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Abstract: Corncobs of four different corn varieties were physically segregated into two different
anatomical portions, namely the corncob outer (CO) and corncob pith (CP). The biomass composi-
tion analysis of both the CO and CP was performed by four different methods. The CP showed a
higher carbohydrate and lower lignin content (83.32% and 13.58%, respectively) compared with the
CO (79.93% and 17.12%, respectively) in all of the methods. The syringyl/guaiacyl (5/G) ratio was
observed to be higher in the CP (1.34) than in the CO (1.28). The comprehensive physical character-
ization of both samples substantiated the lower crystallinity and lower thermal stability that was
observed in the CP compared to the CO. These properties make the CP more susceptible to gly-
canases, as evident from the enzymatic saccharification of CP carried out with a commercial cellu-
lase and xylanase in this work. The yields obtained were 70.57% and 88.70% of the respective theo-
retical yields and were found to be equal to that of pure cellulose and xylan substrates. These results
support the feasibility of the tailored valorization of corncob anatomical portions, such as enzymatic
production of xylooligosaccharides from CP without pretreatment combined with the bioethanol
production from pretreated CO to achieve an economical biorefinery output from corncob feed-
stock.

Keywords: corncob anatomical portions; differential biomass composition analysis; crystallinity
measurements; thermogravimetry; enzymatic saccharification without pretreatment; tailored

biorefinery

1. Introduction

The increasing demand for biofuels has been the largest driving force for research
and development in the field of biomass valorization [1]. The ubiquitous and continuous
supply of agricultural waste has made it a promising biomass type for second-generation
(2G) biofuels, or cellulosic biofuels, which are made from cellulose available from non-
food crops and waste biomass such as corn stover, corncobs, straw, wood, and wood by-
products [2]. Maize (Zea mays) is the second most important cereal crop cultivated
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globally, with production reaching up to 1172.58 million metric tons (Mt) by the year 2022
[3]. This fact emphasizes the ready availability of corncobs, a unique xylan-rich agricul-
tural waste generated during the processing of maize for its kernels. The anatomy of the
corncob is constituted of diverse physical components that can be broadly partitioned into
an outer portion and an inner portion. The outer portion is a highly dense area comprising
a woody ring, chaff, and beeswing. The inner portion that is soft and less dense is known
as the pith (Figure 1). Corncob is one of the proven economical feedstocks for 2G biofuel
production [1], with a comparatively high glucan and xylan content and a lower lignin
percentage than the other agriculture-generated 2G feedstocks [4].

The average lignocellulose composition of the whole corncob reported by several re-
searchers is in the range of 33-43% cellulose, 26-36% hemicellulose, and 17-21% lignin
[5,6]. These data invariably show the high hemicellulose composition of corncob com-
pared with other biomass types. Unlike other biomass types where only 2G bioethanol is
the main biorefinery product, the unique physicochemical construct of corncobs made it
a feedstock of choice for many other value-added products. The high xylan content of
corncobs has been used as a feedstock for the industrial-scale production of xylitol [7] and
furfural [8]. A great deal of research has been reported for the production of xylooligosac-
charides [9] and furan-derived biorefinery platforms such as furfurylamine [10], and fu-
roic acid [11]. Corncob-derived sugars have been reported as the carbon source for the
fermentative production of acids such as propionic acid [12], levulinic acid [13], lactic acid
[14], acetic acid [14], butyric acid [15], malic acid [16], and alcohols such as ethanol [17],
butanol [18], and 2,3-butanediol [19]. Further, the pretreated whole corncob meal was
used as a carbon source for solid state and submerged fermentations [20], for the produc-
tion of biogas [21], for the production of bio-hydrogen [22], and as a biosorbent to purify
water by removing heavy metals [23,24], industrial dyes [25], and metal ions [26]. Other
corncob-based products that have been reported, but are not limited to, are high-valued
celluloses such as cellulose acetate [27], regenerated cellulose films [28], and the whole
corncob pyrolysis-derived products [29]. In our recent review on corncob biorefineries,
these products, their production routes, and the life cycle assessment studies of the corn-
cob biorefinery were discussed in detail [30].

Biomass pretreatment has been the bottleneck in determining the overall productiv-
ity, economics, and life cycle energy consumption of any biorefinery [1,31]. A techno-eco-
nomic analysis of corncob biorefineries inferred that the major stake in operating costs is
on account of the biomass pretreatment process [1], which accounts for an average of 18%
of the overall cost of biorefinery [32]. In addition to its direct cost, pretreatment shows a
significant impact on both the upstream as well as downstream processes involved, such
as the type of biomass used, sugar content in liquid fraction generated, choice of neutral-
ization step, chosen organism to ferment the liquid fraction, ways to deal with oligomers
generated, quantities of ash, lignin, and extractives in liquid fraction, and their effect on
enzymatic saccharification and fermentation, isolation of lignin and other inhibitors,
methods to process the solid fraction, and the processes to deal with the waste and efflu-
ents. These manifestations are not only capital-intensive but also pose a significant impact
on the environment. Several approaches have been proposed to minimize the overall op-
erating cost of corncob biorefineries, such as further valorization of xylan or cellulose-
extracted industrial corncob residues, co-utilization of corncob-derived glucan and xylan,
and valorization of all three components of corncob-derived lignocellulose in a biorefinery
fashion. These approaches explain the importance of co-product credit to make the overall
process economically viable [1]. Majority of research on corncobs is focused on native
farm-collected whole corncobs. Considerable research has been reported for the valoriza-
tion of corncob waste residue (CCR) generated from corncob-derived industries as well
[30]. Except for a few CCR valorization approaches that utilized CCR without a pretreat-
ment [13,20], every other whole corncob biorefinery approach has been heavily invested
in optimizing suitable pretreatment approaches [28]. Nevertheless, none of these
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approaches reported a scenario where tailored biochemical or thermochemical treatments
were applied to individual anatomical portions of the corncob to achieve a better outcome.

The very idea of this current work is based on the belief that the corncob pith can be
valorized with a mild pretreatment or without pretreatment, owing to its peculiar mor-
phological features, to improve the overall economics of the biorefinery. To establish this,
it is important to thoroughly understand the lignocellulosic construct and recalcitrance of
these corncob anatomical portions.

Lignocellulose biomass recalcitrance is typically influenced by several chemical and
physical factors. The chemical factors include composition (hemicellulose, cellulose, and
lignin content), acetyl groups, hydroxyl groups, and syringyl/syringyl + guaiacyl (5/G)
ratio. The physical parameters include crystallinity, degree of polymerization, accessible
surface area, and accessible volume [33]. Lignin is known to cause unproductive binding
with glycanases to prevent them from saccharifying the biomass [33]. This effect of lignin
on glycanases is varied as per the innate abundance of its three monomers (syringyl (S),
guaiacyl (G), and p-hydroxyl phenol (H)). Most research reports have claimed that a high
S/G ratio of lignin favors enzymatic saccharification due to the relatively high affinity of
G-subunits towards glycanases [34,35]. Enhanced syringyl content by genetically engi-
neered plant cell walls showed lesser recalcitrance and higher susceptibility to enzymatic
saccharification [36]. However, certain reports contradict the above assumption and state
an opposite or no effect of the S/G ratio on enzymatic saccharification [37].

Crystallinity is the extensively studied supramolecular physical parameter of ligno-
cellulose and pure cellulose materials, expressed as the ratio of the crystalline regions of
the biomass to its amorphous regions. The close association of crystalline cellulose fibers
with non-covalent interactions makes it around 3-30 times less susceptible to enzymatic
hydrolysis than its amorphous regions [38]; most studies have reported the impeding ef-
fect of crystallinity on enzymatic saccharification [39]. However, again some reports have
stated that crystallinity is comparatively less critical than other physical parameters, such
as the degree of polymerization, particle size, pore volume, and accessible surface area,
with respect to affecting the biomass recalcitrance [40]. Pretreatments have often been
proven to achieve 10% more lignocellulose deconstruction with smaller biomass particles
(<1 mm) than larger ones (1-4 mm) [41,42] and especially the highest lignin dissolution
[43]. However, as the particle size decreases, sugar and solid recovery tend to decrease
after pretreatment, showing a negative effect on downstream enzymatic saccharification
and overall bioconversion. On the other hand, for processes such as biomass torrefaction
and palletization, microparticle sizes are preferred over larger ones [44]. In addition, the
process of biomass size reduction itself is an energy-intensive step; hence, a trade-off be-
tween the biomass particle size and the overall process economics must be empirically
considered [41]. Accessible surface area or specific surface area (SA) is comparatively less
studied but is a critical factor that determines enzymatic saccharification. SA is essentially
related to the particle size and pore volume of the biomass, where a reduction in the par-
ticle size or increase in the pore volume enhances the SA [39]. Some reports have stated
that there is a threshold for particle size beyond which further comminution does not af-
fect enzymatic saccharification, and these threshold particle sizes were observed to be dif-
ferent for each biomass type [45]. A typical cellulase molecular size is around 5.1 nm;
hence, a lignocellulose pore volume large enough to fit a cellulase could theoretically en-
hance the scarification efficiency due to the percolation of the enzyme. A pore size range
of 10-30 nm was reported to be effective for different biomass types to undergo enzymatic
saccharification, and there are also studies that have reported a negative or no correlation
at all for the SA of a biomass type to its enzymatic susceptibility [46]. Moreover, the proper
empirical measurement of SA is always a difficult task [47].

All these findings invariably suggest that the recalcitrance of lignocellulosic biomass
is a collective phenomenon that depends on all of the above-mentioned chemical and
physical parameters put together rather than on any individual parameter. A great deal
of the physical characterization of whole corncob through techniques such as scanning
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electron microscopy (SEM), X-ray diffraction (XRD), Fourier transform infrared spectros-
copy (FTIR), Brunauer, Emmett, and Teller surface area analysis (BET) and thermogravi-
metric analysis (TGA) have been reported. Most studies have reported using at least more
than one of these techniques to study the effect of corncob recalcitrance on its enzymatic
saccharification, and they have showed that the decrease in biomass recalcitrance upon
pretreatment promotes the enzymatic saccharification [48] in addition to all of the other
types of biorefinery objectives of corncob discussed above [49].

To fill the aforementioned research gap, in this work we tried to establish the ad-
vantage and readiness of corncob anatomical portions for tailored biorefinery strategies
by performing comprehensive compositional analysis, physical characterization, and en-
zymatic saccharification of the separated outer (CO) and pith (CP) portions of the corncob.
We primarily focused on measuring crystalline and amorphous proportions and on es-
tablishing a detailed lignocellulosic composition of corncob anatomical portions to per-
ceive their effect on enzymatic saccharification. More than one method was used for this
study with the intent to make this work serve as a reference for future works, as the details
had not been reported so far with respect to the individual anatomical portions of the
corncob.

beeswing
(chaff)

Figure 1. Corncob cross-sectional anatomy and the samples prepared. (a) corncob cross-
section showing CO and CP regions; (b) CO comminuted to 2-10 mm; (¢) CO comminuted to 0.85-
0.18 mm (-20/+80 mesh); (d) CP comminuted to 2-5 mm; (e) CP comminuted to 0.85-0.18 mm
(-20/+80 mesh).

2. Materials and Methods
2.1. Sample Selection and Preparation

Four different Zea mays varieties (https://iimr.icar.gov.in/cultivars-2/, accessed on 2
December 2022), KMH-2589 (Kaveri seed company limited, Secunderabad, India, 500003),
LTH 22 (Yaaganti Seeds Pvt. Ltd, Hyderabad, India, 500034), P3533 (Pioneer Hi-Bred Pri-
vate Ltd, Hyderabad, India, 500081), and BL 900 (Bisco biosciences, Hyderabad, India,
500003), which were produced and cultivated around Telangana state, India (18.1124° N,
79.0193° E), were chosen for the study. These were termed CC1, CC2, CC3, and CC4, re-
spectively. Five kilograms of shelled corncobs of each variety were directly collected from
the fields, thoroughly washed, and air-dried for several months as per the National Re-
newable Energy Laboratory, USA-laboratory analytical procedure (NREL-LAP) [50]. The
pith was separated from air-dried corncobs by drilling it out using a homogenizer motor
attached with a high-speed steel (HSS) drill bit (twist bit) of a 6 mm size. The average
weight ratio of the separated outer and inner anatomical portions of the corncob was 49,
with densities of 403.6 kg/m3 and 128 kg/m3, respectively. These portions were separately
milled to obtain a particle size in the range of 0.85-0.18 mm (-20/+80 sieve fraction) [51].
The woody ring of the corncob outer was more resilient to milling, and it required a heavy-



Fermentation 2022, 8, 704

5 of 24

duty knife mill to comminute it to the desired size. Two corncob-derived samples (-20/+80
fractions)—the corncob outer (CO), and corncob pith (CP) were considered for further
biomass composition analysis (Figure 1). The CP is relatively homogenous, whereas the
CO is a mix of chaff, glume, and woody ring. Hence, for biomass composition analysis by
the NREL and near-infrared (NIR) spectroscopy-based rapid methods, sampling was per-
formed by selecting 50 random 5 g selections from thoroughly mixed individual CO and
CP fractions of each corncob variety to achieve a uniform distribution of all anatomical
variations among the samples. For physical characterization, single CO and CP samples
that were an equal mix of all the corncob varieties used were selected.

Commercial microcrystalline cellulose (Avicel® PH-101, Sigma Aldrich, Burlington,
MA, U.S.A, 01805) and cellulose-cotton liters (Sigma Aldrich, Burlington, M.A, U.S.A,
01805) were taken as pure cellulose references. Lignin alkali (Sigma Aldrich, Burlington,
M.A, U.S.A, 01805) and xylan from beech wood (Megazyme, Wicklow, Ireland, A98YV29)
were used as pure lignin and xylan references. These were termed AC, CL, LG, and XY,
respectively. Unless otherwise mentioned, all of the samples are processed in triplicates
through all of the analytical procedures.

2.2. Scanning Electron Microscopy (SEM) Analysis

Morphological images of the samples were recorded with a scanning electron micro-
scope (VEGA3 TESCAN LMU). Small amounts of dry individual samples (moisture <1%)
were fixed on to sample-holding stubs using carbon tape and were subjected to gold and
palladium sputtering under vacuum (Gold Sputter Coater-SPI-MODULE). The SEM in-
strument was operated in secondary electrons detection mode with a 5-15 kV accelerating
voltage and working distance of around 10 mm. Each sample was scanned at three differ-
ent levels of magnification, ranging from 600x to 5000x [52].

2.3. NREL Method for Biomass Composition Analysis

The biomass composition analysis was carried out as per the NREL-LAPS
(https://www.nrel.gov/bioenergy/biomass-compositional-analysis.html, accessed on 2
December 2022). The monosaccharides analysis was carried out using high-performance
liquid chromatography (HPLC) (Prominence UFLC, Shimadzu, Kyoto, Japan, 604-8442)
equipped with Rezex-RPM-monosaccharide-Lead (II) ion column (Phenomenex, Tor-
rance, C.A, U.S.A, 90501-1430) and a suitable guard column. The HPLC analysis of acetate
was performed using a Repromer-H (Dr. Maisch GmbH, Beim Briickle, Germany,
1472119) column along with an appropriate guard column. We ran 50 uL of the samples
through the respective columns maintained at 80°C in isocratic mode using HPLC-grade
water as the mobile phase. The retention data were collected using a refractive index de-
tector with flow cell temperature of 50°C. Analysis of sucrose was carried out using a
biochemistry analyzer (YSI-2950-D, Xylem, Washington, D.C USA, 20003) equipped with
an immobilized enzyme membrane (YSI-2703). The standards used for all analytical pro-
cedures were HPLC-grade chemicals purchased from Sigma Aldrich, Burlington, M. A,
U.S.A, 01805.

2.4. Van Soest Method for Fiber Analysis

Detergent partitioning of the fiber fraction of the lignocellulose materials followed
by gravimetric analysis, which was proposed by Van Soest et al. [53], was used to deter-
mine the composition of the CO, CP, AC, and CL. Initially, neutral detergent fiber (NDF)
(hemicellulose + cellulose + lignin + ash), acid detergent fiber (ADF) (cellulose + lignin
+ash), and acid detergent lignin (ADL) (lignin) were determined among the samples. Fur-
ther, the respective percentages of cellulose, hemicellulose, and lignin were gravimetri-
cally calculated using Equations (1)—(3) [53]. The respective digestions were carried in 250
mL round bottom flasks in a heating mantle. And the filtration followed by drying and
ashing was carried out in borosilicate filtration crucibles with grade-2 porosity.
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Hemicellulose = NDF — ADF (1)
Cellulose = ADF — ADL (2)
Lignin = ADL 3)

2.5. NIR Spectroscopy Method for Rapid Biomass Composition Analysis

The NIR spectra of the CO and CP samples were collected in the diffuse reflection
mode using a Cary Varian 5000-UV-Visible-NIR spectrophotometer, Agilent, USA. The
spectra were acquired by placing around 1 g of the sample in the powder cell at ambient
temperature. Each sample was scanned in triplicates in the range of 1000 nm to 2500 nm,
with 64 scans per spectrum. The average of the triplicate spectrum was considered for
further analysis. Reflectance (R) data was converted to absorbance (A) using the equation
A =log (1/R) [54]. An NIR calibration model with partial least squares regression (PLS)
was built using the Unscrambler®-X software, version 10.4 (Aspen Technology, Inc, Bed-
ford, M.A , U.S.A, 01730). Preprocessing of the spectral data was carried out using Sa-
vitzky-Golay smoothing and multiplicative scatter correction techniques. The PLS calibra-
tion models were built based on the full range of the spectrum, where two-thirds of the
sample scans were taken as a reference set and the remaining scans were taken as the test
set. Both sets were carefully selected to have equal representation from all four samples.
The coefficient of multiple determination for calibration (R2C), coefficient of multiple de-
termination for validation (R2V), coefficient of multiple determination for prediction
(R2P), standard error of calibration (SEC), standard error of prediction (SEP), and residual
predictive deviation (RPD) are the important indicators used for the NIR-PLS model eval-
uation [54].

2.6. Thermogravimetric Analysis (TGA)

TGA (TGA 4000, Perkin Elmer, Waltham, M.A, U.S.A, 02451) of the samples was sepa-
rately carried out in isothermal mode under an inert atmosphere (N2 flow around 19.8
mL/min), and oxidative atmosphere (air). The temperature range used was 30 °C-800 °C at
a constant heating rate of 200 °C/min. The TGA curve with mass percentage remaining
against temperature was plotted using OriginPro2018 software, Ver.b9.5.1.195 (OriginLab
Corporation, Northamton, M.A, USA, 01060). The instrument-generated first derivative
data was smoothened with the adjacent averaging method at 70-point smoothing, and the
mass loss percentage per minute against temperature was plotted. This curve was used as
an alternative to the derivative thermogram (DTG); hence, hereafter it is referred to as the
DTG curve. The lignocellulosic composition of the samples was calculated using Equation
4-6. Their relative thermal degradation percentages were obtained from the respective TGA
curves, where the inflection points were selected based on the corresponding superimposed
DTG curve [55]. Additionally, the DTG curve is normalized and inverted by integrating the
sample weight percentage at each time fraction of the derivative data (mi) to the initial (mo)
and end (m~) mass% of the sample using Equation 7 [56]. The peak deconvolution was sep-
arately performed on normalized DTG curves of both CO and CP by manually selecting the
peaks at each devolatilization stage, and a multiple peak fit was performed using the Gauss-
ian function. Peaks were manually marked and iterations were performed until the fit con-
verged and a chi-square tolerance value of 1 x 10 was reached. All the converged peaks
have shown R? and adjusted R? values above 0.99. Moisture, hemicellulose, cellulose, and
lignin peaks were assumed as pseudo-components [57], and their compositions were calcu-
lated based on the respective areas of the peaks using Equation (8).

% Hemicellulose = (W — H) 4)
% Celulose = (4 — () (5)
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% Lignin = (C — L) (6)
mi—Meo

K= e @)

% PC = (a/A) x 100 )

where: W = % mass after dehydration; H = % mass measured after hemicellulose removal;
C =% mass measured after cellulose removed; L = % mass measured after lignin removed
(% Ash content); PC = pseudo-component; a = area of a peak; A = total area under the
curve.

2.7. Fourier Transform Infrared Spectroscopy (FTIR) Analysis

FTIR spectra were measured using a BRUKER Alpha II compact FTIR spectrometer.
Both the CO and CP samples were milled to pass through an 80-mesh sieve, and the com-
mercial control samples AC, CL, and LG were used in their manufactured form without
any additional milling. The samples were prepared as per the standard KBr pelleting
method [58]. Spectra were collected in the absorbance mode with 32 scans per spectrum
at a resolution of 4 cm™, within a wavenumber range of 4000-400 cm™ [59]. Each sample
was pelleted in triplicates and an average spectrum was considered. Processing, mathe-
matical analysis, and deconvolution of the obtained spectra were performed using
OriginPro2018 software. The total crystallinity index (TCI) was calculated as the height
ratio of the absorption peaks at 1372 cm™ and 2900 cm™ [60]. The lateral order index (LOI)
or empirical crystallinity index was calculated as the area ratio of the peaks at 1430 cm™!
and 893 cm™ [61]. Hydrogen bond intensity (HBI) was calculated as the area ratio of the
peaks around 3340-3330 cm™ and 1320 cm™ [62]. Additionally, two different S/G ratios
1462 cm1/1510 cm™ [63] and 1595 cm™1/1509 cm™ [64], lignin to total carbohydrate ratios
1515 em™/1374 cm™, 1515 cm™1/1162 cm™, and 1515 cm™/898 cm!, and hemicellulose to
total carbohydrate ratio 1734 cm™/1374 cm™ [65] were calculated. Unless otherwise men-
tioned, the areas of the respective peaks were used to calculate all of the above-mentioned
ratios.

2.8. X-ray Diffraction (XRD) Analysis

XRD data of the samples were recorded with X'Pert Powder XRD (Malvern Panalyt-
ical Ltd, Malvern, UK, WR141XZ ). The scans were performed at a step size of 0.0167113
in the 20 angle range of 60-800 with 5 s of exposure at each step using Ni-filtered Cu Ka
radiation at wavelengths of 1.540598 (Kal) and 1.544426 (Ka2). The operating generator
voltage and tube currents were 45 kV and 30 mA, respectively. Smoothing, baseline sub-
traction, peak integration, and peak deconvolution of the digitally obtained diffraction
data between the 20 angles from 100 to 400 were performed using OriginPro2018 soft-
ware. The crystallinity of the samples was calculated by four different methods. The per-
cent crystallinity index (CrI%) was calculated by the peak height method using Equation
9 [66]. Percent crystallinity (Crd) was calculated by the peak deconvolution method using
Equation 10. This method assumes that the peak broadening is contributed by the amor-
phous content [67]. The percent crystallinity of the sample (Crai) was calculated by the
amorphous contribution subtraction method using the ball-milled AC as the amorphous
standard for all of the samples using Equation 11 [68]. This method needs an additional
normalization step to bring the diffractogram of the amorphous standard below the sam-
ple diffractogram to avoid negative values making the process prone to errors or bias [68].
To overcome this problem, we reported a modified version of the amorphous contribution
subtraction method where the percent crystallinity (Cra:%) was measured using the ball-
milled form of the sample itself as an amorphous standard instead of a common standard.
The crystallite sizes of the (002) lattice of each sample were calculated using the Scherrer
equation (Equation 12) [69], and the interplanar distances between the crystal lattices,
known as d-spacing, were calculated using Bragg’s law (Equation 13) [70].
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Tooz -1
Crivh = (M) % 100 )
002
Acr
t
Cray% = (%) x 100 (11)
L =kA/ cosO (12)
d=n A/(2sin O) (13)

where oz = Intensity at about 20 = 22.6° (represents the diffraction from both crystalline
and amorphous materials) .. = Intensity at the “valley” between the two peaks at about
20 =18° (represents the diffraction contributed by amorphous material), Acr is the area of
all the crystalline peaks ((101), (10I), (021), (002), (040)) together, and A: is the total area of
the diffractogram. Acra is the area of all the crystalline peaks of the sample obtained by
peak integration after subtracting the diffraction intensity of the ball-milled AC and As is
the total area of the sample before amorphous subtraction. L is the crystallite size in nm,
k is the dimensionless shape factor (0.89), A is the wavelength of the incident x-ray (0.1540
nm), {3 is the full width at the half maximum (FWHM) of the (002) lattice expressed in
radians, O is the peak position in radians (Bragg angle), and n is a positive integer.

2.9. Enzymatic Saccharification of Untreated Corncob Samples

Both the CO and CP were separately saccharified with cellulase (Trichoderma reesei
ATCC 26921, Sigma-C2730, initial activity around 650 filter paper units (FPU)/g), and xy-
lanase (endo-1,4-p-Xylanase M1 from Trichoderma viride, Megazyme, E-XYTR], initial
activity around 1650 units (U)/mL), without any pretreatment. The CL and XY were also
saccharified as the substrate controls with the respective enzymes. A typical enzymatic
reaction process involved a 5 g dry weight of the substrate, taken in 250 mL Erlenmeyer
flasks along with 50 mM of sodium citrate buffer, pH 4.8 (cellulase reaction), and pH 4.5
(xylanase reaction). Each enzyme was appropriately diluted in their respective buffers to
achieve 20 FPU of cellulase and 30 U of xylanase per 1 g of dry mass of the substrate,
achieving a liquid-to-solid ratio of 20 at a total reaction volume of 100 mL. A set of sub-
strate blanks were incubated along with the test flasks by including all the ingredients
mentioned above except the respective enzymes. The reactions were carried at 50 °C with
shaking at 130 RPM for 50 h. Sample aliquots of 0.05 mL were collected at every 5 h inter-
val. All the aliquots were appropriately diluted with respective buffer solutions to meas-
ure the total reducing sugars released using a micro-DNS assay, where the total reaction
volume was minimized to 1.5 mL while maintaining the sample-to-reagent ratio men-
tioned in the original macro-DNS assay, as proposed by T.K. Ghose [71]. The absorbance
of substrate blanks was subtracted from that of the corresponding test sample of the same
time interval, and the resulting spectral data were plotted against time to visualize the
enzymatic saccharification effect on each substrate. Enzyme activity (saccharification) was
measured as per the procedure reported by Asmarani et al. [72]. The obtained saccharifi-
cation yield was expressed as the percent of the total theoretical yield (TY), calculated
using the equation of Mandels and Sternberg [73]. Anhydro correction factors of 0.9 and
0.88 were used for the cellulase and xylanase activities, respectively [73], and the total
glucan and xylan concentrations obtained from the NREL analysis were taken as the re-
spective initial substrate concentrations [74].

3. Results and Discussion
3.1. SEM Analysis

The SEM images revealed the varied morphological features of the samples (Figure
2). The CO is compact and tightly packed in contrast to the loosely packed foam-like CP.
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The pores observed in the CP explain its soft airy features. A huge contrast in physical
recalcitrance can be observed between the CO and CP at every magnification (50 pm, 20
um, and 5 pm). Several previously reported studies described the morphology of whole
corncob particles as a sheet-like bulky structure [75], solid-tight structure [48], highly or-
dered rigid structure [76], and agglomerated unbroken surface [77], and those findings
exactly coincide with the morphology of the CO of this study. In addition, these reports
also presented an increase in corncob porosity upon pretreatment.

MAG: 1.5 kx MAG: 2.5 kx

- - I
MAG: 850 x MAG: 2.0 kx 20 pm

Figure 2. SEM images. Note: (a—c) are the CO and (d-f) are the CP. All the images were scanned at
a constant accelerated voltage (H.V) of 5.0 kV by maintaining a working distance (W.D) ranging
between 10.04 and 10.34 mm.

3.2. NREL Method for Biomass Composition Analysis

The compositional differences among all four different corncob varieties of the study
were tabulated (Table 1). None of the CO and CP samples showed mannose, while a small
percentage of mannose was found in both the CL and AC references. Both cellulose and
hemicellulose percentages of all the CP samples were slightly greater than that of CO sam-
ples due to the comparatively lower total lignin percentage in the CP. Overall hemicellu-
lose percentage among both the CO and CP samples was greater than the cellulose per-
centage (Table 1). The total water and ethanol extractives and the sucrose concentration
in all CP samples were greater than that of the CO samples. The total protein was less in
the CP than that of CO (Table 1). Many works reported biomass composition analysis of
the whole corncob by the NREL method. However, most of these works reported just the
cellulose, hemicellulose, and total lignin concentrations rather than the particulars of in-
dividual monosaccharide concentrations, the information about extractives, and the pro-
tein content. The lignocellulose composition of CO reported in this work is closer to that
of the whole corncob composition reported in the literature [78], which could be due to
the higher percentage of CO in the whole corncob.

The chromatograms related to calibration standards and the sample analysis are pro-
vided in the Supplementary Data (Figures S1-512).
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Table 1. Biomass composition of samples by the NREL method.

Corn %Water “eEthan
Variety/ Samp WAIL %ASL JoGluca %Xylan JoGalact %Arabin %Mann JoProtein Extracti ol . JoSucro %Aceta
e n an an an (Structural) Extracti  se te
Reference
ves
1452+ 185+ 36.68+ 2542+ 101+ 529z 226+ 117+ 258+ 524x
ccl <o 0.23 0.13 0.13 0.26 0.04 0.26 0038 062401 0.15 0.22 0.2 0.38
1111+ 172+ 3913+ 2439+ 11.14%x 6.28+ 349+ 158+ 384+ 521+
P 016 012 037 034 o005 o028 00 0=0B 05 004 031 007
1544+ 204+ 37.04+ 2577+ 1145+ 577+ 246+ 155+ 289+ 584+
o O 03 0a1 036 019 024 006 0 0Oy 015 027 02
1118+ 211+ 39.66+ 2539+ 1152+ 739+ 359+ 196+ 573 +
P 024 035 035 01 039 o1 °*02 080D, gps 42029 409
1452+ 251+ 3722+ 2586+ 10.63+ 6.55=* 228+ 177+ 287+ 557
cC3 <o 0.15 0.12 0.26 0.1 0.16 0.12 0034 069057 0.36 0.39 0.08 0.2
cp 1142+ 249+ 4044+ 2489+ 1126+ 7.16= 0402 049 + 0.32 335+ 1.68+ 419+ 556+
0.14 0.37 0.06 0.17 0.16 0.05 e T 0.36 0.28 0.1 0.13
1552+ 21+ 3771+ 2666+ 11.65+ 593+ 285+ 164+ 276+ 587+
cca €O 0.14 0.26 0.21 0.09 0.17 0.03 0+004 07014 0.19 0.29 0.16 0.33
1204+ 225+ 39.64+ 2514+ 1215+ 7.72+ 337+ 19+ 421+ 525+
cr 0.17 0.11 0.18 0.34 0.1 0.33 0+023 0.52:£0.07 0.07 0.27 0.25 0.3
033+ 035+ 66.66+ 1547+ 10.8 = 034+ 025+
Reference Loz 00 02a 026 NPONP g, 0026 007 014 0F015 003
032+ 7188+ 1583 9.77 + 0.09+ 0.07 %
AC 0+0.04 01 011 013 N.D N.D 0.36 0+0.16 0.34 03 0+£0.250+0.36
AlIL: acid-insoluble lignin; ASL: acid-soluble lignin; N.D: not detected.
3.3. Van Soest Method for Fiber Analysis
The NDF value of all CP samples was higher than that of CO and was similar to that
of the pure cellulose references CL and AC. Although ADF values of CP were slightly
higher than CO, they were almost half that of CL and AC. The composition analysis shows
that the hemicellulose percentages of both the CO and CP samples were higher than their
respective cellulose percentages. In addition, the CP samples showed comparatively
higher cellulose and hemicellulose as well as lower lignin percentages compared with CO
samples (Table 2). These results are consistent with the NREL method results reported in
this work. Whole corncob fiber analysis results reported by many previous works [79]
were closer to that of the CO in this work.
Table 2. Fiber analysis and lignocellulose composition analysis by the Van Soest method.
Corn Variety/ . _—
Sample % NDF % ADF % ADL % Hemicellulose % Cellulose % Lignin
Reference
ccl CcoO 87.17+0.3 4525+0.14  6.75+0.07 41.92 £ 0.07 385+£0.15 6.75+0.1
CP 92.76 £0.1 49.35+0.16 1.7 +0.32 4341+£0.16  47.65+032 1.7+0.12
cCa CcoO 85.56 +0.08 47.88 +0.1 9.47 +0.31 37.68+0.3 38.41+0.17 947+0.15
CP 95.62 +0.25 51.77+0.22  4.12+0.31 4385+0.13  47.65+0.18 4.12+0.11
cC3 CcO 88.02 £0.28 46.91+0.3 9.34+0.13 41.11+0.24  3757+0.28 9.34+0.09
CP 94.43 £0.15 49.64+024 236+0.32 44.79 £ 0.24 4728+0.1 2.36+0.11
cca Cco 86.21 +0.09 46.31+0.19 83+0.25 39.9+0.27 38.01+0.3 83+0.1
CpP 95.1+0.24 50.62 +0.21 1.8+0.16 4448 +0.12  48.82+0.17 1.8+0.19
CL 98.1£0.31 95.51+0.13 0 2.59+£0.28 95.51+0.21 0
Reference
AC 98.62 £ 0.17 97.31+0.22 0 1.31+0.11 97.31£0.11 0
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3.4. NIR Method for Rapid Biomass Composition Analysis

The NIR spectra of both the CO and CP were analogous to that of other biomass types
reported [54], with all the characteristic peaks of lignocellulose. The results of PLS calibra-
tion, validation, and prediction performances of the individual models as per their full
spectral pretreatment are presented in Figure 3. All the statistical parameters of both cali-
bration and validation sets were similar. Among the models generated with the unpro-
cessed spectra of CO, the glucan model achieved the highest prediction, followed by the
models of sucrose and protein. Meanwhile, the highest predictive models of CP were ob-
tained for xylan and protein, followed by sucrose, glucan, and lignin.

R2C/R2P ratios close to one, lower SEC and SEP values, and higher RPD values (>2)
indicate a better fit of the models. The performances of all the models were significantly
improved by the spectral pretreatments, decreasing the differences among calibration and
validation sets. Savitzky-Golay smoothing of both the CO and CP spectra achieved mod-
els with the highest predictive performance.
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A |B27 eValidation 396 4 g @ Validation
38 404
304 1 587
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3024 306 402
8 095 | . 3054 0.95
74 ggg RZ(P] 0.93 gg: 41
72 095 | RMSEP|0.09| | *] 095
- . )
w 0.08 |35 SEP 009 | 32 RMSECV|0.04
SECV  [0.08 RPD [3.99 2 . 0.04
%5 57 M %5 . 36 WA 3 302 M4 306 308 40 M9 92 W4 6 e 40 402
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Q |2 . 273
:E &1 ) ". 7z
m 26 s RZ(C] 0.94 245 4
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168
175 134
165 0.93 ol
167 0.05 RMSEC 0.01 0.83
o 0.05 |,;, 128 SEC 0.01 :
<+ | 0.93 RV 0.04 + ., [IRMSEP|0.01
165 0.05 |72 RMSECV 0.01 SEP 0.01
SECV |0.05 SECV  0.01 RPD [3.80
T T T T 1 171 T T T T T T T 2 | 12E T T T 1 L T
65 168 17 172 74| 170 172 173 174 1R5 176 177 178 174 12 128 13 131 uzl B 121 132 153
<.
< Reference >

Figure 3. NIR-PLS calibration models. Note: (al-c1) are calibration and validation models of the
glucose, xylose, and lignin of CO, respectively; (a2—c2) are prediction performances of the models
(al—c1), respectively; (a3—c3) are calibration and validation models of the glucose, xylose, and lignin
of CP, respectively; (a4-c4) are prediction performances of the models (a3—c3), respectively. Sa-
vitzky-Golay smoothing was used for the respective NIR spectra of all above models; R2(C): coeffi-
cient of multiple determination for the calibration; R2(V): coefficient of multiple determination for
the validation; R2(P): coefficient of multiple determination for the prediction; SEC: standard error
of the calibration; SEP: standard error of the prediction; RPD: residual predictive deviation.
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3.5. TGA Analysis

Under an inert environment, devolatilization started at 30 °C and maximum dehy-
dration occurred between 50.5 and 67 °C. The end of the dehydration stage, denoted by
the start of the first mass loss plateau, was observed in the range of 90.8-240 °C. An abrupt
weight loss due to hemicellulose decomposition was observed at 298 °C for both the CO
and CP [57], while the cellulose degradation peaks of the CO, CP, AC, and CL were in the
range of 340-352 °C; the complete degradation of the same samples was in the range of
381-400 °C. No additional peaks were observed after 400 °C for all samples except for LG.
In contrast, the thermal decomposition curve of all samples under the oxidative environ-
ment was comparatively complex, with additional devolatilization peaks observed at 423
472 °C for CO and CP, and around 591-598 °C for AC and CL. Maximum decomposition
under the oxidative environment for CO and CP was achieved at 539 °C and 494 °C, re-
spectively. The absence of a hemicellulose degradation peak in both AC and CL indicates
their purity. The pyrolytic profile of LG under both inert and oxidative environments was
quite complex with multiple decomposition steps, spanning a wide range of tempera-
tures. Evidently, LG needs a temperature beyond 800 °C for complete decomposition.
Both CO and CP achieved a higher mass loss under the oxidative environment. On the
contrary AC, CL, and LG attained maximum weight loss under the inert environment
(Figure 4). Despite showing similar degradation temperatures, the extent of pyrolysis
among CO and CP is different, with CP showing a higher mass loss percentage at each
inflection point. The three-stage thermal degradation profile of whole-native corncob re-
ported by Yao et al. [80] is quite similar to that of the CO in this study, the starting, peak,
and final temperatures of the TGA profile, including the maximum weight loss reported,
were similar. The same is the case with the TGA of the whole corncob reported by Zheng
et al. [81]. The alteration of the TGA profile reported for dilute sulfuric acid-pretreated
corncob with that of native corncob showed the exact thermal decomposition temperature
range of hemicellulose [81]. The lignocellulose composition of CO and CP calculated by
the TGA analysis under both inert and oxidative environments clearly showed lower lig-
nin and residue content along with a higher hemicellulose percentage in CP. The ligno-
cellulose composition calculated as pseudo-components by the peak deconvolution
method revealed a similar difference between CO and CP (Table 3, Figure 5). AC and CL
have shown a pure cellulose devolatilization peak without traces of hemicellulose or lig-
nin. These results are consistent with the compositions determined by the other methods
reported in this work.

Table 3. Mass (%) of the lignocellulose components in thermally degraded samples.

CO-i CO-0o CO-dc CP-i CP-o CP-dc AC-i AC-o CL-i CL-o

HC
CE
LG
Aand C
TC
HC/TC
LG/TC

2423 2497 25.31 29.93 3283 45.09 0 0 0 0
51.85  45.88 18.03 48.64 49.1 31.20 94.76 86.58 100 87.95
12.15 2499 16.58 10.09 1391 13.16 5.24 12.01 0 9.09
11.35 4 N.A 10.9 4 0 1.37 0 29
76.09  70.86 43.34 78.57  81.93 76.29 94.76 86.58 100 87.95
0.32 0.35 0.58 0.38 0.40 0.59 0 0 0 0
0.16 0.35 0.38 0.13 0.17 0.17 0.06 0.14 0 0.1

i: inert environment; o: oxidative environment; dc: peak deconvolution; HC: Hemicellulose; CE:
cellulose; LG: lignin; TC: total carbohydrate; A and C: ash and residual carbon at 800 °C.
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Figure 4. TGA profiles of the samples along with their first derivatives. Note: black solid and dotted
lines: the thermogram and its derivative under the oxidative environment, respectively; red solid
and dotted lines: the thermogram and its derivative under the inert environment, result; (a,b,c,d,e):
CO, CP, AC, CL, and LG, respectively. The left-Y axis is common for all of the graphs.
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Figure 5. Peak deconvolutions of the FTIR, XRD, and DTG curves. Note: FTIR peak deconvolutions
of (a) CO, (b) AC, (c) CP, and (d) CL; XRD peak deconvolutions of (e) CO, (f) AC, (g) CP, and (h)
CL; DTG peak deconvolutions of (i) CO and (j) CP.
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3.6. FTIR Analysis

The characteristic FTIR peaks of lignocellulose observed among all of the samples
were tabulated (Table 4). The unprocessed spectra of all samples showed the characteristic
—OH stretch in the range of 3700-3000 cm™, specifically at 3350 cm™ for both AC and CL
and in the higher wavenumber region in the case of CO, CP, and LG. The -OH stretching
peak of CP was much sharper and showed higher absorption than that of CO (Figure 5).
Deconvolution of the broad stretching region between 3800 and 2800 cm™ showed around
five different peaks for each sample (Figure 5). The relative peak intensities of the charac-
teristic intramolecular hydrogen bonds (3586-3559 cm™, 3475-3448 cm™, and 3358-3351
cm) were in the order of AC > CP > CO > CL, AC>CL > CO > CP, and AC > CP > CL,
respectively. Furthermore, the intensities of intermolecular hydrogen bond peaks (3179-
3112 cm™) were in the order of AC > CO > CL > CP. CP clearly showed an increased car-
bohydrate percentage compared with CO in both crystalline (1428 cm™, 1162 cm™) and
amorphous regions (1335 cm™, 897 cm™, 668 cm™, 527 cm™, 993 cm™). In addition, CP
showed an increased hemicellulose percentage (1734 cm™, 1248 cm™), and total carbohy-
drate percentage (1205 cm™, 1111 cm™) than the CO. The abundance of guaiacyl-type lig-
nin was detected in CO (862 cm™, 1516 cm™) with an overall increase in lignin content
(1459 cm™), while CP showed more syringyl lignin and less total lignin compared with
CO.

Table 4. FTIR peaks obtained and their assignments.

Wave Samples and Their Lignocellulose Specific
Number Obtained Peaks (cm™)  Generic Functional Group Assignment, Reference & Assi nmenl’:
Range (cm) CO CP AC CL LG 8
3650-3600 Non-bonded free -OH stretching. [82]
3400-3200 Bonded -OH stretching. [82]
3584 3559 3571 3586 Intramolecular hydrogen bond O(2)H-O(6). [83] Cellulose
3475 3453 3448 3465 Intramolecular hydrogen bond O(2)H-O(6). [83] Cellulose
3430 —-OH (bonded) stretching. [84] Lignin *
3358 3351 3355 Intramolecular hydrogen bond O(3)H-O(5), [83] Cellulose
3179 3124 3112 3123 Intermolecular hydrogen bond O(6)H-O(3), [83] Cellulose
C-H stretching: Alkanes/O-H stretching carboxylic
3000-2850 acid/Aldehyde. [85]
2970-2860 CH-stretching region (sa?turated aliphatic group
frequencies). [86]
C-H stretch methyl and methylene groups (2942 HW ..
2937 lignin, 2938 SW lignin). [87] SW.Lignin
2886 2898 2904 2902 Symmetric C-H stretching. [84] Cellulose *
2842 C-H stretch O-CH3 group. [87] Lignin
1780-1640 C=0 stretching: Ester/Aldehyde/Ketone/Carboxylic
acid; C=C stretching: Alkene [85]
1731 1733 Ketone/Aldehyde C=0 stretching (unconjugated) [88] Hemicellulose *
1711 Non-conjugated carbonyl [89] Lignin
1643 1635 1639 1641 1643 Intramolecular 'hydrogen bond/a'bsorbed
water/Aromatic ketones stretching [84]
1600-1475 Cc=C stretchmg—skelet.al v.1brat10n of phenolic
compounds such as lignin, -CH2 bend. [85]
1606 1604 Aromatic skeleton vibration [87] Lignin * (S > G; G-con. > G-eth.)
1598 The aromatic ring (C=CE,6‘(13]=O stretching vibrations Lignin * (S > G; G-con. > G-eth.)
1516 1516 1510 Aromatic ring (C=C) stretching [64]. Lignin * (G > S)
. . . T
1456 1462 1458 1464 Asymmetric bendmg.of CH3 in methoxy groups//CH2  Lignin * (S > G), Cellulose,
bending vibration [88] Hemicellulose
1425 1427 1429 1431 Scissoring motion of -CH2 [60] Cellulose-I * Crystallinity peak

O-CH3 C-H deformation symmetric [87] Lignin
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1372 1374 1372 1372 1376 ~ Symmetric and asymmetric C-H deformation [85]  Cellulose, Hemicellulose, Lignin
1335 1337 1337 C-H, —-OH in-plane bending/weak C-O stretching [90] Cellulose amorphous
1327 Stretching of C-O in syringyl ring [91] Lignin-S *
1318 1316 1314 -CH2 wagging [92] Cellulose I crystalline
C=0/C-0O-C/C-O-H; Alcohols, ethers, esters,
1300-1000 carboxylic acids, anhydrides [93]
1281 1281 C-H bending [91] Cellulose crystalline *
1269 Aromatic ring vibration [85] Lignin-G
1248 1251 C-O-C and C-O Stretching [94] Hemicellulose *
1220 C=0 stretching of guaiacyl ring [95] Lignin G
1205 1203 1201 1203 O-H in-plane bending [89] Carbohydrates *
C-O-C stretching, Asymmetric stretching of C-O, C— Crystalline cellulose, 3-glycosidic
1158 1162 1164 1166
C, O-H stretching of C-OH group [94] bond
C-H (aromatic) in-plane deformation, secondary ..
1137 L G
alcohols, C—O stretch [59], 1enm
1111 1113 1113 1115 Asymmetric stretch'mg of C-O-C; Cellulose Cellulose *
characteristic peak [84]
1082 C-O deformation, secondary alcohol, an aliphatic ether Lignin
(871
993 993 987 986 C-Oand C-C, C-H bendmg or CH2 (amorphous Cellulose
band) stretching [96]
1000-650 Out-of-plane bend Alkene.s/Aromatlcs, aromatic C-H
stretching [85]
899 899 897 895 C-O-C stretching at $-1,4 glycosidic link [84] Amorphous band *
862 858 C-H out of the plane in p[;s;]tlons 2,5, and 6 of G-ring Lignin-G
814 817 The vibration of mannan. CH out-of-plane bending in Glucomannan, Lignin G
phenyl rings [98]
714 714 Alcohol, OH out-of-plane bend. [99] Cellulose I3 *
668 668 668 668 —OH out-of-plane-bending [100] Cellulose amorphous
607 617 619 617 617 Alkyne C-H bend, Alcohol, OH out-of-plane bend [95] Carbohydrates/Lignin
524 527 520 518 520 C-O-C bending, C-C-C ring deform [101] Cellulose, 3-glycosidic bond

SW: softwood; HW: hardwood; * characteristic peaks; G: guaiacyl; S: syringyl; G-con: condensed
guaiacyl ring; G-eth: etherified guaiacyl ring.

In addition, the adsorbed water content was less in the case of equally dried CP com-
pared with CO. These findings showed an overall increase in the carbohydrate to lignin
ratio, hemicellulose to total carbohydrate ratio, and hemicellulose to lignin ratios in CP
compared with that of CO (Table 5). The absence of lignin and hemicellulose peaks in the
spectrum of AV and CL indicates their purity. The FTIR spectrum previously reported for
the whole corncob was quite similar to that of both the CO and CP of this study [75]. The
lignin to carbohydrate ratios previously reported were the same as that of CO, and these
values were shown to get closer to that of CP when the corncob was pretreated with dilute
acids and alkalis, proving the lignocellulosic construct of CP reported in this work [81].
The HBI value previously reported for the whole corncob is quite similar to that of the CO
of this study and is reportedly decreased upon pretreatment [48]. The TCI, LOI, and CrI%
values of a xylose-extracted corncob residue reported by Chi et al. [102] were slightly more
than that of the CO in this work, indicating the decreased crystallinity of the biomass due
to the presence of relatively amorphous constituents such as hemicellulose and lignin. On
the other hand, the TCI and LOI values of the pure cellulose reference AC reported in the
literature [103] are consistent with this work. All of the FTIR peaks of a whole corncob as
reported by Zheng et al. [81] were also observed in the case of the CO. The 5/G ratios of
CO reported in this work are consistent with that of the whole corncob reported by HPLC
[104] and NMR methods [105].
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Table 5. Lignocellulose composition ratios measured by FTIR data.

Ratio Wave Number Range co cp LG
(cm™)

S/IG 1462/1510-1508 1.34 1.38 0.52

S/IG 1595/1510-1508 1.28 1.34 2.54
LG/TC 1510-1508/1374 1.03 0.71 8.75
LG/TC 1510-1508/1162 0.45 0.34 N.A1
LG/TC 1510-1508/898 2.89 1.93 N.A1
XY/TC 1734/1374 1.16 1.88 N.A2
XY/TC 1734/1162 0.50 0.90 N.A2
LG/XY 1510-1508/1734 0.88 0.37 N.A1

S/G: syringyl/syringyl + guaiacyl ratio; LG/TC: lignin/total carbohydrate ratio; XY/TC: xylan/total
carbohydrate ratio; LG/XY: lignin/xylan ratio; N.A1: lignin-related peaks are present but carbohy-
drate peaks are absent; N.A2: carbohydrate-related peaks are absent.

3.7. XRD Analysis

Diffractograms of the CO, CP, AC, and CL showed the lignocellulose characteristics
of crystal lattice peaks with different intensities [106], such as (101) in the 20 angle range
of 14-15°, (10]) in the 16.5-17° range, (021) around 20.8°, (002) around 22.6°, and (040)
around 34.3°. An amorphous characteristic plateau spanning between the peaks (10I) and
(002) with its center around 180 was also observed. The results of crystallinity measure-
ments by all four of the methods used were consistent (Table 6). The measured crystallin-
ity of the samples was in the order of AC > CL > CO > CP. The results of Cral% and Cra2%
were similar for all samples. The method followed for the analysis of Cra2% was found to
be advantageous to that of Cral%, as the former can achieve the result without an addi-
tional step of normalization that could otherwise misinterpret the data (Figure 6), (Table
6). The d-spacing of all samples was comparable (Table 6), whereas the crystallite sizes of
the 002 lattice (L) of CO were the highest, and those of CP were the smallest. All results of
AC and CL were similar. The observed differences between CO and CP strongly reflect
the differences in their lignocellulosic construct (Table 6). The crystallinity (Crl%) and
crystallite size (L) values reported for AC are consistent with the reported values in the
literature [107]. Moreover, the difference between the values of Crl% and Crd% is con-
sistent with the values reported in the literature for different types of cellulosic com-
pounds [108]. The Crl values of the whole corncob previously reported were in the range
of 35.19-39.2%; these values are almost half of that shown by CO in this work, proving the
effect of separating amorphous CP from the whole corncob. Additionally, these works
reported the increase in the Crl of the corncob residue after removing its amorphous con-
tent (xylose or lignin) by the pretreatments employed [52]. Both the XRD (Crl%, Crd%,
Cral%, Cra2%) and FTIR (TCI, LOI, HBI) methods used for crystallinity measurement
showed a lower crystallinity of CP compared with that of CO, AC, and CL, explaining the
amorphous nature of CP due to its higher hemicellulose and syringyl lignin (Table 5).
However, the CO showed slightly higher crystallinity than AC and CL in the FTIR meas-
urement and a lower crystallinity in the XRD measurement. This observed difference in
crystallinity among two different methods can be explained by two reasons: crystallinity
measurement by FTIR methods is not absolute but is relative, and the readings are greatly
influenced by the amorphous content (hemicellulose and lignin) of the sample [109]; and
the XRD readings are dependent on crystallite size rather than particle size, thus the AC
and CL having pure cellulose crystallite provided much sharper peaks than CO. The pat-
terns of the FTIR, XRD, and TGA curves were consistent with that of the whole corncob
reported [110]. The XRD plots of all the samples analyzed are given in the Supplementary
Data (Figure S13).
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Table 6. Crystallinity measurements of samples by both the XRD and FTIR-based indices.

XRD Analysis FTIR Analysis
Sample CrlI% Crd% Cral%  Cra2% L d TCI LOI HBI
CcO 70.0 93.0 26.48 2520 575 034 282 235 246
CP 31.0 73.0 20.06 2384 294 041 147 087 203
AC 93.0 78.0 48.04 48.04 467 040 172 129 215
CL 91.0 77.0 4428 36.01 473 039 18 096 1.89

Intensity (a.b)

Intensity (a.b)}

5 10 15 20 25 30 35 40 45 5 10 15 20 25 30 35 40

Angle (8) Angle (8}
Figure 6. Amorphous contribution subtraction of XRD diffraction. Note: ACB, CLB, COB, and CPB
are the diffraction patterns of the ball-milled AC, CL, CO, and CP, respectively; the negative sign
indicates the diffraction of the sample after subtracting the diffraction of amorphous standards from
it. For example, CO-ACB: diffraction of CO after subtracting amorphous contribution using diffrac-
tion of ACB; (a), (b), (c), (d): Decrease in diffraction of around 18° and sharpening of the crystalline
lattice by around 22° indicate the amorphous subtraction; (a) and (c): Diffraction patterns of CO and
CP are significantly different, suggesting their varied crystallinities. Both COB- and CPB-subtracted
samples showed slightly sharper patterns than that of ACB-subtracted samples; (d) CLB achieved a
better amorphous subtraction than ACB.

3.8. Enzymatic Saccharification of Untreated Corncob Samples

A saccharification yield of 50-60% of the theoretical yield (TY) of CL and XY was
obtained during the first 5 h of the incubation, which later gradually increased to 72.8%
and 90.13%, respectively, after 40 h and 30 h. The saccharification of CP gradually in-
creased and achieved a maximum yield close to that of controls, which was 70.57% of its
TY at 50 h with cellulase and 88.70% of its TY at 50 h with xylanase. CO showed compar-
atively poor enzymatic saccharification susceptibility, showing no significant improve-
ment from a minute saccharification yield of 15-18% of its TY obtained at the 10 h interval
with both enzymes (Figure 7).
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Figure 7. Enzymatic saccharification of the samples. Note: CO/CP/XY-xylanase: samples of CO, CP,
or XY treated with xylanase; CO/CP/CL-cellulase: samples of CO, CP, or CL treated with cellulase;
%TY: percentage of the theoretical yield (saccharification) achieved.

The maximum TY of CO with xylanase was around 26% of the reference XY, where
CP achieved 98.4% of it. The maximum TY of CO with cellulase was around 35% of refer-
ence CL, where CP has achieved 98.8% of it. These results are perfectly correlated with the
chemical and physical characterization of the respective corncob anatomical portions. As
per the NREL method of composition analysis, CP on average showed a 20.7% lower lig-
nin percentage along with a higher percentage of cellulose, hemicellulose, and extractives
(6.8%, 1.9%, and 21.4%, respectively). A similar difference was observed from other com-
position analysis methods reported in this work. In addition, the S/G and XY/TC ratios of
CP were 3.8%, which was 67.4% higher; the LG/TC and LG/XY ratios of CP were 31.8%
and 57.9% lower than that of CO, respectively. The crystallinity values of the CP measured
by both the XRD (Crl%, Crd %, Cral%, and Cra2%) and FTIR (TCI, LOI, and HBI) methods
were 55.7%, 21.5%, 24.2%, 5.3%, 47.8%, 62.9%, and 17.4% lower than that of CO, respec-
tively. A huge contrast observed in enzymatic saccharification susceptibility of untreated
CO and CP can be essentially attributed to their chemical compositional differences, es-
pecially to their lignin to carbohydrate ratios and to their differences in crystallinity. Alt-
hough CP has a slightly higher syringyl percentage than CO, the S/G ratio appears to be
a comparatively minor deciding factor for their saccharification susceptibilities.

The saccharification profile of CO in this study is similar to that of the whole corncob
without pretreatment as previously reported by many other researchers as a control in
their respective studies [5,111]. Whole corncob ground to a similar mesh as that of the CO
in this study reportedly achieved a similar saccharification yield by the first 10 h interval
and was unchanged thereafter using cellulase of the same make as that used in this study
[112] and when using cellulase procured from a different manufacturer [113]. Similar
yields and patterns were reported even when the cellulase activity was complimented
with (3-glucosidase [5,114]. On the other hand, many works reported enzymatic produc-
tion of xylooligosaccharides from pretreated whole corncob, either by in-house-produced
xylanases [115], or with commercial xylanases [116]; however, none of these studies
showed the effect of xylanases on an untreated corncob. Nevertheless, we found a report
where the whole corncob without any chemical pretreatment was used as a control for an
in-house-produced T.viride-derived xylanase; the enzyme activity profile reported for the
untreated whole corncob was similar to that of the CO in this study, but the peak activity
was achieved at 48 h of incubation. [117]. However, we did not find any work reporting
the saccharification of individual anatomical portions of corncob to date.
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4. Conclusions

The comprehensive characterization of the corncob anatomical portions revealed the
striking morphological, structural, and chemical differences among the outer (CO) and
pith (CP) sections of each corn variety studied; at the same time, there are no significant
differences among the same anatomical portion in different corn varieties. Most of the
characteristics of the CO were similar to that of whole corncob characteristics vividly re-
ported in the literature, whereas CP showed unique characteristics, such as lower lignin,
protein, and ash contents with an improved xylan and cellulose content. NIR-PLS calibra-
tion models along with Savitzky-Golay smoothing of the spectra are proven to be the fit-
test for the rapid composition analysis of all the biomass components. Both the FTIR and
XRD analyses showed that CO is more crystalline than CP, and the thermal stability of CP
was found to be lower than that of CO. All of these compositional and physical differences
led to enhanced enzymatic saccharification of CP by both cellulase and xylanases, which
was equal to that of the pure cellulose (AC), and xylan (XY) references. Thus, we propose
a tailored enzymatic production of xylooligosaccharides from CPs without pretreatment
along with a separate valorization of CO to achieve an economical biorefinery output from
the corncob feedstock. However, the techno-economic evaluation of the proposed process
must be carried out to assess the viability of the process given the newly included step of
biomass anatomical segregation.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/fermentation8120704/s1, Figure S1: Carbohydrate calibra-
tion-1; Figure S2: Carbohydrate calibration-2; Figure S3: Carbohydrate calibration-3; Figure S4: Ac-
etate calibration; Figure S5: Structural carbohydrates-CO; Figure S6: Structural carbohydrates-CP;
Figure S7: Structural carbohydrates-AC; Figure S8: Structural carbohydrates-CL; Figure S9: Acetate-
CO; Figure S10: Acetate-CP; Figure S11: Acetate-AC; Figure 512: Acetate-CL; Figure S13: XRD pro-
files of the samples.

Author Contributions: P.K.G.: Conceptualization, methodology, investigation, formal analysis,
data curation, writing—original draft preparation; M.L.C.: writing—original draft preparation, in-
vestigation, formal analysis, reviewing and editing; A.P.G.: investigation, validation, visualization;
N.P.P.P.: visualization, reviewing and editing; S.K.: formal analysis, reviewing and editing; A.B.:
investigation, formal analysis; S.R.A.: investigation; R.R.B.: conceptualization, editing, supervision,
resources, funding acquisition, project administration. R K.B.: reviewing and editing. All authors
have read and agreed to the published version of the manuscript.

Funding: This research work was supported by the Department of Science & Technology-Science
and Engineering Research Board (DST-SERB), India, for the Early Career Research Grant Reference
No. ECR/2015/000076.

Data Availability Statement: The data published in this article is not archived in any public data-
bases.

Acknowledgments: The corresponding author R.R.B. acknowledges N.V. Ramana Rao, N.I.T., Wa-
rangal, Telangana, India, for his encouragement and constant support to carry out this work. Au-
thors P.K.G. and M.L.C. acknowledge N.I.T., Warangal, Telangana, India for the institute fellowship
and constant support provided to carry out this work; the authors also acknowledge S. Sakthivel,
Scientist-F and head of the Center of Solar Energy Materials (CSEM), ARCI, Balapur, Hyderabad,
for offering assistance during the characterization.

Conflicts of Interest: The authors declare that they have no known competing financial or non-
financial interests nor any personal relationships that could have directly or indirectly appeared to
influence the work reported in this paper.



Fermentation 2022, 8, 704 20 of 24

References

1.

@

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Gandam, P.K,; Chinta, M.L.; Pabbathi, N.P.P.; Baadhe, R.R.; Sharma, M.; Thakur, V.K.; Sharma, G.D.; Ranjitha, J.; Gupta, V.K.
Second-generation bioethanol production from corncob—A comprehensive review on pretreatment and bioconversion
strategies, including techno-economic and lifecycle perspective. Ind. Crops Prod. 2022, 186, 115245.
https://doi.org/10.1016/j.indcrop.2022.115245.

Bhatt, A K,; Bhatia, R.K.; Thakur, S.; Rana, N.; Sharma, V.; Rathour, R.K. Fuel from Waste: A Review on Scientific Solution for Waste
Management and Environment Conservation BT — Prospects of Alternative Transportation Fuels; Singh, A.P., Agarwal, R.A., Agarwal,
A K, Dhar, A, Shukla, M.K,, Eds.; Springer: Singapore, 2018; pp. 205-233. https://doi.org/10.1007/978-981-10-7518-6_10.
Dukhnytskyi, B. World agricultural production. Ekon. APK 2019, 59-65. https://doi.org/10.32317/2221-1055.201907059.
Ioelovich, M. Plant Biomass as a Renewable Source of Biofuels and Biochemicals; LAP LAMBERT Academic Publishing: Sunnyvale,
CA, USA, 2013; pp. 1-58.

Qing, Q.; Huang, M.; He, Y.; Wang, L.; Zhang, Y. Dilute Oxalic Acid Pretreatment for High Total Sugar Recovery in Pretreatment
and Subsequent Enzymatic Hydrolysis. Appl. Biochem. Biotechnol. 2015, 177, 1493-1507. https://doi.org/10.1007/s12010-015-1829-
2.

Bhatia, S.K.; Jagtap, S.S.; Bedekar, A.A.; Bhatia, R.K,; Patel, A.K,; Pant, D.; Banu, ].R.; Rao, C.V.; Kim, Y.-G.; Yang, Y.-H. Recent
developments in pretreatment technologies on lignocellulosic biomass: Effect of key parameters, technological improvements,
and challenges. Bioresour. Technol. 2020, 300, 122724. https://doi.org/https://doi.org/10.1016/j.biortech.2019.122724.

Cheng, K.K.; Zhang, J.A.; Ling, H.Z,; Ping, W.X,; Huang, W_; Ge, ].P.; Xu, ].M. Optimization of pH and acetic acid concentration
for bioconversion of hemicellulose from corncobs to xylitol by Candida tropicalis. Biochem. Eng. ]. 2009, 43, 203-207.
https://doi.org/10.1016/j.bej.2008.09.012.

Hoang, P.H.; Cuong, T.D.; Dien, L.Q. Ultrasound Assisted Conversion of Corncob-Derived Xylan to Furfural Under HSOs-
ZSM-5 Zeolite Catalyst. Waste Biomass Valorization 2020, 12, 1955-1962. https://doi.org/10.1007/s12649-020-01152-9.

Deng, A.; Ren, J.; Wang, W.; Li, H; Lin, Q.; Yan, Y,; Sun, R,; Liu, G. Production of xylo-sugars from corncob by oxalic acid-
assisted ball milling and microwave-induced hydrothermal treatments. Ind. Crops Prod. 2016, 79, 137-145.
https://doi.org/10.1016/j.indcrop.2015.11.032.

Zhang, P.; Liao, X.; Ma, C.; Li, Q.; Li, A.; He, Y. Chemoenzymatic Conversion of Corncob to Furfurylamine via Tandem Catalysis
with Tin-Based Solid Acid and Transaminase Biocatalyst. ACS Sustain. Chem. Eng. 2019, 7, 17636-17642.
https://doi.org/10.1021/acssuschemeng.9b03510.

Zhang, R.Q.; Ma, C.L.; Shen, Y.F.; Sun, ].F,; Jiang, K; Jiang, Z.B.; Dai, Y.J.; He, Y.C. Enhanced Biosynthesis of Furoic Acid via
the Effective Pretreatment of Corncob into Furfural in the Biphasic Media. Catal. Lett. 2020, 150, 2220-2227.
https://doi.org/10.1007/s10562-020-03152-9.

Liu, Z; Ma, C; Gao, C,; Xu, P. Efficient utilization of hemicellulose hydrolysate for propionic acid production using
Propionibacterium acidipropionici. Bioresour. Technol. 2012, 114, 711-714. https://doi.org/10.1016/j.biortech.2012.02.118.

Wang, C.; Yang, G.; Zhang, X.; Shao, L.; Lyu, G.; Mao, J.; Liu, S.; Xu, F. A kinetic study on the hydrolysis of corncob residues to
levulinic acid in the FeCl3-NaCl system. Cellulose 2019, 26, 8313-8323. https://doi.org/10.1007/s10570-019-02711-7.

Guo, W,; Jia, W.; Li, Y.; Chen, S. Performances of Lactobacillus brevis for producing lactic acid from hydrolysate of
lignocellulosics. Appl. Biochem. Biotechnol. 2010, 161, 124-136. https://doi.org/10.1007/s12010-009-8857-8.

Zheng, W.; Liu, X.; Zhu, L.; Huang, H.; Wang, T.; Jiang, L. Pretreatment with y-Valerolactone/[Mmim]DMP and Enzymatic
Hydrolysis on Corncob and Its Application in Immobilized Butyric Acid Fermentation. ]. Agric. Food Chem. 2018, 66, 11709-
11717. https://doi.org/10.1021/acs.jafc.8b04323.

Zou, X.; Wang, Y.; Tu, G,; Zan, Z.; Wu, X. Adaptation and transcriptome analysis of Aureobasidium pullulans in corncob
hydrolysate for increased inhibitor tolerance to malic acid production. PLoS ONE 2015, 10, e0121416.
https://doi.org/10.1371/journal.pone.0121416.

Brar, K.K; Kaur, S.; Chadha, B.S. A novel staggered hybrid SSF approach for efficient conversion of cellulose/hemicellulosic
fractions of corncob into ethanol. Renew. Energy 2016, 98, 16-22. https://doi.org/10.1016/j.renene.2016.03.082.

Marchal, R.; Ropars, M.; Pourquié, J.; Fayolle, F.; Vandecasteele, J.P. Large-scale enzymatic hydrolysis of agricultural
lignocellulosic biomass. Part 2: Conversion into acetone-butanol. Bioresour. Technol. 1992, 42, 205-217.
https://doi.org/10.1016/0960-8524(92)90024-R.

Ma, L.; Ma, Q.; Guo, G.; Du, L.; Zhang, Y.; Cui, Y.; Xiao, D. Optimization of sodium percarbonate pretreatment for improving
2,3-butanediol production from corncob. Prep. Biochem. Biotechnol. 2018, 48, 218-225.
https://doi.org/10.1080/10826068.2017.1387563.

Shah, A.R.; Madamwar, D. Xylanase production under solid-state fermentation and its characterization by an isolated strain of
Aspergillus foetidus in India. World ]. Microbiol. Biotechnol. 2005, 21, 233-243. https://doi.org/10.1007/s11274-004-3622-1.
Pérez-Rodriguez, N.; Garcia-Bernet, D.; Dominguez, ].M. Extrusion and enzymatic hydrolysis as pretreatments on corn cob for
biogas production. Renew. Energy 2017, 107, 597-603. https://doi.org/10.1016/j.renene.2017.02.030.

Yang, H.; Guo, L.; Liu, F. Enhanced bio-hydrogen production from corncob by a two-step process: Dark- and photo-
fermentation. Bioresour. Technol. 2010, 101, 2049-2052. https://doi.org/10.1016/j.biortech.2009.10.078.

Mureed, F.; Nadeem, R.; Mehmood, A.; Siddique, M.; Bukhari, M. Biosorption of zinc by chemically modified biomass of
corncob (Zea mays L.). Middle East ]. Sci. Res. 2012, 11, 1226-1231. https://doi.org/10.5829/idosi.mejsr.2012.11.09.63246.



Fermentation 2022, 8, 704 21 of 24

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Gupta, G.K,; Ram, M,; Bala, R.; Kapur, M.; Mondal, M.K. Pyrolysis of chemically treated corncob for biochar production and its
application in Cr(VI) removal. Environ. Prog. Sustain. Energy 2018, 37, 1606-1617. https://doi.org/10.1002/ep.12838.

Zhou, D.; Li, D.; Li, A.; Qi, M.; Cui, D.; Wang, H.; Wei, H. Activated carbons prepared via reflux-microwave-assisted activation
approach with high adsorption capability for methylene blue. J. Environ. Chem. Eng. 2021, 9, 104671.
https://doi.org/https://doi.org/10.1016/j.jece.2020.104671.

Wang, Y.; Hu, Y,; Qi, P,; Guo, L. A new approach for economical pretreatment of corncobs. Appl. Sci. 2019, 9, 504.
https://doi.org/10.3390/app9030504.

Aratjo, D.; Castro, M.C.R.; Figueiredo, A.; Vilarinho, M.; Machado, A. Green synthesis of cellulose acetate from corncob:
Physicochemical properties and assessment of environmental impacts. [ Clean. Prod. 2020, 260, 120865.
https://doi.org/10.1016/j.jclepro.2020.120865.

Aratijo, D.; Vilarinho, M.; Machado, A. Effect of combined dilute-alkaline and green pretreatments on corncob fractionation:
Pretreated biomass characterization and regenerated cellulose film production. Ind. Crops Prod. 2019, 141, 111785.
https://doi.org/10.1016/j.indcrop.2019.111785.

Zheng, A.; Zhao, Z.; Huang, Z.; Zhao, K.; Wei, G.; Wang, X.; He, F.; Li, H. Catalytic fast pyrolysis of biomass pretreated by
torrefaction with varying severity. Enerqy Fuels 2014, 28, 5804-5811. https://doi.org/10.1021/ef500892k.

Gandam, P.K,; Chinta, M.L.; Prashanth, N.P.; Velidandi, A.; Sharma, M.; Kuhad, R.C.; Tabatabaei, M.; Aghbashlo, M.; Baadhe,
R.R.; Gupta, V.K. Corncob based biorefinery: A comprehensive review of pretreatment methodologies, and biorefinery
platforms. J. Energy Inst. 2022, 101, 290-308. https://doi.org/10.1016/j.joei.2022.01.004.

Wang, Y.; Cheng, M.H.; Wright, M.M. Lifecycle energy consumption and greenhouse gas emissions from corncob ethanol in
China. Biofuels Bioprod. Biorefining. 2018, 12, 1037-1046. https://doi.org/10.1002/bbb.1920.

Yang, B.; Wyman, C.E. Pretreatment: The key to unlocking low-cost cellulosic ethanol. Biofuels Bioprod. Biorefining. 2008, 2, 26—
40. https://doi.org/https://doi.org/10.1002/bbb.49.

Yuan, Y.; Jiang, B.; Chen, H.; Wu, W.; Wu, S,; Jin, Y.; Xiao, H. Recent advances in understanding the effects of lignin structural
characteristics on enzymatic hydrolysis. Biotechnol. Biofuels 2021, 14, 1-20. https://doi.org/10.1186/s13068-021-02054-1.

Samuel, R.; Pu, Y.; Raman, B.; Ragauskas, A.]. Structural characterization and comparison of switchgrass ball-milled lignin
before and after dilute acid pretreatment. Appl. Biochem. Biotechnol. 2010, 162, 62-74. https://doi.org/10.1007/s12010-009-8749-y.
Dwivedi, D.; Rathour, R.K,; Sharma, V.; Rana, N.; Bhatt, A.K.; Bhatia, R.K. Co-fermentation of forest pine needle waste biomass
hydrolysate into bioethanol. Biomass Convers. Biorefinery 2022 Jun 8:1-13. https://doi.org/10.1007/s13399-022-02896-1.

Li, X.; Ximenes, E.; Kim, Y; Slininger, M.; Meilan, R.; Ladisch, M.; Chapple, C. Lignin monomer composition affects Arabidopsis
cell-wall degradability after liquid hot water pretreatment. Biotechnol. Biofuels 2010, 3, 27. https://doi.org/10.1186/1754-6834-3-
27.

Xu, C,; Zhang, J.; Zhang, Y.; Guo, Y.; Xu, H; Liang, C.; Wang, Z.; Xu, J. Lignin prepared from different alkaline pretreated
sugarcane bagasse and its effect on enzymatic hydrolysis. Int. ] Biol. Macromol. 2019, 141, 484-492.
https://doi.org/https://doi.org/10.1016/j.ijbiomac.2019.08.263.

Zhao, X.; Zhang, L.; Liu, D. Biomass recalcitrance. Part I: The chemical compositions and physical structures affecting the
enzymatic hydrolysis of lignocellulose. Biofuels Bioprod. Biorefining. 2012, 6, 465-482.
https://doi.org/https://doi.org/10.1002/bbb.1331.

Suri, P.; Dwivedi, D.; Rathour, R.K,; Rana, N.; Sharma, V.; Bhatia, R.K,; Bhatt, A.K. Enhanced C-5 sugar production from pine
needle waste biomass using Bacillus sp. XPB-11 mutant and its biotransformation to bioethanol, Biomass Convers. Biorefinery
2022, 12, 3663-3672. https://doi.org/10.1007/s13399-021-01277-4.

Mansfield, S.D.; Mooney, C.; Saddler, J.N. Substrate and Enzyme Characteristics that Limit Cellulose Hydrolysis. Biotechnol.
Prog. 1999, 15, 804-816. https://doi.org/10.1021/bp9900864.

Yang, Y.; Zhang, M.; Zhao, ]J.; Wang, D. Effects of particle size on biomass pretreatment and hydrolysis performances in
bioethanol conversion, Biomass Convers. Biorefinery 2022. Jan 18:1-4. https://doi.org/10.1007/s13399-021-02169-3.

Liu, Z.H,; Qin, L.; Pang, F.; Jin, M.]; Li, B.Z.; Kang, Y.; Dale, B.E.; Yuan, Y.J. Effects of biomass particle size on steam explosion
pretreatment performance for improving the enzyme digestibility of corn stover. Ind. Crops Prod. 2013, 44, 176-184.
https://doi.org/10.1016/j.indcrop.2012.11.009.

Wang, B.; Shen, P.; Zhu, W.; Pang, Z.; Dong, C. Effect of ground wood particle size on biomass fractionation using p-
toluenesulfonic acid treatment. Cellulose 2020, 27, 4043-4052. https://doi.org/10.1007/s10570-020-03037-5.

Peng, ].H.; Bi, H.T.; Sokhansanj, S.; Lim, ]J.C. A study of particle size effect on biomass torrefaction and densification. Energy
Fuels 2012, 26, 3826-3839. https://doi.org/10.1021/ef3004027.

Silva, G.G.D.; Couturier, M.; Berrin, J.-G.; Buléon, A.; Rouau, X. Effects of grinding processes on enzymatic degradation of wheat
straw. Bioresour. Technol. 2012, 103, 192-200. https://doi.org/10.1016/j.biortech.2011.09.073.

Ishizawa, C.I; Davis, M.F.; Schell, D.F.; Johnson, D.K. Porosity and Its Effect on the Digestibility of Dilute Sulfuric Acid
Pretreated Corn Stover. J. Agric. Food Chem. 2007, 55, 2575-2581. https://doi.org/10.1021/jf062131a.

Zoghlami, A.; Paés, G. Lignocellulosic Biomass: Understanding Recalcitrance and Predicting Hydrolysis. Front. Chem. 2019, 7,
874. https://doi.org/10.3389/fchem.2019.00874.

Liu, K; Lin, X,; Yue, J.; Li, X.; Fang, X.; Zhu, M,; Lin, J.; Qu, Y.; Xiao, L. High concentration ethanol production from corncob
residues by fed-batch strategy. Bioresour. Technol. 2010, 101, 4952-4958. https://doi.org/10.1016/j.biortech.2009.11.013.



Fermentation 2022, 8, 704 22 of 24

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.
72.

73.

74.

Pagala, B. Removal of Cadmium Metal using a Novel Material Corncob: Characteristics and Kinetics Study. J. Inst. Eng. Ser. D
2022. Aug 16:1-0. https://doi.org/10.1007/s40033-022-00388-0.

Sluiter, A.; Hames, B.; Hyman, D.; Payne, C; Ruiz, R.; Scarlata, C.; Sluiter, ].; Templeton, D.; Nrel, ]J W. Determination of total
solids in biomass and total dissolved solids in liquid process samples. Natl. Renew. Energy Lab. 2008, 9, 1-6.
https://doi.org/NREL/TP-510-42621.

Hames, B.; Ruiz, R.; Scarlata, C.; Sluiter, a.; Sluiter, J.; Templeton, D. Preparation of Samples for Compositional Analysis
Laboratory Analytical Procedure (LAP) Issue Date: 8/06/2008 Preparation of Samples for Compositional Analysis Laboratory
Analytical Procedure (LAP). Natl. Renew. Energy Lab 2008, 1617, 65-71.

Fan, X.; Cheng, G.; Zhang, H.; Li, M.; Wang, S.; Yuan, Q. Effects of acid impregnated steam explosion process on xylose recovery
and enzymatic conversion of cellulose in corncob. Carbohydr. Polym. 2014, 114, 21-26.
https://doi.org/10.1016/j.carbpol.2014.07.051.

van Soest, P.J.; Robertson, ].B.; Lewis, B.A. Methods for Dietary Fiber, Neutral Detergent Fiber, and Nonstarch Polysaccharides
in Relation to Animal Nutrition. J. Dairy Sci. 1991, 74, 3583-3597. https://doi.org/10.3168/jds.50022-0302(91)78551-2.

Li, X;; Sun, C.; Zhou, B.; He, Y. Determination of Hemicellulose, Cellulose and Lignin in Moso Bamboo by Near Infrared
Spectroscopy. Sci. Rep. 2015, 5, 17210. https://doi.org/10.1038/srep17210.

ASTM E1131; Standard Test Method for Compositional Analysis by Thermogravimetry. ASTM International, West
Conshohocken, P.A, U.S.A: 2015; Volume 8, p. 6. Available online: https://compass.astm.org/EDIT/html_annot.cgi?E1131+20
(accessed on 10 August 2022).

Diez, D.; Uruefia, A.; Pifiero, R,; Barrio, A.; Tamminen, T. And Lignin Content in Di ff erent Types of Biomasses by
Thermogravimetric Analysis and Pseudocomponent Kinetic Model. Processes 2020, 8, 1-21.

Rego, F.; Dias, A.P.S.; Casquilho, M.; Rosa, F.C.; Rodrigues, A. Fast determination of lignocellulosic composition of poplar
biomass by thermogravimetry. Biomass Bioenergy 2019, 122, 375-380. https://doi.org/10.1016/j.biombioe.2019.01.037.

Gendreau, R.M.; Burton, R. The KBr Pellet: A Useful Technique for Obtaining Infrared Spectra of Inorganic Species. Appl.
Spectrosc. 1979, 33, 581-584. http://opg.optica.org/as/abstract.cfm?URI=as-33-6-581.

Faix, O. Classification of Lignins from Different Botanical Origins by FT-IR Spectroscopy. Holzforschung 1991, 45, 21-28.
https://doi.org/10.1515/hfsg.1991.45.51.21.

Nelson, M.L.; O’Connor, R.T. Relation of certain infrared bands to cellulose crystallinity and crystal lattice type. Part II. A new
infrared ratio for estimation of crystallinity in celluloses I and II. ]. Appl. Polym. Sci. 1964, 8, 1325-1341.
https://doi.org/10.1002/app.1964.070080323.

Fernand, G. Classification of Fine Structural Characteristics in Cellulose by Infrared Spectroscopy. Anal. Chem. 1960, 32, 177-
181.

Struszczyk, H. Modification of Lignins. 111. Reaction of Lignosulfonates with Chlorophosphazenes. . Macromol. Sci. Part A—
Chem. 1986, 23, 973-992. https://doi.org/10.1080/00222338608081105.

Balogun, A.O.; Lasode, O.A; Li, H.; McDonald, A.G. Fourier Transform Infrared (FTIR) Study and Thermal Decomposition
Kinetics of Sorghum bicolour Glume and Albizia pedicellaris Residues. Waste Biomass Valorization 2015, 6, 109-116.
https://doi.org/10.1007/s12649-014-9318-3.

Huang, Y.; Wang, L.; Chao, Y.; Nawawi, D.S.; Akiyama, T.; Yokoyama, T.; Matsumoto, Y. Analysis of lignin aromatic structure
in wood based on the IR spectrum. J. Wood Chem. Technol. 2012, 32, 294-303. https://doi.org/10.1080/02773813.2012.666316.
Mvondo, RR.N.; Meukam, P.; Jeong, ].; Meneses, D.D.S.; Nkeng, E.G. Influence of water content on the mechanical and chemical
properties of tropical wood species. Results Phys. 2017, 7, 2096-2103. https://doi.org/10.1016/j.rinp.2017.06.025.

Segal, L.; Creely, J.J.; Martin, A.E.; Conrad, C.M. An Empirical Method for Estimating the Degree of Crystallinity of Native
Cellulose Using the X-ray Diffractometer. Text. Res. ]. 1959, 29, 786-794. https://doi.org/10.1177/004051755902901003.

Rotaru, R.; Savin, M.; Tudorachi, N.; Peptu, C.; Samoila, P.; Sacarescu, L.; Harabagiu, V. Ferromagnetic iron oxide-cellulose
nanocomposites prepared by ultrasonication. Polym. Chem. 2018, 9, 860-868. https://doi.org/10.1039/c7py01587a.

Ruland, W. X-ray determination of crystallinity and diffuse disorder scattering. Acta Crystallogr. 1961, 14, 1180-1185.
https://doi.org/10.1107/s0365110x61003429.

Scherrer, P. Bestimmung der Grosse und der inneren Struktur von Kolloidterilchen mittels Rontgestrahlen, Nachrichten von
Der Gesellschaft Der Wissenschaften Zu Gottingen, Math. Klasse. 1918; pp. 98-100. (https://gdz.sub.uni-
goettingen.de/id/PPN252457811_1918?tify=%7B%22pages %22%3A%5B102%5D %2C%22view %22 %3 A %22info %22 %7D
(accessed on 2 December 2022)

Bragg, W.H.; Bragg, W.L. The reflection of X-rays by crystals. Proc. R. Soc. Lond. Ser. A Contain. Pap. Math. Phys. Character 1913,
88, 428-438. https://doi.org/10.1098/rspa.1913.0040.

Ghose, T.K. Measurement of cellulase activities. Pure Appl. Chem. 1987, 59, 257-268. https://doi.org/d0i:10.1351/pac198759020257.
Asmarani, O.; Pertiwi, A.D.; Puspaningsih, N.N.T. Application of enzyme cocktails from Indonesian isolates to corncob (Zea
mays) waste saccharification. Biocatal. Agric. Biotechnol. 2020, 24, 101537. https://doi.org/10.1016/j.bcab.2020.101537.

Mandels, M.; Sternberg, D. Recent advances in cellulase technology, Hakko Kogaku Zasshi. In Proceedings of the Conference:
Annual Meeting of the Society of Fermentation Technology, Osaka, Japan, 30 Oct 1975; Volume 54, pp. 267-286.

Alrumman, S.A. Enzymatic saccharification and fermentation of cellulosic date palm wastes to glucose and lactic acid. Braz. J.
Microbiol. 2016, 47, 110-119. https://doi.org/10.1016/j.bjm.2015.11.015.



Fermentation 2022, 8, 704 23 of 24

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Hu, H; Liang, W.; Zhang, Y.; Wu, S.; Yang, Q.; Wang, Y.; Zhang, M.; Liu, Q. Multipurpose Use of a Corncob Biomass for the
Production of Polysaccharides and the Fabrication of a Biosorbent. ACS Sustain. Chem. Eng. 2018, 6, 3830-3839.
https://doi.org/10.1021/acssuschemeng.7b04179.

Fan, X.; Li, Y.; Luo, Z,; Jiao, Y.; Ai, F.; Zhang, H.; Zhu, S.; Zhang, Q.; Zhang, Z. Surfactant assisted microwave irradiation
pretreatment of corncob: Effect on hydrogen production capacity, energy consumption and physiochemical structure. Bioresour.
Technol. 2022, 357, 127302. https://doi.org/https://doi.org/10.1016/j.biortech.2022.127302.

Selvakumar, P.; Adane, A.A.; Zelalem, T.; Hunegnaw, B.M.; Karthik, V.; Kavitha, S.; Jayakumar, M.; Karmegam, N.;
Govarthanan, M.; Kim, W. Optimization of binary acids pretreatment of corncob biomass for enhanced recovery of cellulose to
produce bioethanol. Fuel 2022, 321, 124060. https://doi.org/10.1016/j.fuel.2022.124060.

Bu, C.Y,; Yan, Y.X,; Zou, L.H.; Ouyang, S.P.; Zheng, Z.].; Ouyang, ]. Comprehensive utilization of corncob for furfuryl alcohol
production by chemo-enzymatic sequential catalysis in a biphasic system. Bioresour. Technol. 2021, 319, 124156.
https://doi.org/10.1016/j.biortech.2020.124156.

Aniota, J.; Gawecki, J.; Czarnociniska, J.; Galinski, G. Corncobs as a source of dietary fiber. Polish J. Food Nutr. Sci. 2009, 59, 247
249.

Yao, X.; Xu, K,; Liang, Y. Research on the thermo-physical properties of corncob residues as gasification feedstock and
assessment for characterization of corncob ash from gasification. BioResources 2016, 11, 9823-9841.
https://doi.org/10.15376/biores.11.4.9823-9841.

Zheng, A.; Zhao, K,; Li, L.; Zhao, Z.; Jiang, L.; Huang, Z.; Wei, G.; He, F; Li, H. Quantitative comparison of different chemical
pretreatment methods on chemical structure and pyrolysis characteristics of corncobs. J. Energy Inst. 2018, 91, 676—682.
https://doi.org/10.1016/j.joei.2017.06.002.

Kemp, W. Organic spectroscopy. J. Chem. Educ. 2002, 79, 26. https://doi.org/10.1042/bst0040394.

Ciolacu, D.; Kovac, J.; Kokol, V. The effect of the cellulose-binding domain from Clostridium cellulovorans on the
supramolecular structure of cellulose fibers. Carbohydr. Res. 2010, 345, 621-630. https://doi.org/10.1016/j.carres.2009.12.023.

Shi, J.; Lu, L.; Guo, W.; Liu, M.; Cao, Y. On preparation, structure and performance of high porosity bulk cellulose aerogel. Plast.
Rubber Compos. 2015, 44, 26-32. https://doi.org/10.1179/1743289814Y.0000000107.

Pavia, D.L.; Lampman, G.M; Kriz, G.S.; Vyvyan, J.A. Introduction to Spectroscopy; Cengage Learning; Boston, MA, USA, 2008.
Available online: https://books.google.co.in/books?id=FkaNOdwkOFQC (accessed on 2 December 2022).

Ling, Z.; Wang, T.; Makarem, M.; Cintrén, M.S.; Cheng, H.N.; Kang, X.; Bacher, M.; Potthast, A.; Rosenau, T.; King, H.; et al.
Effects of ball milling on the structure of cotton cellulose. Cellulose 2019, 26, 305-328. https://doi.org/10.1007/s10570-018-02230-
X.
Stark, N.M.; Yelle, D.J.; Agarwal, U.P. Techniques for Characterizing Lignin. Lignin Polym. Compos. 2016, 49-66.
https://doi.org/10.1016/B978-0-323-35565-0.00004-7.

Virtanen, T.; Rudolph, G.; Lopatina, A.; Al-Rudainy, B.; Schagerlof, H.; Puro, L.; Kallioinen, M.; Lipnizki, F. Analysis of
membrane fouling by Brunauer-Emmet-Teller nitrogen adsorption/desorption technique. Sci. Rep. 2020, 10, 3427.
https://doi.org/10.1038/s41598-020-59994-1.

Sammons, R.J.; Harper, D.P.; Labbé, N.; Bozell, J.J.; Elder, T.; Rials, T.G. Characterization of organosolv lignins using thermal
and FT-IR spectroscopic analysis. BioResources 2013, 8, 2752-2767. https://doi.org/10.15376/biores.8.2.2752-2767.

Adapa, P.K,; Tabil, L.G.; Schoenau, G.J.; Canam, T.; Dumonceaux, T. Quantitative Analysis of Lignocellulosic Components of
Non-Treated and Steam Exploded Barley, Canola, Oat and Wheat Straw Using Fourier Transform Infrared Spectroscopy. J.
Agric. Sci. Technol. B 2011, 1, 177-188.

Xu, F.; Wang, D. Analysis of Lignocellulosic Biomass Using Infrared Methodology. In Pretreatment of Biomass; Elsevier:
Amsterdam, The Netherlands, 2015; pp. 7-25. https://doi.org/10.1016/B978-0-12-800080-9.00002-5.

Maceda, A.; Soto-Hernandez, M.; Pefia-Valdivia, C.B.; Trejo, C.; Terrazas, T. Characterization of lignocellulose of Opuntia
(Cactaceae) species using FTIR spectroscopy: Possible candidates for renewable raw material. Biomass Convers. Biorefinery 2020,
12, 5165-5174. https://doi.org/10.1007/s13399-020-00948-y.

Deng, Z; Xia, A; Liao, Q.; Zhu, X.; Huang, Y.; Fu, Q. Laccase pretreatment of wheat straw: Effects of the physicochemical
characteristics and the kinetics of enzymatic hydrolysis. Biotechnol. Biofuels 2019, 12, 1-12. https://doi.org/10.1186/s13068-019-
1499-3.

He, T.; Jiang, Z.; Wu, P.; Yi, J.; Li, J.; Hu, C. Fractionation for further conversion: From raw corn stover to lactic acid. Sci. Rep.
2016, 6, 38623. https://doi.org/10.1038/srep38623.

Salim, R.M.; Asik, J.; Sarjadi, M.S. Chemical functional groups of extractives, cellulose and lignin extracted from native Leucaena
leucocephala bark. Wood Sci. Technol. 2021, 55, 295-313. https://doi.org/10.1007/s00226-020-01258-2.

Vandsburger, L.; Blanchet, P. Modification of hardwood samples in the flowing afterglow of N2—O2 dielectric barrier discharges
open to ambient air Determination of active species in the modification of hardwood samples in the flowing afterglow of N2
dielectric barrier discharges open to ambient air. Cellulose 2014, 22, 811-827. https://doi.org/10.1007/s10570-014-0496-8.

Casas, A.; Oliet, M.; Alonso, M.V.; Rodriguez, F. Dissolution of Pinus radiata and Eucalyptus globulus woods in ionic liquids
under microwave radiation: Lignin regeneration and characterization. Sep. Purif. Technol. 2012, 97, 115-122.
https://doi.org/10.1016/j.seppur.2011.12.032.

Traoré, M.; Kaal, ].; Cortizas, A.M. Differentiation between pine woods according to species and growing location using FTIR-
ATR. Wood Sci. Technol. 2018, 52, 487-504. https://doi.org/10.1007/s00226-017-0967-9.



Fermentation 2022, 8, 704 24 of 24

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

Rongpipi, S.; Ye, D.; Gomez, E.D.; Gomez, E.W. Progress and opportunities in the characterization of cellulose — An important
regulator of cell wall growth and mechanics. Front. Plant Sci. 2019, 9, 1894. https://doi.org/10.3389/fpls.2018.01894.

Fan, M.; Dai, D.; Huang, B. Fourier Transform Infrared Spectroscopy for Natural Fibres. In Fourier Transform —Materials Analysis;
IntechOpen: London, UK, 2012. https://doi.org/10.5772/35482.

Moosavinejad, S.M.; Madhoushi, M.; Vakili, M.; Rasouli, D. Evaluation of degradation in chemical compounds of wood in
historical buildings using Ft-Ir And Ft-Raman vibrational spectroscopy. Maderas Cienc. Tecnol. 2019, 21, 381-392.
https://doi.org/10.4067/50718-221X2019005000310.

Chi, X;; Liu, C.; Bi, Y.H.; Yu, G; Zhang, Y.; Wang, Z.; Li, B.; Cui, Q. A clean and effective potassium hydroxide pretreatment of
corncob residue for the enhancement of enzymatic hydrolysis at high solids loading. RSC Adv. 2019, 9, 11558-11566.
https://doi.org/10.1039/CORA01555H.

Ciolacu, D.; Ciolacu, F.; Popa, V.I. Amorphous cellulose—Structure and characterization. Cellul. Chem. Technol. 2011, 45, 13-21.
Gong, X.; Li, Q.; Li, T,; Li, C.; Huang, J.; Zhou, N.; Jia, X. Chemical composition and monolignin in alkali and acid treated corncob
affect sugar release. Ind. Crops Prod. 2022, 176, 114317. https://doi.org/10.1016/j.indcrop.2021.114317.

Yu, Q.; Zhu, Y.; Bian, S.; Chen, L.; Zhuang, X.; Zhang, Z.; Wang, W.; Yuan, Z.; Hu, J.; Chen, J. Structural characteristics of corncob
and eucalyptus contributed to sugar release during hydrothermal pretreatment and enzymatic hydrolysis. Cellulose 2017, 24,
4899-4909. https://doi.org/10.1007/s10570-017-1485-5.

Foster, E.J.; Moon, R.J.; Agarwal, U.P.; Bortner, M.]; Bras, ]J.; Camarero-Espinosa, S.; Chan, K.J.; Clift, M.].D.; Cranston, E.D;
Eichhorn, S.J.; et al. Current characterization methods for cellulose nanomaterials. Chem. Soc. Rev. 2018, 47, 2609-2679.
https://doi.org/10.1039/c6cs00895;.

Kafle, K.; Shin, H.; Lee, C.M.; Park, S.; Kim, S.H. Progressive structural changes of Avicel, bleached softwood, and bacterial
cellulose during enzymatic hydrolysis. Sci. Rep. 2015, 5, 15102. https://doi.org/10.1038/srep15102.

Ioelovich, M. Characterization of Various Kinds of Nanocellulose.In Handbook of Nanocellulose and Cellulose Nanocomposites;
Wiley-VCH Verlag GmbH & Co.: Weinheim, Germany, 2017; pp. 51-100. https://doi.org/10.1002/9783527689972.ch2.

Park, S.; Baker, ].O.; Himmel, M.E.; Parilla, P.A.; Johnson, D.K. Cellulose crystallinity index: Measurement techniques and their
impact on interpreting cellulase performance. Biotechnol. Biofuels. 2010, 3, 1-10. https://doi.org/10.1186/1754-6834-3-10.

Li, M.; Cheng, Y.L.; Fu, N,; Li, D.; Adhikari, B.; Chen, X.D. Isolation and characterization of corncob cellulose fibers using
microwave-assisted chemical treatments. Int. |. Food Eng. 2014, 10, 427-436. https://doi.org/10.1515/ijfe-2014-0052.

Sahare, P.; Singh, R.; Laxman, R.S.; Rao, M. Effect of Alkali Pretreatment on the Structural Properties and Enzymatic Hydrolysis
of Corn Cob. Appl. Biochem. Biotechnol. 2012, 168, 1806-1819. https://doi.org/10.1007/s12010-012-9898-y.

Zhang, C.W.; Xia, S.Q.; Ma, P.S. Facile pretreatment of lignocellulosic biomass using deep eutectic solvents. Bioresour. Technol.
2016, 219, 1-5. https://doi.org/10.1016/j.biortech.2016.07.026.

Liu, W.; Wu, R.; Wang, B;; Hu, Y.; Hou, Q.; Zhang, P.; Wu, R. Comparative study on different pretreatment on enzymatic
hydrolysis of corncob residues. Bioresour. Technol. 2020, 295, 122244. https://doi.org/10.1016/j.biortech.2019.122244.

Gupta, R.; Khasa, Y.P.; Kuhad, R.C. Evaluation of pretreatment methods in improving the enzymatic saccharification of
cellulosic materials. Carbohydr. Polym. 2011, 84, 1103-1109. https://doi.org/10.1016/j.carbpol.2010.12.074.

Kawee-Ai, A.; Srisuwun, A.; Tantiwa, N.; Nontaman, W.; Boonchuay, P.; Kuntiya, A.; Chaiyaso, T.; Seesuriyachan, P. Eco-
friendly processing in enzymatic xylooligosaccharides production from corncob: Influence of pretreatment with sonocatalytic-
synergistic ~ Fenton reaction and its antioxidant potentials.  Ultrason.  Sonochem. 2016, 31, 184-192.
https://doi.org/10.1016/j.ultsonch.2015.12.018.

Zhu, Y.; Kim, T.H.; Lee, Y.Y.; Chen, R.; Elander, R.T. Enzymatic production of xylooligosaccharides from corn stover and corn
cobs treated with aqueous ammonia. Appl. Biochem. Biotechnol. 2006, 129-132, 586-598. https://doi.org/10.1385/abab:130:1:586.
Mardawati, E.; Pratiwi, S.M.; Andoyo, R.; Rialita, T.; Djali, M. Ozonation Pre-treatment Evaluation for Xylanase Crude Extract
Production from Corncob under Solid-State Fermentation. J. Ind. Inf. Technol. Agric. 2017, 1, 27-34.



