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Fourier Transform Infrared Spectroscopic Analysis in Applied Cotton Fiber
and Cottonseed Research: A Review
Zhongqi He* and Yongliang Liu
ABSTRACT
Cotton, one of the most important and widely
grown crops in the world, is a well-traded agricultural commodity primarily for textile fiber
purposes. In addition, cottonseed (a byproduct of
fiber production) has been used as an agro-based
raw material for manufacturing bio-friendly and
sustainable products. Qualitative and quantitative characterization of cotton biomass products/
byproducts is an important research area for
quality monitoring, improvement, and enhanced
use. Fourier transform infrared (FT-IR) spectroscopy is a nondestructive instrumental technique
widely used in applied cotton fiber and cottonseed
research. This review synthesizes and analyzes the
latest developments using FT-IR spectroscopy in
investigation of cotton fiber and three cottonseed
components (oil, meal/protein, hull) that are impacted by various genetic, cropping, post-harvest
processing, and end-use parameters and conditions.
Increased knowledge from this review could provide insight and vision in future FT-IR research for
the chemistry and quality-evolving mechanisms of
these cotton biomass products and their end-uses.

C

otton is one of the most important agricultural
commodities globally, primarily for its naturally
produced cellulosic textile fibers (Wakelyn and
Chaudrey, 2010). Cotton fiber (or lint) is produced
from protodermal cells on the outer integument layer
of fertilized cottonseed. Its development is divided into
four overlapping but distinctive phases: 1) initiation,
2) primary cell wall (PCW) formation for fiber
elongation, 3) secondary cell wall (SCW) biosynthesis
for cellulose deposition and cell wall thickening, and
4) maturation. It takes approximately 1.5 to 2 months
from phase 1 to phase 4 to produce fully mature
or developed fibers depending on environmental
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conditions (Fang and Percy, 2015; Gordon and Hsieh,
2007). Cellulose is the dominant chemical component
in mature fibers, accounting for 88.0 to 96.5% of fiber
biomass. Mature fibers contain more cellulose and
fewer non-cellulosic components than immature fibers.
In commercial cottons, immature fibers are responsible
for fiber entanglement during mechanical processing
and degrading the desired color appearance in dyed
yarn and finished fabric products (Fang and Percy,
2015; Wakelyn et al., 2007).
In addition to cotton fiber, other types of cellulosic
biomass byproducts are available from cotton plants
before and after seed cotton harvesting (Fig. 1). Recent
studies have shown that these biomass byproducts are
also useful as a soil amendment, animal feed supplement, bioenergy source, and industrial raw material (He
et al., 2014b, 2016, 2018b; Kirkan et al., 2018; Kutlu
and Kocar, 2018; Ren et al., 2015). Egbuta et al. (2017)
reviewed the phytochemical properties associated with
different parts of cotton plants (leaves, bolls, stalks,
and stems) and their biological activities to promote
the full exploitation of cotton biomass products. In
general, cotton biomass mainly arises from different
levels of complex polymers, including but not limited
to cellulose, hemicellulose, pectins, and lignins.
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Figure 1. Illustration of cotton biomass components: (a)
whole plant, (b) bolls with separated bracts, (c) seeds with
ginned linter, and (d) cottonseed composition. Compiled
based on Cheng et al. (2020) and He et al. (2020a). Images
credited to John Brooks and Haile Tewolde (USDA-ARS,
Mississippi State, MS).
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FT-IR Evaluation of Fiber Cellulosic Formation.
Biosynthesis of cotton fiber cellulose and its biological,
chemical, and physical structure understanding has
been summarized in many publications (Fang, 2018;
Fang and Percy, 2015; Gordon and Abidi, 2017; Gordon and Hsieh, 2007; Wakelyn et al., 2007). Cell wall
chemical compositions of cotton fibers at various developmental stages (Fig. 3A) have been analyzed by traditional methods of extraction and separation followed by
chemical and instrumental determination. Two typical
measuring methods of fiber cellulose content are the
anthrone method (Viles and Silverman, 1949) and
the Updegraff method (Updegraff, 1969), which use
a cellulose standard solution and take at least 2 days
to measure cellulose content for each sample mostly
due to the slow hydrolysis process of fiber cellulose.
Complementary to these chemical analyses, advanced
instrumental methods (direct vs. indirect) have been
developed to assess fiber cellulose quantitatively or
qualitatively as reviewed by Liu (2015). For example,
cross-sectional image analysis and ATR FT-IR spectroscopy are direct methods. High volume instrument
(HVITM), advanced fiber information system (AFIS),
and Cottonscope® are examples of indirect methods.
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Figure 2. ATR-FTIR spectral features of cotton plant parts
and their functional group assignments. Adapted from Liu
et al. (2016) with additional bands assignments at 1545,
1420, and 895 cm-1.

Figure 3. ATR FT-IR spectral monitoring of cotton fiber
growth: (A) Cotton boll (flower) formation with days
post anthesis (DPA) progression. (B) ATR FT-IR spectral
response of TM-1 boll fibers to various DPA. Adapted from
Liu and Kim (2017b).

In the past decade, ATR FT-IR spectroscopic
method has been used to generate cotton fiber development information (Abidi and Manike, 2018;
Abidi et al., 2008, 2010b, 2014; Kljun et al., 2014;
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Lee et al., 2015; Liu and Kim, 2015; Liu et al., 2011,
2012; Santiago and Hinchliffe, 2015). An example
of ATR FT-IR spectral response to developmental
cotton fibers is shown in Fig. 3B. Different spectral
interpretation strategies have been used to derive
chemical and structural information from ATR FT-IR
data. Specifically, direct use of one-band intensities,
calculation of two- or three-band intensity ratios,
and adoption of chemometrics using principal
component analysis (PCA) and partial least square
(PLS) analysis are reviewed below. Generally, FTIR method 1) requires minimal sample preparation
by applying the ATR sampling attachment directly
on a small bundle of cotton fibers as little as 0.5
mg (nondestructive analysis), 2) is able to analyze
samples routinely and rapidly (i.e., less than 2 min for
sample loading, spectral acquisition, and subsequent
result reporting), 3) is sensitive to fiber chemical and
compositional changes reflected by characteristic IR
band appearance and shift, and 4) generates multiple
parameters from one FT-IR spectrum.
In comparison of the compositional and structural
difference between two cotton cultivars (TX19 vs.
TX55), Abidi et al. (2010b) analyzed unique ATR
FT-IR bands and related their IR intensity variations
with the days post anthesis (DPA)-dependent cotton
cellulose formation. The authors noted that the TX19
fibers increased linearly in the intensity of the 710 cm-1
band (CH2 rocking vibration in cellulose Iβ) from 10
to 30 DPA. In contrast, the TX55 fibers have an intensity change of the 710 cm-1 band only at 21 DPA. In
addition, analyzed by PCA, the authors reported two
groups of spectra (or samples) for each cultivar and
enhanced the difference between two cultivars. They
observed different transition phases between the two
cultivars and further verified the finding with chemical measurements of sugar and cellulose contents by
established analytical protocols (Abidi et al., 2010a).
Abidi et al. (2014) took a similar approach to compare fiber development in two cotton cultivars [Texas
Marker-1 (TM-1) vs. TX55] and reported the usefulness of ATR FT-IR spectral intensities at 3286, 1738,
1639, 1543, 1161, 897, 710, and 667 cm-1 to estimate
SCW cellulose deposition. The authors correlated the
intensities of the bands at 667 and 897 cm-1 with the
percentage of cellulose determined by the anthrone
method and showed a relatively easy way of determining cotton fiber cellulose content. Furthermore,
with the same two cultivars, Abidi and Manike (2018)
observed a linear relationship between the crystallinity
(%) derived from wide-angle X-ray diffraction (XRD)

and calculated from either the two-band ratio at 1372
and 2900 cm-1 or the single-band integrated intensities
of two bands at 667 or 897 cm-1.
In a recent comparative investigation of cellulose
crystallinity in two developing cotton cultivars (Upland cotton 0-153 and sea island cotton S-6), Zhang et
al. (2020) calculated four different crystallinity index
(CI) values from IR bands in four separate regions
and found that only the Carrillo-Colom index (i.e., the
intensity ratio of 1278 cm-1 against 1263 cm-1) showed
good correlation with XRD CI values. They also tested
the applicability of the developing fiber CI model for
estimating CI values of mature fibers. Although a
promising result was obtained with randomly selected
samples, the authors cautioned that a large number
of fiber samples is necessary to ensure an effective
model for assessing the crystallinity of mature fibers.
Zhang et al. (2021) reported data of cellulose inside the
developing cotton fibers obtained from transmittance
FT-IR microscopy and ATR FT-IR technique in the
high wavenumber range (2800-3000 cm-1). The authors
proposed a wax crystallinity index (WCI) for estimating
cellulose crystallinity in developmental cotton fibers,
from the peak height and area ratios of curve-fitted 2900
cm-1 versus 2850 cm-1, and 2900 cm-1 versus 2920 cm-1.
They noted a good coefficient of determination between
the WCI values and XRD CI values.
FT-IR Parameters for Post-Harvest Fiber
Quality and Their Implications. Taking a different
approach, Liu and colleagues (Liu and Kim, 2015; Liu
et al., 2011, 2012) developed alternative algorithms
for assessing cotton fiber infrared maturity (MIR),
crystallinity (CIIR), and developmental index (or R
values) from ATR FT-IR spectral measurement (Table
1). Briefly, MIR calculation consists of two algorithms:
the first algorithm (R1 = (I956 - I1500)/(I1032 - I1500)) using
three IR intensities at 1500, 1032, and 956 cm-1 and the
second algorithm (MIR = (R1 - R1,sm)/(R1,lr - R1,sm) converting R1 values into fiber MIR with the respective MIR
values of 0.0 and 1.0 for the most immature and mature
fibers in their dataset (Liu et al., 2011). In the equation,
R1, R1,lr, and R1,sm are the respective R1 values for the
unknown sample, the largest R1 (0.59) and the smallest
R1 (0.14) that were determined from the dataset. The
authors validated the efficiency of estimating fiber MIR
value from direct ATR FT-IR measurement with cotton
fibers of known maturity readings determined from traditional cross-sectional image analysis (IA) and AFIS
methods and reported a good agreement between MIR
against referenced IA and AFIS maturity readings on
selected fiber sets (Liu et al., 2011, 2019).
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Table 1. Definition, assessment, and potential implication of three IR indices (MIR, CIIR, and R values)
MIR
Definition &
Reference
Calculationz

Applications

z
y

CIIR

R values

IR-based fiber maturity (Liu et
al. 2011, 2019).

IR-based cellulose crystallinity
index (CI) (Liu et al. 2011, 2012).

IR-based cellulose biosynthesis
(Liu & Kim 2015).

MIR consists of two algorithms:
(1) R1 = (I956 - I1500)/(I1032 - I1500),
utilizing 3 IR intensities at 1500,
1032, and 956 cm-1.
(2) MIR = (R1 - R1,sm)/(R1,lr - R1,sm),
converting R1 values into fiber
MIR.

CIIR involves two algorithms:
(1) R2 = (I708 - I800)/(I730 - I800),
utilizing 3 IR intensities at 800,
730, and 708 cm-1.
(2) CIIR (%) = (R2 - R2,sm)/(R2,lr R2,sm) x100, converting R2 values
into fiber CIIR.

R values are from the equation:
R = (A1315 - A1800)/(A1236 - A1800),
using 3 IR intensities at 1800,
1315, and 1236 cm-1.

● Fiber reference genome research (Kim et al. 2016).
● Fiber developmental difference
in NILsy (Liu & Kim 2019).
● Fiber separation of developing vs. developed NILs (Liu &
Kim 2020).
● Fiber phenotyping (Kim et al.,
2019).

● Applicability to fibers grown
in culture (Liu & Kim 2015).
● Assessing cotton cellulose content (Liu & Kim 2017b).
● Fiber developmental difference
in NILs (Liu & Kim 2019).
● Fiber separation of developing vs. developed NILs (Liu &
Kim 2020).
● Fiber strength (Islam et al.
2016; Liu et al. 2014).
● Fiber thermal stability- an indicator of the decomposition of
the amorphous cellulose (Nam
et al., 2017).

● Applicability to fibers grown
in culture (Liu & Kim 2015).
● Assessing cotton cellulose content (Liu & Kim 2017b).
● Fiber separation of developing vs. developed NILs (Liu &
Kim 2020).

Band intensity is measured by relative peak heights at 1500 cm-1 for MIR, 800 cm-1 for CIIR, and 1800 cm-1 for R values.
NILs-near-isogenic lines.

Simultaneously, Liu et al. (2011) proposed an
additional algorithm for estimating cotton FT-IRbased fiber crystallinity (CIIR). Such estimation
involves two algorithms: the first algorithm (R2
= (I708 - I800)/(I730 - I800)) using three IR intensities at 800, 730, and 708 cm-1 (Liu et al., 2011)
and the second algorithm (CIIR (%) = (R2 - R2,sm)/
(R2,lr - R2,sm) x100) changing R2 values into fiber
CIIR (Liu et al., 2012). Here, R2, R2,lr, and R2,sm are
the respective R2 values for the unknown sample,
the largest R2 (3.40) and the smallest R2 (1.40) as
reported. The authors noted a strong correlation
between CIIR and R3 (or CIXRD) on a small set of
fiber samples and indicated the equivalence and
effectiveness of two separate measurements in
crystallinity characterization. After measuring the
fiber bundle strength via Stelometer instrument
and collecting ATR FT-IR spectra on tiny breakage
specimens resulting from Stelometer testing, Liu
et al. (2014) observed an increase in fiber tenacity
(or strength) with CIIR for Pima fibers rather than
for diverse Upland fibers. In this approach, the fiber bundles (2 ~ 5 mg) are not enough for a regular
XRD scan that requires a large sample (~150 mg
on a regular XRD holder of 25 mm diameter x 2

mm deep), whereas these specimens are enough
for ATR FT-IR measurement that has microsampling capability. The concept of CIIR values was
also adopted as an indicator of the decomposition
of amorphous cellulose during evaluation of the
thermal stability of mechanically purified cotton
fiber (Nam et al. 2017).
Liu and Kim (2015) introduced a third ATR
FT-IR algorithm (R values) to detect cotton fiber
developmental differences between in planta and
in culture. R values are computed from R = (A1315
- A1800)/(A1236 - A1800), with the use of three IR intensities at 1800, 1315, and 1236 cm-1. Major bands
used in R value algorithm are different from those
used in MIR and CIIR algorithms, reflecting different
information between R values and MIR/CIIR index.
Whereas both the R values and the first principal
component (PC1) score increased with fiber DPA,
the R values detected subtle differences between
fiber older than 25 DPA grown in planta against in
culture compared to PC1 score.
For verification and application of these FTIR-based indicators of cotton fiber, Liu and Kim
(2015) demonstrated the capability of the three IR
indices (MIR, CIIR, and R value) in monitoring the
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phase transition from PCW to SCW biosynthesis
and also in revealing the difference in the phase
transition between two types of fibers grown in
planta versus in culture. The authors found that
the R value algorithm could be more effective than
PCA in differentiating between the developing
fibers (> 25 DPA) grown in planta and those in culture. As cotton fiber is available in large quantities
in field production, sampling quantity is generally
not a concern for routine fiber analysis in cotton
industry. However, there is a limited amount of
cotton fibers grown in culture for research; an ATR
sampling device with FT-IR would facilitate the
rapid and nondestructive characterization of cotton fiber. To better understand the cotton reference
genome and phenotype, Kim et al. (2016) measured fiber and seed properties from multiple Gossypium raimondii Ulbrich lines with physical and
analytical tools that included ATR FT-IR for fiber
MIR assessment. The authors reported lower MIR
values for three available G. raimondii accessions
than those for Upland fibers examined (TM-1, SA1, and SA-481), and ascribed a small MIR value
for green SA-481 fiber to the green trait that could
affect cellulose deposition in plants. Further, after
comparing MIR values of 80 F2 plants with various fiber maturities among their genotypes, Kim
et al. (2019) showed a match between MIR-based
phenotypes and DNA marker-based genotypes as
well as between MIR-based phenotypes and both
micronaire and lint percentage-based genotypes.
Such a match would offer an alternative means for
cotton biologists/geneticists to screen fiber maturity rapidly and efficiently. In research of the cotton biosynthesis mechanism, Kim et al. (2013a, b)
found an immature fiber (im) mutant with unique
characteristics of non-fluffy cotton bolls, a thin
SCW, and less mature fibers compared to its nearisogenic line (NIL) wild type TM-1. Liu and Kim
(2017a) did not find an inherent difference between
developmental TM-1 and im fibers (12 to 44 DPA)
after PCA and simple algorithm interpretation of
ATR FT-IR spectra. However, they reported the
difference in normalized intensity variations of
the 730 cm-1 band between two types of fibers:
the 730 cm-1 band intensities in developmental
im fibers are observed to be lower than those in
developmental TM-1 fibers, whereas these in-

tensities in fully mature TM-1 and im fibers are
close. Liu and Kim (2017b) linked the cellulose
content determined by chemical analysis to ATR
FT-IR indices acquired by the reported procedures,
and found that CIIR, R value, and the integrated
intensity of the 895 cm-1 band exhibit strong and
linear relationships with cellulose content within
developmental TM-1 and im fibers.
In an in-depth study of the effect of genetics
and crop year on cotton fiber cellulose biosynthesis, Liu and Kim (2019) examined MIR and CIIR
indices from two pairs of cotton developmental
NILs (TM-1 vs. im that differ in fiber maturity and
MD52ne vs. MD90ne that varies in fiber strength).
Their results showed a significant difference in
MIR values between developmental TM-1 and im
NILs in crop year 2015, and a significant difference in CIIR values between these NILs grown
at the same field in crop year 2011. Also, the im
fibers tend to have more CIIR development than
the TM-1 fibers when they show close MIR values.
In comparison, MD52ne versus MD90ne NIL pair
revealed insignificant differences in the patterns of
CIIR and MIR as well as the relationship between
CIIR and MIR values. These observations are consistent with Islam et al. (2016), who reported that
the strengths of developmental fibers increased
with CIIR measured with the two NILs.
Liu and Kim (2020) tried to distinguish underdeveloped NIL fibers from developed (matured)
NIL fibers by the three FT-IR indicators. The
underdeveloped (immature) fibers were collected
from 20 to 40 DPA unopened bolls, and mature
fibers were harvested after cotton bolls naturally
opened (approximately 42 DPA). The PC1 score
and R values of the two types of samples could be
categorized to their own groups (Fig. 4A). These
parameters can be used to discriminate underdeveloped from developed fibers. However, there were
some overlaps in the MIR and CIIR plots between
the two types of samples (Fig. 4B), indicating that
a single use of MIR or CIIR index could not classify
underdeveloped from developed fibers effectively
although their combination improved a separation
of NILs (TM-1 vs. im) within underdeveloped or
developed fibers. A recent study of the cotton fibers
of six phenotypes differing in the fiber length supported the argument (He et al., 2021c).
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Figure 4. Analysis of the relationship between different IR
parameters of underdeveloped fibers: (A) R values versus
MIR index. (B) CIIR versus MIR index. Pairs of TM-1 and
im NIL cotton plants were grown side by side in 2007,
2011, 2014, and 2015. Adapted from Liu and Kim (2020).

FT-IR Coupled with Microimaging Techniques for Cotton Fiber Cellulose Development
and Contaminant Identification. A combination
of conventional one-dimensional IR spectral information and spatial information IR imaging method
has been used to study cotton fibers at single fiber
level (Church and Woodhead, 2017; Himmelsbach
et al., 2003; Santiago et al., 2016, 2017; Wang et al.,
2006). The spectral changes observed from FT-IR
microspectroscopy/imaging measurement generally
are consistent with those observed with macroscopic
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sampling FT-IR (Santiago et al., 2016, 2017). Furthermore, PCA scatter plot of the microspectroscopy/
imaging data distinguishes cotton fibers at different
developing phases. One advantage of the microspectroscopy method was to derive the chemical
distribution maps that visually can depict general
spectral changes (Santiago et al., 2017). Liyanage
and Abidi (2019) applied FT-IR microspectroscopy
imaging in the transmission mode to investigate
changes in cellulose distribution of individual cotton
fibers harvested at different stages of fiber development. The authors indicated the usefulness of IR
vibrations of cellulose at 897, 1161, and 1429 cm-1
in generating cellulose distribution in intact cotton
fibers. In addition, FT-IR microspectroscopy is used
in characterization of other cotton biomass, such as
cottonseed coat (Yan et al., 2009).
Because cotton contaminant occurrence has been
a persistent concern in the cotton industry, multiple
chemical and physical methods have been developed
to measure and identify cotton contaminants (Hequet
and Abidi, 2006; Himmelsbach et al., 2006). Abidi
and Hequet (2007) demonstrated the feasibility of
ATR FT-IR to detect the presence of trehalulose (the
dominant sugar in the whitefly honeydew residue).
The authors reported that the integrated intensities of
the peaks located at 3280, 1622, and 1018 cm-1 show
high correlation with trehalulose content. In addition,
they suggested the possibility of implementing PCA to
discriminate the ATR FT-IR spectra of contaminated
from that of noncontaminated cotton fibers. Recently,
Fortier et al. (2015a, b, 2017) applied ATR FT-IR spectroscopy and microspectroscopy imaging to identify
botanical and field cotton trash. The authors reported
that botanical trash was identified independently from
cotton fibers even though both contained cellulose,
and field trash and botanical trash were easily identified due to their differences in chemical makeup.
Non-cellulosic impurities in outermost layers
of cotton fiber contribute to the hydrophobic feature
in gray cotton fabrics. Dave et al. (2014) treated the
fabrics with air dielectric barrier discharge and examined the treated fabrics by ATR FT-IR and scanning
electron microscopy (SEM). The results showed that
the treatment improves wettability of gray cotton due
to the removal of non-cellulosic impurities (characterized by the weaking 2852 and 2918 cm-1 bands of
hydrophobic alkyl group) and the formation of polar
carboxylate group (indicated by a strong carboxyl
peak at 1749 cm-1). In addition, the authors noted a
good agreement in measuring morphological changes
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between ATR FT-IR and SEM methods. The ATR FTIR approach offers a fast and satisfactory assessment
of removal of impurities from cotton fiber surface
when they were treated or modified.

the spectral features can be correlated with the main
components of edible oils, specifically triacylglycerol.
However, there is a considerable difference between
both spectra in terms of peak intensity, in particular
at 1710 cm-1. Thus, FT-IR coupled with PLS and PCA
regression models were used to develop calibrations
in the specific absorption region of carbonyl between
1690 and 1727 cm-1. Their work indicated that the
component analysis-coupled FT-IR could be used as
a greener alternative to the standard titration method.
Similarly, Talpur et al. (2014) applied single-bounce
(SB) ATR FT-IR in conjunction with chemometrics
for accurate determination of FFA, PV, IV, conjugated
diene (CD), and conjugated triene (CT) of CSO. Their
results showed that this FT-IR spectroscopic analysis
coupled with multivariate chemometric techniques
could be applied for the fast and simultaneous determination of the five parameters in frying CSO and
other vegetable oils.

FT-IR CHARACTERIZATION OF
COTTONSEED PRODUCTS
FT-IR Monitoring of Cottonseed Oil Structural Changes Impacted by Processing and Application Factors. In oil crushing, cottonseed is processed into two major products: cottonseed oil (CSO)
and defatted cottonseed meal (CSM) (Fig. 1). FT-IR
spectral analysis clearly shows the separation as the
spectral features of the whole cottonseed are more like
the combination of those of CSO and CSM (Fig. 5).
The multiple peaks or shoulders around 2922 cm-1, an
indicator of the high hydrophobicity or low wettability
of the testing sample, are strong in the oil’s spectrum
as CSO is dominated by the aliphatic CH3 and CH2
groups of triglycerides. FT-IR spectroscopy has been
used for the qualitative and quantitative comparison of
edible oils (Kaur et al., 2019). Arslan et al. (2019) reported the FT-IR and fingerprint spectra of 40 different
types of pure vegetable oils, such as those from black
cumin seed, sunflower, hazelnut, cottonseed, soybean,
and olive. Those FT-IR spectra collected from 4000
to 650 cm-1 appeared quite similar, with no unique
peaks even in the fingerprint region (1600-650 cm-1).
Thus, it is necessary to apply multivariate classification models with the spectral data for determining the
types of refined vegetable oils. FT-IR spectroscopy
could provide useful information of CSO as some
band intensities of FT-IR spectra highly correlate
with the chemical properties of CSO, such as iodine
value (IV), saponification value (SV), peroxide value
(PV), free fatty acids (FFA), and induction period
(IP) (Shah et al., 2017). Specifically, the band at 721
cm-1 is correlated with SV and the bands at 1161 and
1743 cm-1 with IP. The band at 2852 cm-1 is linked to
the PV of CSO, whereas the band at 3009 cm-1 is associated with the IV of CSO and the band of carbonyl
at ~1709 cm-1 for the determination of FFA. These
matching relationships would provide a quality check
for variations in the physiochemical properties of
cottonseed varieties (Shah et al., 2017). Using FT-IR,
Mahesar et al. (2017) quantified FFA content in crude
oil from different cottonseed varieties in Pakistan.
The authors presented typical FT-IR spectra of two
CSOs with low and high FFA contents. The authors
reported that both CSO spectra are comparable so

Figure 5. ATR FT-IR spectra of whole cottonseed, and
its major components of cottonseed oil and defatted
cottonseed meal.

As an unsaturated oil, CSO has a ratio of 2:1 of
polyunsaturated (65-70%) to saturated fatty acids
(26-35%) (Gaddam and Palanisamy, 2017). The unsaturated fatty acids consist of 18 to 24% oleic and
42 to 52% linoleic and linolenic acids. High degree of
unsaturation of CSO provides possibilities for chemical transformation leading to functionalized oligomers
and polymers. Jia et al. (2011) synthesized cottonseed
oil-based polyol with sorbitol derived from natural
source and characterized the chemical structure of
the products with FT-IR analysis. The polyol was
prepared by ring-opening of the epoxidized CSO with
sorbitol. Differences in FT-IR spectra among 1) CSO,
2) epoxidized CSO, and 3) CSO-based polyols were
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retained in defatted CSM and protein isolate products.
In the FT-IR spectra of protein samples, the bands at
1653, 1532, and 1236 cm-1 could be attributed to amide I (C=O stretching), II (CN stretching, NH bending),
and III (CN stretching, NH bending) bands of proteins,
respectively (Chen et al., 2013). In addtion, Yue et al.
(2020) included N–H bending and O–H stretching
vibrations at 3295 cm-1 and helix structure in amide
III at 1060 cm-1. The authors observed no changes
of FT-IR peak positions with cottonseed products
with 50 and 74% protein content, suggesting that the
concentration treatment had no obvious effect on the
functional groups of cottonseed protein. Indeed, these
FT-IR features have been applied to study cottonseed
protein-rich samples (He et al., 2014a). These proteinrelated IR bands at 1653, 1532, and 1236 cm-1 are basically the same among the four samples examined (Fig.
6). However, differences in the band intensities at 1448
and 1398 cm-1 were observed between these samples.
The relative height of the band at 1398 cm-1, compared
to that at 1448 cm-1, was lower in water-washed cottonseed meal (WCSM), phosphate buffer-washed cottonseed meal (BCSM), and cottonseed protein isolate
(CSPI) than in CSM, indicating differential removal
of some of these compounds during the preparation
of WCSM, BCSM, and CSPI from the raw material
CSM. The broad band at 1070 cm-1 could be assigned
mainly to carbohydrate, a major component in cottonseed products. The authors reported the relative
band areas as 85.5, 60.5, 65.3, and 15.8, respectively,
for CSM, WCSM, BCSM, and CSPI. The content of
carbohydrate was high in CSM, approximately same
in WCSM and BCSM, and less in CSPI.
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obvious. In the spectrum of epoxidized CSO, the band
related to C=C double bonds from CSO at 3008 cm-1
disappeared, and new epoxy-related doublet peaks at
823 and 843 cm-1 appeared. This observation indicated
the C=C functional groups in CSO were turned into
epoxy groups. After the ring-opening reaction, the
characteristic peaks of epoxidized CSO weakened and
a hydroxyl band at approximately 3467 cm-1 became
prominent. Similar FT-IR spectral changes also were
observed in conversion of CSO into a polymerizable
polyol by in-situ epoxidation and hydroxylation in
the presence of water as nucleophile and sulfuric
acid as catalyst (Narute and Palanisamy, 2016), and
in synthesis of eco-friendly polyester polyols by the
condensation reaction of epoxidized CSO and polyethylene glycol (Gaikwad et al., 2015). Kurtulbaş et al.
(2018) assessed lipid oxidation in CSO treated with
phytonutrients (200 ppm of gallic acid, rutin, tertbutyl
hydroquinone, or β-carotene). The authors compared
the FT-IR spectral features of pure and treated CSOs.
The authors did not find a difference between the two
types of samples, assuming that the concentration of
these additives was not high enough to be detectable
in the FT-IR spectra.
Meshram et al. (2013) prepared and characterized CSO-based polyesteramide for coating applications. The authors applied multiple spectral techniques including FT-IR to analyze the base-catalyzed
aminolysis of CSO and incorporation of vinyl acetate
into the final products. The fatty acid constituents
(C=C stretching) in fatty amide were observed at
1622 cm-1. The FT-IR bands at 1732 and 1599 cm-1
of the final product (modified CSO polyesteramide)
supported the presence of vinyl acetate/ester amide
and unsaturation. In addition, a new characteristic
peak appeared at 796 cm-1 of the final product, attributed to the CH vibrations of vinyl groups. Gaddam
and Palanisamy (2017) synthesized vegetable oilbased waterborne polyurethane-imide dispersions
using maleated CSO polyol as ionic soft segment.
FT-IR characterization indicated the incorporation of
imide functionality in the film backbone shown by
the imide-I and II bands at 1777 and 1370 cm-1, in
comparison to the spectral features of untreated CSO.
FT-IR Characterization of Cottonseed Protein
Structures and Its Interaction Mechanisms with
Additives in Product Formations. Protein is a major
component in cottonseed with mutiple polypeptides
(i.e., various protein fractions) used for storage or
biological functions (He et al., 2018b; Singh and Kaur,
2019). After oil crushing, the protein component is
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Figure 6. FT-IR spectra of defatted cottonseed meal (CSM),
water-washed CSM (WCSM), phosphate buffer-washed
meal (BCSM), and protein isolate (CSPI). The peak area
indicated by red rectangle is used to calculate the relative
content of carbohydrate in these samples. Adapted from
He et al. (2014a).
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FT-IR characterization of whole cottonseed protein CSPI and its two fractions (i.e., water soluble
CSPw and alkali soluble CSPa isolates) was also
reported (He et al., 2013). The intensties of the three
bands at 1309, 1173, and 926 cm-1 in the spectrum
of whole CSPI are between those of water soluble
CSPw and alkali soluble CSPa fractions as both
protein fractions comprise the whole CSPI. The
minor peak at 1309 cm-1 was observd in the spectrum
of alkali soluble CSPa, but was not obvious in that
of water soluble CSPw, indicating some structural
difference between the two fractions of cottonseed
protein. In contrast, a small peak at 1173 cm-1 and
a shoulder band at 926 cm-1 were observed in the
spectrum of CSPw, attributed to phytate compounds
(He et al., 2006)sXml. This assignment is supported
by elemental analysis that showed P content approximately four times higher in CSPw than in CSPI
and CSPa (He et al., 2015).
Furthermore, deconvolution of relevant FT-IR
spectral band of the amide I (1600-1700 cm-1) envelope can be used to calculate the secondary structural
features of these proteins (Table 2). This approach
designated the α-helix structure to 1649 to 1660 cm-1,
the random coil structure to 1638 to 1648 cm-1, the
β-sheet structure to 1606 to 1637 cm-1 and 1670 to
1680 cm-1, and β-turn structure to 1660 to 1700 cm–1
minus 1670 to 1680 cm-1 (Zhao et al., 2008). The
relative distribution of the secondary structures in
all cottonseed protein samples were β-sheet (∼40%)
> β-turn (∼33%) > α-helix (∼14%) > random coil
(∼12%). Similar to the qualitative visual observation of FT-IR spectra, differences in the secondary
structures between CSPw and other protein isolates
were observed, reflected in higher α-helix and lower
β-sheet contents of CSPw. Those observations were
consistant with results obtained from other advanced
instrumental characterization (He et al., 2018c). Li

et al. (2017) compared the FT-IR spectral features of
pilot-produced WCSM obtained by different drying
methods (oven, freeze dryer, and spray dryer). The
authors found that the band around 1050 cm-1 in the
pilot-produced WCSM samples was much stronger
than that of lab-produced WCSM samples. The authors attributed the difference to the contribution of
cotton fiber residues (i.e., carbohydrate components)
in the meal products as more crude fibers were in
the pilot meal raw material than that the defatted raw
meal used for lab production, although the FT-IR
spectra showed no impact of the drying method on
the fiber component and the whole spectral features.
Cottonseed protein-based products have shown
promise as sustainable bio-based wood adhesives
(He and Cheng, 2017). Comparison of the differences
in the FT-IR features of cottonseed protein products provided insight on the adhesive mechanisms.
Pradyawong et al. (2018) blended CSM products
with different protein contents to evaluate costeffective wood adhesives. The FT-IR profile of the
sample with 94.8% protein content showed slightly
broader peaks of amide II and III at 1524 and 1233
cm-1, compared to those of samples with 34.9 and
46.3% protein content, respectively. Furthermore,
the authors observed the absence of the 1393 cm-1
band and the presence of a new band at 1316 cm-1
of the two samples with low protein content. Based
on the observation, the authors proposed cross-link
interactions occurred between protein group (ε-NH2)
and carbohydrate aldehyde group.
Cheng et al. (2019) obtained the FT-IR spectra of
CSPI with nanocellulose. The authors found that the
amide I band was shifted from 1631 cm-1 of CSPI to
1635 cm-1 of the adhesive of CSPI mixed with 10%
cotton nanocellulose (CNC). The authors attributed
the 4 cm-1 shift to the hydrogen bonding formation
between the protein amide group and cellulose

Table 2. Purity and secondary structures of cottonseed and soy protein isolates. Data are presented in average ± standard
deviation (n = 4). Values with a same letter in the same column of all protein isolates are not statistically significant (p =
0.05) between the protein isolates. Adapted from He et al. (2013)
Samplez

CSPI
CSPw
CSPa
SPI
z

y

Purity (% of dry matter)y

Secondary structures (% of total structure)

N analysis

Color

α-Helix

β-Sheet

β-Turn

Random coil

95.3 ± 1.7a
85.8 ± 3.1b
108.6 ± 1.5c
90.5 ± 1.3d

78.0 ± 2.1a
96.2 ± 4.3b
104.0 ± 8.8b
80.2 ± 3.9a

13.4 ± 0.3a
14.3 ± 0.2b
13.5 ± 0.1a
13.4 ± 0.4a

41.4 ± 0.9a
40.2 ± 0.5b
41.2 ± 0.4a
41.4 ± 1.3ab

33.2 ± 0.5a
33.5 ± 0.2a
33.2 ± 0.2a
33.2 ± 0.7a

11.9 ± 0.2a
12.0 ± 0.2a
12.1 ± 0.1a
12.0 ± 0.2a

CSPI and SPI are whole cottonseed and soy protein isolates. CSPw and CSPa are water and alkali soluble cottonseed
protein isolates (fractions).
Protein purity was compared based on two methods (i.e., total N analysis and protein coloric measurement).
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hydroxy groups. Such a hydrogen bonding could
enhance the compatibility between the protein and
the nanocellulose components. Similarly, Li et al.
(2019) examined the FT-IR spectra of phosphorus/
calcium-cottonseed protein adhesives. The amide
I, II, and III bands of modified CSPI adhesives had
significantly decreasing peak intensities and red-shift
phenomena. The secondary structures of cottonseed
protein were changed after blending with these
phosphorus/calcium reagents. FT-IR spectroscopy
was applied to characterize “greener” adhesives composed of urea-formaldehyde resin (UF) and WCSM
(Liu et al., 2018). The researchers observed FT-IR
spectral features typical for both UF and WCSM,
but no new absorption peaks appeared. Thus, any
possible chemical connections between WCSM and
molecules of UF resins needs to be verified. Chen
et al. (2020) examined the FT-IR spectra of the
adhesives of defatted CSM mixed with polyamineepichlorohydrin resin. The authors noticed a new
shoulder band at 1730 cm-1 (ester C=O bonds) in
the spectrum of the cured adhesive, compared to
uncured sample. However, the authors did not elaborate on this observation. A more recent work (He et
al., 2021a) reported a status quo way to examine
the CSPa and CSPw adhesive bonding performance.
The authors placed the cohesive-broken bonding
surface of the glued wood pairs directly on the ATR
probe for FT-IR spectroscopic analysis. The spectra
showed the difference in the band shape around 2926
cm-1 between CSPw and CSPa adhesives. As the
band features at 2926 cm-1 are related to wettability
(or hydrophobicity), the observation confirmed the
different hydrophobicity or wettability between the
two cottonseed protein adhesives, and suggested the
wettability of cured cottonseed protein adhesives is
an important factor to determine the interaction on
adhesive-wood bonding.
In addition to cottonseed protein-based wood
adhesive research, CSPI also has been used as a
paper additive (Cheng et al., 2017). The spectra of
papers with CSPI treated with 11% protein solution
showed two prominent peaks at 1640 and 1530 cm-1,
corresponding to the amide I and II bands, respectively, and a weaker peak at 1260 cm-1 corresponding
to the amide III band. In the spectra for paper with
CSPI and an acid (e.g., 200 mM citric acid), the
intensities of the amide peaks decreased relative to
the cellulose peaks. The authors concluded that the
presence of the acid appears to allow cottonseed
protein to better penetrate the paper. In comparison
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of the spectra of cottonseed protein bioplastics, Yue
et al. (2012) reported a new peak centered at 1665
cm-1 for cottonseed protein bioplastic products, and
attributed it to the imine (–CH=N–) stretching vibration from cross-linking of the two components. Chen
et al. (2019) prepared a series of bio-based packaging
films from cottonseed protein and poly (vinyl alcohol) (PVA) modified with different plasticizers. The
authors detailed the FT-IR spectral changes of the
CSPI/PVA blend films with a weight ratio of 3:7 in
references to CSPI and PVA alone and impacted by
plasticizers. The FT-IR band intensity (area) associated with the β-sheet showed a decreasing trend in
the amide I band of the blend film after the addition
of plasticizers, whereas there was an increase in the
band area associated with the β-turn structure. The
authors attributed the observations to plasticizers
gradually inserted into the CSPI β-sheet structure
generated hydrogen bond interactions, increasing the
free volume of the peptide chain. Plasticizer insertion, therefore, gradually weakens or even breaks
the hydrogen bond interactions between the β-sheet
layers, resulting in a gradual shift in the β-sheet to
a β-turn. An increase in β-turn structures would be
beneficial as it improves the flexibility of the CSPIbased films. Zhang et al. (2010) prepared CSPI-based
superabsorbent hydrogel by graft copolymerization
of hydrolyzed cottonseed protein and acrylic acid
monomer. FT-IR analysis found new absorption band
at 1687 cm-1 in the hydrogel, which was assigned to
the C=O stretching of the amide bands. Furthermore,
the authors contributed it as the characteristic of the
CONHR group in the polypeptide of cottonseed
protein. Thus, the comparison of the FT-IR spectra
confirmed the grafting copolymerization of acrylic
acid monomer onto the hydrolyzed cottonseed protein backbone.
FT-IR Characteristics of Cottonseed Hull.
Cottonseed hull is the outer covering of cottonseeds
that is removed from the cotton kernel before the oil
is extracted (Fig. 1). Silwal et al. (2017) conducted
FT-IR analysis of the hull and kernels (inner meats)
of delinted cottonseed from two parents (TM-1 and
3-79) and their 17 progeny (chromosomal substitution) lines. The authors assigned band areas in the
region of 1700 to 1750 cm-1 for lipid, and the regions
of 1665 to 1680 cm-1, 1646 to 1660 cm-1, 1638 to
1645 cm-1, and 1615 to 1637 cm-1 for four secondary
protein structures (respectively, β-turns, α-helices,
random coils, and β-sheets) just like those of protein
isolates reviewed above. Wavenumbers ranging from
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1731 to 1750 cm-1 were selected to detect hydrated
type of lipids and 1700 to 1730 cm-1 were used for
the dehydrated types. Based on the FT-IR difference
between hydrated and dehydrated lipids in cottonseed hulls as well as kernels, the authors identified
two progeny lines with lipid moisture content and
protein secondary structures similar to both parents,
and three progeny lines remained distinct from either
parent. Three were similar to TM-1 parent for lipid
and protein profiles, whereas three were comparable
with 3-79 parent. These findings would be helpful
information in selecting candidate cotton lines as
sources of food and feed in breeding programs.
Liu et al. (2015) examined and compared the
unique FT-IR bands between five agricultural
byproducts (including cottonseed hull) (Fig. 7).
Except for a distinctive band at 1740 cm-1 (carboxyl
C=O groups) with pecan shell, the spectral features
of cottonseed hull, pecan shell, and almond shell
were similar, indicating their similar lignocellulosic
composition. The spectrum of broiler litter is more
complicated as broiler litter is a mixture of poultry
excreta, spilled feed, feathers, and bedding materials such as wood shavings, sawdust, and peanut hull
(Guo et al., 2012). The spectral signature of lignin
shows significant C-O groups (due to an intense
1025 cm-1 band) but less amide and C=O groups
(due to weak bands in the 1800-1600 cm-1 region)
as the “lignin” residue contains roughly 49.5 wt%
of sparingly water-soluble cellulose crystals, 42.1
wt% lignin, and 8.4 wt% extractives (Uchimiya et
al., 2013). Liu et al. (2015) further characterized
the FT-IR spectral response of these byproducts
to differing pyrolysis temperatures and developed
a simple three-band algorithm (R readings) per
the multipoint averages of the band intensities at
respective range of 1750 to 1500 cm-1, 2000 to
1790 cm-1, and 645 to 655 cm-1 for semi-qualitative
comparison of biochar formation. Although Liu
et al. (2015) did not report any clear correlations
between the R reading and pyrolysis temperature
of the four types of plant biomass biochars they
generated, a recent work (He et al., 2021b) computed the R readings of the seven CSM-based
biochars prepared at pyrolysis temperatures from
300 to 600 °C. They found the simple R readings
of the biochars linearly related to the pyrolysis
temperature, indicating pyrolysis temperature as a
key factor affecting the readings. Uchimiya et al.
(2013) analyzed the first derivatives of ATR FT-IR
spectra of these five feedstocks and their biochars.

The authors found that the free OH peak at 3675
to 3700 cm-1 increased by pyrolysis of plant biomass (almond shell and cottonseed hull) at 350 °C,
and then dramatically decreased at 500 to 600 °C.
Similar changes were also observed with carboxyl
C=O stretching vibration at 1650 to 1750 cm-1. That
is, the carboxyl C=O peak increased by pyrolysis
of almond shell and cottonseed hull at 350 °C, and
then dramatically decreased at 500 to 650 °C.
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Figure 7. ATR FT-IR spectral comparison of different
agricultural byproducts. Adapted from Liu et al. (2015).

Zhou et al. (2016) reported the FT-IR spectra of
cottonseed hull, extracted cellulose and cellulose
nanofibers (CNFs), rod-like cellulose nanocrystals (CNCs), and spherical cellulose nanocrystals
(SCNCs). The authors observed prominent peaks
at 1723, 1507 and 1250 cm-1 in the spectrum of the
raw cottonseed hull, but not in the spectra of other
products. This observation indicated that most of
the hemicellulose and lignin were removed from
the raw cottonseed hull during the preparation of the
cellulose and nanofibers. No significant differences
were observed in the spectra between the extracted
cellulose and nanofibers (i.e., CNFs, SCNCs, and
CNCs), suggested that the cellulose molecular
structure remained unchanged during the preparation of these nano materials. One exception was the
observation that a tiny peak at 1205 cm-1 related to
SO vibration appeared in the spectra of CNCs due
to the esterification reaction that occurred in the sulfuric acid hydrolysis process. Later, FT-IR spectral
changes further confirmed the grafting of maleic
anhydride onto the surface cellulose nanocrystals
from cottonseed hull (Zhou et al., 2018).
Zhou et al. (2011) reported the FT-IR spectrum
of spent cottonseed hull after used as substrate for
white rot fungus cultivation. Their FT-IR results
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revealed the presence of functional groups such as
–NH, –OH, C=O, and CONHR in spent cottonseed
hull. The authors assumed that these functional
groups were potential adsorption sites for interaction
with a cationic dye when the spent cottonseed hull
was used a low-cost biosorbent to remove this dye
from aqueous solution.
CONCLUSIONS AND
FUTURE RESEARCH
FT-IR spectroscopy has been one of the power
tools for meeting diversified research and development needs of cotton industry. The current trend of
FT-IR application in cotton fiber research is mainly
on developing quantitative parameters/algorithms to
monitor and evaluate the fiber formation in growth
and post-harvest quality control. Advancement in
this area was reached in last decade as reviewed
in the paper. However, the sampling methods can
impact FT-IR results (Durak and Depciuch, 2020).
Indeed, Ling et al. (2019) reported that some proposed indicators of crystallinity index measured by
FT-IR were not in good agreement with their results
when the authors evaluated the effects of ball milling
on cotton cellulose structures. Thus, cross examination of the FT-IR-based parameters of same fiber
samples by multiple laboratories would facilitate
data comparison and promote the applicability of
the relevant FT-IR model tools from lab research to
“real world” testing services. In this regard, cheap,
portable, and hand-held FT-IR instrument could be
attempted for further applications.
In cottonseed research, FT-IR has been used
qualitatively for monitoring band intensity changes
and band position shifts. Such information provides
evidence and insight on identities and interactions
of various functional groups impacted by processing
and environmental conditions. Relevant FT-IR data
reviewed in this paper indicate that cross-linking is a
major mechanism in improving the performances of
cottonseed oil, protein, and hull products. Currently,
cottonseed protein-enriched products have not been
used as food or food additives due to the presence of
toxic gossypol in common glanded cotton (Cheng
et al., 2020; He et al., 2015). Research efforts have
been made for eliminating gossypol from cottonseed
to mitigate the toxic effects of gossypol in glandless cottonseed for approval by FDA for food and
feed use (He et al., 2021d; Rathore et al., 2020).
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FT-IR spectroscopic technique would be a low-cost,
meaningful tool for structural characterization of
the glandless cottonseed protein, its hydrolysates,
and active peptides for food applications (He et al.,
2020b; Ma et al., 2018; Song et al., 2020).
Currently in cotton research, the major sampling
method is the use of ATR device for reflectance
FT-IR spectra and traditional KBr pellet for transmittance FT-IR spectra. It should be noted that the
penetration depth of ATR-FTIR beam in the cellulose
sample was no more than 2 μm, estimated between
0.9 and 1 μm at 2000 cm-1 (Kramar et al., 2018;
Pereira et al.; 2005). Because the thickness of the
SCW in mature cotton fibers is more than 4 μm, ATR
FT-IR technique might not be capable of providing
full information inside the cotton fibers, especially
in the SCW thickening and maturation stages. FT-IR
microspectroscopy with transmission mode appears
better than ATR FT-IR to acquire more information
of cellulose inside of the developing cotton fibers,
especially in the high wavenumber region of 28003000 cm-1 (Liyanage and Abidi, 2019; Zhang et al.,
2021).
Alternative approaches for practical needs in
cotton-related research could be worth exploring.
For example, FT-IR photoacoustic spectroscopy
(FT-IR PAS) can eliminate some of the shortcomings of traditional FT-IR caused by scattering effects
and reflection issues (Bekiaris et al., 2015; He et al.,
2011). This technique is a combination of FT-IR
and a photoacoustic detector. The detecting signal
is generated by the interaction of the infrared beam
with the surface of the sample, which leads to the
production of a heatwave that can be detected by a
sensitive microphone and transformed into a regular
absorption spectrum. Bekiaris et al. (2020) compared
11 bioorganic samples with three FT-IR techniques
(diffuse reflectance, PAS, and ATR). The authors
found that, although ATR FT-IR provided the best
spectra for soft samples, FT-IR PAS is the best technique, providing a greater amount of information.
The application of FT-IR PAS in cotton research
is in a beginning phase (Church and Woodhead,
2017). The FT-IR PAS method was used to screen
raw cotton for variations in wax composition per the
alkyl functional groups at the bands near 2900 cm-1.
Future research should be conducted with different
cotton biomass components to judge the PAS FT-IR
method’s universal applicability and advantages to
applied cotton research.
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