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Abstract: The availability of a sustainable technique for degumming lignocellulose fibers is a challenge
for the fiber processing industry. Removal of non-cellulosic content from lignocellulose fibers is
essential for improving their mechanical and chemical properties, which makes the fibers more
suitable for various applications. Herein, a catalytic Fenton-based oxidation process was employed
to isolate microcellulose fibers from raw flax fibers. Various complementary methods such as
FT-IR/NMR spectroscopy and TGA were used to obtain insight into the thermal behavior of the
treated fibers. The morphology of the fibers was studied using Scanning Electron Microscopy (SEM),
whereas the surface chemical properties of the fibers was evaluated by a dye-based adsorption
method, along with a potentiometric point-of-zero-charge method. To obtain fibers with suitable
properties, such as uniform fiber diameter, several Fenton reaction parameters were optimized:
pH (7), reaction time (15 h), iron sulfate (2 wt.%), and hydrogen peroxide (10 wt.%). The results
indicate that, under the specified conditions, the average diameter of the raw fibers (12.3 & 0.5 um)
was reduced by 58%, resulting in an average diameter of 5.2 &+ 0.3 pm for the treated fibers. We
demonstrate that the treated fibers had a lower dye adsorption capacity for methylene blue, consistent
with the smoother surface features of the treated fibers over the raw flax fibers. Overall, this study
contributes to utilization of the Fenton reaction an efficient oxidation technique for the production
of lignocellulose fibers with improved physicochemical properties, such as reduced fiber diameter
distribution, in contrast with traditional alkali-based chemical treatment.
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1. Introduction

Growing concern over the negative impact of the buildup of microplastics in the
environment is related to the disposal of single-use plastics (e.g., air filters derived from
synthetic polymer fibers). More recently, the development of sustainable air filters has
been based on biomaterial platforms including hemicellulose, chitin, and chitosan, which
represent a more sustainable approach due to the lower environmental impact upon
disposal [1,2]. Cellulose is a natural biopolymer that is derived from lignocellulosic biomass
sources such as flax, hemp, wood, and cotton [3].

Flax (Linum usitatissimum L.) fiber belongs to the bast fiber family, which is sourced
from the inner bark of the flax plant stem. These fibers are known for their high strength and
rigidity, and, unlike synthetic fibers, they show little stretching under load [4]. Flax fibers
(FFs) exhibit a composite-like hierarchical structure, deriving their properties from micro-
and nano-level configurations, making them excellent candidates for creating biodegradable
composites. The anatomy of a flax stem includes layers like bark, phloem, xylem, and a
central void, with fiber bundles located along the outer surface. FFs can range in length
from 80 to 150 cm, where the primary components are cellulose, hemicellulose, and lignin,
along with the presence of residual oils [5,6].
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Studies have shown that air filters made from biodegradable fibers have comparable
filtration efficiency to traditional synthetic filters but may require some pretreatment to
achieve the desired fiber properties, such as durability and filtration effectiveness [7]. In this
regard, a wide range of biological, physical, and chemical oxidation processes have been
studied [8-10]. Comparison of these methods indicates that chemical oxidation processes
are potentially more efficient and cost-effective. One drawback accompanying chemical
treatment with alkali agents such as sodium hydroxide (NaOH) relates to the generation of
large quantities of wastewater that represent hazardous caustic waste to the environment
and human health [8,11].

Several chemical treatments have been applied to natural fibers. For example, the use
of NaOH involves immersion of the fibers in an alkali solution to remove fiber components
such as lignin or impurities to yield cellulose-enriched products with greater surface
area [12]. Alkali treatment can improve the wettability and adhesion of fibers, as well as
enhance their mechanical properties [13]. However, excessive alkali treatment of fibers
can lead to degradation and reduced tensile strength. By comparison, the acid treatment
process involves exposure of fibers to acid media, such as aqueous sulfuric or hydrochloric
acids. In turn, acid treatment can improve fiber flexibility and fiber strength, and alter
the surface area and fiber porosity [14]. However, chemical treatment with acids can also
damage fibers and release toxic byproducts into the environment. Additional types of
chemical treatments include bleaching and dyeing [15-18]. Bleaching can improve fiber
whiteness and cleanliness, while dyeing can add color and aesthetic appeal.

The choice of chemical treatment for the processing of natural fiber filter media
should be based on a balance between the desired properties and sustainable processing to
minimize potential negative environmental and health impacts. Optimization of treatment
conditions (reagent concentration, temperature, and processing time) can reduce adverse
effects while maximizing desired outcomes to obtain natural fibers with desired properties
for tailored applications. In this regard, researchers have directed research toward the
development of sustainable fiber treatment methodologies to address the limitations of
conventional chemical processes [8].

The Fenton process is an advanced oxidation reaction (AOR) that has attracted atten-
tion due to its efficiency, cost-effectiveness, and potential for green chemical processing.
Fenton reaction conditions do not involve high dosages of chemicals, extreme temperature,
and pressure. According to Equation (1), ferrous ions catalyze the decomposition of hydro-
gen peroxide (H,O;) in aqueous media to produce hydroxyl radicals for the degradation of
organic materials [19].

Fe** + H,0, — Fe*T + OH™ + OH® (1)

It follows that the Fenton process approaches outstanding performance in decom-
position of the lignin content of natural fibers [20], which can generate microfibril flax
fibers with reduced diameters that possess desirable properties for filter-based applications.
Reducing fiber diameter is critical for enhancing performance in textile applications, since it
leads to finer, smoother fabrics with improved softness and texture [21]. For the case of filter
media, fibers with reduced diameter have a greater surface area, which yields improved
entrapment of particles and contaminants [22]. For the case of polymer composites, the
increased surface area of the fibers improves the fiber-matrix interaction, which leads
to better stress transfer and mechanical performance of the composite [23]. Whereas the
conventional Fenton process offers an effective chemical treatment method for natural
fibers, there are sparse studies on the effect of Fenton treatment on the diameter of FFs for
variable conditions [24,25].

This research aims to develop a sustainable treatment process for natural fibers that is
based on the Fenton AOR process to isolate micron-sized flax fibers to improve their physio-
chemical properties (e.g., fiber size and chemical functionality). Structural modification
of fibers by the Fenton AOR process is proposed as an alternative modification method
to improve separation efficiency of the filtration products based on alteration of surface
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chemistry and fiber diameter. In contrast to the conventional Fenton oxidation process,
the modified Fenton treatment AOR is conducted on the surface of solid fibers under
heterogeneous conditions. Consequently, the Fenton AOR process at solid surfaces may
result in a reduced rate of chemical consumption and sludge generation, thereby improving
the sustainability of the process [24]. To demonstrate the effectiveness of the modified
Fenton AOR, treated flax fibers were characterized by several complementary methods:
thermogravimetric analysis (TGA), spectroscopy (FT-IR and NMR), and microscopy (SEM).
The results for the treated flax fibers were compared with a conventional alkali treatment
process, where SEM was used to examine the surface of the raw and treated flax fibers.
In turn, the Fenton AOR process reported herein is anticipated to contribute to a more
sustainable route for the treatment of flax biomass to yield fiber products with improved
properties for filter-based applications.

2. Results and Discussion

It can be inferred that the Fenton AOR reaction efficiency is dependent on the amount
of iron catalyst, hydrogen peroxide, pH, and reaction time. Therefore, the impact of each
parameter on the efficiency of the Fenton AOR process on the diameter of the FFs after
the treatment process will be discussed. The introduced modified Fenton reaction was
conducted in two stages: (i) pre-adsorption of Fe (II) onto the FF surface, and (ii) subsequent
addition of hydrogen peroxide. Thus, it is important to determine the amount of iron
adsorbed onto the fiber surface to evaluate the role of the reaction conditions for the Fenton
AOR process on the structural modification of FFs.

2.1. Adsorption of Iron Species on the Flax Fiber Surface

To gain insight into the role of iron species in the Fenton process, XPS profiles were
obtained to investigate the impact of various iron sulfate levels on the amount of iron
adsorbed by the FFs (Figure 1). In this step, the fibers were soaked in FeSOy (aq) solutions
(0.1,1,2.5, and 5 wt.%) for 1 h [24]. The results revealed that, by increasing the concentration
of iron from 0.1 to 2.5 wt.%, there was an increase in the amount of iron adsorbed on the
fiber surface [24]. In Figure 1, the XPS results indicate that there was no significant presence
of iron on the surface of the flax fiber at either 0.1% or 1% FeSOy (aq). Therefore, the
concentration of iron sulfate is considered as one of the key factors in the modified Fenton
reaction for the treatment of flax fibers. Based on the findings of the XPS experiment, it was
observed that there was no increase in the amount of iron adsorbed on the surface of the
fiber as the iron sulfate concentration increased from 2.5% wt.% to 5% wt.% (Table 1).

e (0.1% Fe = OG cu
A ﬁk———‘—ﬂ_—.
—  1.0%
em———A_
:: P ————
8 [—2.5%
-y
"
[ =
2
£ 4
—5.0%
e
1200 1000 800 600 400 200 0

Binding energy (eV)

Figure 1. Wide-scan XPS spectra of flax fibers after exposure to an aqueous solution of iron sulfate at
variable concentrations (wt.%).



Appl. Sci. 2024, 14, 6133 40f16

Table 1. Atomic content weight (%)of iron adsorbed according to a binding energy of 710 eV on the
surface of the flax fibers, as obtained by XPS analysis.

Iron Concentration (wt.%) Iron Content (wt.%)
0.1% Not detected
1.0% Not detected
2.5% 1.64%
5.0% 4.50%

2.2. Investigating the Effect of Operational Parameters on Modified Fenton Reaction Efficiency

As noted in Section 1, a key goal of the oxidation process was to determine the optimal
ranges of parameters for Fenton oxidation of FFs. The efficiency of the treatment process
was demonstrated based on fiber diameter reduction. As shown in Figure 2, the average
diameter of raw fibers (fitted with the Gaussian model) was estimated as 12.3 4+ 0.5 um.

a) b)
20 20
s L 18
— 5
¥ £
T 12 % 12
£ B £
m 6T 3
8 I a I
o1
5% 10% 15% 20% 1% 2% 3% 4%
c) d)
20 20
18 T 18 +

L
)

Eld T 5_14

B 12 T "5'12
10 +

) )

£ £

2 i

[a] [a]

QN R O ®w
L
T

pH3 pHS pH7?7 4h 6h 15h 24h

Figure 2. Effect of the reaction parameters on the average flax fiber diameter upon treatment with
the modified Fenton reaction: (a) effect of hydrogen peroxide on the fiber diameter, (b) effect of iron
sulfate on the fiber diameter, (c) effect of pH on the fiber diameter, and (d) effect of reaction time on
the fiber diameter.

1h

In the Fenton reaction, hydrogen peroxide and iron species can play significant roles
that affect chemical consumption costs and reaction efficiency. To amplify reaction efficiency,
it is important to find the optimal ranges of external parameters such as hydrogen peroxide,
Fe (II), pH, and time, according to the reduction of fiber diameter (cf. Figure 2).

Figure 2 reveals the effect of the evaluated parameters on fiber diameter reduction. As
shown in Figure 2a, for 10 wt.% H;O;, the average diameter was 10.7 & 0.67 pm. Compared
to raw FFs, the reduction in average fiber diameter can be related to the washing step, which
may remove some impurities and non-cellulosic components from the fiber surface. The
results reveal that incremental concentrations of hydrogen peroxide resulted in a greater
reduction of fiber diameter. At a 10 wt.% H;O, concentration, a slight reduction in the
average diameter was observed, while the maximum H;O, concentration that yielded the
greatest reduction in flax fiber diameter was found to be 15 wt.%. According to the results,
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it can be concluded that there was no significant change in the average fiber diameter
induced by increasing the H,O, concentration from 10 to 15 wt.%.

In Figure 2b, the role of iron concentration on the diameter of FFs in the Fenton
process is evidenced by augmentation of the iron dosage onto the surface of FFs, where
the efficiency of the reaction increased. On the other hand, with a further increment of
iron content of 2 wt.%, there was negligible decrease in the average diameter of the treated
fibers. According to the operational costs and the efficiency of the process, the desired iron
salt concentration was 2 wt.%, in agreement with the XPS results in Figure 1 [26].

The pH of the reaction medium is also an important operational parameter in the
Fenton oxidation process, since it controls the generation of hydroxyl radicals, as noted
in Figure 2c [27]. The results reveal that maximum Fenton reaction efficiency occurred at
neutral pH, whereas reduced Fenton efficiency occurred in acidic media. This trend relates
to the competition of H* and Fe?* ions for adsorption sites onto the surface of FFs.

In addition to the above-mentioned parameters, reaction time is another significant
parameter that influences the efficiency of the Fenton reaction. It is obvious that, by increas-
ing the time, greater efficiency of the Fenton oxidation process occurred. To determine the
desirable reaction time for modified Fenton treatment of flax fibers, the reaction was moni-
tored for various periods up to 24 h. Thereafter, there was a minor change in the average
diameter of the fibers. In Figure 2d, incremental time led to flax fibers with a more reduced
average diameter, where the average diameter of the fibers after 15 h reached 5.2 £ 0.3 pm.
It was shown that there was negligible improvement in the process efficiency by increasing
the reaction time from 15 h to 24 h, according to the fiber diameter size profiles.

Based on the obtained results in Figure 2, it is evident that the optimum condition
was determined as 10 wt.% H,O, and 2 wt.% FeSQO, for a 15 h reaction under neutral
pH conditions. For the most favorable conditions, there was a significant reduction in
fiber diameter distribution, including the average diameter of the FFs. Cellulose has a
lower binding affinity to iron, as compared with other biomass fractions such as lignin,
hemicellulose, and pectin that contain -COOH groups. Lignins and pectins can facilitate
favorable binding with metal ions such as Fe (II), especially in the ionized state [28,29].
As well, these components are more susceptible to Fenton oxidation, which results in the
ability to produce micron-sized cellulose fibers [30].

Figure 3 represents the obtained diameter of the raw flax fiber (a; no treatment)
and modified flax fiber (b; after Fenton AOR treatment). It was found that the modified
Fenton AOR process removed non-cellulosic components such as lignin that comprise the
fiber structure, resulting in the isolation of thinner fibers, as compared to alkali treatment
(cf. Section 2.3). Also, Figure 4 shows that there was no significant change in the diameter of
the samples upon treatment with alkali media (step 2, an additional treatment step) after the
Fenton AOR process (step 1). Degumming of FFs with a modified Fenton oxidation AOR
process affords isolation of cellulosic fibers, since oxidation treatment can effectively remove
lignin, which serves as a binding agent for cellulosic composites in such lignocellulose
materials [31].

Table 2. Experimental conditions and sample ID codes.

Experimental
Sample ID Code Conditions
Raw flax fibers Raw

. . F-T15 Flax fiber with Fenton AOR at
Treated flax fiber with Fenton AOR (Fenton AOR) described conditions !

. . F-T15-Alk Flax fiber with Fenton AOR at
Treated fi_azlilgﬁrt:::&l Feenr;ton AOR (Fenton AOR described conditions !, followed

+ Alkali) by NaOH 5% for 1 h
Treated flax fiber with alkali Alk o
treatment (no Fenton AOR) NaOH 5% for 1 h

! pH =7, reaction time = 15 h, [iron sulfate] = 2% wt.%, [hydrogen peroxide] = 10% wt.%.
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Figure 3. Optical microscopy analysis of flax fiber samples. (a) Raw flax fiber with its respective
diameter distribution, and (b) treated flax fiber with its respective fiber diameter after treatment by
the Fenton AOR process at optimal conditions.
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Figure 4. Impact of various degumming techniques on the surface of flax fibers, with their respective
standard deviations. The reader is referred to Table 2 for definitions of the sample ID codes used in
this figure.
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2.3. FT-IR Spectroscopy

IR spectroscopy was utilized to characterize the functional groups of the lignocellulose
fibers (cf. Figure 5). The broad peaks at 3387 cm~! were ascribed to the vibrational
bands of the hydroxyl functional groups. According to the literature, the IR bands at 1624
and 1734 cm ™! are associated with stretching of the C=C bonds of lignin and carbonyl
vibrations of the acetyl/COOH groups of hemicellulose and pectin, respectively [32]. Also,
asymmetric deformation of CHz and the C-H vibrations of lignin were observed at 1356 and
1430 cm ™!, respectively. A significant reduction in the intensity of the related vibrational
bands near 1624 and 1734 cm~! was evident, which suggests decomposition of lignin
and hemicellulose due to oxidation of FFs by the modified Fenton (F-T15) and alkali-
modified Fenton (F-T15-ALK) processes. The intensity of the band at 1734 cm~! was lower
compared to the intensity of the band near 1624 cm~! in the modified Fenton process.
This can be related to oxidation treatments that are less efficient for the degradation of
hemicellulose [33]. On the other hand, alkali-treated samples showed a significant reduction
in the intensity of the band at 1734 cm ™! because of the alkali treatment efficiency for the
decomposition of hemicellulose content versus lignins.

3387 1738 1628 1356

——F-T15-ALK|

——FT-15

Alk

I N I 1 i | N ] I N I
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (em™)

Figure 5. IR spectra of raw and treated fibers. The reader is referred to Table 2 for definitions of the
sample ID codes used in this figure.

2.4. Thermal Gravimetry Analysis

Thermal gravimetry analysis (TGA) and differential thermal gravimetry (DTG) were
employed to assess the thermal properties of pristine (untreated) and treated flax fiber
samples. Figure 6 shows the weight loss and maximum decomposition temperature of raw
and treated samples. The first phase close to 100 °C is associated with the drying phase of
flax fibers and water removal from the surface of flax fibers. The next weight loss event was
ascribed to decomposition of the hemicellulose and cellulose fractions near 200-350 °C [34].
In the last step, steady degradation of lignins was observed from 250 °C [35]. Compared
to the pristine sample, the treated FFs were shifted slightly to lower temperatures in the
modified Fenton (FT-15), and alkali-modified Fenton treated samples (F-T15-ALK) due to
the partial oxidation (and/or removal of lignins and pectins) from the flax fiber surface. In
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turn, such modification led to enhanced electrostatic repulsion and a reduction in linkage
between the components. Moreover, it should be noted that thermal decomposition of
lignin occurs at a higher temperature (ca. 350 °C) than the cellulosic biopolymer fraction,
near 300 °C, which was reported by Mohamed et al. [28]. A comparison of the DTG
profile of the Fenton AOR oxidized fiber samples versus the pristine and alkali-treated
fibers revealed a lower lignin content, in accordance with expectations for such oxidation
processes [36].
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Figure 6. TGA and DTG (see inset) profiles for the thermal degradation of raw and treated fibers.
The reader is referred to Table 2 for a description of the sample ID codes used in this figure.

2.5. NMR Spectroscopy

In order to acquire additional information about the Fenton AOR process on the flax
fiber surface, 1*C NMR spectroscopy in the solid state was employed (Figure 7). The
signals at 62.5 and 62.9 ppm are associated with C6 of cellulose. There were peaks at 71.6
associated with C5, and the shifting around 74.0 ppm related to C3 and C2. The peaks at
83.0 and 84.0 ppm are the '3C signatures for C4 [20,24]. In the structure of the FFs, there
was a sharp line at 104.5 ppm, attributed to C1. Overall, the NMR spectra suggest that
all three samples contained both crystalline and non-crystalline cellulose. The variation
in peak intensities among the samples may be attributed to relative variations in the
nature of the supramolecular fibril structures. The presence of carboxyl group signatures
near 171 ppm in the raw sample suggests that the hemicellulose in flax fibers may have
been partially degraded or oxidized by the Fenton and alkali-Fenton treatments [37,38],
according to the reduced intensity of the '3C signature for -COOH in FT-15 and FT-15-
Alk, as shown in Figure 7. The weak spectral intensity in the upfield (10-40 ppm) and
downfield (120-160 ppm) region for the treated composites supports a negligible non-
cellulosic content (e.g., lignins, pectins) in the modified fiber materials, in agreement with
the IR results (cf. Figure 5).
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Figure 7. Solid-state 13C spectra of fiber samples: raw flax fiber before treatment, modified-Fenton-
treated sample (F-T15), and modified Fenton and alkali-treated sample (F-T15-ALK).

2.6. Fiber Surface Charge Estimation via Determination of PZC

Point-of-zero-charge (PZC) analysis reflects the surface charge of the raw and treated
samples and the differences between them. The results in Figure 8 revealed that the samples
had a low PZC value (~5.0-5.5). The PZC values for the raw (5.5), modified Fenton (5.0),
and alkali-modified Fenton (5.5) were estimated. Flax fiber generally carries a negative
surface charge in water because it contains ionizable acidic substances like lignins. As
expected, oxidation of flax fibers resulted in a reduction of fiber surface charge, according
to the shift in PZC values [39,40]. This phenomenon can be related to enhancement of the
fiber’s surface area and increased exposure of oxygen-rich groups, which leads to a more
negative surface charge versus the untreated flax fibers that possess a more intact fibril
structure. However, the slight positive shift in the surface charge in the F-T15-ALK sample
can be attributed to the presence of adsorbed sodium ions on the surface of the fibers.

—eo—Raw
—e— F-T15
—o— AIKF-T16

19 i 10 1P

Figure 8. PZC of raw and treated flax fiber samples, via the ApH of the starting and final solutions
after 48 h. The reader is referred to Table 2 for definitions of the sample ID codes used in this figure.
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2.7. Dye Adsorption

Methylene blue (MB) dye adsorption was carried out in aqueous media to gain insight
on the role of the textural properties (surface area and porosity) of the treated and untreated
flax fibers and the relative MB uptake for the various fiber systems. As shown in Figure 9,
analysis of dye uptake by the raw FFs revealed enhanced MB dye adsorption, as compared
with the treated samples. MB adsorption by the F-T15-ALK and FT-15 samples was reduced
by 75% and 50%, respectively. The greater MB uptake by raw samples can be related to the
higher abundance of lignin, pectins, hemicellulose, and ionizable groups (-COOH, -OH,
etc.) that favor electrostatic adsorption of the MB cationic dye [41,42]. In the case of treated
FFs, removal of non-cellulosic fiber components such as lignin, pectin, and hemicellulose
occurred, which resulted in a reduced level of ionizable groups that have lower affinity to
MB dye due to enrichment of cellulose content at the expense of the other components with
ionizable groups. The results concur with the removal of non-cellulose biomass fractions by
the treatment techniques, resulting in fibers with reduced polar and/or ionizable functional
groups (cf. Figures 5 and 7). Parallel conclusions were drawn by Mir & Wilson [40] for flax
fiber composites that contained incremental levels of chitosan. The decreased uptake of
MB was related to greater formation of complexes between the lignin components of FFs as
the chitosan loading increased.

3.5

3 4

25 +

2 1

1.5 +

0.5 +

Residual MB dye concentration | mg/L)

MB Raw F-T15 F-T15-Alk

Figure 9. Residual MB dye in aqueous solution after exposure of a fixed concentration of MB dye
with raw and treated fibers for 48 h, along with their respective standard deviations. The reader is
referred to Table 2 for definitions of the sample ID codes used in this figure.

2.8. Scanning Electron Microscopy

Figure 10 displays SEM images of both untreated and treated FFs. The untreated fibers
had uneven surfaces with larger overall fiber diameters, while the alkaline-treated fibers
revealed a smoother fiber surface. This trend indicates that alkaline treatment contributes
to the removal of non-cellulosic components (e.g., hemicellulose, lignins, and pectins)
and impurities such as wax, which contribute to smoother surface features [43]. Fenton
treatment resulted in improved surface characteristics of the fibers by reducing the average
diameter of FFs and the non-cellulose biomass fractions. The F-T15 and F-T15-ALK samples
showed the most notable reduction in fiber diameter, with a smoother surface appearance.
These results concur with those obtained from optical microscopy, NMR, and FT-IR analysis,
revealing that Fenton treatment effectively removed the non-cellulosic content of the fibers
and defibrillated the fiber bundles into fibers with reduced diameter.
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Figure 10. SEM micrographs of (a) Raw, (b) Alk, (c) F-T15, (d) F-T15-ALK. The reader is referred to
Table 2 for definitions of the sample ID codes.

3. Materials and Methods
3.1. Materials

Flax fibers (short and retted fibers) were obtained from Biolin Research Inc. (Saskatoon,
SK, Canada). All chemicals except hydrogen peroxide (laboratory grade) were of ACS-
grade quality. Sodium hydroxide (99%) and hydrogen peroxide (30%) were purchased
from Fisher Scientific (New York, NY, USA). Ferrous (iron) sulfate (99%) and potassium
bromide (99.5%) were provided by Sigma Aldrich (Oakville, ON, USA). Deuterium oxide
(D20; 99.9%) was supplied by Cambridge Isotope Laboratories (St. Louis, MO, USA). All
aqueous solutions were prepared using Millipore water (18.2 M()).

3.2. Flax Fiber Treatment Process
3.2.1. Washing Step

Before all experimental procedures, the flax fibers were washed with Millipore water
at 100 °C for 1 h to remove impurities from the surface of the FFs. Then, the FFs were dried
in an oven at 50 °C for 24 h.

3.2.2. Modified Fenton AOR Process

To address excess waste chemical consumption, wastewater, and sludge generation,
it is important to reduce the volume of the reaction media. This can be done through the
adsorption of iron sulfate on the fiber surface to prevent excess consumption of reagents.
Therefore, the flax fibers were first pretreated via adsorption of iron sulfate media, where
the resulting pH of the acidic aqueous media was ~4. Then, the excess Fe?* (aq) was filtered,
followed by initiation of the reaction onto the surface of the FFs by the introduction of a
pre-determined hydrogen peroxide solution [44]. First, 250 mg of washed flax fibers were
soaked in an iron sulfate solution for 1 h [44]. The mixture was placed in an SK-O330-pro
shaker with a rotation speed of 200 rpm to allow Fe?* to diffuse and adsorb onto the
fibers. Then, the excess iron sulfate solution was filtered, and a fixed dosage of hydrogen
peroxide solution was introduced to the filtered FFs. The reaction took place for fixed
reaction times and at fixed pH values (adjusted by NaOH (aq) and HCl (ag)). The treated
samples were washed and neutralized with Millipore water, followed by oven drying at
50 °C (Figure 11). Also, flax fibers were treated in the absence of iron sulfate to provide a
reference (control) condition.
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Figure 11. Schematic representation of the pretreatment process of flax fiber using the Fenton (AOR)
process. Step 1: Fibers were treated with 0.5 wt.% FeSO4 (ag); Step 2: the excess iron solution was
filtered; Step 3: the reaction was initiated on the surface of the flax fiber with the introduction of H,O,
(a9); and Step 4: the treated fibers were washed with Millipore water.

3.2.3. Alkali Treatment

In the next step, the Fenton-treated flax fibers at optimum conditions were soaked
in NaOH (5 wt.% aqueous media) for 1 h at 70 °C. Afterward, the treated samples were
washed and neutralized with Millipore water and dried in an oven at 50 °C for 24 h. Also,
an additional sample of raw FFs was treated and soaked in alkali medium with the same
conditions, as described in a previous report [45].

The samples were powdered (<1000 um in length) with liquid nitrogen by grinding
in a metal mortar and pestle before characterization unless specified otherwise. The sample
ID codes are outlined in Table 2 below.

3.3. Characterization Methods
3.3.1. X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) measurements were conducted using a Kratos
AXIS Supra system from Manchester, UK. The system was equipped with a 500 mm
Rowland circle monochromatic Al K-o (1486.6 eV) source, along with a hemispherical
analyzer (HSA) and a spherical mirror analyzer (SMA). Data were collected using a spot
size hybrid slot (300 um x 700 um), and all survey spectra were obtained in the —5-1200 eV
binding energy range with 1 eV steps and a pass energy of 160 eV. The analysis utilized an
accelerating voltage of 15 keV and an emission current of 15 mA.

3.3.2. Fourier Transform Infrared (FI-IR) Spectroscopy

An FTS-40 spectrometer (Bio-Rad, Mississauga, ON, Canada) was utilized to obtain
diffuse reflectance FI-IR spectra. The powdered samples were mixed with KBr with
a 1:10 weight ratio. FI-IR spectra for samples employed reflectance mode at 295 K to
acquire spectra with a resolution of 4 cm ™! over a fixed region of 4004000 cm . Spectral
normalization employed the IR band at 1097 cm ™! to obtain a unitary intensity.

3.3.3. Thermal Gravimetry Analysis (TGA)

The thermal properties of raw and treated flax fibers were investigated by employing
a TGA Q50 thermal analyzer (TA Instruments, New Castle, DE, USA). In aluminum pans,
the powdered pristine and treated fibers (20 £ 0.2 mg) were analyzed under a nitrogen
atmosphere from 30 to 500 °C with a heating rate of 10 °C/min. TA Instruments Q50 TGA
software was employed to integrate the TGA band profiles.

3.3.4. Optical Microscopy

Optical microscopy with x10 magnification was employed for obtaining micrographs
of the fibers, where the fiber diameter distribution and the average diameter were deter-
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mined by the Image] and the Origin 2021b software system. Each fiber was measured at
three locations along its length and averaged.

3.3.5. C NMR Spectroscopy

13C solid-state NMR spectra were obtained with a 4 mm DOTY CP-MAS probe
and a Bruker AVANCE III HD (BRUKER, Billerica, MA, USA) spectrometer operating
at 125.77 MHz (*H frequency at 500.13 MHz) for the '3C nuclei. The '3C CP/TOSS (Cross
Polarization with Total Suppression of Spinning Sidebands) spectra were obtained at a spin-
ning speed of 7.5 kHz, with a 'H 90° pulse of 5 pis and a contact time of 2.0 ms with a ramp
pulse on the 'H channel. For all '*C NMR spectra of powdered samples, ca. 2500 scans
were accumulated with a recycle delay of 1 s, along with a 50 kHz SPINAL-64 decoupling
sequence during acquisition. '3C NMR chemical shifts were referenced to adamantane
at 38.48 ppm (low field signal). To prepare samples for dissolution, the 13C NMR treated
samples in a solution state were dissolved in aqueous media containing a mixture of NaOH
(7 wt.%), urea (12 wt.%), and several drops of D,O to provide magnetic field lock during
spectral acquisition.

3.3.6. Point-of-Zero-Charge (PZC)

Point-of-zero-charge (PZC) was determined using the pH shift method, where an
approximate amount of 60 mg of sample was added to 25 mL of a 0.005 M CaCl, (aq)
solution. After 48 h of equilibration at 22 °C, the pH of each system was measured in
aqueous media, where the pHpyc was determined at the interaction’s final pH and ApH = 0.
The pH was adjusted using NaOH (ag) and HCl (ag).

3.3.7. Dye Adsorption

The dye adsorption of flax fibers was performed using a ca. 20 mg sample of FFs
in 20 mL of methylene blue (MB (aq), 50 mg/L). After 48 h of equilibration at 22 °C, the
amount of residual MB dye (ag) in the solution phase was measured using a Thermofisher
Scientific SPECTRONIC™ 200 UV-vis spectrophotometer (San Diego, CA, USA).

3.3.8. Scanning Electron Microscopy (SEM)

SEM images of untreated and treated flax fibers were obtained utilizing a JEOL JSM-
6010 LV (Tokyo, Japan) with an operating voltage of 10 kV. Before imaging, the samples
were coated with a thin layer of gold to prevent charging.

4. Conclusions

This study employed the Fenton oxidation reaction under heterogeneous conditions
for the treatment of flax fibers (FFs). The results showed that treatment under the desired
concentrations (10 wt.% HyO, and 2 wt.% FeSOy) in water at neutral conditions (pH ~7) for
15 h resulted in fibers with a reduced size distribution with a lower average fiber diameter,
as compared with untreated fibers. The results reveal that the Fenton AOR process under
heterogeneous conditions offers a sustainable approach for the pretreatment of biomass
FFs to yield biomass with enriched cellulose content. As well, modified FFs showed a
60% reduction in average fiber diameter from 12.3 £ 0.5 um to 5.2 & 0.3 um. Thus, the
Fenton AOR process can selectively remove the non-cellulosic content (e.g., hemicellulose,
lignin, etc.) of FFs in an effective manner. This trend was attributed to the higher affinity of
the biomass fractions toward ferrous species, as compared with pure cellulose. The study
found that the use of traditional techniques, such as alkali treatment, was less effective
for the removal of non-cellulosic content versus the Fenton AOR method. The combined
use of alkali treatment with the Fenton AOR process did not significantly decrease the
average diameter of FFs, as compared to the Fenton AOR process without alkali. Based
on these results, the Fenton AOR process is an effective technique for producing cellulosic
microfibrils in FFs, as compared with harsh alkali treatment methods. The effective removal
of the non-cellulose components for the treated fibers showed a measurable reduction in
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MB dye adsorption versus the pristine flax fibers, which are known to contain a higher
lignocellulose content. This is attributed to the role of structural alteration of FFs and/or
chemical removal of non-cellulose components with the Fenton AOR method. Despite
its known effectiveness in homogenous media, chemical treatment of natural fibers un-
der heterogeneous conditions was demonstrated. The AOR process for the reduction of
fiber diameter of flax reveals its potential utility in synthetic fiber modification. Various
technological applications of modified fibers include advanced polymer—fiber composites,
fiber carriers for drug delivery, biomedical devices, advanced filtration, and adsorbent
media [40,46].
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