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Abstract A number of previous studies established that the
autoclave-mediated pretreatment enabled the efficient way of
producing fermentable sugars from lignocellulosic residues.
Hence, our emphasis was on studying the surface morphology
of cassava stem to reveal its complex internal structure. In this
study, combined organic (oxalic)-inorganic (sulfuric) acid
was utilized for the pretreatment of cassava stem at 121 °C
and 1 bar of pressure for 15 min. For the pretreatment, mix-
ture containing 10 mL of 1% (w/v) of oxalic acid and 1% (w/
v) sulfuric acid (5 mL each) was added to 1 g cassava stem
and autoclaved. Pretreated samples were characterized by
Fourier transform infrared (FTIR) spectroscopy, scanning
electron microscopy (SEM), X-ray diffraction (XRD) and
ultraviolet spectroscopy (UVS). FTIR spectral studies con-
firmed the removal of hemicellulose and lignin from the
pretreated cassava stem (PCS) when compared with untreated
cassava stem. SEM micrographs revealed the decimation in
the surface of cassava stem after pretreatment. XRD motifs
shown that crystallinity index of PCS decreased from 63 to
52%. Thus, this study established the structural modifications
to unlock its valuable components for further applications.
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Introduction

The excessive utilization of fossil fuels, increasing global
population and inexorable depletion of the global fuel
supply are triggering the researchers to focus on renewable
energy resources (Varga et al. 2004; Han et al. 2011).
Sustainable conversion of biomass into a spectrum of
biofuels (bioethanol, biodiesel, power) and bio-based
products (food, chemicals, materials) is now the main-
stream. Advancement from fossil fuel to renewable energy
economy will reduce the dependency on fuel imports and
reduces the deposition of greenhouse gases (GHGs) in
ozone layer (Caldeira 2003; Farrell 2006; Ragauskas
2006). The biorefinery concept foresees the separation of
biomass into value-added products (VAPs) using appro-
priate biochemical processes.

Cassava (Manihot esculenta) is a perennial plant and
belongs to the family Euphorbiaceae. Its cultivation has
spread throughout the world for its starchy storage roots.
India is an agricultural country and stands tenth in the
production of cassava globally; major producers are
Nigeria, Brazil, Indonesia and Thailand (Varmudy 2001).
Cassava shrub is a woody plant with erect stems and grows
up to 4 m in height (Plant Village 2014). The above ground
biomass of cassava is not consumed for commercial pur-
poses and left as an agricultural waste (Ahamefule 2005).
Cassava stem mainly consists of lignocellulose which
could be potentially used as a feedstock for various prod-
ucts. It is the fourth largest agricultural waste which gen-
erates 120 tonnes/ha/yr for electricity production (Preston
2001). The exploitation of cassava stem can considerably
increase the VAPs production. Cassava stem is used as
firewood and leave our environment polluted. However, its
high cellulose and hemicellulose content allured the
researchers to use the biomass in a utilitarian prospect. But
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the conversion of cassava stem into VAPs is more chal-
lenging because of its complex lignocellulosic structure
(Preetha et al. 2011).

The efficient recalcitrance of plant cell wall to unlock its
fermentable sugars is challengeable. Pretreatment increases
the accessible surface area in certain ways: (1) Hemicel-
lulose components are solubilized (Donaldson 1988); (2)
lignin structure also disrupted which curtails shielding
effects (Donaldson et al. 1988; Ramos et al. 1999); and (3)
hunks and cracks are developed (Donaldson et al. 1988).
The main aim of the pretreatment method is to deconstruct
the lignocellulosic material in order to improve its
digestibility, ameliorate the enzyme hydrolysis and
enhance the yield of VAPs (Mtui 2009). Several methods
have been inspected for pretreatment of lignocellulosic
material. It includes physical (size reduction, hydrother-
mal), chemical (acid, alkali, solvents, ionic liquids, ozone),
physicochemical (ammonia fiber explosion, liquid hot
water, autoclave, steam explosion, CO, explosion) and
biological pretreatment (Mosier et al. 2005; Nguyen et al.
2010; Romani et al. 2010; Singh and Wahid 2015).
Nonetheless, dilute acid pretreatment is a propitious
method for agricultural residues (Monavari et al. 2009).
Dilute acids are used to remove hemicellulose segment
from lignocellulosic convoluted matrix and unmasking
cellulose content for further process (Schell et al. 2003).

Numerous studies have been reported about the pre-
treatment, hydrolysis and fermentation of the cassava stem
for the production of bioethanol (Han et al. 2011; Nuwa-
manya et al. 2012; Sovorawet and Kongkiattikajorn 2012).
But none of the studies has investigated the structural,
chemical and functional group analyses of the cassava
stem. We present the first report on the characterization
analysis of the pretreated cassava stem. The aim of the
current study was to characterize the before- and after-
pretreated cassava stem by FTIR, SEM, XRD and UVS.
Further optimization process is required for the pretreated
cassava stem to unveil its VAPs potential.

Materials and methods
Substrate

Cassava stem was kindly provided by the cassava-pro-
cessing industry from Namakkal District, Tamil Nadu,
India. It was crushed into small pieces in jaw crusher
(Almech enterprises, Coimbatore, India) and air-dried at
40 °C in hot air oven (Narang scientific works private
limited, New Delhi, India) to constant weight. The crushed
stems were milled in a domestic mixer grinder (Preethi
kitchen appliances private limited, Chennai, India) and
screened through 250 microns mesh size in a gyratory sieve
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shaker (Lawrence & Mayo India private limited, Mumbai,
India). Finally, the materials were packed in an airtight
polybag and stored at 4 °C until use. All the chemicals and
reagents used in this work were purchased from Sigma-
Aldrich and of analytical grade.

Combined organic—inorganic acid pretreatment
of cassava stem

In this work, combined organic—inorganic acid mixture was
used for the pretreatment of cassava stem in autoclave. Ten
milliliters of acid mixture (5 mL each of 1% (w/v) oxalic
acid and 1% (w/v) sulfuric acid) was mixed with 1 g of
cassava stem and autoclaved at 121 °C (1 bar) for 15 min.
Then, sample was centrifuged at 5000 rpm for 5 min and
the supernatant made up to 100 mL. The residue solid
sample was dried in hot air oven at 100°C for overnight and
used for further characterization studies by FTIR, SEM,
XRD and UVS. The supernatant was analyzed for total
soluble sugars (Dubois et al. 1956).

Characterization studies
FTIR

FTIR is a promising technique to evaluate structural vari-
ations in samples due to the pretreatment process. The
structural changes in before- and after-pretreatment of
samples were investigated by ALPHA FTIR spectropho-
tometer (Bruker, USA). The FTIR spectrum of the samples
was recorded in the transmittance mode in the range of
4000-500 cm ™.

SEM

SEM photographs of samples before and after pretreatment
were taken with a scanning electron microscope (JSM
6390, JEOL, Japan). The surface morphology was exam-
ined with an accelerating voltage of 10 kV and magnifi-
cation of 1,500x.

XRD

The structural analysis of the samples was evaluated by
XRD (X’Pert PRO from PANalytical, the Netherlands)
with a scanning rate of 5° per minute. The XRD patterns
were obtained over the angular range 20 = 10-80°.

uvs
The UV spectroscopic analyses of the samples were per-

formed with SPECORD 210 plus from Analytik Jena,
Germany. It was dome with the wavelength range of
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200-400 nm with a slit width of 1 nm and a scan speed of
5 nm/s. UV spectra are often required to elucidation of the
structure of organic molecules.

Results and discussion
Physical appearance

Figure 1a and b shows the physical appearance of cassava
stem as raw material and pretreated cassava stem, respec-
tively. As it indicates, the cassava stem before pretreatment
was light brown in color and after-pretreatment sample was
dark brownish color. During autoclaving pretreatment
process, the lignocellulosic material was heated with high
pressure (1 bar) and temperature of 121 °C. Subsequently,
the biomass was disintegrated its components and resulted
in lignin transformation (in the form of cellulignin; Tabil
et al. 2011; Punsuvon 2013). Taken together, because of
high temperature, the phenolic compound (lignin) was
subjected to dissociate from the matrix which changes the
physical appearances of the after-pretreated cassava stem.
This confirmed the pretreatment was done in the sample,
and further characterization analyses confirm the effec-
tiveness of pretreatment.

FTIR

The FTIR spectra of before and after pretreatment of cas-
sava stem samples are shown in Fig. 2. Table 1 summa-
rizes the absorption bands obtained in the mid-infrared (IR)
region. Usually, all samples exhibited two transmittance
regions: the first one at low wavelengths in the range of
750-1750 cm ™" and the second one at higher wavelengths
in the range of 2750-3500 cm™'. Those intensity bands,

which display the general components or functional groups
of all the cellulose, hemicelluloses and lignin (as shown in
Table 1), were changed significantly after pretreatment.
Wide and intense bands of O-H stretching were observed
at 3140-3150 cm™" for before- and after-pretreatment of
samples (Moran et al. 2008; Kuila et al. 2011; Ling Hii
et al. 2014). It is due to the absorption of water molecules
by the samples from the atmosphere. The spectral bands
were noticed in the spectra of both the samples in the
domain at 1650 and 1653 cm ™' for cassava stem before
and after pretreatment, respectively, because of O-H
stretch due to absorbed water (Le Troedec et al. 2008),
1515-1520 cm ™' due to aromatic skeletal lignin (Li et al.
2010a), 1380-1385 cm™ ' due to C-H bending (Kumar
et al. 2014) and 1310-1314 cm™ ! due to C-O stretch. It
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Fig. 2 FTIR spectra of cassava stem (a) before pretreatment and
(b) after pretreatment

Fig. 1 Physical appearance of cassava stem (a) before pretreatment and (b) after pretreatment (1 g of cassava stem pretreated with 10 mL of

acid mixture for 15 min at 121 °C)
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Table 1 Analogy of spectral bands for cassava stem before and after
pretreatment

1

Wave number, cm™ Functional group assignments

Before After

pretreatment  pretreatment

3145 3139 O-H stretch

1650 1653 O-H stretch due to adsorbed water
1515 1517 Aromatic skeletal lignin

1380 1385 C-H rock

1310 1312 C-O stretch

1105 1109 C-O-C glycosidic ether band

902 - Amorphous cellulose/associated with

the cellulosic B-glycosidic linkages

was believed that the distorted intensity indicates cleavage
of lignin side chains. In case of cellulose, a small peak at
1135 cm™' was observed for after-pretreatment cassava
stem spectrum, while no peak was observed for before-
pretreatment of cassava stem. This is due to the modifi-
cation of C—O-C glycosidic ether bond in cassava stem
before pretreatment (Kumar et al. 2014). This indicated the
pretreatment in removing the hemicellulose, thus exposing
more crystalline cellulose, and was also confirmed by the
XRD. Furthermore, the pretreatment has also favorably
transformed the cellulose in after-pretreatment sample with
the absence of amorphous hemicellulose (780 cm ™). This
study was in line with the results in XRD as explained
below.

SEM

SEM micrographs divulged the morphological changes in
before- and after-pretreatment of samples (Fig. 3). Gener-
ally, cassava stem has a complex structure. It comprised of
major components include cellulose, hemicellulose and
lignin. It is reported that cellulose is insoluble in water and
dilute acid, while it is soluble in concentrated acids. But

i
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severe degradation of the polymers by hydrolysis results in
cellulose degradation. Thus, the cassava stem is treated
with 5 mL each of 1% (w/v) oxalic acid and 1% sulfuric
acid. It was observed that the sample before pretreatment
was rigid and highly ordered due to complex lignin—
hemicellulose matrix that binds to cellulose fibers (Ling Hii
et al. 2014). After pretreatment, the complex structure was
demolished because of combined acid pretreatment. Also,
it is clearly showed that untreated cassava stem had an even
and continuous surface. On the other hand, pores were
present in the pretreated sample, which confirmed the
removal of residual lignin. Increased porosity in the pre-
treated sample was due to the destruction of lignin—hemi-
cellulose component. Therefore, the surface area of
cellulose increased, suggesting improved enzymatic
accessibility to cellulase.

XRD

The XRD patterns of before- and after-pretreatment of
samples are given in Fig. 4. Both before- and after-pre-
treatment of cassava stems were displayed amorphous
nature with different peaks. The amorphous pattern
retained by the before-pretreated sample was attributed to
the high amount of hemicellulose content. As a result, the
enzymatic hydrolysis was debilitated as the cellulose was
masked and protected by the lignin and hemicellulose seal.
The crystallinity index (CI) was calculated by using
amorphous subtraction method (Thygesen et al. 2005; Park
et al. 2010). It was found that the CI of before- and after-
pretreatment samples was 63 and 52%, respectively. These
results depicted the effectiveness of pretreatment on cas-
sava stem which eliminated amorphous hemicellulose and
lignin. Also, it unmasked all crystalline cellulose available
for further applications (Li et al. 2010b). Table 2 shows the
crystallite sizes for before and after pretreatment of cassava
stem. On comparing these values, the amorphous hemi-
cellulose regions were curtailed by the effective pretreat-
ment of combined acids.

Fig. 3 SEM image showing the structural morphology of cassava stem (a) before and (b) after pretreatment

* @ Springer
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Fig. 4 XRD spectra of cassava stem (a) before pretreatment and
(b) after pretreatment

Table 2 Crystallite sizes for before and after pretreatment of cassava
stem

Before pretreatment After pretreatment

20 Crystallite size (nm) 20 Crystallite size (nm)
15.0 5.0 13.9 6.1
17.9 33 16 73
23 2.2 17.9 73
28 6.3 23 6.2
30.5 6.3 28.9 8.2
329 6.2 32.7 4.0
35 6.4 36.9 3.5
38.8 10.4 40.2 8.4
41.25 8.5 42.35 53
439 4.5 45 10.7
53 8.2 54.1 6.86
69.1 7.4 57.8 4.8
Uvs

UV-Vis spectroscopy was used to determine the presence
and concentration of any component in the given sample.
These results are plotted for comparison purposes and to
discuss the differences between the before- and after-pre-
treatment of samples. Usually, lignin displayed absorption
maximum around 274 nm in UV spectrum (Fig. 5). Our
sample also showed absorption peak around 270 nm for
both before- and after-pretreated samples. As confirmed
with FTIR and XRD results, the pretreatment has occured
in the sample which indicated the successful removal of
hemicellulose from the microfibrils and macrofibrils of
cellulose. These findings are in line with the UVS since
both before- and after-pretreatment of cassava stems have
retained the lignin. As shown in the spectra, both before-
and after-pretreated fractions exhibited basic UV spectra

Wavelength nm

Fig. 5 UV spectra of cassava stem (a) before pretreatment and
(b) after pretreatment

that have the first maximum absorption coefficient at 270
and 278 nm, respectively.

Conclusion

Cassava stem was effectively pretreated with combined
organic (oxalic)—inorganic (sulfuric) acid. After pretreat-
ment, the sample was subjected to functional group, sur-
face morphology, topography and UV characterization
studies using FTIR, SEM, XRD and UV spectroscopy,
respectively. FTIR studies revealed the delignification in
PCS. Surface morphology of PCS confirmed the destruc-
tion of lignocellulosic matrix in biomass. XRD studies
interpreted the effectiveness of pretreatment through CI.
UV studies confirmed the presence of phenolic compounds.
This study gives an overview of how characterization
analyses have been implemented to qualitatively assess the
cassava stem for quintessential bioethanol traits such as
cellulose, hemicellulose and lignin constituents. However,
optimization of the pretreatment process conditions has
been done to achieve more glucose yield. The current
results demonstrated that the characterization of cassava
stem (both raw and pretreated) by the above techniques
revealed the complexity of the surface morphology. Hence,
it can be concluded that the combined acid was an effective
pretreatment method for cassava stem.
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