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Abstract: This paper presents an optimized washing protocol for as-received natural fibers, prior
to large-scale composite manufacturing, for the structural strengthening of historic masonry. The
aim was to achieve a simple protocol for standard cleaning of fiber surfaces from low molecular
weight constituents that may be detrimental towards interfacial strength without damaging the fibers.
The proposed procedure employs the application of the solvent sequence: ethanol, acetone, hexane,
with optimized incubation times and stirring conditions. Additionally, this procedure may change
the surface of the fiber, thereby enhancing the durability of the fiber-matrix interface. The washing
protocol resulted in an increase of tensile strength by 56%, 52% and 22% for flax, hemp and sisal
fibers, respectively, as compared to the corresponding non-washed fibers, without loss of elongation.
The static contact angle measurements confirmed exposure of a higher fraction of the hydrophilic
crystalline cellulose, with a higher wettability observed after washing protocols.

Keywords: built heritage; masonry; natural fibers; NTRM; surface modification; FTIR; contact angle;
tensile test; Archimedes

1. Introduction

Nowadays, it is manifestly known by researchers that natural fiber textiles present
an appealing and promising solution as green, economical and strong reinforcements for
composite materials; this is investigated in different fields of science [1]. For structural
purposes, and particularly for the repairing and strengthening of historical masonry struc-
tures, natural fiber-based textile reinforced mortars (NTRM) establish a new milestone
in external retrofitting-based techniques for previously built heritage sites. In previous
work [2], authors highlight recent findings concerning the advantages of employing NTRM
to strengthen culturally built heritage. Nevertheless, the durability of natural fiber reinforce-
ments is evidently compromised when embedded in highly alkaline lime or cementitious
matrices [3–6]. The deterioration kinetics of these hydrophilic fibers are represented mainly
by the mineralization of fibers, owing to the migration of hydration salts (i.e., calcium
hydroxide; present in water of mortar pores) to the fiber lumen. This leads to aging, a drop
in the fibers’ mechanical properties and embrittlement of their composites [7,8]. Supple-
mentary pozzolanic materials were added to the matrices to mitigate the aging effect in
such highly alkaline environments [9,10]. However, the treatment of the fiber surface arose
as a parallel beneficial approach to confront such drawbacks [1,11]. It is worthwhile to note
that various surface treatments and coatings are based on the coupling and cross-linking
of hydrophobic molecules to free hydroxyl groups present on the fiber surface (namely

Fibers 2021, 9, 54. https://doi.org/10.3390/fib9090054 https://www.mdpi.com/journal/fibers

https://www.mdpi.com/journal/fibers
https://www.mdpi.com
https://orcid.org/0000-0003-3538-5804
https://orcid.org/0000-0002-8547-3805
https://orcid.org/0000-0001-8459-0199
https://orcid.org/0000-0003-3303-6563
https://doi.org/10.3390/fib9090054
https://doi.org/10.3390/fib9090054
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/fib9090054
https://www.mdpi.com/journal/fibers
https://www.mdpi.com/article/10.3390/fib9090054?type=check_update&version=2


Fibers 2021, 9, 54 2 of 18

from lignin and cellulose) [12]. Such approaches are more effective in the presence of an
apt amount of available OH groups, leading to a high yield of surface modification and
fiber hydrophobization [13,14]. In order to expose higher fractions of functional hydroxyl
groups, present mostly in lignin or cellulose, a partial extraction of lipophilic, amorphous
polysaccharides and waxes (that block OH groups) could be employed. Additionally, the
excessive presence of such extractive compounds might interfere with chemical protocols
designed for further fiber treatments [15]. Finally, their partial removal can enhance the
fibers’ mechanical properties, adding better dimensional stability in their composites.

To date, cleansing of the extractive content of the fiber has been performed via Soxhlet
extractors in laboratories [16,17]. This technique comprises the utilization of solvents
with different polarities, such as ethanol, toluene, benzene and acetone [11–14]. However,
Soxhlet extraction is costly in terms of time and materials for large-scale applications of
natural fiber composites, such as in retrofitting techniques of existing buildings. Therefore,
an accessible and rapid technique is necessary to partially wash natural fiber-based meshes
that are engaged with the large-scale manufacturing of NTRM. Likewise, it is of great
importance to establish a standard washing approach, in terms of incubation time and
stirring conditions, to control the extraction process; thus, avoiding both the harsh removal
of the non-cellulosic cementing products as well as the severe consequences of inflicting
damage to the fiber microstructure. To the best of the authors’ knowledge, repeatable and
normative washing protocols for large-scale natural fibers as building materials prior to
surface treatment have not yet been reported.

In this paper, the authors present washing protocols based on the sequential em-
ployment of solvents with different polarities in line with optimizing the incubation time,
stirring and drying conditions. It is, consequently, important to spot the physical, chemical,
wettable and mechanical effects of such procedures on the lignocellulosic reinforcements
investigated in this work.

2. Materials and Methods
2.1. Fibers and Solvents

Three types of fibers (yarns) were employed in this study, two bast fibers (hemp and
flax) and a leaf-based fiber (sisal). Hemp yarn comprises two twisted cords (with nominal
linear density 2 × 400 Tex). Flax fibers (with a nominal linear density of 1500 Tex) were
purchased from Bcomp (Fribourg, Switzerland); sisal and hemp were purchased from
Agenzia Industrie Difesa (Naples, Italy). Ultra-pure water (W) supplied by IPC, University
of Minho, pure ethanol 99% (E), hexane (assay GC 98.37%) (H) and acetone 99.6% (A) were
analytical reagent-grade and purchased from Fisher Scientific. (Porto Salvo, Portugal) All
tests were conducted at room temperature conditions. From this section onwards, the
terminology (fibers) in the paper refers to yarns.

2.2. Samples Casting and Washing Protocols

Each of the three fibers was, as-received, subjected to the washing protocols listed
in Table 1. The methodology carried out in this paper comprises two approaches (Group
A and Group B). The terminology of each fiber after each washing protocol (Table 1) is
composed of the fiber type (flax, sisal or hemp) followed by the group name (A or B) and
the initials of the solvents used (E, H, A and W). The first approach, Group A, concerned
the soaking of the fibers (4 m-long each) in one solvent only, for a limited time (45 min to
1 h, Table 1), without stirring. The main goal of employing Group A washing protocols is
to understand the selectivity of each solvent, characterized by a different polarity, to extract
a specific non-cellulosic product from the fibers. Thereafter, a water-based fast rinse was
carried out to dispose of any residual solvent in the fibers’ structure. The second group,
Group B, involved three washing protocols (applied to 4 m-long fibers each) based on the
employment of sequences of the three solvents for a standard period (20 min each) with
ultrasound stirring in a laboratory environment. The solvent sequence applied in Group B
was varied to evaluate the effect upon the extraction process relying on their elution ability.
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After washing, the fibers were dried for two hours at 75–80 ◦C and kept in a desiccator for
future tests. The washed fibers from each treatment were later tested for physical, chemical,
wettable and mechanical characterizations.

Table 1. Parameters of washing protocols applied in this study.

Group Protocol ID Time-Solvent-Stir

A A-E 1 h-ethanol + ultrapure water rinsing-no stir
A A-H 45 min-hexane + ultrapure water rinsing-no stir
A A-EW 1 h-ethanol/water: 1:2 v/v + ultrapure water rinsing-no stir
B B-EHA 1 h (20 min each)-ethanol/hexane/acetone-ultrasonication
B B-HEA 1 h (20 min each)-hexane/ethanol/acetone-ultrasonication
B B-EAH 1 h (20 min each)-ethanol/acetone/hexane-ultrasonication

2.3. Physical Properties Characterization (Density and Linear Density)

In this work, the Archimedes method was selected as a good approach to achieve repro-
ducible density data [18]. The Archimedes method concerns the gauging of fiber density by
relying upon the relation between the fiber dry weight, fiber submersed weight and the den-
sity of the liquid used, Equation (1). Particularly, distilled water has been most commonly
used to measure density [19]. In previous works, various immersing liquids have been
employed (instead of water) as submersion liquids such as plant-based/mineral oils [20]
and ethanol [21,22]. In this study, hexane was used as the submersion liquid. Henceforth,
the liquid density in Equation (1) refers to hexane, where ρliquid = ρhexane =0.655 g/cm3.
In terms of sample preparation, each 10 cm long sample was gently tangled to form a
knot and to be later weighed in air, as well as fully submerged in hexane. A Denver
Instrument-SI-234 with the precision of 0.1 mg was used for density measurements. Each
fiber density was calculated as the average of ≥5 replicates.

ρ
(

g/cm3
)
=

wdry − wsubmerged

wdry
× ρliquid (1)

Linear density measurements were performed according to the standard ISO 7211-5
(1984) [23]. The straightened lengths were measured for 10 cm-yarns, for ≥10 replicates of
each fiber type under a stretching load of 0.1 N. Afterward, yarns weights were measured
by an analytical balance. The linear density was calculated according to Equation (2). More-
over, all measurements acquired by the physical tests were statically analyzed (considering
significance level 5%) to remove outlier observations. Quartiles, Dixon’s, Grubbs’ and
Tietjen-Moore tests, according to the standard (ASTM E178-16a) [24], were conducted for
standard deviations and coefficients of variation. Only observations that were verified and
cleared of outliers (via all the above-mentioned criteria) were included in the calculation
of density and linear density. After the acquisition of the physical properties of each fiber
type, the area of yarn was calculated based on CNR guidelines [25,26], Equation (3).

Linear density (Tex) =
Weight (g)

Length (km)
(2)

Ayarn =
Linear density (Tex)

Density (g/cm3)× 1000
(3)

2.4. Chemical Analysis via Attenuated Total Reflectance–Fourier Transform Infrared Spectroscopy

The attenuated total reflectance–Fourier transform infrared spectroscopy (ATR-FTIR)
was employed to investigate the chemical modifications of the surface structure of the
three fiber types, before and after washing, owing to the partial removal of waxes, fatty
acids, amorphous polysaccharides (i.e., hemicellulose, pectin and noncrystalline cellulose)
and possibly leading to the exposure of the crystalline cellulosic backbone and changes of
polymorph cellulose [27]. The spectra were acquired on a Japan and Golden Gate™ Single



Fibers 2021, 9, 54 4 of 18

Reflection Diamond ATR System (FTIR-4100 LE, Jasco) in the range from 4000 cm−1 to
650 cm−1 over 64 scans with a resolution of 8 cm−1.

2.5. Wettability Evaluation via Static Sessile Drop Contact Angle

The measurement of the contact angle on natural fibers is extremely challenging,
especially due to the fibers’ surface roughness and geometry. In this work, an image/video
capturing-based optical contact angle apparatus (OCA 20 from Dataphysics, Filderstadt,
Germany) was used to inspect the wettability of the as-received and washed fibers. For
the sample preparation, the yarns were tightly aligned in an adjacent manner on plastic
plates using double-sided tape to cover an area of approximately 2 × 5 cm2. Thereafter,
each sample was compacted under a constant weight of 2.5 N for 72 h, so that no damage
was induced to the fibers before testing at ambient temperature. A water droplet of 10 µL
was placed on three different locations of each sample plate. Three sample plates were
prepared for each fiber type. Finally, the measurements were recorded perpendicular to
fiber orientation.

2.6. Tensile Testing

A total of 10 replicates of each fiber (sisal, hemp and flax), before and after each
washing protocol type, were studied under uniaxial direct tensile tests using H100KS
testing equipment from Hounsfield, equipped with a load cell of 2.5 kN. Each replicate
had a 250 mm-gauge length, and displacement control was used to apply a constant
displacement rate of 250 mm/min monotonically until total rupture, according to standard
EN ISO 2062-1995 [28]. Before each test, a preload of 5 N, 7.5 N and 25 N for hemp, flax
and sisal, respectively, was applied. Analogous to the physical property study, a statistical
study was carried out to clear the outlier population. The results are presented as stress-
strain graphs and tenacity (cN/Tex)-strain. Young’s modulus was calculated as the slope
of the elastic part between 10–50% of the tensile strength in stress-strain graphs (further
illustrated in Section 3.4).

3. Results and Discussion
3.1. Physical Characterization

Fiber density measurements are fundamental to quantify fiber content in every com-
posite material and cross-sectional area of yarn. However, the evaluation of density in
lignocellulosic fibers is challenging, given their anisotropy, along even one yarn length.
Apart from the different methods used to quantify the density of lignocellulosic material,
buoyancy (based on Archimedes principle) is recommended [21]. However, the main chal-
lenge in delivering a meaningful density measurement is associated with the fiber swelling
phenomenon that occurs upon contact with water [29,30]. It is known that swelling results
in blocking of the neighboring capillary pores within the fiber structure [29], hence hinder-
ing water propagation to the fiber’s inner parts (lumen mainly), thus, limiting fiber wetting
and preventing an accurate density measurement. Therefore, a submersion liquid (such
as hexane) with low bonding to the porous structure of the fiber, and low surface tension
(0◦ contact angle), is recommended to be used [31]. The results obtained for the density of
all fibers, as-received and washed, are presented in Table 2. As it can be seen, the results ob-
tained for the density of the non-washed flax were in good agreement with those reported
for measurements performed in ethanol [22,32] as well as using a gas pycnometer [21].
Hexane is a non-polar liquid with the ability to reach the fiber lumen, typically forming a
contact angle of ~0◦ with the surface of natural fibers. To the best of our knowledge, density
measurements of natural fibers by immersion in hexane have not yet been reported.
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Table 2. Density and area values of the yarns, with standard deviation (SD), before and after washing
protocols.

Fiber ID Density (g/cm3) Density (SD) Area (mm2) Area (SD)

Flax

NW 1.523 0.076 0.985 0.049
A-E 1.508 0.030 0.942 0.019
A-H 1.535 0.090 0.885 0.051

A-EW 1.467 0.025 0.941 0.017
B-EHA 1.463 0.029 1.085 0.022
B-HEA 1.469 0.020 1.039 0.014
B-EAH 1.558 0.128 0.971 0.080

Sisal

NW 1.248 0.032 3.928 0.101
A-E 1.249 0.019 2.755 0.041
A-H 1.168 0.003 3.152 0.008

A-EW 1.275 0.061 3.358 0.159
B-EHA 1.197 0.015 2.929 0.036
B-HEA 1.198 0.033 2.952 0.08
B-EAH 1.197 0.031 3.530 0.0919

Hemp

NW 1.473 0.033 0.752 0.004
A-E 1.501 0.017 0.599 0.004
A-H 1.474 0.015 0.755 0.004

A-EW 1.684 0.173 0.556 0.007
B-EHA 1.480 0.009 0.629 0.008
B-HEA 1.471 0.009 0.639 0.021
B-EAH 1.530 0.055 0.586 0.055

Being rich with extractive content [30], sisal showed a drop in density with the A-H
protocol (around 6.4%). It was also observed that the B-EAH protocol induced a slightly
higher density in flax and hemp compared with those obtained by the single solvent-based
protocols (A-H and A-E). This limited density increment may be due to the removal of less
dense non-crystalline materials from the fibers’ structure, leaving the fiber with a larger
content of dense crystalline backbone. In general, the results showed that the differences
between washed and non-washed fibers are not detectable; the density SD values in Table 2
highlighted that the structures of the fibers were not decayed by the protocols.

On the other hand, flax has exhibited a decrease in its linear density that was only
observed by Group A, Figure 1a. For hemp fibers, ethanol arose as a harsh extraction
solvent, while hexane (i.e., A-H) did not confer major changes in the apparent physical
properties. Group B flax fibers delivered a larger cross-section than that of Group A. In
the case of sisal, the B-EAH protocols show a higher cross-sectional area than the other
protocols, Table 2. Despite these observations, it is important to stress that the physical
characterization did not demonstrate any clear effects of the fiber’s extraction components
on its physical properties.

3.2. Fourier-Transform Infrared Spectroscopy
3.2.1. Analysis of the FTIR Spectra

ATR-FTIR spectra were collected for flax, sisal and hemp fibers before and after solvent
treatments. The functional group (4000–1500 cm−1) and fingerprint (1500–650 cm−1)
regions were analyzed in detail. The three types of fibers studied present typical spectra
of lignocellulosic materials (i.e., cellulose, hemicellulose, lignin, pectin, resins and fatty
acids) [30,33]; however, they also display some differences that reflect their overall chemical
composition. Lignocellulosic materials contain a large concentration of -OH groups with
different neighborhoods, originating in a wide band that extends from 3100–3600 cm−1.
According to Schwanninger et al. [34], a maximum of around 3340 cm−1 can be assigned to
cellulosic intramolecular hydrogen bonds [35], while a shift to lower wavenumbers near
~3310–3230 cm−1 is assigned to intermolecular OH bonds. Typical spectra of cellulosic
materials depict the presence of both components [36]. Figure 2 illustrates intramolecular
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hydrogen bonding as curved dashed lines and intermolecular hydrogen bonds as straight
dashed lines. Each type of interaction leads to different crystalline arrangements of the
cellulosic backbone [37]. The intermolecular hydrogen bonds play an important role
in fostering the parallel packing of cellulosic chains to produce elementary fibrils and
microfibers [37–39].

Figure 1. Linear density values of (a) flax, (b) sisal and (c) hemp before and after washing protocols
with the corresponding standard deviations.
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Figure 2. Intra- and intermolecular hydrogen bonds in cellulose (adapted with permission from [39]).

Figures 3, 4 and 5a illustrates the –OH stretching bands of flax, sisal and hemp fibers
in the wavenumber range 4000–2800 cm−1 studied in this work. A wide band is observed,
with two shoulders of equivalent intensity centered near 3336 cm−1 and 3280 cm−1, in-
dicative of intra- and intermolecular hydrogen bonding, respectively. The three types
of fibers are present in this band before and after the solvent treatment procedures. All
fibers depict a set of bands in the range of 2950–2800 cm−1, assigned to C–H asymmetric
and symmetric stretching vibrations in methyl and methylene groups present in polysac-
charides (cellulose [40,41], pectin and hemicellulose [35,42]). Lipids and fatty acids also
contribute to the intensity of these bands, due to their hydrocarbon chain content in these
compounds [4,29,35,43]. The latter are typically hydrophobic molecules that may be ex-
tracted by non-polar solvents. The sisal fibers revealed the highest C–H concentration
as confirmed by the high intensity of the bands centered near 2850 cm−1 and 2920 cm−1

for non-washed fibers, Figure 4a They also depict a large decrease in intensity of these
bands after application of all Group B-protocols, as well as A-H protocols, confirming
the efficiency of hexane for the extraction of hydrocarbon-containing compounds. The
former results were reflected by the sharp density-drop of sisal-A-H fibers, Table 2. This
conclusion is supported by the intensity reduction observed in the fingerprint region for
methylene C-H bending [34], above 1455 cm−1, for the sisal fibers treated with B and
A-H protocols (Figure 4b). This peak shows a lower intensity for flax and hemp fibers
compared to sisal, consistent with a lower lipid/fatty acid content. Conversely, the peak
centered near 1425 cm−1 is more intense for flax and hemp fibers as compared to sisal.
This peak (usually reported between 1420–1430 cm−1) relates to the crystalline structure
of cellulose [35,43–46]. Treatment with polar solvents (protocols A-E and A-EW) did not
induce significant removal of hydrocarbon-based compounds.
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The band near 1730 cm−1 corresponds to carboxyl/aldehyde groups of the uronic acids
present in hemicellulose [24–28,30,35,42,47–51], carbonyl/carboxyl groups in pectin [52],
lignin segments [4,30,51,53] and aliphatic fatty acids that constitute the waxy fraction of
fibers [30].

The wide band centered near 1630 cm−1 is assigned to C=C double bonds in the aromatic
moieties present in lignin [30], which may overlap with water OH bending [42,52–55].

The peaks near 1365 cm−1 (for flax and hemp) and 1373 cm−1 (for sisal) are characteristic
of C-H bending in cellulose and hemicellulose [35,36,53,55–57]. Oh et al. [54] reported that
a shift of this band to a higher wavenumber could be assigned to a less ordered cellulose
structure. The band centered at 1313–1317 cm−1 observed in Figures 3, 4 and 5b is assigned to
CH2 wagging and is characteristic of crystalline cellulose, while the band near 1336 cm−1 is
due to C–O–H in-plane bending and is a contribution from amorphous cellulose [49].

The C–O–C group in the aromatic moieties of lignin presents a stretching vibration at
1245 cm−1, which is more evident for sisal than for flax and hemp fibers. The characteristic
C–O–C asymmetric stretching for carbohydrates and cellulose is observed near 1155 cm−1.
Furthermore, minimal changes in the position and intensity of the bands near 1100 cm−1

before and after washing, using the different protocols, were observed.
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The band around 1022–1026 cm−1 is assigned to C–O stretching in carbohydrates
(mainly cellulose) [35,58] but may also be attributed to aromatic C–H deformation in
lignin [27,29,51,59,60].

Finally, the low-intensity bands recorded in the range 895–899 cm−1 in flax, sisal and
hemp were assigned to C–O–C [29,61,62] and to C–H out-of-plane bending [43,45,54] or
asymmetric out-of-phase ring stretching in amorphous cellulose [49,52,63]. The application
of protocols B-EHA and B-HEA, as well as A-E, lead to a considerable decrease of this band
intensity for all fiber types.

The above interpretations associated with the IR spectra of lignocellulosic materials
clearly illustrate their complexity. The presence of polysaccharides with similar chemical
nature but different structures, together with complex lignin molecules, lipids, fatty acids,
and so on, make unequivocal band assignment a very challenging task [52].

3.2.2. Estimate of Crystallinity Indexes

The FTIR analysis of lignocellulosic materials has been described in the literature
as an interesting tool to characterize crystallinity changes in these materials, providing
reasonable correlations with X-ray diffraction results [43,49]. In spite of the FTIR limitations
in terms of detection limits and consistency of peak resolution, shape and wavenumber over
a large concentration range, the technique is widely available and may provide relevant
structural data.

Several indexes based on band intensity ratios were reported to provide reliable
information about structural changes by lignocellulosic materials after exposure to chemical
and enzymatic treatments. A crystallinity index (CI) is defined as the ratio of intensities of a
crystallinity-related peak to a non-crystalline peak in the same spectrum. Thus, based on the
FTIR spectrum, a number of indexes were defined that relate to the molecular organization.
Hydrogen bond intensity (HBI) was defined as the ratio between 3350 cm−1/1336 cm−1

bands, correlating the intensity of the hydroxyl band in the 4000–3000 cm−1 region to the
intensity of C–OH in-plane bending at 1336 cm−1. HBI relates the hydrogen bond length to
chain mobility, as described by several authors [54,56,64]. Lateral order index (LOI) relates
to the ordered regions perpendicular to the direction of the cellulosic chain [61] and is
expressed as the intensity ratio between 1429 cm−1 (characteristic of crystalline cellulose)
and 897 cm−1 bands (originating from amorphous cellulose). The total crystallinity index
(TCI) is defined by the ratio between 1370 cm−1 and 2900 cm−1 bands, as described
by Nelson and O’Connor (1964). Finally, the intensity ratio I, between 1317 cm−1 and
1336 cm−1 (corresponding to CH2 wagging in crystalline cellulose and C-OH in-plane
bending, respectively) was reported to quantify crystallinity and correlate to the state of
cellulose structure, with increasing I values indicating higher crystallinity [49].

The results obtained for the aforementioned parameters are listed in Tables S3–S5
(in Supplementary Materials) for flax, sisal and hemp, respectively. The LOI parameter
could not be calculated for most of the treated samples owing to the absence of the band
near ~897 cm−1, Figures 3, 4 and 5b. The intensity ratio (I = 1317 cm/1336 cm−1) results
were quite invariant for flax and hemp before and after solvent washing, pointing at good
stability of the crystalline content towards these solvents. However, it should be noted that
these semi-quantitative-based parameters obtained from the FTIR spectrum are not always
consistent and require confirmation using other techniques [45].

TCI values reflect the concentration of C-H asymmetric stretching vibrations near
2900 cm−1, which in turn is proportional to the amount of hydrocarbon-based compounds,
as mentioned previously [43]. Solvent treatment is expected to extract part of the hydrocar-
bon and lipid components partially dissolving in ethanol and acetone, while the non-polar
chains of fatty acids and wax-based components will preferentially dissolve in hexane.
Thus, higher TCI values are expected for samples with higher hydrocarbon content, such
as unwashed hemp (Figure 6) and sisal (Table S4), as was generally observed.
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Figure 6. Crystallinity indexes (TCI vs. HBI) of hemp fibers with standard deviations.

HBI values did not experience significant variations, showing no evidence for major
crystallinity modifications due to the solvent protocols (Figure 7). To this end, the different
chemical compositions along with the anisotropic nature of the investigated lignocellulosic
materials, even along one single yarn, generate several complexities to conduct a uniform
and meaningful measurement of crystallinity using FTIR analysis.

Figure 7. Crystallinity indexes (TCI vs. HBI) of flax fibers with standard deviations.

3.3. Wettability Characterization

The sessile drop contact angle (SCA) with water was measured for flax and hemp
fibers, and its variation with time was recorded; the results are presented in Figures 8 and 9.
The contact angle was recorded within 5 min of drop deposition or until the total spread of
the droplet. The droplet shape became unstable after approximately 3 min after deposition
on flax-A-H fibers, and thus the measurements were suspended.

Free hydroxyl groups present in polysaccharides (namely cellulosic β-glucose, hemi-
cellulose and pectin) induce fiber hydrophilicity, and thus, increase wettability towards
water [65,66]. Furthermore, aldehyde groups, mainly present in polysaccharides and hemi-
cellulose, may also increase hydrophilicity [65]. Observation of the flax and hemp FTIR
spectra show lower intensities of the 1730 cm−1 band (associated with aldehyde) for the
Group A-treated fibers, which may contribute to the higher hydrophobicity observed in
Figures 8 and 9. FTIR spectra also show that hemp fibers present a higher concentration of
methylene groups (2920–2850 cm−1) compared to flax. The C-H groups partly originate on
fatty acids and other wax-type compounds, thus contributing to the higher hydrophobicity
observed for hemp fibers in general.
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Lignin is less hydrophilic than cellulose due to its aromatic carbon content and is
highly resistant to extraction compared to hemicellulose [67]. The extractable compounds
are hydrophilic polysaccharides, such as pectin and hemicellulose, and on the more hy-
drophobic side, waxes. The former compounds may partially dissolve in ethanol and ace-
tone, while the latter consists of a mixture of compounds with a range of functional groups
and will partially dissolve in all solvents. The hydrocarbon fraction of the wax is mostly
extracted by hexane. The contact angle results for flax and hemp illustrate a consistent
hydrophobic character of the Group A-treated fibers, showing lower hydrophobicity for
hexane treatment. Treatment with a single polar solvent partially extracts non-crystalline
hydrophilic compounds, leaving non-polar constituents of the fibers, thus enhancing the
hydrophobic character. Treatment with hexane alone reduces the hydrophobicity of the
fibers, although maintaining a general hydrophobic tendency. Finally, treatment with a
combination of two solvents with intermediate polarity and a non-polar solvent demon-
strated high efficiency to dissolve polar and apolar non-crystalline compounds, leaving
the crystalline cellulose fraction and most of the lignin intact. The higher hydrophilicity
rendered by Group B may be associated with the exposure to the hydrophilic cellulosic
backbone [66].

3.4. Tensile Properties Characterization

The results of the fibers’ tensile properties, including rupture load (Pmax), tensile
strength (ft), modulus of elasticity (E), elongation at break (εt) and tenacity (T) are pre-
sented in Tables S6–S8 (Supplementary Materials), Figure 10a–c for flax, sisal and hemp,
respectively, as well as Figure 11. In terms of rupture mechanisms, all tested samples
experienced a brittle rupture in the middle of the gauge length (samples breaking near the
clamps were neglected). There was a gradual decrease in fiber cross-sections along with
load increase, reaching the maximum capacity of the fiber and ending in abrupt failure.

The stress-strain graphs illustrate the tensile response of all the fibers; the non-washed
fibers present a significantly lower initial stiffness, especially for bast fibers (i.e., flax and
hemp), relative to leaf-based fibers (sisal), Figure 11a,c,e. This low initial stiffness reached
up to 7–10% of the load-carrying capacity of the fibers. This limitation in natural fibers
can be attributed to their limited ability to rearrange along the tensile direction at the
beginning of loading, which could be from their inadequate transferability of stresses at
the early phases of the test. Consequently, it is held that this phenomenon induces further
complications to their composite’s anisotropy, thus, affecting the deformability as well
as triggering the occurrence of premature cracks in the mortar. However, researchers
proposed that after that initial phase, the tilt angle of the fibrils becomes smaller, an issue
that confers a stable and higher Young’s modulus to the yarn until rupture [32]. Hereby,
Young’s modulus was calculated as the slope of the elastic part between 10–50% of (ft).
In Figure 10, it is evident that Group B protocols (mainly B-EAH) have led to the highest
tensile results (ft, E and εt), excluding hemp-B-HEA, while Group A treatments caused a
drop in the fibers tensile properties. To further detail, flax-B-EAH scored greater tensile
strength, Young’s modulus and elongation at break (by 56%, 16% and 25% respectively),
compared to the non-washed samples, Figure 10a. For hemp-B-EAH and sisal-B-EAH, we
found a 52% and 22% higher tensile strength (Figure 10b,c), 37% and 10% higher Young’s
modulus and 3.5% and 6.6% higher deformability, respectively. It is worth mentioning that
Group B-sisal fibers have exhibited the most scattered results (Figure 10b) compared to the
other two fiber types. However, variations are expected to occur in naturally-occurring
lignocellulosic fibrous materials, e.g., drop of mechanical properties of hemp-B-HEA,
given their anisotropic nature and responses to solvents. The higher stiffness and strength
delivered by Group B can be the result of defect removal from the fibers without inducing
damage; thus, better homogeneity amid interfibrillar areas [42], inter-fibrous friction and a
higher fraction of cellulose could be achieved. The latter issue can be reflected by boosting
fibers’ ability to restructure and reorientate along tensile direction [67]. By contrast, Group
A led to the excessive removal of specific types of cementing non-cellulosic materials
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(depending on the solvent type) and/or damage throughout kick band and excessive fiber
defibrillation [65,67].

Figure 10. Tensile properties of (a) flax, (b) sisal and (c) hemp with corresponding standard deviations.
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Figure 11. Stress-strain graphs (a,c,e) and tenacity-strain graphs (b,d,f) of the non-washed and B-EAH-washed fibers for
flax, sisal and hemp respectively.

Figure 11b,d,f depict tenacity-strain graphs of B-EAH-samples compared to the un-
washed samples. In a relevant study, Corbin et al. [68] investigated the changes in the
tenacity of flax yarns and rovings. Similarly, apart from twist level variations (important
factor affecting yarn and roving tenacity), they reported a higher tenacity and modulus
induced after the removal of impurities and amorphous components in flax rovings.

According to Baley [32], for a natural fiber to deform under tension, the non-crystalline
regions play a crucial role in enabling a significant shearing in the non-crystalline region to
comply with the new configuration of the fibrillar structure. By previewing the drop of
the ultimate strain capacity by Group A, an emphasis on the structural importance of the
non-cellulosic product was pointed out [21,65,69].

Figure 12 depicts the relation between the flax and hemp fibers’ wettability properties
with respect to their mechanical properties. It is held that since the material studied in
this work is naturally-occurring, a limited R2 value might deliver a meaningful statistical
interpretation. There is a valid indication that the fiber hydrophilicity observed in Group
B can be justified by the exposure of a higher fraction of the hydrophilic and crystalline
cellulosic backbone, especially since they mechanically outperformed Group A-washed
fibers. Furthermore, such a relation was also observed when hemp-B-HEA (Group B)
showed low mechanical properties revealing a hydrophobic trend, Figure 12b.
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Figure 12. (a) The exponential relationship between flax strain capacity and fiber wettability (absorp-
tion time); (b) the exponential relation between hemp Young’s modulus and fiber wettability (CA at
60 s) (results are presented with standard deviations).

4. Conclusions

This work presents an optimized washing protocol for as-received natural fibers (flax,
hemp and sisal), intended to prepare fibers for large-scale composite manufacturing (i.e.,
structural strengthening of historical masonry). The protocol employed washing with
selected solvents, individually and in sequence (ethanol/acetone/hexane), for cleaning
compounds that may be detrimental to interfacial strength, exposure of the crystalline
cellulosic backbone, and enhancement of the mechanical properties of the fibers.

It was observed that the washing process itself could be controlled to enhance the
fibers’ mechanical properties and induce characteristics desired in composite manufactur-
ing (namely adhesion enhancement and dimensional stability). Furthermore, the extraction
liquids used to soak the fibers may be reusable for the same purpose after decantation and
distillation, hence improving sustainability.

The experimental characterization used contact angle and tensile tests to confirm
successful exposures of high-content hydrophilic and crystalline cellulose.

FTIR techniques did not demonstrate a decrease in crystallinity upon application of
the proposed protocol. However, FTIR may not be a robust tool to characterize crystallinity
in the lignocellulosic material; thus, more specific techniques should be used to investigate
crystallinity changes.

This work demonstrates the importance of controlling the partial extraction of materi-
als with low reinforcing character. Similar to any composite material, an elementary fiber
is a unitary composite material that comprises reinforcements (crystalline cellulosic fibrils)
and cementing materials (i.e., pectin, hemicellulose and lignin) that bond these fibrils in
the interfibrillar regions. Hence, excessive removal of these components compromises the
structural behavior of the elementary fiber and, consequently, the resultant yarn. Partial
removal of these binders may enhance the yarns’ mechanical properties and expose a
surface with adequate chemistry for further protection and strengthening.
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