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Lignocellulosic biomass has been acknowledged for potential use to produce chemicals and
biomaterials. Lignin is the second most abundant natural polymer with cellulose being num-
ber one, making up to 10-25% of lignocellulosic biomass. Lignin is a three-dimensional,
highly cross-linked macromolecule composed of three types of substituted phenols, which
include: coniferyl, sinapyl, and p-coumaryl alcohols by enzymatic polymerization, yielding a
vast number of functional groups and linkages. There is a wide range of lignin sources avail-
able, including: jute, hemp, cotton, and wood pulp. Hence, the lignin’s physical and chemical
behavior will be different with respect to the original source and extraction method used.
The objective of this research is to extract lignin from nonwood cellulosic biomass (Wheat
straw, Pine straw, Alfalfa, Kenaf, and Flax fiber) by formic acid treatment followed by peroxy-
formic acid treatment for the potential use as a partial replacement for the phenol precursor
in resole phenolic systems. Isolated lignins were purified to remove impurities and charac-
terized by Fourier transform infrared spectroscopy (FTIR), Thermogravimetric analysis (TGA)
and Differential scanning calorimetry (DSC) analysis to compare thermal properties and
chemical composition. It was found that lignin obtained from alfalfa provided the greatest
yield of the various sources. Enthalpy measurements were higher for lignin from flax fiber
and alfalfa at 190.57 and 160.90]/g, respectively. The source of lignin samples was seen to
affect the thermal properties. Overall, lignin extracted from wheat straw had the greatest

thermal stability followed very closely by that obtained from flax fiber.
© 2014 Brazilian Metallurgical, Materials and Mining Association. Published by Elsevier
Editora Ltda. All rights reserved.

1. Introduction

As the world’s most abundant renewable resource, lignocel-
lulosic biomass has been acknowledged for potential use
to produce chemicals and biomaterials. Lignocellulose is a

low cost biomass that is abundantly available. The main
constituents of a biomass are cellulose, hemicellulose and
lignin. Out of the three components, cellulose is the most
abundantly available natural resource and the demand for
it is steadily growing for its environment-friendly and bio-
compatible nature. Cellulose (Fig. 1a [1]) has been used in
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Fig. 1 - (a) Schematic representation of the cellulose structure [1] (b) lignin structure [2], and (c) structural units of lignin [2].
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various forms ranging from wood and plant fibers to act as a
source of energy for applications in building materials, paper,
textiles, as well as clothing today [2]. Another growing appli-
cation of cellulose is in composite materials as reinforcement
in polymeric materials. Still, the disadvantages that come
with using cellulose are the incompatible nature of the mate-
rial with hydrophobic polymers, the aggregation of cellulose
during processing, and the high water absorption properties.
These characteristics can significantly reduce overall prop-
erties of cellulose which can also be a direct result of the
extraction technique and plants used for the extractions [2].

Lignin, making up to 10-25% of lignocellulosic biomass, is
the second most abundant natural polymer [3-5]. Lignin is
insoluble in water and stable in nature and acts as the “glue”
that connects cellulose and hemi-cellulose. Lignin (Fig. 1b)is a
three-dimensional, highly cross-linked macromolecule com-
posed of three types of substituted phenols which include:
coniferyl, sinapyl, and p-coumaryl alcohols (Fig. 1c) by enzy-
matic polymerization yielding a vast number of functional
groups and linkages [6-8]. As a natural and renewable raw
material, obtainable at an affordable cost, and great chem-
ical and physical properties, lignin’s substitution potential
extends to any product currently sourced from petrochemical
substances. The areas in which lignin is applicable include:
emulsifiers, dyes, synthetic floorings, sequestering, binding,
thermosets, dispersal agents, paints and fuels to treatments
for roadways [9,10].

There is a wide range of cellulose and lignin sources avail-
able including: jute, hemp, cotton and wood pulp. Hence,
their physical and chemical behavior will be different with
respect to the original source and extraction method used.
Therefore, their use in many applications may vary based
on formulations. For instance, lignosulfonates, with respect
to the sulfite pulping process is one of the traditional forms
of lignin that has been used for the high sulfonic acid func-
tional groups which gives them great binding and emulsifying
properties.

Although numerous studies have been reported in liter-
ature about extraction of lignin, in the current work lignin
was extracted from pine straw, wheat straw, alfalfa, and
flax fiber via organosolv treatment. The resulting organo-
solv lignin’s thermal properties and functional groups were
studied.

2. Materials and methods
2.1. Materials

Natural biomass resources were collected from local fields
near Tuskegee, AL, USA. Various chemicals used for extrac-
tion of lignin like formic acid, acetic acid, hydrogen peroxide,
sodium hydroxide and distilled water were obtained from
Sigma-Aldrich Inc., USA.

2.2.  Experimental procedures

2.2.1. Formic acid/acetic acid treatment
Process of lignin extraction from different biomass began
first by pulping, where the biomass was cut into small size

and placed in a conical flask. A mixture of 85% organic acid
(ratio of formic acid/acetic acid mixture was 70:30 by vol-
ume) was added to the biomass in the flask at a fiber to
liquor ratio of 1:8 and allowed to boil on a hot plate for 2h.
After 2h, flask and its content was allowed to cool to ambi-
ent temperature. Fibers were filtered in a Buchner funnel
and washed with 80% formic acid followed by hot distilled
water.

2.2.2.  Peroxyformic acid/peroxyacetic acid (PFA/PAA)
treatment

After pulping, FA/AA treated pulps were further delignified by
treating them with a mixture of PFA/PAA solution in hot water
bath at 80°C for 2h. PFA/PAA solution mixture was prepared
by adding 8 ml 35% H,0, with 85% formic acid/acetic acid mix-
ture. Finally, the delignified fibers were filtered to separate
cooking liquor (lignin and hemicellulose mixed with formic
acid) from cellulose and washed with hot water.

2.2.3. Bleaching

Delignified fibers were subjected to bleaching by treating with
14ml 35% H,0, solution (pH 11-12) in hot water bath at 8°C
for 2h. Finally, the pulp was washed with distilled water to
remove residual lignin. This process was repeated again to
remove lignin completely.

2.2.4. Isolation of lignin

Lignin was isolated by following the procedure suggested by
Nuruddin, et al. shown in Fig. 2 [10]. The spent liquor was
heated at 105 °C after pulping and delignification process. The
lignin dissolved in formic acid was precipitated by adding dis-
tilled water (5 times more than volume of concentrated liquor)
and the precipitate was filtered in a Buchner funnel. Finally,
the precipitated lignin was washed with distilled water and
vacuum dried over P,0s.

2.3. Characterization

Structural and thermal characterization of lignin was car-
ried out through Fourier transform infrared spectroscopy
(FT-IR), differential scanning calorimetry (DSC) and thermo-
gravimetric analysis (TGA). FT-IR measurements of extracted
lignin samples were taken using Shimadzu FTIR 8400s
equipped with MIRacle™ ATR. Each scan recorded 50 scans,
in the range from 500 to 4000 cm~?! with a resolution of 4 cm 1.
DSC measurements of lignin extracted from alfalfa, flax fiber,
wheat straw and pine straw were performed using Q2000
from TA Instruments Inc. Approximately 5.0+ 0.25mg sam-
ples were placed in a hermetic pan and sealed. DSC scans
were performed at a heating rate of 5°C/min from 30 to 400°C
under nitrogen environment. Thermo-gravimetric analysis
(TGA) was used to determine the thermal stability, decom-
position temperature and char yield for each lignin extracted
from different sources. TGA measurements were taken using
TA Instruments Q500 setup operating in nitrogen environ-
ment. Samples for each measurement were maintained at
14.0+5mg, and scans were performed from 30 to 800°C at
10°C/min to observe thermal degradation and stability of each
lignin based on its sources.
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Fig. 2 - Schematic diagram of the process of lignin extraction.

3. Results and discussion

3.1. Organic acid fractionation of lignin from different
biomass resources

Extraction of lignin from different bio sources used in this
study was carried out using a mixture of formic acid/acetic
acid/water for pulping with the main objective of degrad-
ing the lignin molecules by dissolving them in the solution
and consequently retrieving by washing them. Organosolv
(acetic acid/formic acid) under acidic condition cleaves ether
bonds between lignin and hemicellulose, thereby acceler-
ating the delignification process [11]. Xu et al. studied the
effect of formic acid on delignification and concluded that
the obtained pulp after formic acid treatment still contains
some lignin, hemicellulose and ash [12]. They further con-
cluded that the presence of HyO; in organic acid solution
enhanced the delignification process due to the combined
effect of formic acid/acetic acid as solvent and peroxy-
acid as an oxidizing agent to dissolve the lignin in formic
acid/acetic acid/hydrogen peroxide media [13]. This action can
be explained by the action of hydroxonium ion OH* formed
during the extraction stage of peroxy acids in acidic medium
[14-16]. The produced OH" ion is a strong electrophilic agent
which reacts with lignin during the delignification process
[17].

To enhance fiber brightness, reduce chlorinated organic
matter and the effluent odor, Organosolv treated fibers were
bleached with a solution of hydrogen peroxide, a chlorine free
bleaching agent. Using of additional H,0O; in an alkali medium
accelerates extraction process. It also acts as a primary delig-
nification and bleaching agent to increase the brightness of
the fiber [18].

In an alkaline condition, hydrogen peroxide dissociates to
form perhydroxyl anion (HOO™), which is a strong nucleophilic
agent as shown in equation (1).

H,0, 4+ OH™ < Hy0 + HOO™ (PKa = 11.6) 1)

During the delignification process, quinines are formed
through the reaction between peroxyacids and perhydroxyl
anion. As a result, chromophoric groups responsible for
imparting color in the pulp are eliminated [19]. For maximum
alkaline peroxide bleaching effect, the temperature must be
maintained between 80 and 100°C leading to higher fiber
brightness with minimal pulp degradation [20].

Percent yield of lignin from different natural sources after
FA/AA and PFA/PAA acid treatment was determined gravimet-
rically and the results are presented in Table 1. The results
indicate that alfalfa fibers yielded the highest lignin content
of 34% followed by pine straw, wheat straw and flax fibers
with lignin content of 22.65%, 20.40%, and 14.88%, respectively.
Lam et al. reported that the formic acid treatment at atmo-
spheric pressure dissolved 90% of the lignin present in rice
straw, which is assumed to have occurred for all extractions
in the current study, in order to obtain optimum lignin yields
for all natural biomass sources [21].

Table 1 - Organic acid/hydrogen peroxide fractionation
of different biomass resources.

Lignin source Lignin yield (%)

Alfalfa 34.00
Pine straw 22.65
Wheat straw 20.40
Flax fiber 14.88
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Fig. 3 - FT-IR spectra of organosolv lignin extracted from
wheat straw, flax fiber, pine straw, and alfalfa.

3.2 Fourier transform infrared spectroscopy (FT-IR)

Organosolv lignin samples extracted from pine straw, wheat
straw, flax fiber, and alfalfa fiber chemical structures were
analyzed using FT-IR, which showed formate ester and uncon-
jugated carbonyl stretching absorption in 1700 cm~? range, as
can be seen in Fig. 3 in all lignin samples. Specifically, the
bands at 1716 cm~! and 1711 cm~! are attributed to the esteri-
fication of the phenol and alcohol of the propane chain (C, and
C,), which occurs during the pulping process using formic acid
and carbonyl content, respectively. Bands occurring from 1600
and 1500cm~! are characteristics of aromatic compounds
(phenolic hydroxyl groups) and are attributed to aromatic
skeleton vibrations. The bands at 1300cm~! (syringyl) and
1200cm~! (guaiacyl) indicate presence of both syringyl and
guaiacyl in lignin’s chemical structure. These trends have
been observed in similar studies on formic acid pulping and
bleaching of lignin extracted from dhaincha, kash, and banana
stem [15] and fractional characterization of ash-AQ by suc-
cessive extraction with organic solvents from oil palm EFB
fiber [22].

3.3.  Differential scanning calorimetry (DSC)

Thermal stability studies on lignin extracted from various
fibers considered in this study were carried out through DSC
where heat of reaction was measured. Enthalpy measure-
ments obtained from DSC was observed to be higher for lignin
from flax fiber and alfalfa at 190.57 and 160.90]/g, respectively
as seen in Fig. 4 and Table 2. This suggests that more energy is

Table 2 - Enthalpy of lignin from different biomass
resources using DSC.

Lignin from Flax fiber
e——> Lignin from Wheat straw
=——=1 Lignin from Pine straw
w—= Lignin from Alfalfa

Heat flow (W/g)

50 100 150
Temperature (°C)

Fig. 4 - DSC heat of reaction thermographs of lignin from
flax fiber, alfalfa, pine straw, and wheat straw obtained at
5°C/min.

required to break down the bonds in these lignin compositions
yielding a more stable and flame retardant material.

3.4.  Thermogravimetric analysis (TGA)

Thermal stability and decomposition of organic polymers
have been commonly determined using TGA under nitrogen
environment. TGA curves reveal the weight loss percentage of
materials with respect to the temperature of thermal degrada-
tion. In order to determine the best extracted lignin, thermal
stability study was conducted on extracted lignin from various
sources mentioned in the previous section. Thermal degrada-
tion data indicates weight loss and the first derivative (DTG)
indicates the corresponding rate of weight loss. The peak of
this curve (DTGmax) can be presented as a measure of ther-
mal decomposition and can be used as a means to compare
thermal stability characteristics of different materials. Lignin
molecular structure is composed of mostly aromatic rings
having various branching, these chemical bonds lead to a
wide range of degradation temperature from 100 to 800°C as
expressed by Yang et al. [23]. 30 to 40 wt.% of all lignin samples
still remained un-volatized at 800°C due to the formation of
highly condensed aromatic structures which have the ability
to form char as seen in Fig. 5 and Table 3. Degradation of the
lignin samples can be divided into three stages [24]. In stage
one, the initial weight loss step occurred at 30-120°C due to
the evaporation of water absorbed. Stage two is seen to take
place around 180-350°C and is attributed to the degradation
of components of carbohydrates in the lignin samples, which

Table 3 - Values of maximum of thermal decomposition

temperature (DTGmax) and unvolatized weight fraction at
800 °C (residue) for all lignin preparation.

Lignin source Enthalpy (J/g) Lignin source DTG (°C) Residue (%) at 800°C
Alfalfa 161.63 + 1.56 Alfalfa 331.87 £ 0.70 35.04 + 0.60
Wheat straw 157.93 £ 15.16 Wheat straw 328.50 + 8.26 40.41 £+ 1.65
Pine straw 133.07 £ 2.21 Pine straw 336.11 + 1.61 29.45 + 0.94
Flax fiber 190.57 + 8.64 Flax fiber 332.44 + 5.63 39.22 + 0.59
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Fig. 5 - TGA plots of lignin from flax fiber, alfalfa, pine
straw, and wheat straw obtained under nitrogen
atmosphere at 10 °C/min.

are converted to volatile gases such as CO, CO,, and CHs. The
final stage of degradation occurred over a wide range of tem-
peratures above 350°C. Within this stage, degraded volatile
products derived from lignin including phenolics, alcohols,
aldehyde acids along with the formation of gaseous prod-
ucts are getting removed. It can also be observed from the
TGA curve that thermal degradation did not commence until
the materials had absorbed certain amount of heat energy.
Therefore, heat initiated the degradation processes and the
breaking down of the structure causing molecular chains to
be broken. It can be suggested that the lignin’s thermal prop-
erties are dependent on their source. Overall, lignin extracted
from wheat straw had the greatest thermal stability and high-
est char yield of 40.41% followed by flax fiber (39.22%), alfalfa
(35.04%), and pine straw (29.45%). DTGmax appeared between
320 and 340°C for all lignin samples as seen in Fig. 6 and
Table 3. In this region, pyrolytic degradation is expected to
occur. This degradation process involves fragmentation of
inter-unit linkages, releasing of monomers and derivatives of
phenol into the vapor phase. Finally, at temperatures greater

0.4 g &——> Lignin from Wheat straw
=—— Lignin from Pine straw
Lignin from Flax fiber
w—— Lignin from Alfalfa
0.3

0.2

Derivative weight (%/°C)

0.1

0 100 200 300 400 500 600 700 800
Temperature (°C)

Fig. 6 - Derivative TGA curves of lignin from flax fiber,
alfalfa, pine straw, and wheat straw obtained under
nitrogen atmosphere at 10 °C/min.

than 500 °C, the process is associated with the decomposition
of aromatic rings [22,24,25].

4, Conclusions

The present investigation includes extraction of lignin from
different biomass resources like flax fiber, alfalfa, wheat
straw, and pine straw using organosolv treatment which
was then characterized through FT-IR, DSC and TGA testing
methods. FT-IR spectra showed homogeneity in the chemi-
cal structure of extracted lignin samples with treatments of
organic solvents. It was found that lignin obtained from alfalfa
fiber provided the greatest yield of the various sources. The
extracted lignin’s thermal properties were observed using DSC
and TGA. DSC was used to observe the heat of reaction of
lignin samples. Enthalpy measurements were higher for lignin
from flax fiber and alfalfa at 190.57 and 160.90]/g, respectively.
The source of the lignin samples was seen to affect the ther-
mal properties. TGA was used to observe the degradation of
biomass. Overall, lignin extracted from wheat straw had the
greatest thermal stability and highest char yield of 40.41% fol-
lowed by flax fiber (39.22%), alfalfa (35.04%), and pine straw
(29.45%). The increase in thermal degradation allows char to be
formed on the surface which keeps the underling layers from
getting burnt. Hence, providing a greater char yield overall
proves that the lignin samples have great fire resistant proper-
ties which can be attributed to their chemical structure which
can provide enhanced thermal properties when they are used
as partial replacements in phenolic resin systems.
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