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ABSTRACT

Delignification is essential for wide range of technologies especially in paper industry and
ethanol as transportation fuel. Researches have been made by thermal, mechanical,
chemical and biology treatment. Recently, L. Leucocephala has been in centre of attraction
for paper making industry while formic acid, a typical organosolv system has been given
attention by the researchers due to effectiveness on the ability to break down and modify
the lignin structure. Hence, delignification of L. Leucocephala was studied using chemical
treatment with formic acid. The effect of reaction conditions including reaction temperature
and formic acid concentration were investigated at atmospheric pressure for 6 hours of
reaction time. Delignification percentage approximately 70 — 75 % (v/w) with a pulp yield
of 40 — 62% (w/w) was obtained and the optimal reaction temperature is 90°C with 90% of
formic acid concentration, respectively. Therefore, temperature and formic acid
concentration affected significantly on the delignification process of L. Leucocephala.
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1.0 INTRODUCTION

Lignocellulose is the most abundant renewable biomass in the world. It considered as
major source of ‘green’ chemicals, biofuels and biobased products (Feria et al., 2012).
However, pulp and paper industry experiencing shortages of lignocellulose for raw
material as population growth and increase in paper consumption (Lopez et al., 2010 ;
Alfaro et al., 2009 ; Malik et al., 2004). Thus, L. Leucocephala has been studied by
number of researchers as raw material for high quality paper making (Malik et al., 2004 ;
Feria et al., 2012a ; Jiminez et al., 2008). It has been reported that L. Leucocephala
harvested high yield of biomass productivity, easily adapting to Mediterranean ecological
conditions and short rotation fibres plant (Feria et al., 2012a ; Feria et al., 2012b ; Lopez
etal., 2016 ; Lopez et al., 2010 ; Malik et al., 2004).
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Cellulose and hemicellulose are fractions of lignocellulose. They are sugar which can be
converted to another products while lignin is a complex natural polymer (Harmsen et al.,
2010). Lignin is significantly more difficult to convert to another product compared to
cellulose and hemicellulose by hydrolysis process due to the chemical stability conferred
by the B(1—4)glycosidic linkages in its structure (Haverty et al., 2012). Naturally, the
lignin is degrade by multienzyme process involving hydrolytic and oxidative
transformation due to the complexity of lignified plant material (Woolridge, 2014) but this
process took a long time for the degradation of lignocelulose. Delignification in industry is
focused on the digestibility of constituent sugars but it is challenging due to obstreperous
of lignin which may require expensive chemicals and high risk condition (temperature and
pressure) to achieve desired reaction rate. The uses of microorganism or purified enzymes
in biological way is promising but the process takes place slowly, less drastically,
limitation in cultivating temperature and low tolerance to phenolic compound (Chen ef al.,
2010 ; Pilon et al., 1982). L. Leucocephala was previously delignified by alkaline process
with soda and anthraquinone (complex heterogenous reaction process), Kraftt pulping and
the most recently acid hydrolysis and pyrolysis process (Feria ef al., 2012b ; Feria et al.,
2012c ; Loaiza et al., 2017) primarily providing high yield of pulp, low residual lignin ,
high brightness and good strength properties (Shatalov and Pereira, 2004). Lately, research
in the pulp and paper industry has been focused on to ensure sustainable development by
using new technologies to improve delignification process.

Recently, formic acid has attracted significant research and commercial interest in paper
making industry and bioethanol fuel process as it is an organic solvent and medium for
organosolv extraction. Organosolv extraction is recognized as an effective alternative
method for delignification as the process using cheap and readily available organic acid for
biomass fractionation. Formic acid have similar physical properties with water and being
relatively stable it is amenable to recovery and recycling from upstream or downstream
operations (Haverty et al., 2012). During formic acid treatment, lignin 3-O-4 bonds break
down and dissolves in the black liquor while hemicellulose convert into mono- and
oligosaccharides leaving solid cellulose in the residue. After treatment, formic acid can be
recover by distillation (Haverty et al., 2012 ; Zhang et al., 2010).

The objectives are being fulfilled by using formic acid for the delignification of L.
Leucocephala. The present study include the identification of the lignin content and multi-
level structures of lignin in raw and after treatment by using Kappa number method
Fourier transform infrared spectroscopy (FTIR) and investigation the optimum conditions
of the delignification reaction (reaction temperature and concentration of formic acid) and
lignin removal with best condition using formic acid treatment.

2.0 MATERIALS AND METHODS
Pod of L. Leucocephala, known as Petai Belalang in Malaysia and Indonesia, were
collected from trees by the roadside of Gambang, Pahang area. The pods and seeds were
milled to increase the surface area for formic acid treatment. All chemicals used for the
treatment and analysis were analytical grade purchased from BT Science Sdn Bhd,
Malaysia.
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Kappa Number method

For the characterization of pods of L. Leucocephala, the following standard analytical
procedures were used: Kappa number (TAPPI T 236 om-99 “Kappa number of pulp”), and
Kappa number (ES ISO 302:2012 “Pulps-determination of kappa number”).

The bean and pod samples were finely milled in blender between 2.5 to 3 revolutions per
minute (rpm) for about 15 minutes. Then, the samples were tested following the standard
method and calculation of TAPPI T 236 om-99.

Formic acid treatment conditions

Oven dried samples were weighed and placed in 250ml flat-bottom flasks and mixed with
formic acid (containing 0.2% hydrochloric acid (HCI) as a catalyst) at a 10:1 ratio of liquid
to solid. The mixture was then incubated in the shaking water bath for 6 hours. The mixture
was filtered and washed with formic acid followed by distilled water until neutral pH was
obtained. Afterwards, the samples were oven dried and weighed. The effect of formic acid
concentration was analyzed using different concentration of formic acid (75, 80, 85 and
90% (v/v)) at 60°C for 6 hours. The effect of reaction temperature was investigated at 60°C,
70°C, 80°C and 90°C for for 6 hours.

Spectral analysis

The composition of the pod was determined by using Fourier Transform Infrared
Spectroscopy (FTIR). The samples were analyzed in duplicate. Infrared spectra were
measured with Thermo Scientific Nicolet IS5 mid FTIR spectrometer. The samples for
analysis were in solid state and oven dried then directly analyzed on the plate of the
equipment. The spectra were obtained in the absorption band mode in the range of 490 -
4000 cm’'. Identification of bands in the infrared spectra was made according to the
literature (Tahmasebi et al, 2012 ; Colom et al., 2003).

3.0 RESULTS AND DISCUSSION
Determination of kappa number
Percentage of lignin content and pulp yield in raw pods and seeds of L.Leucocephala were
studied using Kappa number standard method. From the percentage of lignin, the
concentration of lignin was calculated as in equation 1.

X PL 2
— =—XVI 1
m 100 T (1)
Where,

X : Lignin concentration, g/mL

PL : Percentage of Lignin, %

Vr: Total volume (solution), mL

m : mass of sample used in Kappa method, g
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Percentage of lignin content together with lignin concentration were summarized in the
Table 1.

Table 1 : Lignin content and concentration in raw pod and seed of L. Leucocephala

SAMPLE LIGNIN PERCENTAGE LIGNIN
(%) CONCENTRATION
(G/ML)
Leucocephala pods 5.16+0.23 0.0659 £ 0.016
Leucocephala seeds 5.90 +£0.57 0.0671 + 0.008

Table 1 shows that lignin percentage in the pod is lower than the seed. After both of empty
pod and seed were oven dried, thick coat layer on the surface of the seed was observed
whereas empty pod have thin coat layer. The coating layer may contribute to the percentage
of lignin as well as percentage of cellulose and hemicellulose in the sample. According to
Arora and Joshi, 1985, the lignin percentage in the pod varies from 4.8 to 14.6% which is
lower than the seed which varies from 12.1 to 18.1 % depends on the cultivars due to the
thickness of coat.

Effect of formic acid concentration on the percentage lignin removal

The effect of formic acid concentration on the treatment was investigated using different
concentration (75, 80, 85 and 90% v/v), respectively. In this study, both pod and seed were
treated in different concentrations of formic acid and the result is shown in Figure 1(a). The
highest percentage of lignin removal (71 % from pod and 75% from seed) can be achieved
when 90% (v/v) of formic acid was used. During formic acid treatment, cellulose,
hemicellulose and lignin could be separated based on solubility in acid, organic solvent,
water and due to both organic and acidic properties of formic acid. High acid concentration
can help break down matter in lignin by cleaves ether bonds between lignin and
hemicellulose (Lam et al., 2001; Zhang et al., 2010; Xu et al., 2012). This result complies
with some studies which found that higher percentage of lignin removal can be obtained
with 90 % concentration of formic acid (Lam et al., 2001; Jahan et al., 2007; Tu et al.,
2008). If the concentration of formic acid increased over 90 %, pentosanes content and
viscosity will remain constant (Lam et al., 2001).
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Figure 1 (a) Effect of formic acid concentration on percentage of lignin removal, and (b)
residual lignin concentration from pod and seed of L. Leucocephala

Figure 1(b) presents residual lignin concentration after treated with various formic acid
concentration. In the figure, there was significant difference between pods and seeds. The
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residual lignin concentration in pod decreased steadily. Overall, the results can be explained
by the chemical reactions underlying the delignification processes. As can be seen from
Figure 1(b) the plots have three regions which are part I, II and III. Generally, two types of
structural change in lignin which may connected with each other which are degradation by
cleavage of certain interunit linkages and introduction of hydrophilic groups (Gierer, 1986).
Previous studies conclude that the cleavage of ether linkages is responsible for the
degradation of interunit linkages in the process which are involves a-ether bonds and p-aryl
ether bonds (McDonough, 1992; Gierer, 1980). In part I, it seemed that formic acid
concentration (75 to 85%) is not high enough to create B-aryl ether bonds. In this part a-
ether bonds are likely to be cleavage as the linkages are more easily split, especially in free
phenolic hydroxyl group lignin in the para position. Thus, two possible reaction can occur
which are formation of quinone methide intermediate and nucleophilic substitution
reaction. Figure 2 show the cleavage in a-ether bond which lead to formation of quinone
methide intermediate and nucleophilic substitution reaction. Further B-ether cleavage will
occur in more strongly acidic systems (part Il and III). The possible mechanisms for the
cleavage of P-ether cleavage are formation of -guaiacylacetone, Hibbert’s ketone
followed by B-ether cleavage and elimination of formaldehyde. Other mechanisms also
could be taken place but may be limited by the characteristics of the particular process. In
summary, the highly concentrated acid could facilitated B-ether cleavage but may be
limited by solvent-specific reactions (McDonough, 1992).
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Figure 2 Solvolytic cleavage of a phenolic a-aryl ether linkage via a (a) quinone methide
intermediate and (b) nucleophilic substitution
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Effect of reaction temperature on percentage of lignin removal

In order to determine the effect of temperature on percentage of lignin removal, four
different temperatures (60, 70, 80 and 90°C) were studied. The results in Figure 2(a) shows
the percentage of lignin removal according to the varied reaction temperature. Formic acid
removed 79 and 74 % of lignin in seed and pod respectively at 90°C. This result differs
from fractionating lignocellulose by formic acid (Zhang ef al., 2010) using mild condition
(60°C at atmospheric pressure). This might be due to size of sample used in the treatment
and concentration of formic acid. Recovery of lignin obtained under mild condition is 70%
(Zhang et al., 2010) while in this study, recovery of lignin can be achieved up to 79% when
the temperature increased to 90°C. Increasing the temperatures will reduce lignin content as
it speed up plant matter breakdown and exposing lignin structure at high concentration of
formic acid. The researchers also state that cooking temperature closely related with the
formic acid concentration. The temperature has stronger effect on pulp yield and kappa
index as if the temperature is too low will increased contact time while too high
temperature reducing contact time to avoid carbohydrate degradation (Lam et al., 2001). A
study reported that minimum lignin content and pulp yield can be achieved at 110 °C and
the value are decreasing when the temperatures were increased to 120 and 130 °C (Dapia et
al., 2002). However, the sample was treated with 80 % of formic acid while in this study,
90 % of formic acid was used. Hence, delignification could be neither happen nor stop
when the temperature increase up until 100 °C.
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Figure 3: (a) Effect of reaction temperature on percentage of lignin removal, and (b)
residual lignin concentration from pod and seed of L. Leucocephala

Figure 3(b) presents the residual lignin obtained after treated with 90 % of formic acid but
in different temperature. The figure above illustrates the breakdown of lignin structure and
bond in lignin under different temperature. Lignin is known to be ‘hard’ and glossy at room
temperature but can be “soften” above glass transition temperature (range between 80 and
100 °C) (Petridis et al., 2011). Part I is an initial delignification having low activation
energy indicates that the rate of the process is diffusion. In this part, cleavage of a- and B-
aryl ether in phenolic lignin structure are likely to be happen predominantly on cleavage of
a-aryl ether (Gierer, 1986; Gierer, 1985). Part II and IIl have higher activation energy
which is normal for heterolytic chemical reaction. The rate of cleavage of a- and B-aryl
ether linkages in phenolic units is much faster and cleavage of a- and - aryl ether in non-
phenolic structure may be considered (Gierer, 1980). When the temperature is increase, H-
ion in formic acid will have shorter contact time at the site of both phenolic and non-
phenolic structure thus, the rate of delignification will decrease (Lam et al., 2001).

FTIR spectra of lignin residues
FTIR analysis was done to detect delignification activity after been treated with formic
acid. Figure 4 shows the FTIR spectra of lignin residue sample before and after the

treatment with formic acid and table 2 shows significant differences in the FTIR spectra
bands.
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Figure 4: FTIR spectra of lignin residue before and after treatment with formic acid

FTIR analysis as demonstrated in the vibration peak at wavenumbers 3335 cm’ is
attributed to stretch H-bonded, O-H in alcoholic or phenolic compound and at 2926 cm™ is
attributed to stretch C-H and stretch O-H bond in aromatic methoxyl groups and in methyl
and methylene groups of side chain. Absorbance value decreasing after the treatment
showing that the bond probably break and formed other types of bond through the reaction
in the acidic media. New phenolic and enolic structures will formed resulted from reaction
of both phenolic (R=H) and non-phenolic (R=alkyl or aryl) units in acidic media (Gierer,
1985 ; Gierer, 1986).The band at 1723 cm™ attributed stretch C=O in carbonyl group and
stretch acyclic ketone group. Alkyl halide, C-N amine, ether and ester group were assigned
at 1723, 1100 and 1053 cm™, respectively. Upon analysis, the absorbance value after
treatment increasing probably due to the cleavage at a-aryl ether and B-aryl ether and lignin
condensation reaction (Mcdonough, 1992). Aromatic ring vibrations bands lies around
1600 and 1500 cm™ (Coates, 2006). The bands were observed before and after acid
treatment showing that some of aromatic ring break after treatment with formic acid.
Electrophilic reaction in acidic media opening the aromatic ring through oxidation with
hydroxonium ion, HO" as reacting species (Gierer, 1982). Thus, FTIR spectra analysis
show significant differences for each bands and reduced absorbance value on selected
peaks.
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Table 2 : Absorbance differences of FTIR spectra

Wavenumber Functional group Spectra Difference
(em™) Absorbance (%)
Before After
treatment treatment
3335 Alcohols, phenols 0.027 0.021 (+)0.006
2926 Alkanes, 0.019 0.013 (+)0.006
carboxylic acids
1723 Aldehydes, 0.028 0.008 (-)0.020
1167 saturated aliphatic, 0.038 0.047 (-)0.009
esters, ether
1600 Aromatic 0.027 0.021 (+)0.006
compound
1100 Amines, alcohols, 0.050 0.060 (-)0.010
1053 carboxylic acids, 0.058 0.060 (-)0.002

esters and ethers

Positive sign (+) indicates increasing
Negative sign (-) indicates decreasing

4.0 CONCLUSION

The present study was designed to determine the effect of formic acid concentration and
reaction temperature both physically and chemically toward delignification process. As
demonstrated, higher percentage of lignin removal can be achieved in both seed and pod of
L. Leucocephala, 74 and 79% respectively at 90% (v/v) of formic acid with temperature of
90°C for 6 hours. Reaction temperature and formic acid concentration must be high enough
to allow cleavage of both o- and B-aryl ether in lignin structure thus, enhance
delignification process. Moreover, FTIR analysis show further comparison between before
and after treatment focus on lignin related wavenumbers. This difference shows that
breaking the chemical bond of each functional group in lignin chain happened as
delignification process. Therefore, delignification process is successful using formic acid
affected by the reaction temperature and formic acid concentration of L. Leucocephala.
These findings enhance our understanding of best condition to achieve high percentage of
L. Leucocephala delignification and the chemistry of delignification in terms of chemical
interactions. Further research could usefully explore on other parameters such as reaction
time, pH and size of particle’s sample together with chemical analogy during the process.
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