
fibers

Article

Kinetics of Cellulose Deposition in Developing
Cotton Fibers Studied by Thermogravimetric Analysis

Luis Cabrales † and Noureddine Abidi *

Department of Plant and Soil Science, Fiber and Biopolymer Research Institute, Texas Tech University,
P.O. Box 45019, Lubbock, TX 79403, USA
* Correspondence: Noureddine.abidi@ttu.edu
† Current address: Department of Physics and Engineering, California State University at Bakersfield,

9001 Stockdale Highway, Bakersfield, CA 93311, USA.

Received: 1 July 2019; Accepted: 24 August 2019; Published: 29 August 2019
����������
�������

Abstract: During cotton fibers development, important structural changes occur, which lead to
cellulose deposition and organization in the secondary cell wall. Several studies have focused on
the analysis of the cell wall extracts of cotton fibers to gain an understanding of the changes in
carbohydrate profiles and to determine the changes in crystallinity, cellulosic and non-cellulosic
compounds at various stages of the fiber cell wall development. In this research, thermogravimetric
analysis (TGA) was used to study intact fibers harvested from two cotton genotypes. Cellulose
macromolecules structural changes occurring during different developmental stages were studied.
The results from TGA technique were in agreement with results from other analytical techniques,
which indicates that TGA could be a great tool to investigate the onset of cellulose deposition and
to evaluate the cell wall composition during fiber development. The results obtained in this study
demonstrated that the initiation of the secondary cell wall is genotype-dependent.
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1. Introduction

Humans have valued the potential of natural fibers to produce garments more than two and
a half millennia. In addition to its economic importance, developing cotton fibers are an excellent
model for studying fundamental processes of plant cell walls development [1]. Cellulose is the
main component of mature cotton fibers (from 88 up to 96.5%). The remaining portion is composed
of non-cellulosic materials located on the outer layers and in the lumen. These materials include
proteins (1–1.9%), pectins (0.4–1.2%), waxes (0.4–1.2%), and other substances [2]. Although cotton fiber
development has been studied extensively, it is still poorly understood [3]. It has been established that
cotton fiber development consists of five main developmental stages [4]: differentiation, initiation,
elongation, secondary cell wall (SCW) deposition, and maturation. In other reports, cotton fiber
development was divided into only four stages [1,5] (1) initiation or differentiation, (2) elongation,
(3) SCW formation, and (4) maturation. Fiber initiation commences at the flowering or anthesis stage
(0 days post-anthesis = 0 dpa). The elongation phase consists of the primary cell wall synthesis, which
is marked by an increase in the fiber length. This stage lasts up 21 dpa. The secondary cell wall stage
starts around 21 dpa and continues up to 40 dpa. The third stage is characterized by the deposition
of a thick cellulosic wall. The period between 16 and 21 dpa marks a developmental change from
primary to secondary cell wall synthesis [4]. Cotton fibers present a microfibrillar structure, which is
composed of elementary fibrils. These fibrils, with a width measuring around 3.5 nm, are composed of
crystalline and amorphous cellulose. The crystalline regions alternate with amorphous regions [6,7].
As the fiber develops, the crystallinity, crystallite size, and orientation in cellulose change. Using
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electron diffraction, Paralikar found the crystalline cellulose in developing cotton fibers as early as
5 dpa, corresponding to cellulose I [8]. Hu and Hsieh found cellulose I crystalline structure at 21 dpa
in samples of Acala cotton using X-ray diffraction (XRD). Their data demonstrated that as the cell
wall developed, the crystallinity and the crystallite size increased, with the most significant increase
occurring between 21 and 34 dpa [9]. Hsieh et al. reported an increase in the crystallite size and percent
crystallinity in cotton fiber samples between 14 and 50 dpa [10]. The crystallinity of cellulose has an
effect on water absorption, and thus, it affects weight loss during water evaporation. Several authors
reported that as the crystallinity index decreases in cellulose, the amount of water absorbed increases
due to the presence of a higher amount of amorphous cellulose. Mihranyan et al. reported that the
moisture sorption decreases with increasing crystallinity up to a 75% RH. Above this level of humidity,
the moisture content increased due to capillary condensation in the pores [11]. The effect of ball milling
on cellulose samples was also investigated, and it was reported that as the amorphous content of the
samples increased, the initial moisture content also increased [12,13].

Huwyler et al. [14] reported on the compositional changes during development of cotton fibers.
The results showed a decrease in the quantity of non-cellulosic glucose and arabinose residues
during SCW formation. Timpa et al. [15] analyzed cotton cell walls during fiber development using
gel-permeation chromatography. The authors showed that the amount of polymer chains with high
molecular weight decreased during the period between 10 and 18 dpa while the components with low
molecular weight increased. Other studies were focused on investigating the composition of cotton
fibers during development using other analyses, which are time-consuming [16].

The initiation of the SCW stage is interpreted as the beginning of the increase in the fiber weight
per unit length. A cellulose-rich wall is deposited during this period. The highest rate of cellulose
synthesis was estimated to commence around 24 dpa after the cessation of the elongation phase.
The increase in the thickness of the cell wall during the SCW deposition increases the amount of
hydroxyl functional groups available to absorb water and bind dyes. Furthermore, there is also an
increase in crystallinity, which implies a reduction in dye uptake per unit area [5].

Since SCW in cotton is one of the purest forms of cellulose in nature, its development can be studied
by techniques commonly used to study other polymers, such as Fourier transform infrared (FTIR)
spectroscopy [17,18]. In a previous study, we used several techniques to investigate cellulose deposition
in developing cotton fibers. The results indicating the onset of SCW deposition obtained from other
techniques were confirmed by FTIR results [4,19]. Furthermore, the amount of mono and disaccharides
in developing cotton fibers were studied with high performance liquid chromatography (HPLC) to
understand how sugars are used during each stage of fiber development [20]. In addition, we studied
weight loss percentages and peak temperatures at different regions calculated from thermogravimetric
analysis (TGA). The measurements obtained from TGA for fibers from two genotypes were related to
their onset of SCW deposition [4].

Thermal analysis of cellulose provides information on its molecular structure. There are
important thermal transitions of a polymer, such as melting point, glass transition, and degradation
temperature. In this study, the focus is on the thermal degradation behavior of developing cotton fibers.
Understanding the thermal degradation of cellulose is of great importance in diverse areas such as
flame retardancy and biomass gasification [21]. TGA is useful for thermal characterization of organic
materials, including cellulose [22]. Thermogravimetry is the study of the relationship between the
mass of a sample and its temperature, and it can be used to study physical and chemical processes, e.g.,
degradation. TGA can be used for quantitative compositional analysis of polymers, lifetime prediction,
and kinetic analysis [23]. Abidi et al. [24] reported relationships between cotton fiber micronaire,
maturity, and fineness, and their thermal degradation properties. The results demonstrated the effect
of cotton fiber properties on the percent weight loss and decomposition temperatures of cellulose in the
temperature region between 225 and 425 ◦C. In this region, a good correlation between the weight loss
and the primary cell wall per unit mass was established [24]. In addition, TGA has been used in the
past to correlate the thermal degradation behavior of cellulosic samples with their crystallinity. Schultz
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et al. presented a linear correlation between the crystallinity indexes and the thermal degradation
rate [25]. Lengowski et al. developed a mathematical model to predict the cellulose Segal’s index from
TGA and DTA data [26].

Previously, we investigated developing cotton fibers using TGA. The results showed that fibers
from two different genotypes exhibited different structural evolutions. The transition between the
primary cell wall (PCW) and SCW occurs earlier for fibers from TX19 genotype compared to fibers
from TX55 genotype. This conclusion was in agreement with the FTIR spectroscopy results [4,27].
We studied the thermal degradation of microcrystalline cellulose and cellulose in developing cotton
fibers. The model-free method developed by Vyazovkin was used to analyze the data [22]. This method
serves as an alternative to the model fitting approaches. The main advantage of this method is that it
allows the calculation of the activation energy at different degrees of conversion without assuming
any reaction model [21,28,29]. The results showed that cotton fibers harvested at 56 dpa have higher
activation energy compared to fibers harvested at 24 dpa. This was attributed to the difference in
molecular weight and crystallinity of cellulose [22].

In this research, we report on the use of TGA to investigate the structural changes that occur
during cotton fiber development. Valuable information was obtained from the percent weight losses
related to the composition of the cell walls.

2. Materials and Methods

During the 2007–2008 growing season, two cotton genotypes (wild type cotton Texas Marker-1
(TM-1), and TX55 genotype) were planted in the greenhouse. The total number of plants was 20 from
each genotype. The plants were divided into two and each section of 10 plants was used as a replication.
Cotton genotypes were planted in a greenhouse on 12 March 2008 with cycles changing from 12/12 to
14/10 h and day/night temperatures of about 31 ◦C/24 ◦C. Plants were located in 20 L (5 gallons) pots of
Sungrow SB 300 potting mix that was amended with slow release fertilizer Peters 15-9-12. Plants were
watered as needed. The set of samples collected focused on the development of the PCW with samples
harvested at 10, 14 dpa, and then at each dpa between 17 and 24 dpa. The period between 17 and 24 dpa
consists of two development phases: the transition period between PCW and SCW formation, and
the SCW formation phase itself. The collection of samples was extended up to 56 dpa. By extending
the study beyond 24 dpa, the maturation process of the developing cotton fibers was studied as well.
Thus, fibers were harvested at 10, 14, 17, 18, 19, 20, 21, 22, 23, 24, 27, 30, 36, 46, and 56 dpa. Figure S1
shows the list of samples. On the day of flowering (0 dpa), individual flowers were marked, and at
least three ee bolls at each dpa per genotype and per replication were harvested. Additional bolls were
collected from 10, 14, 17, 18, and 19 dpa, due to the fact that a smaller amount of fibers was collected
from each seed. The bolls were collected from May 2008 to August 2008. The pericarp was removed
(with a scalpel), and the ovules were placed in vials and kept in a Cryobiological Storage System at
196 ◦C. Each replication was independently tested.

Cotton fibers were separated from the seeds after thawing. Afterward, fibers were rinsed in
DI water several times. This procedure was performed in order to remove sugars and other soluble
substances that could interfere with analytical testing. Cotton fibers obtained from several cotton bolls
taken within replications were mixed manually. In the end, each genotype had two samples of cotton
fibers for each dpa. A higher number of bolls was blended from younger dpa, due to the fact that a
small number of fibers could be obtained from each seed. Then, fibers were dried at 40 ◦C for two
days and placed for at least two days prior to testing in a laboratory maintained at 21 ± 1 ◦C and
65 ± 2% RH.

The anthrone method was used to determine the cellulose content of the cotton fibers [30].
A tricyclic hydrocarbon, anthrone (C14H10O), is used for cellulose and carbohydrates content
determination [31,32]. The method starts with the addition of anthrone solution (0.05 to 0.20%)
in concentrated sulfuric acid to an aqueous solution of cotton fibers, which has been digested with
sulfuric acid. A UV-Vis spectrophotometer (LAMDA 650, PerkinElmer, Waltham, MA, USA) is used to
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read the absorbance of the solution at 625 nm. In this study, the anthrone method was slightly modified.
Dried cotton fibers at different developmental stages were ground on a Wiley mill and passed through
a 20 mesh. Samples were dried for 1 day at 105 ◦C, weighted (between 0.01 and 0.05 g) and placed
in 15 mL centrifugal tubes. To each tube, 10 mL of 67% H2SO4 were added. The tube was covered
with parafilm and mixed in a Vortex mixer every 15 min during 1 h. Then, 1 mL of this solution was
taken to 100 mL volume with distilled water. Afterward, to 1 mL of the diluted solution was added
4 mL of distilled water. This procedure was repeated in order to have two UV-VIS readings of each
sample. The tubes were placed in an ice bath to cool for 5 min. Then, 10 mL of cold anthrone reagent
were added. This reagent was prepared as a 0.2% solution of anthrone ACS reagent 97% (Sigma,
St. Louis, MO, USA) in concentrated H2SO4. After adding the anthrone, samples were mixed well on a
Vortex mixer. The tubes were placed in boiling water for 16 min and mixed in the Vortex instrument.
Samples were cooled in an ice bath until all samples were treated with boiling water. Immediately
after, the tubes were allowed to stand at room temperature for 20 min. Then, the solutions were read
on the spectrophotometer. Some instability of the anthrone reactant has been reported, thus, a new set
of standards were prepared for each set of samples. In addition, the anthrone solution was used before
9 days passed since its preparation [31,32]. A calibration curve was performed by dissolving 50 mg
of Avicel PH-101 (FMC biopolymers) microcrystalline cellulose, dried for 2 h at 105 ◦C and cooled
in desiccators, digested in 10 mL of 67% H2SO4. This solution was diluted to 500 mL with distilled
water. A standard curve was performed by analyzing 0.1, 0.3, 0.5, 0.7, 1, 2, and 3 mL of this solution
and taken to 5 mL with distilled water. Then, 10 mL of anthrone reagent were added and the same
procedure as with the samples was followed: mixing, boiling, cooling, standing at room temperature,
and final reading in the spectrophotometer.

Cotton samples were placed in the laboratory at 65 ± 2% RH and 21 ± 1 ◦C for a minimum of
48 h. Thermogravimetric analysis of these samples was performed using Pyris1-TGA equipped with
an autosampler (PerkinElmer Shelton, CT). The calibration of TGA was done with the curie point of
alumel and nickel alloys at a heating rate of 10 ◦C min−1. TGA curves were acquired between room
temperature and 600 ◦C at 10 ◦C min−1 in a flow of nitrogen at 20 mL min−1. Each sample had a
mass between 1 and 5 mg. Three replications were performed from each sample. In order to compare
thermograms, the first derivative was calculated. The physical interpretation of the inflection point
of the first derivative is the point at which the degradation rate is the fastest. Using the inflection
points, the thermograms of different samples of cotton were compared. Thus, the inflection points on
the thermograms are correlated to the amount of non-cellulosic materials, the amount of cellulose,
and crystallinity. The Pyris software was used to calculate the first derivatives and to determine the
percent weight loss for each sample.

The analysis of the data was performed using MATLAB (Mathworks, Natick, MA). The plots, curve
fittings, and fitting coefficients were obtained with the curve fitting tool in MATLAB. The confidence
intervals were calculated at 95%.

3. Results and Discussion

3.1. Cellulose Content

In order to understand the composition of the samples, a modeling analysis of the data of cellulose
content in the samples was made. Cellulose content data for this set of samples was previously
reported [30]. Statistical analysis of previously published results showed that TX55 cotton genotype
started cellulose deposition a few days earlier compared to TM-1 genotype. Figure 1 shows the
cellulose content of samples harvested from TM-1 genotype as a function of dpa. The calibration curve
for the samples was performed using microcrystalline cellulose. The 100% cellulose in Figure 1 is
relative to the concentration of microcrystalline cellulose dissolved in sulfuric acid. Due to the fact
that the crystalline cellulose is more difficult to dissolve than the amorphous cellulose, it is expected
that the amorphous and crystalline cellulose in the developing cotton fibers are dissolved by the acid
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digestion process. It can be seen in this figure that the data can be fitted with a sigmoid function.
These types of functions have been used in the past to fit data from crops growth [33]. This sigmoid
function was used:

y =
a

1 + e−
x−b

c

+ d (1)

in which y represents cellulose content and x represents dpa. Since the data of cellulose content as a
function of dpa were fitted with this equation, the coefficients in the equation have a physical meaning.
Coefficient a is related to the final cellulose content minus the initial cellulose content. Coefficient b is
the inflection point in the sigmoid curve. Thus, this coefficient can be interpreted as the dpa at which
the maximum rate of cellulose deposition occurs. Coefficient c is related to cellulose deposition rate.
Coefficient d is related to the initial cellulose content. Other researchers fitted a sigmoid function to the
cellulose content data from cotton fibers. However, the sigmoid function used differs from the one
used in this paper. In addition, extraction and thermal degradation techniques were used to quantify
cellulose, instead of using direct quantification such as anthrone method [34].

Fibers 2019, 7, x FOR PEER REVIEW 5 of 17 

 

𝒙 𝒃𝒄  

 

(1) 

in which y represents cellulose content and x represents dpa. Since the data of cellulose content as a 
function of dpa were fitted with this equation, the coefficients in the equation have a physical 
meaning. Coefficient a is related to the final cellulose content minus the initial cellulose content. 
Coefficient b is the inflection point in the sigmoid curve. Thus, this coefficient can be interpreted as 
the dpa at which the maximum rate of cellulose deposition occurs. Coefficient c is related to cellulose 
deposition rate. Coefficient d is related to the initial cellulose content. Other researchers fitted a 
sigmoid function to the cellulose content data from cotton fibers. However, the sigmoid function used 
differs from the one used in this paper. In addition, extraction and thermal degradation techniques 
were used to quantify cellulose, instead of using direct quantification such as anthrone method [34]. 

 
Figure 1. Cellulose content as a function of dpa from TM-1 genotype. 

The cellulose content data as a function of dpa of fibers harvested from genotype TX55 was plotted 
and fitted to the sigmoid function described above. Figure S2 shows the data and the fitting model. 

Table 1 shows confidence intervals for the cellulose content data. All coefficients confidence 
intervals overlap except for coefficient b. Thus, since coefficient b confidence intervals do not overlap 
indicates that in fibers from TX55 genotype, the maximum rate of cellulose deposition is reached 
earlier. This could provide an indication that cellulose deposition starts earlier as well. From the data 
obtained, fibers harvested from TX55 genotype has an earlier onset of cellulose deposition compared 
to fibers harvested from TM-1 genotype. This analysis will be used further in this work. Table 2 shows 
the fitting coefficients and fit statistics for the sigmoid curves. 

Table 1. Confidence intervals for cellulose content data. The intervals are calculated at 95% confidence. 

 
Genotype 

TM-1 TX55 
Coefficient a Confidence Interval [66.67, 83.59] [68.94, 100.75] 
Coefficient b Confidence Interval [21.99, 23.33] [19.30, 21.77] 
Coefficient c Confidence Interval [1.22, 2.55] [1.47, 3.70] 
Coefficient d Confidence Interval [7.99, 20.44] [−3.07, 23.30] 

Figure 1. Cellulose content as a function of dpa from TM-1 genotype.

The cellulose content data as a function of dpa of fibers harvested from genotype TX55 was plotted
and fitted to the sigmoid function described above. Figure S2 shows the data and the fitting model.

Table 1 shows confidence intervals for the cellulose content data. All coefficients confidence
intervals overlap except for coefficient b. Thus, since coefficient b confidence intervals do not overlap
indicates that in fibers from TX55 genotype, the maximum rate of cellulose deposition is reached earlier.
This could provide an indication that cellulose deposition starts earlier as well. From the data obtained,
fibers harvested from TX55 genotype has an earlier onset of cellulose deposition compared to fibers
harvested from TM-1 genotype. This analysis will be used further in this work. Table 2 shows the
fitting coefficients and fit statistics for the sigmoid curves.

Table 1. Confidence intervals for cellulose content data. The intervals are calculated at 95% confidence.

Genotype

TM-1 TX55

Coefficient a Confidence Interval [66.67, 83.59] [68.94, 100.75]
Coefficient b Confidence Interval [21.99, 23.33] [19.30, 21.77]
Coefficient c Confidence Interval [1.22, 2.55] [1.47, 3.70]
Coefficient d Confidence Interval [7.99, 20.44] [−3.07, 23.30]
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Table 2. Fitting coefficients and fit statistics for the sigmoid curves.

Coefficients

Graph a b c d R2

Cellulose % TM-1 (Figure 1) 75.17 22.66 1.89 14.22 0.91

Crystallinity TX55 (Figure 4) −2.67 19.99 −1.78 4.71 0.95

WL 37–150 ◦C TM-1 (Figure 6) 4.31 23.04 −2.07 5.65 0.89

WL 150–400 ◦C TM-1 (Figure 9) 25.43 20.96 1.4 51.27 0.94

Peak 300–400 ◦C TM-1 (Figure 12) 15.55
(14.17 *)

22.13
(21.92 *)

0.76
(0.62 *)

368.94
(368.99 *)

0.82
(0.87 *)

Remaining % TM-1 (Figure 14) 13.15 20.72 −1.58 13.69 0.84

Cellulose % TX55 (Figure S2) 84.85 20.53 2.59 10.66 0.95

Crystallinity TM-1 (Figure S3) −2.51 22.42 −0.75 4.67 0.97

WL 37–150 ◦C TX55 (Figure S4) 4.48 20.47 −1.53 5.15 0.91

WL 150–400 ◦C TX55 (Figure S6) 26.02 18.81 1.51 49.03 0.79

Peak 300–400 ◦C TX55 (Figure S8) 14.03
(12.85 *)

19.25
(19.30 *)

1.73
(1.26 *)

367.03
(367.66 *)

0.67
(0.76 *)

Remaining % TX55 (Figure S10) 12.69 18.62 −1.57 16.05 0.53

* These values were calculated only using the data from 10 to 27 dpa.

The derivative of Equation (1) was taken and the result is the following Equation (2):

dy
dx

=
ae

b−x
c

c
(
e−

x−b
c + 1

)2 (2)

in which, the first derivative provides data related to the rate of cellulose deposition. It is important to
point out that coefficients in Equation (2) are the same as in Equation (1). Thus, by adding the dpa data
(x) to this equation, it is possible to plot the rate of cellulose deposition as a function of dpa (Figure 2).
This figure shows that fibers harvested from TX55 genotype reach maximum cellulose deposition rate
earlier than fibers harvested from TM-1 genotype. The graph also shows that the onset of cellulose
deposition is initiated earlier for fibers harvested from TX55 genotype.Fibers 2019, 7, x FOR PEER REVIEW 7 of 17 
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3.2. Thermogravimetric Analysis

The analysis of the structural development using TGA as a function of dpa could provide
additional information on the SCW composition and organization. Figure 3 shows the weight loss
percent as a function of temperature for fiber samples harvested from TM-1 genotype at 20 and 56 dpa.
The initial weight loss occurs between 37 and 150 ◦C. This weight loss is due essentially to the loss of
absorbed and adsorbed water molecules. It is followed by a weight loss between 150 and ~400 ◦C,
which is assigned to the decomposition of non-cellulosic and cellulosic materials. Between ~400 and
600 ◦C, the third weight loss occurs and is related to the loss of the product of decomposition in
the second region (150 to ~400 ◦C). The difference in the thermograms between the samples can be
attributed to the proportion of non-cellulosic materials and the crystallinity of the samples. The samples
in this study have been characterized using X-ray diffraction (XRD) and Fourier transform infrared
spectroscopy (FTIR), and the results were published elsewhere [35]. The data of the crystallinity
content presented by Abidi and Manike as a function of dpa for genotype TX55 is shown in Figure 4.
The same graph for genotype TM-1 is shown in Figure S3. The data of the crystallinity of the samples as
a function of dpa follow closely the sigmoid curve of cellulose content as a function of dpa, as shown in
Figure 4. The data of the crystallinity of the samples was fitted to the sigmoid equation, and it showed
a good fit as shown in Table 2 (R2 = 0.95). Abidi and Manike presented a linear relationship between
the crystallinity index and the cellulose content [35]. Avolio et al. reported a decrease in the onset
of the degradation temperature as the crystallinity decreased in the samples [13]. Other researchers
attributed the distinct behavior of the thermal decomposition among cellulosic samples to different
crystallinity content. As the crystallinity index of the cellulosic samples increases, the thermal stability
of the samples tends to increase [25,36–38].Fibers 2019, 7, x FOR PEER REVIEW 8 of 17 
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The first derivative of the thermograms was calculated to emphasize the inflection points.
These points could be an indication of thermal transitions. Figure 5 shows the first derivative of the
thermogram of fibers harvested from TM-1 genotype at 20 dpa. The first derivative exhibits three major
transitions. The first transition which occurs around 50 ◦C is assigned to the loss of adsorbed water.
The losses of non-cellulosic and cellulosic materials are indicated by the second and third transitions.
The second transition disappears in the thermograms of fibers harvested at 20 dpa. After this stage,
the second transition is present only as a small shoulder. At 20 dpa there is a decrease in the relative
amount of non-cellulosic compounds.
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The evolution of the weight loss percent in the region 37–150 ◦C as a function of dpa is shown in
Figure 6 (fibers harvested from TM-1 genotype) and Figure S4 (fibers harvested from TX55 genotype).
There is a decrease in weight loss as dpa increases. This region of weight loss has been correlated to the
amount of adsorbed water [27]. As cellulose is deposited in the fibers, the amount of the surface area
per mass decreases. As the surface area decreases, the amount of adsorbed water decreases as well [4].
Cellulose content for both genotypes as a function of weight loss in the region 37–150 ◦C shows a linear
relationship with a good fitting (R2 = 0.88) (Figure 7). In addition, as the cellulosic layers deposit, there
is an increase in the crystallinity as shown in Figure 4. The higher the crystallinity of cellulose samples,
the lower its water content. Avolio et al. reported the effect of ball milling on the thermal stability in
cellulose samples. The authors presented TGA curves which described an increase in the weight loss
between 37 to 150 ◦C due to the decrease in the crystallinity of the samples. The weight loss changed
from 7.3 wt% for untreated cellulose up to 11.6 wt% for the cellulose sample ball milled for 60 min.
Thus, the amorphous cellulose had a higher water absorbency than crystalline cellulose [13]. Figure 8
shows the crystallinity of the samples plotted as a function of weight loss in the 37–150 ◦C region.
There is a linear relationship of the crystallinity and the weight loss int this region with good fitting
(R2 = 0.84). The decrease in absorbed and adsorbed water in the samples could originate from the
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reduced surface area per mass of mature fibers and from the decrease of the proportion of amorphous
cellulose to crystalline cellulose as the fibers develop. The sigmoid equation fitted to the cellulose
content results was also used for these data sets. The fitting coefficients, intervals, and statistics are
shown in Tables 2 and 3. Since the results from the fitting coefficients of cellulose content data showed
that coefficient b was statistically different in both genotypes, only the results for coefficient b are shown
in the TGA results. Table 3 shows that the confidence intervals for b in this weight loss region do not
overlap. Since fibers harvested from TX55 genotype have an earlier increase of cellulose content than
fibers from TM-1, it can be hypothesized that the decrease in the weight loss in this region is associated
with the increase in cellulose deposition. Thus, the higher the cellulose content, the higher the amount
of water that the fiber absorbs and the higher the percent weight loss in this region. The model fitting
analysis of the weight loss in this region confirmed that there is a difference in the onset of cellulose
deposition among the two genotypes. Graphically, this can be shown by taking the first derivative of
the weight loss curves. The weight loss rate as a function of dpa indicates that the weight loss of fibers
harvested from TX55 is initiated earlier compared to fibers harvested from TM-1 genotype (Figure S5).Fibers 2019, 7, x FOR PEER REVIEW 10 of 17 
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Table 3. Confidence intervals for coefficient b for the sigmoid curves. The intervals are calculated at the
95% confidence.

Graph Coefficient b Confidence Interval

Cellulose % TM-1 (Figure 1) [21.59, 24.50]

Crystallinity TX55 (Figure 4) [19.08, 20.91]

WL 37–150 ◦C TM-1 (Figure 6) [21.59, 24.50]

WL 150–400 ◦C TM-1 (Figure 9) [20.39, 21.54]

Peak 300–400 ◦C TM-1 (Figure 12) [21.36, 22.90]
[21.34, 22.50] *

Remaining % TM-1 (Figure 14) [19.58, 21.87]

Cellulose % TX55 (Figure S2) [19.30, 21.77]

Crystallinity TM-1 (Figure S3) [22.03, 22.81]

WL 37–150 ◦C TX55 (Figure S4) [19.67, 21.27]

WL 150–400 ◦C TX55 (Figure S6) [17.54, 20.08]

Peak 300–400 ◦C TX55 (Figure S8) [17.15, 21.34]
[17.65, 20.95] *

Remaining % TX55 (Figure S10) [16.34, 20.91]

* These values were calculated only using the data from 10 to 27 dpa.

The changes in the percent weight loss in the region 150–400 ◦C as a function of dpa is exhibited
in Figure 9 for fibers harvested from TM-1 genotype (and in Figure S6 for fibers harvested from
TX55 genotype). Abidi et al. attributed the weight loss in this temperature range to the loss of
non-cellulosic compounds and cellulose [27]. Das et al. attributed the distinct thermal decomposition
behavior of cellulosic samples from various sources to non-cellulosic materials, interfibrillar bonding,
and different crystal sizes among the samples [39]. It has been reported that cellulose samples
with lower crystallinity start to degrade at lower temperatures and have lower thermal degradation
activation energies [36]. Among the factors influencing the variability in the thermograms are the
proportion of non-cellulosic materials, cellulose, and crystallinity. In general, as the cotton fibers
develop, the cellulose content increases, thus, the proportion of non-cellulosic materials decreases.
Furthermore, as the dpa increases, the cellulose becomes more organized (increased crystallinity) [35].
Previously, the thermal decomposition behavior of cellulose was correlated to the crystallinity index of
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the samples [13,37]. Kim et. al. reported that as the crystallite size increased, the thermal decomposition
shifted to higher temperatures. However, the activation energy remained almost the same [40]. Poletto
et. al. showed a shift of the thermal decomposition to a higher temperature as the crystallinity and
crystallite size increased [41]. Figure 10 shows a linear relationship between the weight loss in the
region 150–400 ◦C and the percent crystallinity for both genotypes. The results clearly indicate that
TGA could be used to estimate the crystallinity of samples in developing cotton fibers.
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The data of weight loss in the region 150–400 ◦C were fitted to the sigmoid equation previously
presented. The fitting data are presented in Tables 2 and 3. Since the 95% confidence intervals for
coefficient b do not overlap, it is possible to show that the dpa at which they achieve a maximum
weight loss rate differs for each genotype. The maximum weight loss is achieved earlier for fibers
harvested from TX55 genotype compared to fibers harvested from TM-1 genotype.
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By taking the first derivative of the weight loss data, the rate of the weight loss as a function of
dpa is obtained. Figure S7 shows the weight loss rate in the region 150 to ~400 ◦C as a function of dpa.
The weight loss in this region was plotted as a function of cellulose content (Figure 11). The graph
indicates that there is a non-linear relationship between the weight loss in this region and the cellulose
content. Therefore, a link between the weight loss in this region and the increase in cellulose content
can be established.
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Figure 12 (TM-1 genotype) and S8 (TX55 genotype) show the evolution of the peak temperature in
the region 300–400 ◦C as a function of dpa for the two genotypes. There is an increase in the peak of the
decomposition temperature as dpa increases. For example, fibers harvested from TM-1 genotype 10 dpa
have a peak of the decomposition temperature of 370 ◦C, while fibers harvested at 56 dpa have a peak of
the decomposition temperature of 391 ◦C. Fibers harvested from TX55 genotype at 10 dpa have a peak
temperature of 367 ◦C, while the peak temperature fibers harvested at 56 dpa is 387 ◦C. The sigmoid
curve does not fit well the data after 30 dpa as shown in Figure 12 and Figure S8, the R2 values are 0.82
(TM-1) and 0.67 (TX55) as shown in Table 2. The change in the peak temperature could be derived
from the amount of cellulose deposited in the fibers, its molecular weight, and crystallinity. Cellulose
content in the fibers harvested at 10 dpa is less than 15% and increases to reach ~85–98% at full maturity
depending on the genotype [30]. In addition, it has been reported that cellulose in young fibers has a
lower molecular weight compared to cellulose in developed fibers [16]. The crystallinity in the samples
increases even after 30 dpa [35]. Avolio et al. reported a decrease in the temperature at which the
maximum rate of degradation is achieved for cellulosic samples with lower crystallinity. They reported
that the samples with a crystallinity index of 0.53 had a temperature of maximum degradation rate at
349 ◦C. The samples with a crystallinity index of 0.15 had a value of 337 ◦C [13]. Wang et al. reported
that the maximum degradation rate shifted to lower temperatures for amorphous cellulose when
compared with crystalline cellulose [36]. Hideno reported similar findings, the ball-milled cellulose
had a decrease from 335 ◦C to 328 ◦C in the maximum degradation rate temperature when compared
to the original sample. This was attributed to the decrease in crystallinity of the sample [38]. The data
of crystallinity reported by Abidi et al. was compared to the peak temperature of the developing cotton
fibers (graph not shown) and there is not a good relationship, especially after 30 dpa. The same sigmoid
curve was fitted to the data from 10 dpa to 27 dpa, and the fitting coefficients and fit statistics are
shown in Tables 2 and 3. These curves fitted well the data and the R2 increased to 0.87 (TM-1) and 0.76
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(TX55). The fitting analysis, presented in Table 3, indicates that fibers harvested from TX55 has a lower
value of coefficient b compared to fibers harvested from TM-1 genotype and the confidence intervals
do not overlap. Thus, for fibers harvested from TX55 genotype the onset of cellulose decomposition
temperature is earlier compared to fibers harvested from TM-1 genotype. This can be visualized in
Figure S9, in which the first derivatives of the peak temperature were plotted as a function of dpa.
Although the proposed sigmoid model does not fit well the data of the peak temperature after 30 dpa,
this model can be used to indicate the onset of cellulose deposition for each genotype. It can be
concluded that there is a relationship between the initiation of cellulose deposition, and the increase in
the peak temperature in the region 300–400 ◦C.
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The data of peak temperature in the region from 300–400 ◦C was plotted as a function of cellulose
content for fibers harvested from TM-1 and TX55 genotypes (Figure 13).Fibers 2019, 7, x FOR PEER REVIEW 14 of 17 
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Figure 14 and Figure S10 show the % remaining at 600 ◦C as a function of dpa for fibers harvested
from genotypes TM-1 and TX55 respectively. There is a decrease in weight loss as dpa increases.
The model-fitting results (Table 3) indicate an overlapping of the 95% confidence intervals for coefficient
b. Therefore, the dpa at which the maximum cellulose deposition rate occurs does not differ from one
genotype to the other according to the results from the % remaining at 600 ◦C.

Fibers 2019, 7, x FOR PEER REVIEW 14 of 17 

 
Figure 13. Cellulose content as a function of the peak temperature in the region from 300 to 400 °C. 

Figures 14 and S10 show the % remaining at 600 °C as a function of dpa for fibers harvested from 
genotypes TM-1 and TX55 respectively. There is a decrease in weight loss as dpa increases. The 
model-fitting results (Table 3) indicate an overlapping of the 95% confidence intervals for coefficient 
b. Therefore, the dpa at which the maximum cellulose deposition rate occurs does not differ from one 
genotype to the other according to the results from the % remaining at 600 °C. 

 
Figure 14. Evolution of the remaining weight percent at 600 °C as a function of dpa for TM-1 genotype. 

4. Conclusions 

The evolution of the percent weight loss obtained by TGA can provide information on the onset 
of the cellulose deposition. The results of the weight loss in the regions 37–150 °C and 150–400 °C 
support the hypothesis that fibers harvested from TX55 genotype have an earlier onset of the SCW 
compared to fibers harvested from TM-1 genotype. These results indicate that fibers harvested from 
TX55 genotype may exhibit different structural evolution compared to fibers from TM-1 genotype. 
This hypothesis is also supported by the results from the peak decomposition temperature in the 

Figure 14. Evolution of the remaining weight percent at 600 ◦C as a function of dpa for TM-1 genotype.

4. Conclusions

The evolution of the percent weight loss obtained by TGA can provide information on the onset
of the cellulose deposition. The results of the weight loss in the regions 37–150 ◦C and 150–400 ◦C
support the hypothesis that fibers harvested from TX55 genotype have an earlier onset of the SCW
compared to fibers harvested from TM-1 genotype. These results indicate that fibers harvested from
TX55 genotype may exhibit different structural evolution compared to fibers from TM-1 genotype.
This hypothesis is also supported by the results from the peak decomposition temperature in the region
300–400 ◦C. As dpa increases, the decomposition temperature increases as well. TGA showed great
potential to determine the cellulose content and percent crystallinity of developing fibers. The thermal
degradation properties could also indicate the onset of cellulose deposition. The results converge
towards the conclusion that the initiation of the secondary cell wall is genotype-dependent.
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