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ABSTRACT

Lignins were extracted from oil palm empty fruit bunch after kraft and soda pulping process. The aim
of this study was to characterise the chemical and thermal properties of these lignins as well as deter-
mine their suitability for partial incorporation into phenol formaldehyde resin. The analytical methods
used were CHN analyser, FTIR spectroscopy, UV spectroscopy, TGA, DSC, GPC, 'H NMR and FESEM. The
elemental analysis results showed that both lignins had similar contents of C, H and O. FTIR spectra
also revealed that both lignins have similar functional groups. Nevertheless, both lignins showed dif-
ferent compositions in terms of molecular weight distribution (M,, M, and polydispersity), reactive site
through Mannich reactivity analysis, surface morphology and T, value. The phenolic hydroxyl group con-
tent in kraft and soda lignins is 4.1076 mmol/g and 2.5830 mmol/g, respectively. The TGA thermogram
showed both lignins had high thermal stability. Based on these analyses, kraft lignin from oil palm empty
fruit bunch showed tremendous potential as a partial substitute for phenol in phenol formaldehyde

resin production.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

An oil palm empty fruit bunch (OPEFB) is a form of fibrous
lignocellulosic residue generated in signification quantities in the
palm oil industry (Tanaka, Wan Rosli, Magara, Ikeda, & Hosoya,
2004). Approximately 15 million tons of this agriculture waste
is generated by oil palm milling operation annually and part
of it is burned in incinerators (Rahman, Choudhury, Ahmad, &
Kamaruddin, 2007). Malaysia is currently one of the world’s top
producers of oil palm products. The amount of lignocellulosic waste
has increased proportionately with increases in oil palm cultivation
acreage (Sulaiman et al., 2009). This incineration of the ligno-
cellulosic waste is environmentally pernicious and unhealthy to
inhabitants within the vicinity. Concerns about the effects of ligno-
cellulosic waste to human and natural environment have prompted
initiatives to recycle the lignocellulosic waste. Such initiatives have
been incentivized by the abundance of this resource, its inherent
renewability, its low cost and its relatively low toxicity.
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Many studies have been conducted to use this renewable
resource as a raw material such as in polymer blended com-
posite manufacturing (Rozman, Ahmadhilmi, & Abubakar, 2004),
the cellulase production (Umi Kalsom, Ariff, & Zulkifli, 1997)
and the production of various chemicals (Rahman et al., 2007).
The high content of a-cellulose in this lignocellulosic waste also
makes it a potentially viable raw material for applications in the
paper manufacturing industry (Akamatsu, Husin, Kamishima, &
Hassan, 1987; Khoo & Lee, 1991; Wan Rosli, Law, & Valade, 1998).
Through this alternative and its potential in the future of pulp and
paper industry, it can decrease the deforestation rate in the coun-
try.

Alkaline pulping process such as kraft pulping and soda pulp-
ing is known as potential pulping process for non-woody materials
(Garcia et al., 2009; Zhinan & Raimo, 2001). Essentially, both pro-
cesses function to liberate lignin, hemicelluloses and cellulose to
enhance the quality of the pulp (Akamatsu et al., 1987; Wan Rosli
et al.,, 1998). Kraft pulping is a dominant pulping process in the
world. This process enables pulping of different tree species, recov-
ers and reuses all pulping chemicals and produces a high quality
paper. However, there is a growing interest in applying soda pulp-
ing for non-woody based material in papermaking such as empty
fruit bunch fiber (Wan Rosli, Law, Zainuddin, & Asro, 2004; Wan
Rosli, Zainuddin, & Roslan, 2005).
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Fig. 1. Three major phenylpropanoid units of lignin: (a) trans-p-coumaryl alcohol,
(b) trans-coniferyl alcohol and (c) trans-sinapyl alcohol.

Both pulping processes generate large amounts of a by-product
known as black liquor. The pulp and paper industry normally
burns the lignin dissolved in the black liquor for energy genera-
tion (El Hage et al., 2009; Garcia et al., 2009). However, the lignin
which has been separated from hemicelluloses and cellulose dur-
ing pulping process can be utilised as a starting material, due to its
variable functional groups. These functional groups could lead to
tremendous potential reactive sites for chemical and biochemical
modifications.

Lignin is a major cell wall component in plants; it provides sup-
port for the plant, contributes to the transport of nutrients and
water and protects against attack by microorganisms (Buranov &
Mazza, 2008). Lignin is an amorphous polymer built up by oxidative
coupling of three major phenylpropanoid units namely trans-p-
coumaryl alcohol, trans-coniferyl alcohol and trans-sinapyl alcohol,
which form a randomised structure in a three-dimensional net-
work inside the cell wall as shown in Fig. 1. The phenylpropane
units are commonly classified into three main types which differ in
the amount of methoxyl groups: p-hydoxyphenyl (H), guaiacyl (G)
and syringyl (S) lignin (Lewis & Yamamoto, 1990). These basic units
are primarily attached to different types of aryl-aryl ether type and
have more than 10 different types of linkages (Brunow, Lundquist,
& Gellerstedt, 1999). The existence of a variety of functional groups
in the structure of lignin structure enables this macromolecule
to undergo a large number of modifications. Some studies show
that some parts of a lignin structure resemble phenol, making this
material an attractive potential substitute for phenol in wood adhe-
sive resin (Alonso et al., 2001; Vazquez, Freire, Bona, Gonzalez, &
Antorrena, 1999).

The scarcity of petroleum-based material could affect the pro-
duction of the most dominant wood adhesive (Sulaiman et al.,
2009). Thus, research and development focused on this matter
seem to be appropriate to decrease dependence on petroleum-
based materials. However, the variations in the types of pulping
materials and pulping conditions produce different lignin proper-
ties. Furthermore, lignin composition is different not only among
plants but also between parts of the same plant (Gosselink et
al,, 2004). To utilise these lignins as a replacement in phenol
formaldehyde resin synthesis optimally, it is therefore necessary
to determine their suitability by examining their chemical and
thermal properties. Currently, only a few studies concentrated in
characterisations on lignin specifically for phenolic resin replace-
ment and most of these have focused on lignin from softwood
and hardwood (Mansouri & Salvadé, 2006; Tejado, Pefia, Labidi,
Echeverria, & Mondragon, 2007).

The aim of this study was to characterise the different types
of lignin, which were extracted from OPEFB that was derived
from different pulping processes, for their suitability for partial
incorporation into phenolic resins such as phenol formaldehyde
resin.

Table 1
Chemical compositions of oil palm empty fruit bunch.

(Ghazali et al., 2006) (Law et al., 2007)

(%) (%)
Extractives 3.7+03 3.7+03
Holocellulose 824+14 824+14
Hemicellulose 37.0 28.0
Lignin 18.8+0.3 18.8+0.3
Ash 1.3+0.2 1.3+£0.2

2. Materials and methods
2.1. Raw materials and pulping condition

The OPEFB fiber used for kraft and soda pulping was obtained
from Sabutek Sdn. Bhd., Malaysia. The typical chemical composition
of OPEFB is presented Table 1 (Ghazali, Wan Rosli, & Law, 2006; Law,
Wan Rosli, & Ghazali, 2007). Both pulping processes were carried
outin a 10-L digester. For kraft pulping, a 19% of active alkali and a
25% of sulfidity with water to fiber ratio of 8 was used. The digester
was heated from room temperature to 170 °C for 1 h and continued
at 170 °C for 2 h. The contents in the digester were stirred by rotat-
ing the digester controlled via a motor. For soda pulping, 25% of
active alkali with no percentage of sulfidity was applied and same
condition was used. After cooking, the pulp and black liquor were
mixed. The pulp was washed and separated by screening though a
sieve and black liquor was collected.

2.2. Extraction and purification of lignin

The pH of kraft and soda black liquor was measured as 13.69
and 13.36 respectively. Both lignins gave the same density value
of 1.04 g/mL. Lignin was precipitated from the concentrated black
liquor by acidifying it until pH 2 using 20% (v/v) sulfuric acid. The
precipitated lignins were filtered and washed with pH 2 water.
Both lignins were then dried in a vacuum oven at 45°C for 48 h
(Mohamad Ibrahim, Chuah, & Rosli, 2004). The purification of both
lignins was conducted by extracting the lignins in the soxhlet
apparatus for 6 h with n-pentane to remove wax and lipids. The
precipitate was filtered and washed with pH 2 water to remove
the excess n-pentane and non-lignin phenolic compounds which
may remain in the black liquor. The purified lignin was then dried
further in the vacuum oven at 45 °C for another 48 h. Both lignins
showed high content of ash and had been treated with hot water
and pH 2 water to dissolve the residual sugars (Lin, 1992). The lignin
was then dried in a vacuum oven at 45 °C for another 48 h before
being ground and was filtered using 200 p.m sieves and stored in
plastic bottles for further analysis.

2.3. Analytical methods

2.3.1. Elemental analysis

In preparing lignins for further analysis, the lignin powder was
obtained by drying the lignin samples at 105°C in a vacuum oven
until a constant weight was obtained. The content of carbon, hydro-
gen, nitrogen and sulfur was analysed using a Thermo Finnigan
model Eager 300 analyser. The percentage of oxygen was calculated
by subtracting the C, H, N and S contents from 100%. The percentage
of proteins was calculated as N (%) x 6.25. Based on elemental com-
position, CoH,0.S,, the average of double bond equivalent (DBE)
was calculated according to Eq. (1) (Robert, Michel, Gellerstedt, &
Lindfors, 1984).

(2a+2)-b

DBE = 5

(1)
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2.3.2. Ash content analysis

Crucibles were dried at 105°C until constant weight was
obtained. Approximately 0.5¢g lignin samples was weighed into
the crucibles and calcined at 900°C for 4 h. The ash content was
calculated by determining the weight percentage of sample in the
crucibles as burning process completed.

2.3.3. FTIR analysis

FTIR spectra of both lignin samples were performed in a Perkin
Elmer model System 2000 instrument. Each spectrum was recorded
in a frequency range of 400-4000 cm~! using potassium bromide
(KBr) disc. The KBr was previously oven-dried to reduce the inter-
ference of water.

2.3.4. Mannich reactivity test

The Mannich reactivity test was carried out to determine unsub-
stituted C-3 and C-5 in lignin as described by Mansouri and Salvad6
(2006).

2.3.5. Acetylation for GPC and 'H NMR analysis

Lignin samples were subjected to acetylation in order to
enhance their solubility in organic solvent in GPC and 'H NMR
analysis. During the acetylation process, all the hydroxyl functional
groups will be substituted by new acetyl groups. Acetylation was
performed using Vazquez et al.’s (1999) method.

2.3.6. GPC analysis

The molecular weight distribution of lignin and acetylated
lignin was determined by gel permeation chromatography (GPC).
Tetrahydrofuran (HPLC grade) was used as a mobile phase with a
flow rate of 1.0mLmin~! using Water 1525 Binary HPLC Pump.
Three Water Stryragel columns of doubled of HR 5E THF and
HR 4E THF as well as a Water 2414 Refractive Index detector
were used. The columns were calibrated using narrow molecular
weight monodisperse polystyrene standard ranging from 580 to
8,500,000 g/mol in the eluent. The molecular weight and molecular
number must be considered relative because they were compared
with polystyrene standard. Both lignins were dissolved in the elu-
ent at a concentration of 1 mg mL~!. The solution was filtered using
0.45 pm filter. Then 20 L of the filtered solution was injected into
HPLC system.

2.3.7. UV analyses

UV analyses of both lignins in dioxane and alkaline solution were
conducted. Briefly, 7mg of lignins was weighed and dissolved in
5 mL of dioxane-water solution (9:1, v/v). Similarly, 7 mglignin was
dissolved in 5 mL pH 12 NaOH solution. Both solutions followed by
refers to the lignin in dioxane solution and lignin in alkaline (NaOH)
solution. And both solutions had been diluted to 50-fold dilution
(Zhao, Dai, & Liu, 2009). The spectra were recorded using UV Perkin
Elmer Lambda 25.

2.3.8. 'H NMR analysis

TH NMR analysis of acetylated lignin samples was conducted
by following the procedure described by Froass, Ragauskas, and
Jiang (1998) with some modifications. Acetylated lignin (0.10 g)and
pentaflourobenzaldehyde (PFB) (6.4 L of PFB as internal standard)
were dissolved in 1.0 mL of CDCl3. PFB was selected as an inter-
nal standard because it can be dissolved in CDCl3 and an involatile
chemical. PFB also has single signal in the 'H NMR and not overlap
with lignin signals. The addition of PFB in the NMR sample gave
an appropriate method by which the moles of the functional group
of lignin could be determined. In this study however, estimation
of the functional group using NMR method is more dependent on
the changes in the structure of lignin component than to obtain it

Table 2
Results of ash and moisture contents, elemental composition, protein content, dou-
ble bond equivalent (DBE) of kraft lignin and soda lignin (% (w/w) on dry matter).

Type of lignins Kraft lignin Soda lignin
Ash content (%) 0.14 (22.26%) 0.55 (16.54%)
Moisture content (%) 1.6396 1.916
Elemental analysis (%)
Carbon 56.7655 57.1154
Hydrogen 5.5932 6.6339
Oxygen 35.9384 35.2331
Nitrogen 0.7611 1.0176
Sulfur 0.9417 ND
% protein 4.757 6.350
DBE 4.679 3.727

Values in parenthesis are ash content before treated with hot water.

precisely. This is due to the signal overlapping and the complex-
ity of lignin structure. The 'H NMR spectrum was recorded using
a Bruker 400 MHz Ultrashield spectrometer. The phenolic content
was estimated according to Eq. (2).

(ar—o1/3) x (1/Ipes) x Mprg x 1000 )
Wi — (Iac/3) x (1/Ipp) x Mppp x 42

where Ar-OH is the content of phenolic hydroxyl group, mmol/g;
Iar-on is the integration of protons of the functional group (8§
2.50-2.17 ppm for acetyl group corresponding to Ar-OH); 3 is the
number of proton of acetyl and methoxyl groups; 1 is the number
of protons on PFB; Ippg is the integration of PFB (§ 10.4-10.2 ppm);
Mpgp is the mol of PFB used in internal standard; W is the weight
of lignin in gram; I is the integration of protons of total acetyl
groups corresponding to Ar-OH and Alk-OH (8 2.50-1.70 ppm); 42
is the formula weight of acetyl group minus one (43 —1).

Ar-OH (mmol/g of lignin) =

2.3.9. Thermal analysis

The thermal behaviors of the lignins were studied by ther-
mogravimetric analysis (TGA) using a Perkin Elmer TGA 7
thermogravimetric analyser. Scans were recorded from 30 to 800 °C
with a heating rate of 20 °Cmin~! under nitrogen atmosphere. The
glass transition temperatures (Tg) were obtained using a Perkin
Elmer Pyris 1 differential scanning calorimeter (DSC). The samples
were heated up to 200°C with a heating rate of 20°Cmin~!. T
can be defined as the midpoint of the temperature range at which
changes in heat capacity occur. The glass transition temperature
(Tg) of an amorphous phase of material is the critical temperature
at which the material changes its behavior from glassy to rubbery
or vice versa (Young & Lovell, 1991).

2.3.10. Field emission scanning electron microscopy (FESEM)

The lignin samples were coated with gold before the surface of
the lignin was visualized using a field emission scanning electron
microscope, model LEO Supra 50Vp ultra-high resolution.

3. Results and discussion
3.1. Analysis of yield of kraft and soda lignins

The ash content and moisture content of kraft lignin and soda
lignin are presented in Table 2, including the results of their ele-
mental composition. The double bond equivalent and percentage
of protein derived from the results of elemental analysis are also
shown. The result shows that the ash content of kraft and soda
lignins is relatively low and this content is reduced after treatment
with hot water. It might be possible that before the hot water treat-
ment, the lignin was attached to sugar, silicon and wax. Both lignins
had relatively high dry matter because the moisture content was
less than 2.0%.

Table 2 also reveals that both the lignins had similar C, H and O
contents. This similarity of the elemental composition may be due
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Table 3

FTIR absorption bands and assignments for kraft and soda lignins.
Band (cm™1) Assignments Kraft Soda

Band location (cm~1)

3400-3405 O-H stretching (phenolic OH and aliphatic OH) 3404 3402
2960-2925 C-H stretching (CH3 and CH; groups) 2937 2933
2850-2840 C-H stretching (OCH3) 2841 2848
1705-1715 C=0 stretching (unconjugated ketone, carbonyl and ester groups) 1709 1712
~1600 C-C stretching (aromatic skeleton) 1606 1603
1513 C-C stretching (aromatic skeleton) 1513 1513
1460 C-H deformation (asymmetric in -CH3 and -CH;) 1461 1462
1425 C-C stretching (aromatic skeleton) with C-H in-plane deformation 1426 1425
1326 C-0 stretching (syringyl) 1327 1329
~1220 C-O(H) +C-0O(Ar) (phenolic OH and ether in syringyl and guaiacyl) 1211 1216
1115 Ar-CH in plane deformation (syringyl) 1113 1114
~1030 C-O(H)+C-0(C) (first order aliphatic OH and ether) 1033 1026
915 C-H out of plane (aromatic ring) 914 916
831 C-H out of plane 831 831

to same resource of pulping material. The sulfur content in kraft
lignin may be derived from hydrosulfide anions during the pulp-
ing process of empty fruit bunch fiber. Nitrogen content has been
detected for both lignins. The presence of nitrogen content may be
due to the formation of protein-lignin complexes during deligni-
fication process (Zhao et al., 2009). The protein residues attached
to both lignins suggest a strong chemical bond between precipi-
tated lignin and protein in non-woody plant such as empty fruit
bunch fiber. This finding also shows that the proteins are difficult
to remove by acid precipitation and reveals that proteins linked to
lignin in the starting plant material are still attached with lignin
fragments during the pulping process. Table 2 also shows that kraft
lignin has lower nitrogen content in precipitation compared to soda
lignin, suggesting that the precipitation of kraft lignin portions is
less contaminated.

The number of double bond equivalent (DBE) in both lignins
implies the degree to which the lignins condensed and the presence
of aromatic ring structure. From Table 2, it can be seen that the
number of DBEs in kraft lignin was slightly higher than that in soda
lignin. It was expected that severe cracking would occur during the
kraft pulping process. This cracking was attributed to the reaction
of hydroxide and hydrosulfide with the lignin, which causes the

kraft lignin structure to acquire higher double bonds compared to
soda lignin.

3.2. FTIR spectroscopy

To investigate the structural changes taking place during the
pulping process, FTIR spectra of kraft and soda lignins obtained
from the black liquor were recorded. Fig. 2 shows the FTIR spec-
tra for both lignins. The corresponding assignments and bands for
both lignins are presented in Table 3. Fig. 2 reveals that the func-
tional groups presented in both lignins were similar to each other.
The assignments of the bands are reported according to other lit-
erature findings (Anglés, Reguant, Garcia-Valls, & Salvado, 2003;
Tejado et al., 2007).

Both lignins show bands at ~1600, 1515 and 1425 cm~! which
is corresponding to aromatic ring vibrations of the phenyl-propane
(Cg) skeleton. The band at ~1513 cm~! assigned to aromatic skele-
tal vibrations coupled with C-H, in plane deformation. The band
at ~1425cm! contributes to aromatic ring vibrations, which are
affected by the nature of the ring substituent and coupled to
C-H in plane deformations. The presence of band at ~1460cm™!,
assigned to C-H deformation (asymmetric) in methyl, methylene
and methoxyl groups, confirms that both lignin aromatic structures

did not change dramatically during the extraction procedure (Nadji
et al., 2009).

In the area from 3400 to 2840 cm™!, similar bands appeared for
both lignins. A wide absorption band that appears at ~3400 cm™!
can be attributed to aromatic and aliphatic OH groups. The absorp-
tion peak between 3000cm~! and 2840 cm~! can be assigned to
C-H stretching in methyl, methylene and methoxyl groups. There
were no significant differences of the spectra in the 1800-800 cm™!
wave number region for kraft and soda lignins. Bands between
1715 and 1705 cm~!, shown for both lignins, were assigned to car-
bonyl stretching - unconjugated ketones and carbonyl groups. The
band at 1675-1660 cm~!, which is normally attributed to conju-
gated carbonyl stretching, was not found in both lignins. The bands
at ~1326 and 1117 cm~! were assigned to syringyl ring breath-
ing with C-0 stretching and aromatic C-H, in plane deformations,
respectively. Bands at ~1220 cm~! were attributed to syringyl and
guaiacyl ring breathing with C-0 stretching. The aromatic C-H in
plane deformation for guaiacyl type lignin appears at ~1030cm~1.
The peak at 831 cm~! was typical for aromatic C-H out of plane
bending. The presence of syringyl (S) and guaiacyl (G) bands for
both lignins indicated that the lignin extracted from OPEFB is more
similar to wood lignin than annual plant lignin, which is normally
HGS lignin. This similarity was due to the absence of band of p-
hydroxyl phenyl propane (H) at 1166 cm™! in the spectra (Zhao
et al., 2009).

The presence of guaiacyl-type (G) unit in both lignins confirmed
that both lignins had potential active site for polymerisation. In
phenol formaldehyde condensation reactions, phenol condenses
initially with formaldehyde in the presence of alkaline to form
methylolphenol (Pizzi, 1983). The initial attack may be at the 2-,
4- or 6-position as shown in Fig. 3. The second stage of the reac-
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Fig. 2. FTIR spectra of soda lignin (1) and kraft lignin (2) with wave number:
4000-500cm~!.
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Fig. 3. (1) Phenol structure with three reactive sites: 2-, 4- and 6-position and (2)
typical lignin structure with 1 reactive site: 3-position.

CH,
e

HC

N

ScH e _CH

HCOH
—_—
HaCO
CH,0OH
HO H3CO L
Lignin
Condensation
CH,

s

HCx. CH
ScH HCZ
H3CO” ]’I: N\ S i "OCHj
o M2 on

Fig. 4. Crosslingking between lignin and formaldehyde.

tion involved the reaction of methylol groups with other available
phenol or methylolphenol, leading first to the formation of lin-
ear polymers and then to the formation of hard cure and highly
branched structure.

The similarity between G-type unit of lignin and phenol (Fig. 3)
revealed that lignin could also react with formaldehyde and could
be cross linked with formaldehyde in the same way as in the phe-
nol formaldehyde condensation reaction, as shown in Fig. 4. Thus,
the free 3-position of G-type units in both lignins gave significant
values compared to S-type unit, which had both the 3-position and
5-position attached to the methoxyl group, preventing the occur-
rence of a polymerisation reaction.

3.3. Mannich reactivity

The active sites in lignin also could be determined through Man-
nich reactivity reaction. Fig. 5 depicts the step Mannich reaction
took place. Kraft lignin has a slightly higher content of free 3-
position than soda lignin, as shown in Table 4, which indicates
that kraft lignin has better reactivity with formaldehyde in phenol

Table 4

Unsubstituted C-3 and C-5 in kraft lignin and soda lignin.
Types of lignins Kraft lignin Soda lignin
Content of free 3-position (%) 3.88 3.50

R

+ HcHO t HN(CHg, —

HaCO

OH CHN(C2Hs)
HyCO . 2N(C2H5)2
Lignin Formaldehyde  Diethylamine
Fig. 5. Mannich reactivity reaction.

Table 5
Result of functional group in both lignins by 'H NMR analysis.

Functional group Kraft lignin Soda lignin

OH phenolic (mmol/g) 41076 2.5830

formaldehyde polymerisation compared to soda lignin. This higher
content also suggests that kraft lignin from OPEFB has a greater
content of unsubstituted 3-position or G-type unit compared to
soda lignin. Furthermore, the capacity of lignins as a substitute for
phenol in phenol formaldehyde resins is related to the number of
sites on lignin fragment that are reactive to formaldehyde (Pizzi,
Flora-Ann, & Van der Klashorst, 1989).

3.4. UV and 'H NMR analyses

The most significant functional group in lignin structure is the
free phenolic group because in most chemical reactions involving
lignin, phenolic phenylpropane units are preferentially attacked.
The phenolic group was determined via UV and '"H NMR anal-
yses. The UV-visible spectra of kraft lignin and soda lignin in
dioxane-water solution (neutral solution) (9:1, v/v) and pH 12
NaOH solution (alkaline solution) are shown in Fig. 6(a). Compari-
son of absorbance for both lignins in neutral and alkaline solutions
was conducted due to the tendency of phenolic group to ionise in
alkaline solution (Robert et al., 1984). Both lignins have a maxi-
mum absorption at ~240 nm and a second maximum absorption at
about ~280 nm in dioxane-water solution. In alkaline solution, the
maximum absorption appears at ~210 nm and a shoulder appears
near ~240-250 nm and~280 nm. The scattering at 200-230 nm in
dioxane-water solution was due to dioxane absorption (Hoareau,
Trindade, Siegmund, Castellan, & Frollini, 2004). The absorbance of
kraftlignin and soda lignin in dioxane-water was similar. However,
in alkaline medium, kraft lignin showed higher absorbance than
soda lignin. The UV analysis result was also supported by '"H NMR
analysis. Quantitative analysis of phenolic hydroxyl group in both
lignins was determined by 'H NMR spectra as shown in Fig. 6(b).
From Table 5, it shows that kraft lignin possesses higher phenolic
hydroxyl content compared to soda lignin. The higher absorbance
in UV analysis and higher phenolic group content through 'H NMR
in kraft lignin are contributed by the cleaving of alkyl-aryl ether
linkages during the kraft cook, which led to the formation of new
phenolic end groups and indirectly increased the phenolic hydroxyl
content in kraft lignin. Higher amount of phenolic hydroxyls in kraft
lignin structure allowed the activation of free ring position which
makes the kraft lignin more reactive toward formaldehyde than the
soda lignin. The tendency of formaldehyde to attack at the free 3-
position as depicted in Fig. 3 of the aromatic ring in lignin makes it
able to form quinon methide intermediates (Mansouri & Salvadé,
2006). This also occurs in phenol formaldehyde polymerisation pro-
cess.

3.5. GPC analysis

The molecular weight distribution of kraft lignin and soda lignin
was analysed using gel permeation chromatography (GPC). The
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Fig. 6. (a) UV spectra of kraft and soda lignins. 1 - kraft lignin in pH 12 solution; 2
- soda lignin in pH 12 solution; 3 - soda lignin in dioxane-water (9:1) solution; 4
- kraft in dioxane-water (9:1) solution. (b) 'H NMR spectra for acetylated (a) soda
lignin and (b) kraft lignin.

result of molecular weight for both lignins could be compared
because a polystyrene standard was used for calibration. The results
of weight-average (M,,), number-average (M) molecular weight
and polydispersity of kraft lignin and soda lignin before and after
acetylation are presented in Table 6. It was observed that the
molecular weights of both lignins before being acetylated are com-
paratively lower than those after acetylation. This observation
indicates that the macromolecules of lignin were not completely
dissolved in GPC eluent (tetrahydrofuran). Thus, acetylation should
be carried out. For comparison, the molecular weights of acetylated
lignins were examined.

From Table 6, it can be seen that My, and M, for kraft lignin is
lower compared to soda lignin. This difference is due to the cook-
ing process of the kraft pulp. During kraft cooking, the hydroxide
and hydrosulfide anions reacted with the lignin causing the poly-
mer to fragment into smaller water/alkali-soluble fragment. The
fragmentation of the kraft lignin proceeded through the cleavage

Table 6
Results of weight-average (M,y), number-average (M) and polydispersity of kraft
lignin and soda lignin before and after acetylation.

Soda  Sodaacetylated Kraft Kraft acetylated

My (g/mol) 1262 2873 1373 1807
M, (g/mol) 988 1398 950 1101
My /M, (polydispersity)  1.28 2.05 1.45 1.64

Table 7
Value of glass transition temperature (Tg) and maximum of thermal decomposition
temperature DTG yax.-

Samples Ty (°C) DTGmax (°C)
Kraft lignin 67.47 363.12
Soda lignin 71.64 347.09

of a-aryl ether and B-aryl ether bonds. The severe process of kraft
pulping leads the lignin to fragment into smaller molecular weights.
This process also implies that the cleavage of o and [3-O-4 bonds
is the major process in kraft pulping process, as compared to the
soda pulping process, because the phenolic content increased as
the molecular weight of the lignin decreased. Higher My, and M,
for soda lignin compared to kraft lignin suggest that soda lignin
produces fragments with higher masses than kraft lignin.

Table 6 shows that the polydispersity for both lignins was
relatively low, indicating that both lignins have a high fraction
of low-molecular weight molecules. As for the polydispersity,
both lignins possessed a narrow molecular weight distribution
(Mw/Mp <2). Compared to soda lignin, kraft lignin has a slightly
lower polydispersity. This result suggests that kraft lignin is more
suitable for condensates with phenol formaldehyde because it is
more reactive than those with high molecular weight molecules
(Pizzi & Mittal, 1994). The reaction of lignin with lower molecular
weight (kraft lignin) with formaldehyde is preferred because it will
enhance the rate of polymerisation process.

3.6. FESEM analysis

Fig. 7(a) and (b) presents the FESEM micrographs of kraft lignin
and soda lignin, respectively. Both lignins have distinct difference
in surface morphology. In Fig. 7(a), the surface morphology of kraft
lignin shows large number of small pores that can be detected
under 3000x magnification. It also shows rounded shapes with
different sizes. Very few pores are present in soda lignin surface
morphology as shown in Fig. 7(b). Different morphology in the
lignin is due to the concentration process of the lignin from black
liquor, which is done by evaporation. Due to their surface tension,
the particles take a spherical form, which is thermodynamically
stable (Fierro, Torné-Fernandez, & Celzard, 2006).

The presence of vast quantities of small pores in kraft lignin sur-
face enhances the chances of kraft lignin to incorporate with phenol
formaldehyde because it promotes dispersion and penetration
of the polymer into the lignin molecule. Thus, the polymerisa-
tion process between lignin, phenol and formaldehyde makes the
lignin-phenol formaldehyde resin become a high-branched and
strong cross-linked polymer. Lack of pores on the soda lignin
surface reduced the tendency of polymerisation process between
phenol formaldehyde and soda lignin.

3.7. Thermal behavior

3.7.1. Differential scanning calorimetry

Amorphous polymers such as lignin undergo a transition from
a glassy state to a rubbery state at some temperature. This temper-
ature is referred to as glass transition temperature or Tg. It is one of
the significant characteristics of a polymer as it relates its applica-
tion and processing (Steven, 1999). DSC analysis is an established
method for determining glass transition temperature of polymer.
Table 7 shows the value of Tg of soda lignin is higher compared to
kraft lignin. This is believed to be related to molecular weights and
can be explained by free volume concept. The free volume is the
space in a solid or liquid sample which is not occupied by poly-
mer molecules (Young & Lovell, 1991). The glass transition could
be described by such activation energies through the use of free
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Fig. 7. FESEM micrographs of (a) kraft lignin and (b) soda lignin at 3000 x magnifi-
cation.

volume. Tg only appears when the main chain has enough energy
for chain rotation. The chains in lignin initially vibrate when energy
was supplied. Adding some more energy, the lignin chains rotate
and create free volume. The higher molecular weight of soda lignin
as shownin Table 7 suggests that soda lignin has few chain ends and
low mobility volume. Thus more energy is required for rotation to
occur, increasing the Tg value. Consequently, the free volume is lim-
ited and it increases the Ty value. These findings also indicate that
the main chain of soda lignin is stiffer than that of kraft lignin, which
is not conducive for incorporation with phenol formaldehyde resin
when processed at lower temperature than their Ty value. When
the main chain of soda is stiffer than that of kraft lignin, it reduces
the chances of crosslink formation.

3.7.2. Thermal gravimetric analysis

Thermal stability of the kraft lignin and soda lignin was
investigated by thermogravimetric method. First derivative ther-
mogravimetric (DTG) and thermogravimetric (TG) curves are
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Fig. 8. DTG curves (a) and TG curves (b) for kraft lignin and soda lignin.

presented in Fig. 8(a) and (b), respectively. TG curves indicate the
weight loss of lignin samples in relation to the temperature of
thermal degradation, while the first derivative of that curve (DTG)
shows the corresponding rate of weight loss. The peak of this curve
(DTGmax ) is expressed as a single thermal decomposition tempera-
ture and can be used to express the thermal stability characteristics
for any materials.

The initial weight lost for both lignins associated with water
evaporation is shown in Fig. 8(a). The second weight lost with tem-
perature between 300°C and 310°C indicated the degradation of
hemicelluloses, which attached to lignin structure. The tempera-
ture with the maximum rate of weight loss for kraft lignin and
soda lignin appeared at 363.12°C and 347.09 °C, respectively, as
shown in Table 7 and Fig. 8(a). The value of soda lignin is slightly
lower than the value of soda lignin from ash-AQ pulping process
reported by Sun, Tomkinson, and James (2000). Thermal degrada-
tion in this temperature range involves fragmentation of inter-unit
linkages, releasing monoric phenols into the vapour phase (Elsaied
& Nada, 1993). The DTGpax for kraft lignin was slightly higher than
soda lignin as shown in Table 7 and was related to different content
in C-C linkages for both lignins.

Fig. 8(b) shows that the thermal degradation of both lignins
covers a wide temperature range between 105 °C and 800°C. The
temperature to 50% weight loss in kraft lignin and soda lignin was
429.5°Cand 508.3 °C, respectively. At 800 °C, about 33.7% and 36.9%
of non-volatile residue for kraft and soda lignins, respectively, still
remained in solid form and were not completely burned. This result
reveals that both lignins are stable at high temperature, which is
attributed by the high degree of branching and formation of highly
condensed aromatic structure for both types of lignins. This ther-
mal characteristic is reported to be similar to phenol formaldehyde
resin (Tejado et al., 2007).
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4. Conclusions

The chemical and thermal characterisations of kraft and soda
lignins, extracted from oil palm biomass had been performed. The
results demonstrate that the kraft lignin has a greater potential
to partially substitute phenol in phenol formaldehyde resin com-
pared to soda lignin. Mannich reactivity analysis shows that kraft
lignin has a greater content of free 3-position in its lignin struc-
ture which indicates it has better reactivity to formaldehyde. This
result is supported by UV and 'H NMR analyses which revealed
that kraft lignin has more phenolic group than soda lignin. My, My
and polydispersity of the kraft lignin are lower than the soda lignin
which helps the kraft lignin condense better with phenol formalde-
hyde compared to soda lignin. Large quantities of small pore in the
kraft lignin surface enhance the chances for kraft lignin to incor-
porate with phenol formaldehyde during polymerisation process.
Moreover, a lower Tg value and high thermal stability make kraft
lignin suitable to condensate with phenol formaldehyde resin. This
projectis a doubled-edged enterprise that aims to recycle the waste
from pulping industry as well as to turn it into a valuable material.
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