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Abstract
The corn crop biomass (CB) is widely used as a feedstock for biochemicals such as lactic acid, succinic acid, citric acid, xanthan
gum, and biofuels likely bioethanol, butanol, and biogas. Since CB provides a resistive structure for enzymatic and microbial
attack, ultrasonic treatment can assist to break the recalcitrance structure. Several techniques such as imaging (atomic force
microscopy—AFM; scanning electron microscopy—SEM), spectroscopy (energy-dispersive X-ray spectroscopy—EDX;
Fourier transform infrared spectroscopy—FTIR; Raman spectroscopy; X-ray diffraction—XRD), and thermal (TGA) were
studied to characterize the ultrasonicated CB. A detailed analysis of different techniques on their potential benefits will assist
the researchers to select a suitable technique to optimize the ultrasonication for various applications. The basic mechanisms
behind ultrasonication, benefits, downsides, practical considerations, and factors that should be deliberated in the future studies
are discussed. Sonication enhanced the hemicellulose and cellulose yield, saccharification rate, and delignification of CB. AFM,
EDX, FTIR, Raman spectroscopy, SEM, TGA, and XRD described the variations in topographical features, elemental compo-
sition, molecular structure, microstructure, thermal steadiness, and degree of crystallinity, respectively, of the ultrasonicated CB.
The quantitative crystallinity of CB can be analyzed through XRD and Raman spectroscopy, whereas the qualitative crystallinity
and molecular structural comparisons are studied using FTIR. Imaging techniques can provide important aspects such as lignin
relocalization and cell wall delamination. Integrating EDX with SEM is beneficial to determine the elemental percentage
composition altered in CB due to ultrasonication.
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Abbreviations
AFM atomic force microscopy
CB corn biomass
CC corn cob
CCSAA corn cob soaked in aqueous ammonia
CCUSAA corn cob pretreated by

ultrasound-assisted soaking in aqueous ammonia
CGM corn gluten meal
CHFs corn husk fibers
CrI degree of crystallinity
CS corn stover
CSFs corn straw fibers
DDGS dried distiller’s grains with solubles

DSA dilute sulfuric acid
EDX energy-dispersive X-ray spectroscopy
FTIR Fourier transform infrared spectroscopy
RMS root mean square
SEM scanning electron microscopy
SP sodium percarbonate
TGA thermogravimetric analysis
USP ultrasonic processing
UVA ultrasonic vibration-assisted
XRD X-ray diffraction

1 Introduction

One of the current global challenges is to deliver a sustainable
environment by creating a bio-based economy. This is impor-
tant because the application of non-renewable sources com-
prises inadequacies in terms of global warming and resource
depletion [1]. The plant biomass-based production of
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biochemicals is increasing rapidly. Corn fiber, corn cob, corn
husk, corn gluten meal (CGM), corn bran, corn stover, corn
slurry, dried distiller’s grains with solubles (DDGS), corn tas-
sel fibers, and corn stalk are the major corn biomass (CB)
generated enormously during pre-harvesting, post-harvesting,
and processing stages of CB [2–5]. CB presents prospective
potential as an alternative source for ecological production of
bio-products, biogas, and biofuels which helps in boosting the
recent circular bioeconomy approach. Some of the potential
from CB are explicitly described as follows: (1) corn fiber as a
source of hemicellulose (~ 35%) which can be a potential
additive in thermoplastic–starch composites to augment bio-
plastic life [6]; (2) corn cob as a source of hemicellulose,
xylan, and xylooligosaccharides [4]; (3) corn husk showing
the capability of creating 9 million tons of natural cellulose
fibers [5]; (4) CGM as a preliminary feedstock for the
chemicals, food, and energy production [6]; (5) corn bran
fulfilling the human nutrition demand accounting its abun-
dance in dietary fiber [7]; and lastly corn stover as a prospec-
tive carbon source for the bio-chemicals and biofuels [8].

The pretreatments such as physical, chemical, physico-
chemical, and biological are indispensable for CB because
CB accessibility becomes easy for the microbes/enzymes.
Such pretreatments intensify CB to produce biogas, biofuels,
bio-chemicals, and bioethanol and also upgrade it for animal
feed and composting [9–13]. An effective pretreatment com-
prises more reactive cellulose, reduction in energy necessities,
and least chemical usage and avoids the production of fermen-
tation inhibitors likely furfural. Ultrasonication is a physical
method acting as assistance with chemical pretreatment. It is
considered a cost-effective process which eradicates restric-
tions to the mass transfer mechanisms. Moreover, the im-
provement in enzymatic hydrolysis due to sound waves has
been examined [14–16].

Recently, imaging and spectroscopic techniques in combi-
nation with thermal technique have become a unique charac-
terization tool for investigating the qualitative and quantitative
process-induced variations in crystallinity, microstructure, po-
rosity, chemical composition, elemental arrangement, and
thermal behavior [17–21]. The characterization of
ultrasonicated CB is important for comprehending the flaws
for further processing. Ultrasonication being a pretreatment
makes the accessibility of carbohydrates such as cellulose,
hemicellulose, and lignin for the attack by enzymes or fermen-
tative microbes. The variations in porosity, composition, sur-
face characteristics, crystallinity, and degree of polymeriza-
tion specifically in the case of CB play an important role to
understand the ultrasonicated CB for sustainable conversion
to bio-products. Hence, these variations need to be character-
ized using existing imaging, spectral, and thermal techniques.
The characterization of the ultrasonicated CBwould reveal the
suitability of the materials for further bio-conversion. If it
appears that the material is not appropriate, then further

processing can be avoided that would make the process sus-
tainable. These characterizations can be achieved using tests
on a small-scale laboratory procedure. The bioethanol indus-
tries and farms generate huge amounts of by-products and
agricultural wastes that can be converted into bio-products
using a suitable pretreatment process such as ultrasonic pro-
cessing (USP) integrated with characterization tool. In the
current scenario, these by-products and wastes are an alarming
sign for future environmental sustainability and global
warming. Therefore, the present review is needed to help ma-
jorly to the bioethanol industries and farmers. Furthermore,
this is required to disseminate an awareness about the impor-
tance of USP-treated CB and its characterization for generat-
ing an alternative income source. Literatures have been report-
ed on the effect of pretreatments on various lignocellulosic
biomass [22, 23]; however, none of them has discussed the
characterization of ultrasonicated CB using imaging, spectral,
and thermal techniques. Therefore, the current review focuses
on the study of techniques such as X-ray diffraction (XRD),
scanning electron microscopy (SEM), thermogravimetric
analysis (TGA), Fourier transform infrared spectroscopy
(FTIR), and Raman spectroscopy for understanding the effect
of ultrasonication on CB. Furthermore, the potential of atomic
force microscopy (AFM) and energy-dispersive X-ray spec-
troscopy (EDX) is reviewed for characterizing ultrasonicated
CB considering the fact that currently, there are no studies on
the application of AFM and EDX for ultrasonicated CB.

2 Ultrasonic processing

USP has been employed enormously for food processing op-
erations in laboratory research as well as industries [15]. This
incipient technology fascinated the scientific community ow-
ing to its non-thermal advantages and green nature such as
process enhancements, augmented throughputs, cheapness,
product superiority, and decreased energy necessity. The
USP frequency range varies from 20 kHz to 10 MHz in food
processing applications that are further categorized into three
ranges:

(1) Low frequency/power ultrasounds (20–100 kHz): In this
range, huge amplitude waves are utilized which causes
the variations in physicochemical characteristics and/or
food structures.

(2) Midway frequency/sonochemistry (100 kHz–1MHz): In
this range, chemical reactions are triggered inside food
materials due to generation of free radicals [15]. For both
power ultrasound as well as sonochemistry, the sound
pierces and disseminates as sinusoidal waves. The medi-
um produces acoustic cavitation through elastic vibra-
tions. This acoustic cavitation includes concurrent ex-
pansion and contraction of gas micro- or nano-bubbles
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in the treated liquid medium. Consequently, pressure
waves form and produce energy. The instantaneous and
unanticipated bubbles collapse creates exceptionally
high localized pressures and temperatures ensuing gen-
eration of free radicals and high shear forces which can
be utilized to upgrade food processing operations. The
induced bubbles collapse distortedly and cause the
movement of fluid towards the solid surface. This phe-
nomenon is known as the micro-jetting which alters the
surface structures due to abruptness of the heat and mass
transfer processes.

(3) High frequency (1–10 MHz): In this range, the sound
waves do not alter the food structures and is frequently
used for the analytical applications such as measurement
of protein, fat and moisture in foods, variations in dough
uniformity, oil purity and composition, physical charac-
teristics of batters, and honey adulteration [15].

Therefore, the application of USP becomes important
for CB owing to the advantages observed for other food
items. The working principle of ultrasonic waves is based
on cavitation phenomenon. The presence of highly com-
plex lignin and ordered crystalline cellulose present in CB
repeatedly delivers resistance to the enzymes and mi-
crobes. USP causes the structural modification and crea-
tion of oxidizing radicals which result in attacking the in-
tricate matrices. The sound waves break the α-O-4 and β-
O-4 bonds in lignin further liberating the lignin and
holocellulose (hemicellulose and cellulose) fractions due
to production of small cavitation bubbles [17], as illustrat-
ed in Fig. 1. The bubbles grow in size and eventually reach
to a critical level resulting in severe collapse due to loss in
stability. High temperatures (2000–5000 K) and pressures
(1800 atm) can be obtained at collapsing point [18].

Additionally, formation of micro-jets, shear, and acoustic
streaming takes place on account of ultrasonication [9].

The sound waves in USP work in two distinct ways: (1)
direct mode in which a probe creates the vibrations through
direct contact with the sample and (2) indirect mode in which
a secondary medium such as water bath creates the vibrations
imparted to the sample indirectly [19], (Fig. 2). Direct mode
involves a very high centralized intensity whereas the indirect
mode is applied for larger quantity of solutions at greater
uniform intensity [24, 25]. The major components of an
USP system are generator, transducer, and emitter, as shown
in Fig. 2 a and b. The generator produces electrical energy
which is transformed into sound waves by transducer at se-
lected frequencies. The piezoelectric-type transducers convert
the electrical current into physical vibrations whereas themag-
netostrictive type transforms magnetic field into the physical
vibrations. Emitters transfer the sound energy following trans-
ducers to the solution containing the CB.

2.1 Energy needs of USP

USP is essentially an energy exhaustive process. The
techno-economic modeling is obligatory before scaling
up the process on commercial level. Therefore, the optimi-
zation of process parameters must be performed. The en-
ergy demand and total cost are the two major factors
influencing process suitability. The energy in sonication
depends primarily on sonication time and power, and sam-
ple volume to be pretreated. The energy efficiency in
ultrasonication is units of electricity truly degenerated in
the CB solution. This energy further recurs in the form of
heat which can be measured by calorimetry. There is a
direct relation of energy efficiency and input energy during
ultrasonication unless the interference among cavitation
bubbles begins. The generation of interfering bubbles

Fig. 1 Schematic showing
ultrasonication effect on enzyme
agglomeration and
depolymerization
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reduces energy transfer to the CB solution [20]. The CB
characteristics and surface area of sonotrode affect the rate
of power dissipation. A reduction in ultrasonication energy
intake by more than 50% was relative to non-sonicated

lignocellulosic biomass, accounting the equal ethanol
yields [21]. Thus, USP presents a potential to be incorpo-
rated in processing of CB for further applications (Fig. 3).

Fig. 3 Variations in the
characteristics of CB owing to
ultrasonication

Fig. 2 Schematic for a probe-type ultrasonication system and b bath-type ultrasonication system
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2.2 Application of USP for CB

USP is commonly used as an assistance to improve yield of a
target component during extraction. Most of the studies have
conveyed that ultrasonication improves enzymatic hydrolysis
of various CB [26–28]. The different factors responsible for
accelerating the hydrolysis rate by sound waves have been
designated as limited degradation of substrate/sample, gener-
ation of energy, and probable variation in the conformation of
enzyme molecules [23]. The specific purposes of using USP
are as follows:

(a) Quality and yield enhancement of hemicellulose and
cellulose:

The yield of hemicelluloses such as xylan has been inves-
tigated to be higher during extraction assisted by
ultrasonication [26, 29]. The xylan extracted from corn cob
using ultrasonic-assisted and classical extraction methods was
compared [30]. The efficiency of xylan extraction process was
improved by sonication because of the reduced extraction
time, temperature, and alkali concentration. Xylan with im-
proved yield (~ 28–36%) and higher bioactivity has been ex-
tracted from corn cob using alkali-assisted USP [30].
Likewise, it was reported that ultrasonication-assisted alkali
extraction can intensify the hemicellulose yield (10–40%) and
lessen the corresponding extraction time [22].

(b) Upgradation in saccharification rate:

Saccharification is a bio-hydrolysis process in which a car-
bohydrate molecule is broken down into its corresponding
sugar molecules. The influence of USP on cellulose sacchari-
fication rate during enzymatic hydrolysis of corn stover was
studied [23]. The results showed that saccharification rate was
enhanced by 70% due to ultrasonication-assisted enzymatic
hydrolysis in comparison with without ultrasonication.
Likewise, mechanical impacts due to collapsing of cavitation
bubbles permitted the enzymatic actions in an improved man-
ner in the solid surfaces. Moreover, the optimum temperature
was 50 °C for enzymes which provided very high enzymatic
hydrolysis rate due to the increased cavitation. Another finding
stated a novel ultrasonic-based pretreatment in which the corn
stover mixed in sodium percarbonate (SP) was subjected to
ultrasonication (US) for the efficient enzymatic saccharifica-
tion of corn stover [2]. The corn stover dissolved in deionized
water with application of US and dissolved in SP solution
without application of US were also considered two separate
pretreatments. The results indicated that the saccharification of
US-SP-pretreated corn stover (2.33 mg/mL) was much higher
in comparison with the US-pretreated (1.29 mg/mL) and SP-
pretreated corn stover samples (1.45 mg/mL) after 24 h of
enzymatic digestion. Besides, the xylose yield without furfural

was greater in the case of US-SP-pretreated samples when
compared with dilute acid pretreated samples. The US-SP pre-
treatment can be a suitable technique for future research on
different biomass fractions. One of the strongest reasons is that
the US-SP pretreatment was described as an antibacterial me-
dium during enzymatic hydrolysis even after 2 days in addition
to enhancement in saccharification. Generally, the microorgan-
isms grow during long hydrolysis which is confirmed by the
absence of glucose at the end of hydrolysis. In such a case, the
antibacterial agents like sodium azide are added to prevent the
microbial growth. Therefore, the application of US-SP can also
be a cost-effective pretreatment especially in the case of CB
where longer hydrolysis is needed due to complex structure.
Furthermore, Khanal et al. [31] reported the application of
ultrasonication to improve the saccharification and liquefaction
for corn slurry. The results indicated that the rate of glucose
release inclined around three times in comparison with untreat-
ed corn slurry. The enzymatic activity was higher due to
ultrasonication. There was no degradation in enzymes on ac-
count of ultrasonication. Similar results were acquired in a
study by Montalbo-Lomboy et al. [32] for sugary-2 maize
(Zea mays L.). Additionally, Jin et al. [24] stated that multi-
frequency power ultrasonication/heating-ultrasonication com-
bination enhanced considerably the enzymolysis and degree of
hydrolysis for CGM [33, 34].

(c) Delignification:

Delignification of CB augments hydrolysis yields of cellu-
lose that can be improved by USP. The success of enzymatic
hydrolysis of corn cob using USP followed the most efficient
delignification pretreatment. The maximum delignification
and sugar recovery yield were found as 84.7 and 77.6% for
corn cob at optimal conditions (sonication time 11.66 min and
energy density 10 W/mL) [25]. Delignification with ultra-
sound was observed for CB in a variety of solvents.
Specifically, delignification enhanced when ultrasonication
was applied to the corn cob samples in aqueous ammonia
[25]. Furthermore, lignin content is reduced in the case of corn
cob pretreated by ultrasonication applied to sample bottles
with sodium phosphate buffer in it [35]. Overall, the reported
delignification ranged from an increase in lignin content by
8.9% in a soda solution to a decrease in lignin by 90.6% in 2%
NaOH solution [36]. The vast range of delignification yield
could be obtained due to ultrasonicated CB in different sol-
vents. Additionally, carbohydrate loss is always associated
with delignif icat ion. Therefore, the object ive of
ultrasonication must be accounted. If the purpose of USP is
to augment hydrolysis yields, or comprises further usage of
carbohydrates in downstream processing, carbohydrate loss
might not be desirable. Some of the past research carried out
in relation with ultrasonication of CB for process enhance-
ment has been summarized in Table 1.
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3 Spectroscopic, imaging, and thermal
techniques

CB is a complex mixture of versatile components and com-
prises nanocomposites arranged in three-dimensional manner.
Some of the major variations in the physical and chemical
properties are alteration in lignin or cellulose location, nature
of cell wall disruption, variation in elemental composition,
and cellulose crystallinity, interactions among cellulose, hemi-
cellulose and lignin, enlarged surface area, improved porosity
owing to xylan isolation, decreased degree of polymerization,
inclined crystallinity, melting and lignin rearrangement, etc.
[2–4, 37]. These variations are difficult to characterize by
laboratorial methods. Therefore, spectroscopic, imaging, and
thermal techniques could be applied for such characterization.
For instance, knowing the quantity of cellulose is not suffi-
cient; it is also important to know the exact location of cellu-
lose and the way it interacts with other components such as
lignin and hemicellulose. On the other side, the change in
cellulose location by sound waves is as important as its re-
moval for betterment of CB hydrolysis. The feasibility of
ultrasonicated CB for consequent hydrolysis can be analyzed
by nanoscale andmicroscale scrutiny, as shown in Fig. 4. Still,
there are some challenges for characterizing the CB using
spectroscopic, imaging, and thermal techniques owing to
complicated small sizes.

CB has a multi-scale complicated nature; therefore, smaller
and larger scales provide diverse outlines. Moreover, distinct
treatments and parameters can be implemented prior to the
imaging to enhance the quality of the scrutiny. Some staining
procedures are recommended for underlining the cell wall
arrangements and their constituents. Various microscopy
techniques can be applied to comprehend the variations in
the cell wall structures resulted from sound waves.

The spectroscopic, imaging, and thermal techniques such
as XRD, SEM, TGA, FTIR combined with Raman spectros-
copy, AFM, and EDX are applied to understand the structural
as well as functional changes in ultrasonicated CB. These
techniques provide an insight about the qualitative and quan-
titative information like cell wall and microfibril structures,
roughness index, crystallinity index, glass transition tempera-
ture, and elemental composition which cannot be inferred
from other investigations. Earlier, SEM was the most ordinar-
ily used imaging technique at the microscale to comprehend
the difference between structures of ultrasonicated and non-
ultrasonicated CB to examine their liability for further enzy-
matic processing; however, it still remains a challenging task.

3.1 X-ray diffraction spectroscopy

XRD is a non-destructive technique for analyzing the structure
of crystalline or partially crystalline materials predominantly
at the atomic or molecular level; however, it is also utilized for
studying the non-crystalline constituents and phase identifica-
tion of a crystalline material. The basic principle of XRD is
positive intervention of single wavelength X-rays and cellu-
lose in a CB sample. Diffraction takes place when light is
scattered by a periodic array with long-range order, producing
constructive interference at particular angles. The scattering of
X-rays from atoms produces a diffraction pattern, which con-
tains information about the atomic arrangement within the
crystal.

The cellulose present in CB imparts crystallinity which can
be reduced using ultrasonication-assisted and ultrasonication
hybrid pretreatments [2, 17, 19, 38]. The cellulosic crystalline
part gives strong signals in XRD peaks whereas amorphous
region of cellulose represents weak and wide signals in the
XRD pattern [39]. The crystallinity becomes important

Fig. 4 Variations in the profile of
CB owing to ultrasonication
using imaging, spectral, and
thermal techniques
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considering the biochemical conversion of lignocellulosic bio-
mass. It is assumed that lower crystallinity is responsible for
enhanced bio-conversion of biomass into other value-added
products [40–42]. On the contrary, studies have stated that
better digestibility was even obtained with higher crystalline
biomass as well [33]. Furthermore, there are cases where no
correlation has been found between digestibility and crystal-
linity of CB, which is associated with several aspects such as
pore size, surface area, hemicellulose, and lignin content.

Du et al. [25] carried out a remarkable study where the
authors examined the cellulose crystallinity of corn cob
(CC), corn cob soaked in aqueous ammonia (CCSAA), and
corn cob pretreated with ultrasound-assisted soaking in aque-
ous ammonia (CCUSAA) through XRD technique. It was
noticed that crystallinity index values were 34.6, 43.7, and
42.7% for CC, CCSAA, and CCUSAA, respectively. It was
concluded that CCSAA and CCUSAA pretreatment markedly
amplified the crystallinity index of corn cob. Wang et al. [10]
investigated the consequence of integrated process of physi-
cochemical pretreatments and enzymatic hydrolysis to lessen
the degree of crystallinity in corn straw accordingly enhancing
the quantity of reducing sugar. It was found that physical
methods (ultrasonic wave, extrusion + ultrasonic wave, extru-
sion + ultrasound + microwave) in combination with organic
compounds (lime + sodium hydroxide + hydrogen peroxide)
degraded hemicellulose and lignin more efficiently than un-
treated corn straw. The best treatments determined were ex-
trusion + microwave + ultrasound + chemical compounds
(treatment 1) and extrusion + ultrasonic wave (treatment 2)
in grouping with enzymatic hydrolysis. The decomposition
rates for hemicelluloses, cellulose, and lignin were upgraded
by 74.51%, 61.59%, 56.19%, and reducing sugar yield by
425.98%, respectively for treatment 1. Similarly, decomposi-
tion rates for hemicelluloses, cellulose, and lignin were
upgraded by 86.05%, 69.61%, 62.88%, and reducing sugar
yield by 421.77%, respectively for treatment 2 which were
confirmed by XRD patterns. The minimum degree of crystal-
linity (CrI) was computed as 23.87% for extrusion + ultrason-
ic wave + chemical compound ensuing processing by en-
zymes; however, nearly similar CrI was discerned for all the
pretreatments without enzymatic processing.

Some of novel pretreatments have been developed using
USP with different chemicals for various CB [2]. Nakashima
et al. [2] reported a new pretreatment coalescing US and SP to
improve the degradation efficiency of corn stover. It was ex-
amined that lignin removal and cellulose degradation en-
hanced to a large extent and crystallinity of untreated, US-
pretreated, SP-treated, and combination (US-SP) pretreated
samples was analyzed using XRD. A peculiar peak was per-
ceived for untreated and pretreated samples at 22.5° due to
cellulose crystallinity. CrI was computed lower for the
ul t rasonicated samples in comparison with non-
ultrasonicated samples on account of ruptured crystalline

structure of cellulose by ultrasound. SP-pretreated samples
showed higher CrI than US-SP pretreated because only amor-
phous lignin was fractionated unchanging the crystalline cel-
lulose which was removed during US-SP pretreatment leading
to reduction in CrI. Color and swelling properties of US-SP-
pretreated corn stover could be distinguished straightforward-
ly from the untreated one.

Xu et al. [33] investigated the effect of dilute aqueous am-
monia integrated with USP on the enzymatic hydrolysis of
corn stover, corn cob, and sorghum stalk. It was noticed from
the XRD pattern that pretreated samples had higher CrI in
comparison with fresh samples. Increase in the cellulose con-
centration and elimination of hemicellulose and lignin due to
pretreatment were explained as the possible reasons for de-
crease in the crystallinity. On the contrary, Yin et al. [34]
found that almost no variation in the crystallinity was marked
when corn cob and corn stover were employed with a combi-
nation of ultrasound and supercritical carbon dioxide. This
leads to an important conclusion that cellulose crystallinity is
not the only reason accountable for the enzymatic hydrolysis.
There could be other factors responsible for enzymatic
hydrolysis.

Segal or peak height, deconvolution, and Ruland–Vonk or
amorphous contribution subtraction are the three methods
used for the computation of CrI [43–45]. Segal or peak height
method is ordinarily employed for the CrI measurement [46]
for analyzing the effect of USP on distinct CB. Still, this
method has some challenges likely the accurate amount of
crystal fraction of the cellulose is correlated less with peak
height as compared with the peak area [47]. Moreover, it has
been seen currently that the size of crystals, association, and
alignment of cellulose microfibrils affected by pretreatments
are the other critical parameters resulting into error in the
critical results [48]. Considering crystallinity studies done on
CB, it could be concluded that XRD is an unprecedented tool
for ultrasonicated CB owing to its ambiguous behavior.

3.2 Scanning electron microscopy

SEM is a technique that scans the surface of a material by
using a concentrated beam of electrons to generate photomi-
crographs. The signals are produced whenever interaction oc-
curs between atoms and electrons. These signals consist of
information about the material composition and surface to-
pography. The frequently used mode of SEM comprises sec-
ondary electrons emitted by atoms excited using electron
beam and detected through Everhart-Thornley detector. The
signal intensity due to secondary electrons is governed by the
topographical features of the samples.

SEM is the foremost technique used to find the surface
variations in CB due to pretreatments [4, 19, 37, 38, 49]. It
can be used to characterize surface in terms of superficial
attritions, breakdown, and dislocation of components present

1400 Biomass Conv. Bioref. (2022) 12:1393–1408



in the interior of the semi permeable layer for the easy avail-
ability to the enzymes during hydrolysis [37]. However, sam-
ple destructivity and conductivity are the two major limita-
tions of SEM. The samples can be coated by gold or carbon
to make them conductive [38]. Oven drying of CB should be
prevented as it causes significant surface deformation and col-
lapse rather freeze-drying is the best alternative to all drying
methods. CB should be kept for quick freezing in liquid N2

just before keeping it into the freeze dryer [37]. High resolu-
tion for better recognizing the components occupying in the
cell wall could be acquired by spotting using standard stains.
Lignin location in the cell wall could be identified with the
help of a potassium permanganate, a lignin stain [50].
Quantitative measurements by computing the “roughness in-
dex” from SEM micrographs can be performed [40]. A direct
relationship between surface roughness and enzymatic hydro-
lysis was investigated for pretreated corn stover in comparison
with fresh samples [41].

The examination of the SEM photomicrographs of the
USP-treated CB can provide distinct valuable evidence about
the effects of pretreatment on the samples. Additionally, com-
parison between USP-treated CB and untreated CBmight lead
to diverse insight into the structural facets of CB. SEM pho-
tomicrographs are widely employed during ultrasonication of
CB, but most of them consist of assumptions. Even though,
there are few studies in which the explanations and inferences
from SEM photomicrographs are supported using results of
other techniques like AFM and confocal microscopy.
Moreover, the studies conducted by the Biomass Surface
Characterization Laboratory (BSCL), NREL, also provision
the observations from SEM photomicrographs. Some of the
selected studies which generate potential knowledge about
USP-treated CB through SEM photomicrographs are listed
in Table 2.

3.3 Thermogravimetric analysis

TGA is an analytical technique to determine a material’s ther-
mal stability and volatile components by monitoring the
weight change with temperature. The measurement is normal-
ly carried out in air or in an inert atmosphere, such as helium
or argon. Sometimes, the measurement is accomplished in a
lean oxygen atmosphere (1 to 5% O2 in N2 or He) to deceler-
ate oxidation.

TGA is generally used to study the composition and ther-
mal degradability of CB. Variation in weight observed with
respect to temperature could be due to oxidation, decomposi-
tion, or desorption of volatile molecules. The disintegration
analysis of cellulose, hemicellulose, and lignin present in CB
at various temperatures leads to its further utilization for var-
ious applications such as biochemical extraction, biofuels, and
nutraceutical development. Three temperature regions have
been identified earlier for lignocellulosic biomass as follows:

the lignin region (350–500 °C), the cellulose region (290–350
°C), and the hemicellulose region (245–290 °C) [23].
Additionally, thermal imaging can be an option to understand
the temperature distribution: symmetrical or asymmetrical in
ultrasonicated CB. The kind of thermal distribution can be
correlated to the extraction efficiency of a nutritional or bio-
active component from CB. Almost no studies have been
conducted for thermal characterization of ultrasonicated CB;
however, Zhang et al. [43] reported an investigation on vari-
ous characteristics on corn stover during ultrasonic vibration-
assisted (UVA) pelleting. The results of their study indicated
that UVA formed pellets and particles were more heat resis-
tant in comparison with untreated samples, as illustrated in
Fig. 5. The ultrasonicated corn stover showed no peaks in a
temperature range of 222–228 °C stipulating elimination of
hemicellulose during ultrasonication. Considering lacking in
literature on TGA analysis of the ultrasonicated CB, thermal
characterization of alkali-pretreated maize tassel fiber has
been described herewith [44]. Alkali-pretreated maize tassel
fiber has been examined to be more thermally stable compar-
atively untreated one [44]. Ultrasonication has recently be-
come an integral part of process enhancement for creating
the value-added products from distinct biomass; yet, its appli-
cation is not explored for CB. The thermal decomposition
behavior of CB during ultrasonication comes into play ac-
counting its further application; therefore, the role of TGA
cannot be circumvented.

3.4 Fourier transform infrared spectroscopy and
Raman spectroscopy

FTIR and Raman spectroscopy techniques use the variations
in the vibrational energy state of molecules when radiations
are imparted on them. Both the techniques differ energy trans-
fer mode and complementary to each other. FTIR involves
subjecting the CB sample to infrared source leading to vibra-
tional excitation of molecules. Raman spectroscopy is based
on the flexible and inflexible scattering outcome. Radiation
source in Raman spectroscopy is highly active monochrome.
The molecules travel to their native vibrating location for rest-
ing after reaching to a virtual location by photon re-emanation
at exactly the similar frequency of incident photons in case of
flexible scattering outcome. There is no absorption of energy
by molecules from the incident radiations. On the other side,
in inflexible or Raman scattering, the agitated molecules rest
at distinguished vibrational locations.

The CrI can also be determined using FTIR through mea-
surement of the peak areas [45]. The FTIR absorption peak
region between 1420 and 1430 cm−1 is known as the crystal-
linity region. The CrI values computed by FTIR were com-
pared with the XRD values and were seen in a good agree-
ment. Also, FTIR is considered to be an innovative technique
for the measurement of changes in the cellulose structure due
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to USP. Among the current techniques, FTIR is the simplest
one with least sample groundwork and no prior particular
experience is needed. Though only relative quantities are ob-
tained from FTIR due to the presence of amorphous and crys-
talline portions. In addition to CrI, hydrogen linkages, cellu-
lose II and cellulose I, cellulose Iα (3231 cm−1), and Iβ (3429
cm−1), the informative facts at the supramolecular state
concerning acetyl and lignin molecules, the bio-chemical
composition of the USP-treated CB can be found using
FTIR. Fan et al. [45] specified FTIR as the best technique in

precise scrutiny of variations caused in hemicellulose, cellu-
lose, waxes, pectin, lignin, and mineral components of CB
owing to USP. The variation in interface, bio-chemical com-
position, and henceforth characteristics of composites and fi-
bers from USP-treated CB could also be efficaciously recog-
nized by FTIR. Nevertheless, we reverently differ with such
declaration for getting details about the USP-treated CB sam-
ples; as displacement of bands has arisen, the results are not at
all times duplicable, and the absolute values are meaningfully
dissimilar, causing this technique dubious for the designated

Fig. 5 Trends in a TGA and b
DTG curves for unpretreated and
pretreated corn stover samples
[43]
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claims, predominantly compositional investigation. Yet, so
far, the qualitative examination of the crystallinity changes
by FTIR in USP-treated CB continually works in a sound
manner, but not by ATR-FTIR.

FTIR helps in analyzing the components present in the
plant cell wall [51]. The CB was examined to see the effect
of ultrasonication on the pectin, lignin, and hemicellulose con-
tent [49]. FTIR spectra showed the removal of these compo-
nents due to ultrasonication. The CB comprises –OH groups
due to presence of cellulose which results in the inter- and
intra-molecular hydrogen linkages. These molecular level
linkages lead to the formation of amorphous and crystalline
portions. Moreover, these linkages are responsible for the me-
chanical and chemical characteristics of the CB. Hence, FTIR
can be indirectly used for examining such characteristics. On
the contrary, there was no significant difference between dual
power ultrasonicated and non-ultrasonicated zein [52].
Similarly, there were insignificant variations in inter-
molecular and intra-molecular linkages for ultrasonicated corn
stover. [53]. Furthermore, another study revealed the effect of
ultrasonication power by FTIR on xylan fraction of corn hull
in alkaline, neutral, and aqueous solvents [54]. Their results
showed that larger ultrasound power resulted in the rise in
intensity at 1600 cm−1 and further shifting to 1580 cm−1 in
the case of samples in alkaline solvent. This specified creation
of unsaturated structures with enolic and α,β-unsaturated car-
bonyl groups. However, these structures were also present in
the untreated samples in quantities imperceptible by FTIR
spectra.

FTIR and Raman spectroscopic techniques differentiate
from one another indicating that both provide in-depth infor-
mation synergistically. Both are constrained up to higher and
lower number of polar connections, respectively. The sym-
metric and non-symmetric vibrations frequently detect strong
Raman and FTIR bands, correspondingly. For instance,
carbon-carbon double bonds are weaker in the IR and stronger
in the Raman region; carbonyl groups are stronger in the IR
and weaker in the Raman region. Qu et al. [55] evaluated the
yield of carbon fiber from high ash content lignin of corn
stover. The results indicated that Raman spectra were able to
quantify the carbon defects in the fiber. The two peaks such as
G (1595 cm−1) and D (1365 cm−1) were responsible for the C-
C linkages stretching in graphite and irregularity in fiber struc-
ture, respectively. The ratio of intensities at D and G (Di/Gi =
2.53 for carbon fiber) was found directly proportional to the
defects in the fiber. Different peak ratios in Raman spectra
have been reported in literature as a measure of crystallinity.
Moreover, the relative intensity ratios of the Raman bands at
380 and 1096 cm−1 bands and those of 1481 and 1462 cm−1 in
cellulose I [56] are together stated as crystallinity measures.
Regrettably, FTIR and Raman techniques approach the chal-
lenges when characterizing the crystallinity in the primary cell
walls of CB owing to the interfering signals from another cell

wall constituents. Selected studies stated in the literature for
FTIR characterization of ultrasonicated CB are summarized in
Table 3.

4 Potential of atomic force microscopy

At nanoscale, AFM provides the physicochemical and topo-
graphical assets of the CB [58]. AFM comprises a cantilever
with a probe (sharp tip) which scans the sample surface.
Cantilever deflection occurs due to the force between the sam-
ple surface and probe once the tip comes into close proximity
of the sample. Mechanical contact forces, capillary forces, van
der Waals forces, electrostatic forces, and magnetic forces are
the foremost which play an important role in AFM measure-
ments. Contact, non-contact, and tapping are the three modes
of operation in AFM depending upon the tip movement.
Image formation is a plotting technique that creates a color
mapping by varying the x-y position of the tip while recording
and scanning the intensity of control signal to every x-y coor-
dinate. The image states the intensity of a value as a hue.

AFM can be applied to analyze the texture andmorphology
of CB surface which alters due to alkali extraction [18, 53, 59,
60]. Kambli et al. [58] reported the application of AFM to
examine the surface texture and morphology of cellulose fi-
bers isolated from corn husks using alkali-based extraction.
Their results indicated that there were maximally irregular and
uneven surfaces of cellulose fibers. The computed root mean
square (RMS) roughness and average roughness of corn husk
fibers were 250.5 and 189.7 nm, respectively. Similarly, AFM
imaging was used to detect microfibrils arrangement, cell wall
boundaries, and middle lamellas, and it was found that such
microstructures were similar to the natural state [38]. Zhang
et al. [61] carried out a comparison among natural, dilute
sulfuric acid (DSA) pretreated, and delignified corn stover
(CS) samples. The results of their study revealed that the nat-
ural CS sample was covered with non-uniformly distributed
lignin. The recognition signals were not observed due to the
absence of cellulose networks. The cellulose microfibrils were
seen slightly in case of 0.5% DSA pretreated samples which
shows CS susceptibility for acid pretreatments. Furthermore,
the compact structure of cellulose was discerned for
delignified CS and microfibrils of crystalline cellulose were
appeared barely. A little cluster possibly of lignin could be
perceived; however, they were not identified in recognition
images.

AFM can be combined with optical microscopy techniques
for much better results. Sample preparation, metal coating,
drying, and staining are not mandatory for acquiring 3D topo-
graphical AFM images. Some of the shortcomings are low
scanning speeds, tip artifacts, data misunderstanding, etc.
Furthermore, AFM imaging analysis is a little bit cumbersome
in comparison with SEM imaging technique. Besides,
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ultrasonicated CB can be characterized in terms of surface
roughness, porosity, interactive forces among hemicellulose,
cellulose, and lignin, and identification of hydrophobic-
hydrophilic regions using AFM imaging. Yet, there are no
studies found related to application of AFM imaging for
ultrasonicated CB.

5 Potential of energy-dispersive X-ray
spectroscopy

EDX involves an accelerated electron ray imparted on the
outer surface of CB samples which generates distinctive X-
rays. EDX has been employed for the elemental composition
of alkali-pretreated corn husk fibers and corn straw fibers [18,
62]. The intensities and energies of X-rays provide the corre-
sponding percentage amount of elements.

Kambli et al. [58] investigated the compositional difference
between bleached and unbleached corn husk fibers (CHFs).
The study examined that the carbon content in CHFs extracted
chemically was 57.99% (on weight), whereas it is augmented
in the bleached samples (62.54%). Similarly, the oxygen pres-
ent in the bleached and unbleached CHFs was 36.8% and
40.49%, respectively. Trace elements such as silicon (0.20
wt.%) and magnesium (0.13 wt.%) were discerned in the
bleached corn husk fibers in comparison with their absence
in unbleached samples. On the contrary, nickel was found
absent in the bleached CHFs while it was present in the un-
bleached CHFs (0.35 wt.%). Similarly, Zang et al. [63] ap-
plied the EDX during development of superhydrophobic corn
straw fibers (CSFs) using silica (SiO2) and (heptadecafluoro-
1, 1, 2, 2-tetradecyl) trimethoxysilane (TES). Carbon and ox-
ygen peaks were observed in the fresh CSFs; however, two
new peaks of silicon and fluorine due to the presence of SiO2

and PTES in the developed superhydrophobic CSFs were re-
vealed thereby providing a proof for the existence of SiO2 and
PTES. Furthermore, Li et al. [64] performed a combination of
ultrasonic and Fe+3 ions to improve selectivity of acid hydro-
lysis for preparation of microcrystalline cellulose which was
analyzed by EDX. It was investigated that total amount of
carbon and oxygen was 72.54% whereas a little amount of
Fe+2 ions (0.02%) was also noticed. It shows showing almost
no occurrence in the prepared hydrocellulose samples that
leads to high purity. Overall, no variation in the elemental
composition of fibers was evaluated which results in pure final
hydrocellulose.

Still no studies have been researched for the elemental
characterization of ultrasonicated CB using EDX. It is expect-
ed that EDX can certify itself to be a bio-spectral technique for
its further utilization accounting the facts such as elemental
variations, non-existence of certain elements, and detection of
novel elements due to USP. Therefore, EDX shows potential
in evaluation of ultrasonicated CB samples.

6 Future outlook

The value addition to the enormously generated CB is essen-
tial for the sustainability of corn industries. Therefore, charac-
terization of USP or similarly treated CB comes as priority in
determining their suitability biorefinery applications.
Crystallinity is the foremost parameter creating problems in
the biorefinery value chain of CB. The computed crystallinity
index based on amorphous regions is ambiguous; yet, it is
broadly utilized in the literature. Furthermore, the informed
numerical quantities of crystallinity in the past, frequently
named crystallinity index, are heavily reliant on the technique
of crystallinity determination, data assessment practice, and
perfectness of CB sample. Moreover, neither imaging nor
compositional investigation can be utilized for exploring the
crystallinity of CB. Therefore, the XRD, FTIR, or Raman
spectroscopy should be explored for such purpose. The
SEM, EDX, and AFM should be integrated to reveal the
changes in the CB due to USP for analyzing the variations
in the structure of primary and secondary cell walls, microfi-
bril size, elemental composition, and degradation of pretreated
CB.

7 Conclusions

The spectroscopic (FTIR, Raman spectroscopy, XRD, EDX),
imaging (SEM, AFM), and thermal (TGA) techniques have
been used to evaluate the physicochemical changes in the
ultrasonicated CB. The XRD, FTIR, and Raman techniques
have the potential to examine the variations in the β-D-glucan
structure of cellulose, bio composition, and analyze the trans-
formation of crystalline cellulose into amorphous cellulose
due to USP in both qualitative and quantitative manner. The
XRD yielded the cellulose crystallinity indices of 43.7 and
42.7% for non-USP and USP-pretreated CB, respectively.
Similarly, XRD measured lesser degree of crystallinity for
USP-treated CB (23.9%) as compared with untreated CB
(46.9%). Furthermore, the relative intensity ratios of the
Raman bands at 380 and 1096 cm−1 can represent crystallinity
of cellulose. The FTIR spectra region between 1420 and 1430
cm−1 might be considered a determinant of crystallinity.
However, these techniques have challenges to characterize
the crystallinity in the primary cell walls of pretreated and
untreated CB owing to the interfering signals from another
cell wall constituent. SEM can reveal the changes like lignin
relocalization, superficial attritions, breakdown, and cell wall
delamination in CB due to USP. EDX spectroscopy could be
integrated with SEM to provide the elemental percentage
composition varied in CB due to USP. TGA can identify the
weight loss of ultrasonicated CB during thermal degradation,
and elimination of components such as cellulose, hemicellu-
lose, and lignin due to USP. AFM is a potential technique for

1406 Biomass Conv. Bioref. (2022) 12:1393–1408



computing porosity and roughness of particles at nano level.
The measurements would further provide insights into the
development and optimization of ultrasonication pretreatment
for CB. The characterization methods and techniques
accounted for ultrasonicated CB will provide deeper percep-
tions as the CB industry encounters the problems with varia-
tions in feedstock quality.
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