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3 January 2022 urea (in brief DAP-BAU) followed by a multistep thermal oxidation process. By

utilizing a set of measurements, including X-ray diffraction, differential scan-
© The Author(s)) under ning calorimetry (DSC), thermogravimetric analysis (TGA), and infrared (IR)
exclusive licence to Springer spectroscopy analysis, the impact of DAP-BAU inclusion on the thermal sta-
Science+Business Media, LLC, bility of flax fibers was studied. The findings of IR spectra and X-ray diffraction
part of Springer Nature 2021 analysis revealed that the dehydrogenation and dehydration processes cause a
progressive and steady loss of inter- and intramolecular H-bondings. Infrared
spectra also showed the development of C = C double bonds associated with
the crosslinked ladder structure formation. DSC and TGA findings revealed that
DAP-BAU incorporation boosted thermal stability by generating ladder-like
structure formation and restricted the development of volatile by-products by
inhibiting the fundamental hydroxyl groups with increasing oxidation time. The
overall findings of this study confirm that DAP-BAU incorporated and 125 min
stabilized (at 245 °C) flax fibers attain complete thermal stability and are ready
for utilizing in the subsequent carbonization and activation stages in activated
carbon fiber manufacturing.

Introduction validating the great usage of them in the industrial
effluent treatment. There are four types of activated
carbon: activated carbon fiber (ACFs), granular acti-

Activated carbon is a nontoxic and reusable carbon vated carbon, powdered activated carbon, and acti-

material that contains different surface functional vated carbon pellet. Of these four types, ACFs have
groups having attraction toward various adsorbates,
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the benefit of being formed fibrously from fibers; it is
simpler to create entanglement with each other cre-
ating web and no post-treatment need [1-5]. ACFs
have a higher specific surface area and large pore
volume and are widely used in catalysis [6], purifi-
cation [7], separation [8], and energy storage [9]. As
the cost of manufacturing of the synthetic precursor
is expensive and the interest in activated carbon
fibers rises, inexpensive natural resources need to be
sought for the production of ACFs [10, 11]. The nat-
ural precursor materials, including sisal [12], viscose
rayon [13], hemp [10], paper [14], wood [15, 16],
coconut shell [17], and cotton stalk [18], were men-
tioned to use in activated carbon fiber manufacturing.
Nonetheless, aside from activated carbon, there are
very few published articles of flax being used as a
raw material for producing ACFs [19, 20].

Flax fiber (Linum usitatissimum L.) is one of the
strongest natural bast fibers that contain cellulose
(70.5%), hemicellulose (16.5%), lignin (2.5%), and
pectin (0.9%). The structure of flax fibers is highly
complex, and it could be compared with a composite
structure. Flax fibers are made up of a number of
polyhedron-shaped primary fibers that are over-
lapped across a wide area and kept together by an
interphase made up mostly of pectin and hemicellu-
lose [21]. Cellulose, one of the main constituents of
flax fiber, is a promising precursor element of carbon
and activated carbon fiber manufacturing. The cel-
lulose has a well-ordered crystal structure, and it
goes through thermal decomposition without melt-
ing. The hydroxyl groups in the cellulose structure
rapidly generate intra- and intermolecular hydrogen
H-bonds in the thermal stabilization process, result-
ing in a variety of structured crystalline configura-
tions [22]. Cellulose was reported to be used alone
[22-24] and also with lignin [25, 26] in the published
literature for this purpose. Lignin, another compo-
nent of flax fiber, is a natural high molecular weight
amorphous polyaromatic macromolecule made up of
phenyl propane entities with methoxyl, hydroxyl,
and carbonyl substitutions [27]. Lignin has higher
carbon content, around 60 — 65% indicating a higher
carbon yield in manufactured carbon and activated
carbon fiber [25]. Lignin was mentioned to be
employed alone for this purpose in the published
literature [27-30].

DAP and boric acid were used to impregnate with
flax fibers as flame retardation agents in this study.
DAP, boric acid, and urea are less expensive and
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environmentally friendly chemicals. During the oxi-
dation reactions, the formation of boron phosphate
occurs in the presence of urea on the hydroxyl groups
of cellulose, hemicellulose, and lignin components of
flax fibers [31-33]. DAP and boric acid react and form
boron phosphate, ammonia, and water as follows
[34].

(NH,),HPO, + H3BO; — BPO,; + 2NH; + H,O

Urea is reported to be a swelling agent and con-
tains strong hydrogen bonding groups for cellulosic
fibers. The generally accepted view is that urea melts
at around 140 °C and is fluid between 140 and
160 °C. Urea is also known to penetrate and create
buffering action to prevent the degradation of cellu-
losic structures [32]. As a result of DAP and boric
acid decomposition, dehydration and preliminary
carbonization reactions are expected during the oxi-
dation reactions of flax fibers. The chemical reaction
between hydroxyl groups of cellulose, hemicellulose,
and lignin is expected to prevent the formation of
tarry (i.e., levoglucosan) substances during the oxi-
dation reactions [35].

The objective of the current study was to explore
the influence of DAP-BAU pretreatment on the
thermal oxidation of flax fibers at temperatures up to
245 °C for different stabilization durations. Thermal
and structural properties were characterized by
means of DSC, TGA, FT-IR, and XRD to observe and
follow the alterations that took place in the oxidation
process of the DAP-BAU incorporated and oxidized
flax samples.

Experimental details
Thermally stabilized sample preparation

To remove surface contaminants from the fibers, the
raw flax yarns were mercerized for 60 min at room
temperature in an 18% NaOH aqueous solution.
After removing surface contaminants, the sample
was dried in the air for 4 h at 80 °C after being
allowed to dry overnight at 25 °C (Fig. 1).

The flax yarns were treated in a water solution
containing 3% diammonium phosphate or DAP
((NH4),HPO,), 3% boric acid (H3;BO3), and 3% urea
(NH;-CO-NHy) for 6 h at room temperature. The pH
value of the solution was 7.05 at 26.1 °C. The flax
specimens were dried at 70°C for 5h after
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Figure 1 Chemical
impregnated flax fiber
samples.

performing chemical integration. For the oxidation
process, a multistep approach was utilized at tem-
peratures 160, 180, 200, 220, and 245 °C. Oxidation
durations were 25, 50, 75, 100, and 125 min, which
were employed in different stabilization stages
individually.

Experimental data collection
Differential scanning calorimetry (DSC) analysis

A PerkinElmer Diamond DSC apparatus was used to
conduct differential scanning calorimetry (DSC)
measurements. The sample weights utilized were
typically about 5 mg. A heating rate of 10 °C/min
was specified, with a maximum temperature range of
450 °C. For heat flow assessment, indium (m.p.
156.6 °C and AH = 28.45]/g) was employed. Tem-
perature calibration was performed with indium and
zinc (m.p. 419.51 °C) standards. The samples were
examined at a flow rate of 50 mL/min of nitrogen
[36].

Thermogravimetric (TGA) analysis

The TGA profiles of the pristine and oxidized sam-
ples were assembled utilizing a PerkinElmer TGA
analyzer. The uppermost temperature was kept
1000 °C, and the heating rate was 10 °C/min with a
sample weight of 5-6 mg. The nitrogen gas flow rate
was kept at 200 ml/min during the experiment. The
adjustment of TGA temperature was set employing
the standard melting points of tin, aluminum, zinc,
indium, and gold [37, 38].
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Fourier transform infrared (IR) analysis

Infrared spectroscopy analysis was executed by a
PerkinElmer® FT-IR spectrometer in absorbance
mode. The mean value was taken of 50 interfero-
grams by utilizing a Norton—Beer apodization algo-
rithm. Every specimen band was ratioed by keeping
fixed system adjustments compared to a compatible
amount of background scans. By employing the
SPECTRUM program and the curve-fitting technique,
all of the characteristic bands were examined [37, 38].

X-ray diffraction (XRD) analysis

A Bruker® AXS D8 X-ray diffractometer was used in
attaining X-ray diffraction profiles of the flax fiber
samples. In the 10—40° 20 scattering range, X-ray
diffraction traces of the pristine and oxidized flax
fibers were attained. Lorentz and polarization cor-
rections were performed additionally in achieving
X-ray diffraction profiles [39].

Data analysis
X-ray data curve-fitting

For dissociating the overlapped peaks, all the
obtained X-ray diffraction traces were attuned
employing a curve-fitting method defined by Hin-
deleh et al. [39]. The Gaussian and Cauchy functions
were considered for each profile. In the curve-fitting
strategy, computer programming provides specific
peak parameters such as peak height in electron unit,
peak position (260), peak width at half height, and
profile function (f).
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Apparent X-ray crystallinity

Apparent X-ray crystallinity (y.) is the integrated
intensity ratio of the values beneath the resolved
peaks to the values of the cumulative scatter beneath
the observational peak [40]. Mostly, this is presented
as in Eq. 1. The investigation was accomplished
between 5° and 35°, in 20 range.

_ 13 1(20)d(20) 0
F Ty Ta(20)d(20)

X-ray oxidation index

In evaluating the X-ray oxidation index, Eq. 2 [41]
was employed in this investigation.

Ip—1I
0

X - rayoxidationindex (%) =

x 100% (2)

where I, represents the (002) peak intensity (at
20 = 22.4°) of the pristine flax sample, while I repre-
sents the (002) peak intensity (at 20 = 22.4°) of oxi-
dized flax sample. By employing the curve-fitting
strategy, the intensity values were attained.

Apparent lateral crystallite size

By employing Stoke’s deconvolution approach, the
peak widths at half height were attuned [42]. For the
particular reflection of oxidized flax samples, the
apparent lateral crystallite size was evaluated
employing Scherrer Eq. 3.

K
Loy = p.cos(6) 3)

where L) represents the mean crystallite length
upright to the hkl planes, 1 represents the radiation
wavelength (/4 = 0.15406 nm), K represents a Scherrer
parameter, f represents breadth at half-maximum
intensity, and 0 represents the Bragg angle of the
concerning reflection.

Results and discussion
Differential scanning calorimetry (DSC)

DSC thermograms were utilized to investigate the
structural changes occurring in the oxidation reac-
tions of flax fibers impregnated with DAP-BAU for
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different oxidation durations. The DSC profile of raw
flax fiber illustrated in Fig. 2a represents a wide
endotherm immediate 100 °C due to the presence of
water vapor. A wider and stronger endotherm
between 340 and 370 °C, having a peak temperature
of 360 °C, ascribed to depolymerization and decom-
position reactions of cellulose and hemicellulose fol-
lowing the reactions resulting in the development of
levoglucosan and its decomposition constituents [43].
The intensity of this peak weakened and broadened
in intensity with growing oxidation times. The DSC
thermogram of raw flax fiber also showed an extra
peak as a wide exotherm between 350 and 400 °C,
having 373 °C peak temperature owing to the oxi-
dation of levoglucosan-based volatile pyrolysis com-
pounds [44]. DAP-BAU pretreatment and thermal
stabilization in the air atmosphere seemed to show a
major impact on the DSC profiles of oxidized flax
fibers. Figure 2b—f represents the DSC traces of DAP-
BAU integrated flax fibers oxidized for 25 to 125 min
oxidation durations.

The DSC profiles of the sample oxidized for 50 min
at 245 °C shifted to 255 °C owing to the depolymer-
ization reactions of remaining cellulose and hemi-
cellulose. The decomposition temperature of the flax
fiber oxidized for 50 min is 105 °C, which is lesser
than the raw flax fiber. As a potent fire retardant,
DAP-BAU resulted in a severe depletion of the
decomposition temperature of cellulose [31].
Decomposition temperature reduction attributes to
the catalyzed dehydration reactions of cellulosic
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Figure 2 DSC profiles of raw a and DAP-BAU pretreated-
oxidized flax fibers for variable oxidation durations. b 25 min;
¢ 50 min; d 75 min; e 100 min; f 125 min.
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structural units by the chemical processes occurring
within the hydroxyl groups of cellulose, hemicellu-
lose, lignin, and DAP-BAU. The substantial decrease
of cellulose-hemicellulose-lignin = decomposition
temperature after the DAP-BAU treatment is also
thought to be due to the drop of the degree of crys-
tallinity with escalating oxidation time [45].

The extent below the central endothermic peak is
noticed to be dropped after the oxidation time of
25 min and disappeared completely between 50 and
125 min, respectively; this behavior is accredited to
the dehydration process that occurred by the chemi-
cal reactions occurring in the core hydroxyl groups of
cellulose (-CH,-OH) rings, hemicellulose, and lignin.
This process is estimated to cause the removal of —
OH groups from cellulose, hemicellulose, and lignin
chains and in the loss of H-bonds from the -OH
groups in producing water. The development of
double-bonded groups, typically C = O and C =C,
also takes place. Due to the dehydration process, the
structure of cellulose-hemicellulose-lignin is sus-
tained, the development of volatile derivatives is
prohibited, and the weight loss is typically restricted
to water loss alone. [22].

After 50 min of oxidation at 245 °C, the region
associated with the decomposition endotherm is
decreased and then eliminated (Table 1). DAP-BAU
pretreatment limits the depolymerization processes
and prevents the synthesis of levoglucosan, which
results in the diminution and final removal of the
endotherm. This outcome is thought due to the
higher carbon yield in the samples generated for
DAP-BAU pretreatment and increased oxidation
times. The vanishing of the decomposition endo-
therm for 50 min oxidation time and beyond also
shows the formation of high temperature-resistant
and thermally stabilized structural units. The DSC

J Mater Sci (2022) 57:2318-2333

traces of the 50 min and above-timed oxidized sam-
ples also represented the complete vanishing of the
decomposition endotherms originated from the cel-
lulose I-hemicellulose-lignin structure loss and the
development of thermally stabilized and crosslinked
structural units.

The DSC traces of DAP-BAU treated flax fibers
stabilized at 245 °C for oxidation times of 25 min and
beyond showed a strong intensity exotherm at
around 286-293 °C. This exotherm kept its presence
at the oxidation times between 25 and 125 min (Fig. 2
and Table 1) and is accredited to the crosslinking
process of cellulose-hemicellulose-lignin  rings
occurring in the decomposition and dehydration
reactions. The exothermic heat below this peak did
keep its presence but gradually lessened in intensity
at the oxidation times between 25 and 125 min, while
the entire cellulose structure was fully converted into
greatly cyclized and crosslinked groups of chains.

Thermal analysis (TGA)

The TGA method continuously measures the weight
loss of samples as a function of time or temperature
at a linear rate. Various steps in the TGA analysis
provide important information on thermal stability,
original sample composition, the thermal stability of
intermediates formed, and kinetic data. Essentially,
the TGA method is dynamic in nature and offers
quantitative information about the thermal stability
of the samples under investigation. Thermal analysis
is one of the most important techniques to observe
and analyze the thermal behavior of samples under
investigation. In the present investigation, the TGA
method has been employed to investigate the thermal
behavior of flax fibers. The weight loss occurring
during TGA scanning of flax fibers is attributed to the

Table 1 Thermal properties of raw and oxidized flax fibers pretreated in DAP-BAU

Oxidation Decomposition Area of (AH) Carbon formation Area of carbon Exotherm due to

time (min) temperature (°C) decomposition (J/g)a exotherm (°C) formation exotherm (J/  levoglucosan oxidation
g) °C)

0 360 24.739 - - 373

25 255 6.322 293 —67.267 -

50 - - 288 —81.579 -

75 — - 290 —81.055 -

100 — - 288 —71.046 -

125 - - 286 —68.659 -

@ Springer



J Mater Sci (2022) 57:2318-2333

decomposition of cellulose, hemicellulose, and lignin
structural components. Usually, higher decomposi-
tion temperatures result in higher thermal stability
[46].

In cellulosic fibers, there is no glass transition or
melting transitions. The only transition is that of
decomposition around 340-380 °C at a heating rate of
10 °C/min. It should be emphasized that the exact
positions of these transitions heavily depend on the
rate of heating and the impurities present in the
material. According to the published literature [47],
the heating rate is an important factor for differenti-
ating the relative characteristics of fibers. It seems
that when the heating rates increased from 5 to
150 °C/min, decomposition maxima increased from
321 to 394 °C for water-retted lignocellulosic flax
fibers [47].

Thermogravimetric analysis was utilized for char-
acterizing the thermal stability of pristine and DAP-
BAU incorporated and oxidized flax fibers. An initial
evaluation of the pyrolysis processes can be carried
out based on comparative decomposition tempera-
tures and dTGA curve patterns. Comparatively
higher and steeper peaks indicate quicker reactions,
and greater weight loss results in lower carbon yield.
On the other hand, broader pyrolytic peaks result in
rational reactions and therefore generate higher car-
bon yield. For flax-based activated carbon fiber pro-
duction, faster pyrolysis (such as carbonization) in
the inert environment is unfavorable. It is expected to
accelerate side reactions, resulting in lower-carbon
yields and the constituents having volatile carbon
[13]. Large quantities of organic acids, aldehydes, and
carbon dioxide are released as volatile derivatives
during faster pyrolysis leading to poor carbon yields.
The oxygen-containing air environment is also
essential in obtaining higher carbon yields. Under an
inert atmosphere, the thermal decomposition of flax
fibers shows a single-step decomposition which
results in one dTGA curve. This decomposition pat-
tern is attributed to the combination of the main
structural components of hemicellulose, cellulose,
and lignin in flax fibers. According to Thuault et al.
[48], the following transition temperatures were
observed in a typical TGA scan of flax fiber; hemi-
cellulose at 250-320 °C, cellulose at 340-400 °C, and
lignin at 400470 °C.

Carbon yield and weight loss could be used in
comparing the relative yield values of the car-
bonization stage for variable oxidation times. The
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TGA profiles of pristine and DAP-BAU incorporated
flax fibers oxidized in the air for oxidation times of 0
and 125 min are illustrated in Fig. 3. All the TGA
curves show weight loss at about 50-120 °C indicat-
ing the presence of water on the surface of the sam-
ples. The TGA profile of pristine flax fiber indicated
that the weight loss occurs in a small temperature
range of 250 to 400 °C. The thermal decomposition
process of pristine flax fibers was initiated at 250 °C
and sustained until 400 °C (Fig. 3a).

Faster weight loss occurring in the range of 250 to
400 °C in the inert environment indicates the occur-
rence of higher thermal decomposition. The highest
weight loss was observed at 355 °C, the carbon yield
value was 42.5% at 1000 °C. In contrast, the TGA
profiles of DAP-BAU incorporated and oxidized flax
fibers demonstrated a reduced weight loss ratio with
growing oxidation time, signifying escalating carbon
yield due to the greater crosslinking and aromatiza-
tion reactions among the flax cellulose-hemicellu-
lose-lignin chains. The TGA curves of the DAP-BAU
incorporated-oxidized flax fibers exhibited slower
weight loss at temperatures between 250 and 500 °C
owing to aromatization and crosslinking processes.

The carbon yield (%) at 500 and 1000 °C tempera-
tures attained from the original and DAP-BAU
incorporated flax fibers for variable oxidation times
are presented in Fig. 4. The outcomes indicated a
steady growth of carbon yield for higher oxidation
times. Carbon yield ratios are higher at 500 °C than

100

Weight loss (%)
0 ~
o (6}

N
[&)]

200 400 600 800
Temperature (°C)

Figure 3 TGA thermograms of raw a and DAP-BAU pretreated-
oxidized flax fibers for variable oxidation durations. b 25 min;
¢ 50 min; d 75 min; e 100 min; f 125 min.
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those at the temperature of 1000 °C growing from 49
to 58%. The carbon yield ratio increased to a maxi-
mum value of 42.5% at 1000 °C for the DAP-BAU
incorporated and 125 min oxidized flax fibers.

dTGA curves of TGA thermograms are presented
in Fig. 5. The dTGA curve of the original flax fibers
(Fig. 5a) exhibits two exothermic peaks. The peak
appearing as a broad shoulder centered around
290 °C is assigned to the decomposition of hemicel-
lulose, and a well-defined peak centered around
365 °C is attributed to the decomposition of cellulose.
Lignin decomposition peak did not appear in the
dTGA thermograms. Following the oxidation reac-
tions, the dTGA peak for the oxidized samples shifts
from 365 °C due to the decomposition of cellulose to
300 °C. Hemicellulose decomposition peak was
located at 290 °C but disappeared in the oxidized
samples. Lignin decomposition peak was not detec-
ted in the samples, possibly due to its lower
existence.

FT-IR spectroscopy analysis

In the present investigation, infrared spectroscopy
was extensively utilized to investigate structural
changes occurring during the oxidation reactions.
Structural changes happening during the oxidation
process were monitored and followed as a function of
oxidation time. Information from infrared spec-
troscopy is one of the most useful and fundamental
approaches for the understanding of the structure of
cellulose, hemicellulose, and lignin, mainly for iden-
tifying the network of hydrogen bonds in the
molecular structure of flax fibers. The infrared bands
of pristine and oxidized flax fibers are presented in
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Figure 4 Variation of carbon yields at scanning temperatures

500 °C (O) and 1000 °C (OJ) of the raw and oxidized flax fibers.
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Figure 5 dTGA thermograms of raw a and DAP-BAU
pretreated-oxidized flax fibers for variable oxidation durations.
b 25 min; ¢ 50 min; d 75 min; e 100 min; f 125 min.

Fig. 6 for different oxidation times between 4000 and
2000 cm ™' region.

The IR range 4000 to 3000 cm ™~ is considered to be
due to intramolecular and intermolecular H-bonded
OH group bands. The OH groups available in the
molecular structure of cellulose, hemicellulose, and
lignin readily form intra- and intermolecular hydro-
gen bonds, which results in the formation of crys-
talline regions [22, 45, 49]. In the infrared spectrum of
cellulose, the 3000-2000 cm ™' region is assigned to
the methine (C-H) and methylene (CH,) stretching
bands. The IR spectrum of pristine flax fiber contains
vibrations due to cellulose, hemicellulose, and lignin
components [50]. Band assignments for the
4000-500 cm ™" region of the IR spectrum of flax fiber
are listed in Table 2. Following DAP-BAU pretreat-
ment and oxidation in an air atmosphere, noticeable

w
w
w
[$]

(N
|

a
0 | L L B B L |
4000 3500 3000 2500 2000

Wavenumber (cm'1)

Figure 6 IR spectra in the range 4000-2000 cm™' of raw a and
DAP-BAU pretreated-oxidized flax fibers for variable oxidation
durations. b 25 min; ¢ 50 min; d 75 min; e 100 min; f 125 min.
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deviations in comparative intensity values were
observed as H-bonding and CH stretching vibrations
in the area spanning 4000 to 3000 cm ™.

The IR spectrum of original flax fiber covering 3700
and 3000 cm ™' regions illustrated in Fig. 7 was ana-
lyzed and fitted with nine peaks using a peak sepa-
ration procedure. Peak separation procedure was
performed using band positions located at 3540, 3480,
3435, 3380, 3340, 3290, 3235, 3175, and 3105 cm ™' The
infrared peak located at 3540 cm™' is attributed to
free OH vibrations. On the other hand, the IR bands
located at 3540, 3480, 3435, 3380, and 3340 cm ™! are
attributed to the OH vibration of the intramolecular
H-bonds (Table 2).

Intermolecular H-bonded bands are positioned at
3290, 3235, 3175, and 3105 cm™!, respectively. It
seems that intermolecular H-bonding shows a higher
delicacy to temperature fluctuations than
intramolecular H-bonding [57]. OH, CH, and CH,

2325
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Figure 7 Curve-fitting of the infrared spectrum of pristine flax
fibers in the 3700-3000 cm™' region.

bands positioned in the range from 3700 to 3000 cm ™"

progressively lost intensities yet never vanished
entirely. OH spectra attributed to oxidized flax fibers
primarily exposed broadening but lost maximum

Table 2 Band assignments for the 4000-500 cm™ ' region of the infrared spectrum of flax fiber

Wavenumber (cm™") Assignment [51-56]

3540 Free OH vibrations
3540, 3480, 3435, 3340, 3290, OH stretching intermolecular hydrogen bonding
3235, 3105

2922 CH, asymmetrical stretching

2900 CH and CH; stretching

2870 CH and CH, symmetrical stretching

1730 C = O stretch (before oxidation), hemicellulose

1715 C = O stretch in unconjugated ketones, carbonyls, and ester groups of hemicellulose structure (after
oxidation)

1635 adsorbed H,O

1610 C = C stretching, aromatic skeletal mode (lignin)

1455 CH-deformation and CH, bending

1430 CH, and O—-C-H in-plane bending, crystalline cellulose

1370 CH, bending (the crystalline phase from cellulose)

1317 CH, wagging

1235 C—O stretching in acetyl group

1205 OH in-plane bending

1155 C-O-C asymmetrical stretching of cellulose and hemicellulose (crystalline phase mainly from
cellulose); A decrease in the intensity of this vibration is attributed to a decrease in the degree of
crystallinity

1102 Asymmetrical in-phase ring stretching of cellulose (crystalline)

1054 C-0 bond stretching and C-O deformation

1030 CO stretching

1007 C-O stretching

895 Cellulose-based asymmetrical out of phase ring stretching (C-O-C)

800 Cellulose-based ring breathing mode

663 OH, out of plane bending
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intensity for higher oxidation time. The dehydration
process resulted from the interaction of hydroxyl and
boron phosphate (BPO,) groups in the initial steps of
oxidation reactions, the intensities of the vibrations
located at 3290, 3235, 3175, and 3105 cm ™! involved
in the intermolecular H-bonding and the OH groups
gradually weakened with increasing oxidation time.
This behavior indicated an interruption in inter-
molecular H-bonding. The IR spectra located at 3520,
3450, 3405, and 3350 cm™' attributed to the
intramolecular H-bonded OH groups also lost their
intensity yet never vanished entirely. This outcome
suggests that maximum oxidation reactions occurred
within OH-groups of cellulose, hemicellulose, and
lignin with boron phosphate (BPO,) groups. The
disorder of the intermolecular H-bonding system
during the oxidation process is thought for the
gradual crystallinity loss together with the develop-
ment of the amorphous phase for increased oxidation
time.

The methine (CH) and methylene (CH,) bands
located at 2922, 2900, and 2860 cm ™' also lost most of
their intensities, but a minor amount still remained,
demonstrating that all H-species are not involved in
dehydrogenation and dehydration processes. It is
clear that the gradual loss of the H-bonded OH
groups and H of the CH groups with growing oxi-
dation time is a clear indication that dehydrogenation
and dehydration processes took place in the oxida-
tion process. Gradual reduction of intermolecular
hydrogen bonding between OH groups of flax fibers
using intensity ratios of (Aszpep/Azgpe) and (Azzao/
Ajgp) defined as hydrogen-bonding index (HBI) for
different oxidation duration is presented quantita-
tively in Fig. 8. The infrared spectrum located at
2900 cm™' was taken as an internal standard for
normalization purposes [56]. The vibration located at
2900 cm ™' is clearly well-defined and prominent
vibration in the pristine flax fiber. The use of the
internal standard vibration makes it easy to make
comparisons between different specimens for differ-
ent oxidation duration.

The infrared spectra of the raw and oxidized flax
fibers in the range 2000-400 cm ™' of raw and DAP-
BAU incorporated-stabilized flax fibers for different
oxidation periods are presented in Fig. 9. The
wavenumber range 2000 to 400 cm ™" of the cellulose
infrared spectra is known to be the most suit-
able portion for both quantitative and qualitative
analysis. The physically absorbed water gives a
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an internal standard.

distinctive spectrum at approximately 1640 cm™',

while the infrared spectra of original flax fibers
located around 1428, 1370, 1337, 1315, 1280, 1220,
1160, and 895 cm™' are stated as delicate to crys-
tallinity and lattice category [52].

Infrared spectra of pristine and oxidized flax fibers
in the presence of DAP-BAU impregnation in the
range 1850~1200 cm™" for 25 min oxidation time are
presented in Fig. 10. Carbonyl stretching vibration
located at 1730 cm™' allocated to C = O stretching
band is moved to 1715 cm ™' indicating strong inter-
action with OH groups in forming H-bonds [58].

IR spectra in Fig. 9 indicate that the carbonyl
(C =0) intensity grows with increasing oxidation
time. This outcome strongly suggests that oxygen-
containing functional groups are incorporated in the
oxidation reactions. The ratio of the absorbance value
of the carbonyl (C = O) band at 1715 to 2900 cm ™" is
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Figure 9 IR spectra in the range 2000-400 cm™' of raw a and

DAP-BAU pretreated-oxidized flax fibers for variable oxidation
durations. b 25 min; ¢ 50 min; d 75 min; e 100 min; f 125 min.
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Figure 10 Infrared spectra of raw a and DAP-BAU pretreated-
oxidized (25 min) flax fibers in the range 1850-1200 em™ L.

defined as an oxidation index, where 2900 cm™! is

used here for comparison purposes. The results pre-
sented in Fig. 11 suggest that the oxidation index
increases with increasing oxidation time suggesting
increased oxygen content.

A completely new band at approximately
1610 cm ™' seemed like a strong vibration assigned to
C = C stretching come to be prime in the samples
oxidized at 25 min oxidation time and higher, sug-
gesting the formation of the highly aromatic structure
during the oxidation procedure. The infrared spec-
trum at 1610 cm™' appeared as a shoulder in the IR
spectrum obtained after the oxidation time of 25 min
but became stronger with increasing oxidation time.
The absorbance ratio of Aig10/Azogo is defined as the
IR-aromatization index, and the values are presented
in Fig. 12 that shows increasing aromatization index
values with increasing oxidation time. The spectrum
at 895 cm™! allotted to asymmetrical out of phase
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Figure 11 Changing of oxidation index (A175/A2900) for variable
oxidation durations.
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cellulose ring stretching (C—-O-C) lost intensity for the
oxidation reactions with increasing oxidation time,
indicating the replacement of hydrogen atoms from
the cellulose, hemicellulose, and lignin structures by
functional groups or owing to the creation of ring
structures [52].

The IR spectrum located at 1370 cm™" assigned to
the CH, bending mode of crystalline cellulose is used
for the evaluation of the degree of total crystallinity
index (TCI) values using the intensity ratios of A;z70/
Ajgqp for the pristine and oxidized flax samples [52].
The variation of the total crystallinity index is pre-
sented in Fig. 13 for variable oxidation duration. The
outcomes demonstrate reduced crystallinity and
increasing amorphous content for increased oxida-
tion duration.

The IR spectroscopy was also used to assess the
values of lateral index values using the absorbance
ratios of Ajs30/Agos as suggested in the published
literature [52]. Figure 14 shows the changing values
of the lateral order index for the pristine and oxidized
flax samples as a function of oxidation time. The
outcomes point to a continuous decrease in the val-
ues of lateral order index for the pristine and oxi-
dized flax samples. It is clear that the values of the
total crystallinity index are higher as expected than
the lateral order index.

X-ray diffraction analysis (XRD)

Equatorial X-ray diffraction traces of pristine and
thermally oxidized flax fibers are plotted in Fig. 15.
Investigation of the equatorial XRD profile of raw flax
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Figure 12 Changing of IR aromatization index (A1610/A2900) for
variable oxidation durations.
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BAU pretreated-oxidized flax fibers for variable oxidation
durations. (1430 cm™" as a crystalline band and 895 cm™" as a
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fibers shows the availability of four distinct crys-
talline peaks as the most prominent reflections.

A curve-fitting technique has been utilized to
acquire precise peak parameters for the equatorial X-
ray diffraction profiles. Curve-fitting was used to
evaluate amorphous ratio, apparent X-ray crys-
tallinity, crystal size, and X-ray oxidation index for
variable oxidation durations. The equatorial XRD
profile of flax fibers presented in Fig. 16 can be
determined from five crystalline peaks of cellulose I
structure located at about 14.7 + 0.3, 16.4 £ 0.3,
214 £0.2, 224 + 0.2, and 34.8 & 0.3 attributed to
(101), (10 1), (120/200), (002), and (040) reflections.
These bands relate to a monoclinic unit cell. It is
obvious that the 002 peak intensity is the sturdiest
comparing with (101), (10 1), (120/200), and (040)
peak intensities. The peak parameters acquired from
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Figure 15 Equatorial X-ray diffraction profiles of raw a and
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Figure 16 Curve-fitting of equatorial X-ray diffraction trace of
raw flax fiber.

the curve-fitting technique of raw flax fibers are
presented in Table 3, along with the comparative
assessment of the calculated and observed d-spacing
values.

DAP-BAU incorporation followed by oxidation in
the air atmosphere at 245 °C and oxidation times
ranging from 25 to 125 min showed an impressive
influence on the crystalline structure of flax fiber as

Table 3 Resolved peak parameters of curve-fitted XRD trace of
raw flax fiber

Hkl F A W P(20) dgs (nm) deye (nm)
101 0.47 103,580 1.85 14.75 0.600 0.603
101 0.99 118,047 2.04 1635 0.542 0.543
120/200 0.29 139,975 3.47 21.43 0414 0.415
002 0.13 343,929 143 2255 0.39% 0.392
040 0.00 10,576 2.62 344  0.260 0.258
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the degree of apparent crystallinity of the cellulose I
structure. A close investigation of the XRD profiles
presented in Fig. 15 exhibited a steady loss of crystal
structure for higher oxidation times. The loss of the
intensity of the XRD profiles indicates the develop-
ment of amorphization (i.e., decrystallization) reac-
tions with growing oxidation time. The findings
presented in Table 4 demonstrate that all of the
crystalline peaks seem to survive with progressing
oxidation reactions due to ongoing oxidation reac-
tions through the oxidation time from 25 to 125 min.

Curve-fitting of XRD profile of 50 min oxidized
flax fiber is presented in Fig. 17. Peak areas acquired
from the curve-fitting of XRD traces were utilized to
assess the ratios of amorphous and crystalline (i.e.,
cellulose I) structures employing Eq. 1. The findings
presented in Fig. 18 indicate that the X-ray crys-
tallinity was reduced from 68.8 to 38.9% after 125 min
oxidation duration. In contrast, the amorphous frac-
tion increased from 31.2 to 61.1% after the oxidation
time of 125 min.

X-ray oxidation index was evaluated employing
the intensity of the (002) as a prominent reflection by
using Eq. 2. The outcomes showed in Fig. 19 illus-
trate the X-ray oxidation indices for the oxidized flax
samples for variable oxidation durations. With
increasing oxidation duration from 25 to 125 min, the
X-ray oxidation index was increased from 0 to 88%.
Evaluation X-ray oxidation index is considered as a
dependable way in assessing the fraction of aromatic
and crosslinked structures formed in the course of
oxidation reactions [37]. The experimental outcomes
point out that DAP-BAU impregnated and oxidized
flax fibers in an air atmosphere resulted in the
gradual disappearance of cellulose I crystal structure
and a rise in the disordered fraction along with the

Table 4 The presence and absence of X-ray diffraction reflections
of raw and DAP-BAU pretreated-oxidized flax fibers

Stabilization duration (min) 101 101 002 040

0 + + + +
25 + - + +
50 + - + +
75 + + + +
100 + + + +
125 + + + +

( +) Reflection is present

(—) Reflection is absent
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Figure 17 Curve-fitting of equatorial XRD trace of 50 min
thermally stabilized flax fiber.
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Figure 19 Comparison of X-ray oxidation index of raw and
oxidized flax fibers for variable oxidation durations.

improvement in the ratio of the cyclized structure
comprising crosslinked ladder-like structural units.
During the oxidation reactions, 101, 10 1, 120/200,
and 040 reflections kept their presence during the
oxidation reactions. The most prominent (002) peak
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also kept its presence during the oxidations reactions.
The half-height widths of the reflections broadened
with growing oxidation times, indicating the pro-
gressive reduction in the crystal dimensions. This
result comes as a result of the breaking up structure
in the decrystallization reactions [37]. The gradual
intensity decrease of the 101, 10 1, 120/200, 002, and
040 peaks is supposed as a result of breaking the
cellulose I crystal structure due to the ongoing
decrystallization reactions.

Since the (002) reflection kept its presence during
the oxidation process, it was used for the evaluation
of crystal size during the oxidation process. Evalua-
tion of crystal sizes of the raw and oxidized flax fibers
was performed using Eq. 3. Figure 20 shows the
values of corrected crystal size corresponding to
prominent (002) peak as a function of oxidation time.
Crystal size for (002) reflection was reduced from 6.6
to 3.6 nm with growing oxidation durations due to
the ongoing decrystallization process.

Conclusions

DAP-BAU aqueous solution impregnation and mul-
tistep thermal oxidation of flax fiber were performed
in the air atmosphere at temperatures up to 245 °C.
The investigation of DSC profiles showed that DAP-
BAU pretreatment enhanced thermal stability by
inhibiting the fundamental hydroxyl groups and
restricted the development of volatile by-products. In
the initial stages of oxidation, the DSC traces revealed
a notable decrease in the decomposing temperature
and then slowed decomposition reactions in the fol-
lowing steps. TGA thermograms have demonstrated
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Figure 20 Comparison of the crystal size for (002) peak of raw
and oxidized flax fibers for variable oxidation durations.
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an improvement in thermal stability, as seen by
increased char yield with increasing oxidization
times. The findings of the XRD investigation indi-
cated that the crystalline structure had been lost and
that the original cellulose structures had been con-
verted to a strongly cyclized and crosslinked struc-
ture at increased oxidation duration. Intermolecular
and intramolecular H-bonds and methine (CH)
bands related to hydrogenation and dehydration
reactions were shown to have a steady decrease of
intensity of OH stretching in the infrared spec-
troscopy analysis. In the wavenumber range between
1900 and 800 cm~!, IR data analysis indicated the
interference of the crystalline structure for higher
oxidation duration confirms the findings of X-ray
diffraction analyses.
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