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ABSTRACT

Liquefactions of kenaf core wood were carried out at different phenol-kenaf (P/k) ratios. Characterizations of kenaf
core wood liquefied residue were carried out to measure the degree of liquefaction. This provides a new approach to
understand some fundamental aspects of the liquefaction reaction. Functional groups on the raw kenaf core wood and
liquefied residue were examined using Fourier transform infrared spectroscopy (FTIR). The crystallinity index of the kenaf
wood liquefied residue, which represents crystallinity changes of the cellulose component after the liquefaction process,
was studied using X-ray diffraction (XRD). The surface morphology of the wood residue was observed using scanning
electron microscopy (SEM). The thermal behavior of the residues was analyzed using thermogravimetric analysis (TGA).
Abroad peak around 3450-3400 cm™ representing OH stretching in lignin start to disappear as P/K ratio increases. The
results showed that the higher the P/K ratio the greater the liquefaction of the lignin component in the kenaf core wood.
The crystallinity index (Crl) on the kenaf liquefied residues increased with the increase in P/K ratio. SEM images showed
that the small fragments attached on the liquefied kenaf residue surface were gradually removed as the P/K ratio was
increased from 1.5/1.0 to 2.5/1.0, which is mainly attributed to the greater chemical penetration toward reactive site of
the kenaf fibres. Residue content decreased as the P/K ratio increased from 1.5/1.0 to 2.5/1.0. TGA results showed the
increase of heat resistance in the residue as the P/K ratio was increased.
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ABSTRAK

Pencirian baki pencecairan teras kayu kenaf telah dilakukan untuk mengukur darjah pencecairan. Kajian ini menyediakan
suatu pendekatan baru dalam memahami aspek teras tindak balas proses pencecairan. Perubahan kumpulan berfungsi
di dalam baki pencecairan dianalisis dengan Spektroskopi Inframerah Transmisi Fourier (FTIR). Indeks penghabluran
yang mewakili perubahan kehabluran selulosa dalam baki pencecairan telah dikaji melalui analisis pembelauan sinar-X
(XRD). Morfologi permukaan baki pencecairan telah diperhatikan menggunakan mikroskop imbasan elektron (SEM).
Sifat terma baki pencecairan dianalisis menggunakan analisis termogravimetri (TGA). Analisis menunjukkan suatu
puncak lebar pada 3450-3400 cm!, merujuk kepada regangan OH di dalam lignin. Puncak ini mula menghilang dengan
peningkatan nisbah fenol-kenaf (P/K). Ini menunjukkan lignin mengalami peningkatan kadar tindak balas dengan
pertambahan nisbah fenol-kenaf (P/K). Indeks penghabluran (Crl) mewakili rantau berhablur selulosa mengalami
peningkatan dengan pertambahan nisbah fenol-kenaf (P/K). Imej SEM menunjukkan serpihan halus yang melekat pada
permukaan baki pencecairan kenaf. Fragmen ini mulai mengalami penyingkiran dari permukaan baki pencecairan
apabila nisbah fenol-kenaf (P/K) meningkat daripada 1.5/1.0 ke 2.5/1.0 disebabkan peningkatan penusukan kimia ke
atas tapak aktif serabut kenaf. Peratus baki pencecairan berkurangan dengan peningkatan nisbah fenol-kenaf daripada
1.5/1.0 ke 2.5/1.0. Analisis TGA menunjukkan peningkatan rintangan haba di dalam sampel baki pencecairan dengan
peningkatan nisbah P/K.

Kata kunci: Baki kenaf; biojisim; fenol; pencecairan

INTRODUCTION (Soltes 1983). Petroleum prices, feedstock supply and

Conversions of lignocelluloses biomass, such as wood,
bagasses and other agricultural by-products to fuel and
useful chemicals, provide a long standing economic
opportunity and technical challenge that has assumed
different forms at different times according to the state of
technology, economy and the demand for various products

environmental issues are major concerns in the search
for alternative renewable energy resources (Effendi et al.
2007). Lignocelluloses biomass has been proposed to be
used as an alternative resource for producing phenolic
chemicals by degradation/de-polymerization processes
(Amen et al. 2001).
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Lignocellulosic biomass is derived from three main
components, i.e., hemicelluloses, cellulose and lignin.
Due to the phenolic nature of the lignocellulosic biomass,
a wide variety of phenols, phenol derivatives and aromatic
chemicals can be produced. The fact that high lignin
content of biomass is widely available, often at low cost
and in large quantities, enhanced the efforts to replace
the petroleum-based phenol partially with lignocelluloses
biomass. Direct liquefaction of lignocellulosic biomass has
proven to be a promising process to convert lignocellulosic
material into valuable chemicals (Wang et al. 2008).

Kenaf (Hibiscus cannabinus L.) is an annual herbaceous
crop of the Malvaceae family. Due to environmental and
feedstock supply problem, researchers start to study the
potential applications of kenaf in various field including
pulp and paper industry. In Malaysia, realizing the
diverse possibilities of commercially exploitable derived
products from kenaf, the National Kenaf Research and
Development Program has been formed to develop kenaf
as a new industrial crop in Malaysia (Edeerozey et al.
2006). Large in quantity, renewable and high lignin content
(Khristova et al. 2002), biomass kenaf has been proposed
to be used as an alternative phenolic source instead of
using petroleum base phenol in the synthesis of phenolic
resin using thermochemical conversion such as pyrolysis
and liquefaction (Lee & Ohkita 2003; Tymchyshyn & Xu
2010).

Liquefaction of kenaf, particularly on pyrolysis study
of lignin (Guaiacylglycerol-f3-guaiacyl ether) with special
reference to the production of phenol derivative precursor
(liquefied kenaf) with several parameters was investigated.
Guaiacylglycerol--guaiacyl ether has been proposed as
model compound in place of lignin in order to demonstrate
the reaction mechanism of lignin during liquefaction
process (Kobayashi et al. 2004; Wang et al. 2009a; Wang
et al. 2009b). Liquefaction parameters that yield the
highest value of biomass kenaf conversions to phenolic
derivative precursor (liquefied kenaf) were chosen. Then
liquefied kenaf was prepared as feedstocks for the synthesis
of phenol formaldehyde resole resin. The properties of
phenolic resin and liquefied kenaf residue obtained were
investigated. In this study, liquefied kenaf residue obtained
from liquefaction of kenaf core which represents the
extent of wood liquefaction process were characterized
by chemical, morphology and physical analyses. The aim
of this research is to investigate the liquefaction of kenaf
core using sulfuric acid as catalyst for the preparation

of liquefied kenaf/phenol formaldehyde resin. Also, the
effect of phenol/kenaf ratio on the liquefaction reaction
and properties of resulting liquefied kenaf residue were
examined.

EXPERIMENTAL DETAILS

Kenaf core fibers were obtained from the Forest Research
Institute of Malaysia (FRIM). The kenaf core fibers were
milled into powder (20-200 mesh) and dried in an oven
at 150°C for 24 h. The chemicals used in this study
were as follow: phenol (solvent reagent), sulfuric acid
(catalyst), and methanol (diluting agent). Phenol used in
the liquefaction process was liquid industrial grade (90%
concentration) and all the other chemicals are ACS reagent-
grade chemicals (methanol and sulfuric acid) supplied by
Systerms and were used as received.

LIQUEFACTION KENAF WOOD CORE

Kenaf powder, 3% sulfuric acid (based on total amount
of phenol) and phenol at room temperature were loaded
into the three necks round bottom flask with a capacity
500 mL, set in an oil bath equipped with reflux condenser,
thermocouple and electrical stirrer. The oil bath was heated
up to the desired temperature for a specified reaction time.
The experimental parameters are listed in Table 1. The
liquefied kenaf was diluted with methanol and filtered
with Whattman grade 1 filter paper. The percentage of
methanol insoluble residue (R) was calculated based on
following equation:

%R = (W./ W) x 100% (1)

where W_is the weight of oven-dried initial input kenaf (g)
and W, is the oven-dried of the solid residue (g).

FTIR spectrum was obtained using a Perkin-Elmer
G-X spectrometer. Small amount of sample powder was
mixed with KBr powder and then pressed into disk for FTIR
analysis. The transmittance spectra were measured in the
wavelengths ranging from 4000 to 500 cm! at a resolution
of I cm™.

The liquefied kenaf residues crystallinity index (CrI)
and degree of crystallinity were measured using XRD.
Liquefied kenaf residues were pressed into disk and
analysed with an X-ray diffractometer (D5000, Siemen).
The X-ray diffractograms were recorded from 20 = 5° to
50°. The X-ray diffractograms of all samples were analysed

TABLE 1. Parameter of kenaf liquefaction

Liquefaction temperature Phenol/kenaf Time
(°O) (P/K) ratio (minute)
170 1.5/1.0 90
2 170 2.0/1.0 90
3 170 2.5/1.0 90




using Segal method (Segal 1959). The crystallinity index
calculation followed:

Crli(%) =[ (I, —1 )/ 1

002 am 002

] x 100 % 2)
where [, is the intensity of the diffraction from the
(002) plane at 20 = 22.58° and [ is the intensity of the
amorphous background scatter measured at 20 = 17.18°.

Liquefied kenaf residue after the liquefaction process
was analyzed using a Philips XL 30 Oxford 6650 scanning
electron microscope with acceleration voltage 20.0 KV.
Samples were sputter coated with a thin layer of gold, using
a vacuum sputter coater to avoid electrostatic charging
before subjected to the SEM.

Thermogravimetric analysis and differential
thermogravimetry (DTG) were carried out using a Mettler
Toledo SDTA 851e thermal analyzer at a heating rate of
10°C/min. The analysis temperature ranged from 30°C
subsequent to 700°C in a static atmosphere. Samples (about
1 mg) were loaded into alumina crucible for analyses.

RESULTS AND DISCUSSION

The effect of phenol-kenaf ratio (P/K) at the liquefaction
temperature of 170°C is shown in Figure 1. This figure
shows the decrease in residue content as the P/K ratio
increases for the liquefaction process. The residue content
decreased from ~8.62% to 71.36% as the P/K ratio was
increased from 1.5/1.0 to 2.5/1.0. This can be attributed to
the increase of chemical penetration toward the reaction

TABLE 2. Crystallinity Index
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sites on the kenaf wood powder as the increase of phenol
dosage. The higher the phenol concentration the greater
of the liquefaction reaction during liquefaction process
(Pan et al. 2007).

The SEM images of raw kenaf fibres and liquefied
kenaf residues with P/K ratio 1.5/1.0 to 2.5/1.0 are shown
in Figure 2(a) - 2(d). The SEM images illustrate that raw
kenaf core powder possesses a rough surface and consists
of many small fragments on the cell wall which were
formed during the milling process (Figure 2(a)). Raw
kenaf fibres generally consist of coarse bundles of single
fibre held together by lignin and pectin Keshk et al. (2006).
Fibre bundles are broken down to individual fibres, due to
the removal of lignin during liquefaction process (Alma
& Basturk 2006). This effect starts from the outer layer
of fibre bundles and progresses to the inner fiber bundles
which is clearly shown in Figure 2(a) to 2(d). As the
P/K ratio increased from 1.5/1.0 to 2.5/1.0, most small
fragments attached on the surface of wood residues were
removed.

Figure 3 shows the spectra of raw kenaf and liquefied
kenaf residues obtained using different P/K ratios. A
broad peak around 3450-3400 cm™ is attributed to the
OH stretching which is caused by the moisture (water)
in the fibers and hydroxyl group in lignin, cellulose and
hemicelluloses. The peak around 2940-2820 cm! represent
the OH stretching in methyl and methylene groups (Fengel
1989). These two peaks are attributed to the absorption
bands of lignin which are presented in the spectra of raw
kenaf and liquefied kenaf residue. The reduction of the

of liquefied kenaf residue

I, . Crystallinity Index (CrI)
Raw kenaf 22.58 17.18 2391
P/K: 1.5/1.0 21.94 16.16 26.34
P/K: 2.0/1.0 21.84 15.56 28.75
P/K:2.5/1.0 21.69 15.06 30.57
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FIGURE 1. Liquefied kenaf residue content versus phenol-kenaf ratio at 170°C
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FIGURE 2. SEM micrograph of (a) raw kenaf fibres, residue of the kenaf fibres after the liquefaction process with
(b) P/K ratio 1.5/1.0, (c) P/K ratio 2.0/1.0 and (d) P/K ratio 2.5/1.0
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FIGURE 3. FTIR spectra (a) raw kenaf, (b) residue P/K ratio 1.5/1.0, (c) residue P/K
ratio 2.0/1.0, (d) residue P/K ratio 2.5/1.0

peak’s intensity might be due to the loss of phenolic or
alcoholic groups when P/K ratio increased from 1.5/1.0
to 2.5/1.0 (Wahyudiono et al. 2008) . Therefore, it can be
concluded that the intensity of OH stretching in methyl and
methylene group decreased with the increase of the P/K
ratio during liquefaction process. It can also be noted that
the peak’s intensity at 3450-3400 cm™ also reduced due

to the chemical modification of cellulose and cracking of
lignin during the liquefaction reaction which resulted in the
reduction of free hydroxyl group in cellulose and therefore
reduced the moisture content in the fibre (residue).

An intense absorbance is observed around 1085-1030,
1370-1365, 1470-1460 and 1635-1600 cm™ in the spectrum
of raw kenaf. The spectrum band around 1085-1030 cm™ is



due to C-H, C-O deformation, while band around 1370-1365
cm! corresponds to C-H deformations (symmetric), 1470-
1460 cm™' corresponds to C-H deformations (asymmetric)
and 1635-1600 cm™ OH deformation vibration. The
intensities band at 1085-1030, 1370-1365, 1470-1460 cm’!
and 1635-1600 cm™ (Socrates 2001) starts to disappear
as P/K ratio increases from 1.5/1.0 to 2.5/1.0, suggesting
that lignin might react to a greater extent of reaction
(degradation) as P/K ratio increases. The peak absence
(3450, 2940 cm™) represents the damage of the lignin
network in the liquefied kenaf residues, thus suggesting
lignin was liquefied rapidly among three major components
in kenaf as P/K ratio increased during liquefaction process
(Ahmadzadeh & Zakaria 2009). While the wide peak at
835-815, 1175-1165 cm™ and 1160-1150, 820-770 cm’!
each associate with p-Alkyl phenol and m-Alkyl phenol
(Socrates 2001) respectively occur in all spectrums except
in the raw kenaf spectrum. This finding indicates that the
phenolic characteristic presence in liquefied kenaf residue
was due to the phenolation reaction towards kenaf during
liquefaction. The phenolic characteristic is attributed to
the condensation reaction of fragment residue via phenols
to produce a new high molecular weight insoluble residue
(Zhang et al. 2006).

Figure 4 represents XRD diffractograms of raw kenaf
and liquefied kenaf residues. The peak at 22.3° and 34.6°
which assigned to diffraction planes of cellulose are
presented in diffractograms of liquefied kenaf residues
(Kobayashi et al. 2004). The major diffraction of cellulose
in liquefied kenaf residue diffractogram is similar to the
diffractogram plane of nature cellulose, which is at 22.6°
(Segal et al. 1959). The peak present around 30.0° in the
diffractograms of liquefied kenaf residues is assigned to
the formation of oxidizable lignin (Keshk et al. 2006).
The formation of sharp peak at ~26° is attributed to the
formation of carbonaceous structure as degradation product
of the liquefaction process.

Intensity (a.u)
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The crystallinity index (CrI) of liquefied kenaf residue
at P/K ratio 1.5/1.0,2.0/1.0 and 2.5/1.0 are 26.34, 28.75 and
30.57, respectively. The increasing pattern in CrI values by
9.14 % and 6.30 % were observed as P/K ratio increases
from 1.5/1.0 to 2.5/1.0. This finding is in agreement with
the report that low lignin content sample possesses higher
crystallinity of cellulose (Deraman & Zakaria 1999).
According to Oujai and Shanks (2005), cellulose is known
as a crystalline structure attributed to linear structure and
multiple intermolecular hydrogen bonds. Thus the increase
in the Crl values can be elucidated by the increase in
cellulose crystalline region as a result from the removal of
lignin from amorphous region of liquefied kenaf residue
at higher P/K ratio (Pan et al. 2007). While Cheng et al.
(2009) suggested that the shift of amorphous and semi-
crystalline region into crystalline region and arrangement
of semi-crystalline region at crystalline surface plane are
responsible for the increasing of Crl values. Crystalline
cellulose undergoes slower liquefaction rate than that
of amorphous lignin which is due to resistant crystalline
structure toward the liquefaction condition (Ahmadzadeh
& Zakaria 2009).

Figure 5 illustrates the TG thermogram for the thermal
degradation behaviour of kenaf residue after liquefaction.
Small weight loss was observed around 100°C in the TGA
curves which assign to the lost of moisture in the samples
(Singh et al. 1996; Spinace et al. 2009). TGA curves ~
236-297°C with maximum decomposition peak at 268°C
represents decomposition of hemicelluloses. Second
decomposition process occurred at ~ 298-366°C, with
maximum decomposition peak at 335°C. Comparison of
thermal decomposition rate shows that lignin possesses
low decomposition rate at low temperature and underwent
maximum decomposition at 437°C. This finding is in
agreement with Spinace et al. (2009), who proposed
that lignin de-polymerization are dominant than that of
hemicelluloses/cellulose in this range of temperature.
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FIGURE 4. Diffractogram of raw kenaf and liquefied kenaf residue
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Figure 6 illustrates the weight loss of liquefaction
residue up to 450°C. The results obtained demonstrate
the increase in heat resistance of liquefied kenaf residue
as the P/K ratio was increased from 1.5/1.0 to 2.0/1.0.
This increasing pattern can be explained from chemical
reactivity between chemical components in kenaf and
phenol, thus improved the thermal resistance properties
in liquefied kenaf residue (Ahmadzadeh & Zakaria
2009). Other explanation for the increase of heat thermal
resistance is due to the phenolation of decomposed
wood component. In other words, the formation of
thermally stable high molecular weight residue from the
decomposition and recombination reaction of cellulose
degraded derivatives (cello-oligosacharide and glucose)
pyranose ring structure with phenol occurred during
liquefaction process (Zhang et al. 2006). As P/K ratio
increased from 2.0/1.0 to 2.5/1.0, the heat resistance
decreased due to the increase in the amount of thermally
stable structure of lignin which has been thermally
degraded in this range of temperature.

CONCLUSION

In this study kenaf powder was successfully liquefied with
phenol in the presence of sulfuric acid as catalyst at 170°C.
The liquefied kenaf residue characterization demonstrated
that the residue content decrease in liquefaction process
was attributed from the efficient chemical penetration
toward reactive site of kenaf powder. The TG curves
showed that liquefied kenaf residue underwent several
decomposition states and experienced improved thermal
resistance as P/K ratio increased. The changes in the FTIR
spectrum and the removal of small fragment attached on
the surface of kenaf residue confirm the effect of P/K
ratio on kenaf liquefaction and liquefied kenaf residue.
XRD diffractograms showed that cellulosic crystalline
component was the most resistant component toward
liquefaction process. The results obtained suggested that
the following; liquefaction time: 90 min, temperature:
170°C, P/K ratio: 2.5/1.0 and catalyst concentration: 3%
(based on weight phenol) are sufficient for the liquefaction
reaction of kenaf powder.
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FIGURE 5. TGA curve of liquefied kenaf residue
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FIGURE 6. Weight loss of liquefied kenaf residue up to 450°C
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