; current
state and prospects.Journal of Applied Microbiology and Biotechnology, 7: 25-
33.

Liu, Q., Wang, S., Zheng, Y., Luo, Z. and Cen, K. (2008). Mechanism study of wood
lignin pyrolysis by using tg—ftir analysis.J. Anal. Appl. Pyrol., 82: 170-177.

Loo A.Y., Jain K. & Darah 1. 2008. Antioxidant activity of compounds isolated from
the pyroligneous acid, Rhizophora apiculata. Food Chemistry.107(3): 1151-
1160

Malherbe, S., & Cloete, T. E. (2002). Lignocellulose biodegradation: fundamentals and
applications. Environmental Science and Biotechnology, 1(2):105-114.

123



Mohamad Jani S., Rozman H D and Rahim S, (2007). Rubberwood-polymer
composites: the effect of chemical impregnation on the mechanical and physical
properties. Malaysian Polymer Journal (MPJ), 2(2): 1-11.

Mohan D. et al. (2007). Fungicidal values of bio-oils and their lignin-rich fractions
obtained from wood/bark fast pyrolysis. Chemosphere. 71: 456-465.

Mourant, D., Yang, D. Q., Lu, X., & Roy, C. (2005). Anti-fungal properties of the
pyroligneous liquors from the pyrolysis of softwood bark. Wood and Fiber
Science, 37: 542-548.

Mu, J., Uehara, T. and Furuno, T. (2003).Effect of bamboo vinegar on regulation of
germination and radicle growth of seed plants.Journal of Wood Science 49: 262-
270.

Nakai T., Kartal S.N., Hata T., Imamura Y. (2007). Chemical characterization of
pyrolysis liquids of wood-based composite and evaluation of their bio-
efficiency.Building & Environment. 42; 1236-1241.

Nicholas, D.D. (1973). Wood deterioration and its prevention by preservative treatment;
degradation and protection of wood. New York: Syracuse University Press.

Ninomiya, Y., Zhang, L., Nagashima, T., Koketsu, J., & Sato, A. (2004). Combustion
and de-sox behavior of high-sulfur coals added with calcium acetate produced
from biomass pyroligneous acid. Fuel, 83: 2123-2131.

Oramahi H.A and Nurhaida F.D. (2014). New bio preservatives from lignocelluloses
biomass bio-oil for anti termites Coptotermes curvignathus holmgren. Procedia
Environmental Sciences, 20(2014):778-754.

Oramahi H.A and Yoshimura T. (2013). Antifungal and antitermitic activities of wood
vinegar form Vitex pubescens Vahl. The Japan Wood Research Society, 59:344-
350.

Onay, O., Beis, S.H. and Kockar, O.M. (2001). Fast pyrolysis of rape seed in a well-
swept fixed-bed reactor.J. Anal. Appl. Pyrol. 58-59: 995-1007.

Othmer, K. (1980). Encyclopedia of chemical technology. New York: Academic Press.

Pearce, M. J. (1997). Termites biology and pest management. Wallingford: CAB
International.

Peralta, J., Raouf, M. A., Tang, S., & Williams, R. C. (2012). Bio-renewable asphalt
modifiers and asphalt substitutes. In Sustainable Bioenergy and Bioproducts (pp.
89-115). Springer London.

Perez J and Moraleda Munoz A. (2011). Fungal lignocellulolytic enzymes: application
in biodegradation and bioconversion. Mycofactories.Bentham Science
Publishers.28-44.

124



Qian Y.J, Zuo CJ & He J.H. (2007).Structural analysis of bio-oils from sub-and
supercritical water liquefaction of woody biomass.Energy. 32: 196-202.

Ratnasingam J., Ramasamy G., T.W. Lim, Senin A.L & Muttiah N. (2015). The
prospects of Rubberwood biomass energy production in Malaysia. Rubberwood
for energy, BioResources 10(2): 2526-2548.

Ratnasingam, J., loras, F., & Wenming, L. (2011). Sustainability of the rubberwood
sector in malaysia. Notulae Botanicae Horti Agrobotanici Cluj-Napoca, 39(2):
305-311.

Rayner, A. D. M.,& Boddy, L. (1988). Fungal decomposition of wood. England: Wilay
and Chichester.

Reinprecht, L. (2010). Fungicides for wood protection—world viewpoint and
evaluation/testing in slovakia. Fungicides (ed. Odile Carisse), 5th Chapter,
InTech, Rijeka, 95-122.

Salim S., Shahomlail S. Choi Y.S., Kim M.J. and Kim G.H (2014).Laboratory
evaluation of the anti-stain efficacy of crude wood vinegar for pinus
densiflora.BioResources 9(1): 704-709.

Sameshima, K., Sasaki M, and Sameshima I. (2002).Fundamental evaluation on
termiticidal  activity of various vinegar liquids from charcoal
making.Proceedings of the fourth International Wood Science Symposium,
September 2002, Serpong, Indonesia. 134-218.

Sandra V. M. and Richard A.K. (1996).Fungi & indoor air quality.Health &
Environment Digest. 10(2): 9-12.

Souza J.B.G., Re-Poppi N. & Raposo Jr. J.L (2012).Characterization of pyroligneous
acid used in agriculture by gas chromatography-mass spectrometry. Journal of
Brazilian Chemical Society, 23(4): 610-617.

Sandra, M. N., & Kreutzer, R. (1996). Fungi and indoor air quality.Journal of Health
and Environmental Digest, 54: 543-551.

Sato Masayuki. (2005). Heat treatment of Rubberwood residue in steam
atmosphere. Tokyo Institute of Technology, Tokyo 152-8552, Japan.

Saxena, R. C., Adhikari, D. K., & Goyal, H. B. (2007).Biomass-based energy fuel
through biochemical routes.Journal of Renewable and Sustainable Energy, 3:
167-178.

Shi, J.L., Yang, D.Q., Zhang, S.Y. and Riedl, B. (2005). Mold resistance of medium
density fibreboard panels made from black spruce, hybrid poplar, larch and a
mixture of s-p-f chips. Published online: 11 November 2005.

125



Singh, J. (Ed.). (1994). Building mycology — management of decay and health in
buildings. London: Taylor & Francis Ltd.

Sjostrom, E. (1993). Wood chemistry: fundamentals and applications. Academic,
Espoo, Finland. 51-108

Sopian, K., Othman, M. Y., Yatim, B., & Daud, W. R. W. (2005). Future directions in
malaysian environment friendly renewable energy technologies research and
development. ISESCO Science and Technology Vision, 1: 30-36.

Suzuki, T., Doi, S., Yamakawa, M., Yamamoto, K., Watanabe, T., & Funaki, M.
(1997).Recovery of wood preservatives from wood pyrolysis tar by solvent
extraction.Holzforschung, 51: 214-218.

Terviev, N., and J. Boutelje. (1998). Effect of felling time and kiln-drying on time and
susceptibility of wood to mould and fungal stain during aa above-ground field
test. Wood Sci. Tech. 30(4): 360-367.

Theander, O., N. Bjurman, and J. Boutelje. (1993). Increase in the content of low-
molecular weight carbohydrates at lumber surface during drying and correlation
with nitrogen content.,yellowing, and mould growth. Wood Sci. Tech. 27: 381-
389.

Tho, Y. P. (1992). Termites of peninsular malaysia. In L. G. Kirton (Ed.), Malayan
Forest Records, 36: 224.

Tiilikkala, K., Fagernas, L., & Tiilikkala, J. (2010).History and use of wood pyrolysis
liquids as biocide and plant protection product. The Open Agriculture
Journal, 4(002): 111-118.

Tortora, G. J., Funke, B. R., & Case, C. L. (1992). Microbiology: an introduction (4th
ed.). Redwood City, California: Benjamin/Cummings.

Tsai, W.T., Lee, M.K. and Chang, C.Y. (2007). Fast pyrolysis of rice husk: product
yields and compositions. Bioresour. Technol., 98: 22-28.

Van-Dyne DL, Blase MG, Clements LD (1999). A strategy for returning agriculture
and rural america to long-term full employment using biomass refineries. In:
Janeck J, Alexandria VA (eds) Perspectives on New crops and new uses. ASHS
Press, United States. 114-123

Velmurugan N, Chun SS, Han SS, Lee YS.(2009). Characterization of chikusaku-eki
and mokusaku-eki and its inhibitory effect on sapstaining fungal growth in
laboratory scale.Int J Environ Sci Technol; 6(1): 13-22.

Wanggard, F.F.(1966). Resistance of wood chemical degradation.Forest Prod. J.
16(2):53-64.

126



Wei Q., Ma X. and Dong J. (2010). Preparation, chemical constituents and
antimicrobial activity of pyroligneous acid from walnut tree branches. Journal
of analytical and applied pyrolysis. 87:24-28.

Wititsiri S. (2011). Production of wood vinegars from coconut shells and additional
materials for control of termite workers, Odontotermes sp. and striped mealy
bugs, Ferrisia virgata Songklanakarin J. Sci. Technol. 33 (3), 349-354, May -
Jun. 2011

Wyman, C. (1996). Handbook on bioethanol: production and utilization. CRC Press.

Yatagai, M., Nishimoto, M., Hori, K., Ohira, T., & Shibata, A. (2002).Termiticidal
activity of wood vinegar, its components and their homoloues. Journal of Wood
Science, 48: 338-342.

Zabaniotou, A., Loannidou, O., Antonakou, E., & Lappas, A. (2008).Experimental
study of pyrolysis for potential energy, hydrogen and carbon material
production from lignocellulosic biomass.International Journal of Hydrogen
Energy, 33: 2433-2444,

127



	EFFECTIVENESS OF PYROLIGNEOUS ACID PYROLYSED FROM TROPICAL LIGNOCELLULOSIC BIOMASS AS BIOPRESERVATIVE
	ABSTRACT
	TABLE OF CONTENTS
	CHAPTERS
	REFERENCES



