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The application of enzymes as alternative to dew retting of flax was studied in correlation to the characteristics
of composites reinforced with these natural fibers. Fiber fineness and mechanical properties of biocomposites
were evaluated. Furthermore, moisture absorption by biocomposites was studied and fracture surfaces were
investigated using Scanning Electron Microscopy. Compared to dew retted fiber composites, improvements in
mechanical performance can be observed for composites impregnated with fibers extracted after enzymatic

treatments. All enzymatic treatments resulted in finer fibers than green fibers and led to biocomposites with a
reduced equilibrium moisture content and lower diffusion coefficient. This study illustrates the high potential of
enzymatic retting, in particular with polygalacturonase. Also, the manual extraction procedure used, produced
fibers with an E-modulus up to 84 GPa and strength up to 800 MPa, likely due to reduced fiber damage, which
illustrates the hidden potential of flax fibers.

1. Introduction

The utilization of natural fibers in composites (natural fiber re-
inforced composites, NFRC) has gained much popularity as an alter-
native for glass fiber reinforced composites (GFRC), thanks to their high
specific mechanical properties. Flax (Linum usitatissimum), hemp and
ramie are the most promising natural fibers to replace glass fibers due
to their high specific Young’s modulus and tensile strength [1]. More-
over, natural fibers are a renewable resource and environmentally
friendly. Hence, introducing NFRC as an alternative for GFRC would be
a great step forward towards a more sustainable bio-based economy. A
promising future exists for NFRC’s with applications in automotive,
mobility and transport, sports and leisure, wind energy, aerospace, etc.
[2]. Hence the production of NFRC must be fully explored and opti-
mized to guarantee its future potential.

Replacing the traditional dew retting process by enzymatic retting
can make a substantial contribution towards the substitution of GFRC
by NFRC. Dew retting is an important step in the processing of flax for
composite applications. During dew retting, flax fibers are loosened
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from the stem by interaction of micro-organisms. The impact of dew
retting on flax fiber composition as well as on fiber fineness and me-
chanical performance of composites has been addressed by some re-
search groups [3-7]. Akin et al. [3] observed a purification of the fiber
with increased cellulose content (65 w/w %) after dew retting com-
pared to unretted flax fibers (43 w/w %). A refining was established
after dew retting, while promising composite properties were observed
[4,6]. The transverse bending strength of a unidirectional epoxy com-
posite based on dew retted fibers was increased with 40% compared to
the green fiber-epoxy composite [6]. Martin et al. [7] observed in-
creased tensile properties of single fibers with increased retting degree,
as well as increased mechanical properties for polypropylene compo-
sites reinforced with short fibers. However, a decrease of 15% in fiber
strength has been observed when flax was harvested 5 days after the
optimal harvest time [1,8]. This implies that flax farmers need to cor-
rectly evaluate the retting process based on experience and decide
which is the rightful time for harvesting. The process of dew retting is
thus very dependent on weather conditions, but also region and climate
changes. Along with the long duration of the process, these factors give
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Table 1
References and specifications concerning origin and extraction method.
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References Abbrev.  Origin Extraction method
Green fibers GR Green flax from the Amina cultivar, harvested by Verhalle in 2015 Manual extraction
in Belgium (VHGR15B)
Fibers extracted after water treatment Water Green flax (VHGR15B) submitted to water treatment with tap water =~ Manual extraction
at 40 °C during 24 h
Fibers extracted after EDTA treatment EDTA Green flax (VHGR15B) submitted to EDTA treatment with 25 mM Manual extraction
EDTA (pH 6.5) at 40 °C during 24 h
Dew retted fibers, manually extracted DRm Dew retted flax from the Amina cultivar, harvested by Verhalle in Manual extraction
2015 in Belgium (VHDR15B)
Dew retted fibers, mechanically extracted by DRs Dew retted flax (unknown cultivar) harvested by Vanacker Mechanical extraction with breaking and
scutching Rumbeke in 2017 in France scutching
FlaxTape FT Lineo, unknown cultivar Mechanical extraction with breaking,

scutching and hackling

rise to an inconsistent fiber quality.

Enzymatic retting should enable us to produce flax fibers with a
more consistent and higher quality but also should result in a higher
fiber yield. A comprehensive summary of research results available on
enzymatic treatment of natural flax stems or fibers has been reported by
De Prez et al. [9]. Enzymes tested in this study were investigated in
previous research [10] concerning the effect of enzymatic treatments
on the chemical composition of the extracted fibers and the influence
on ease of fiber extraction. Chemical characterization of the fiber, i.e.
determination of the cellulose, hemicellulose, lignin and pectin content
is necessary to understand the purifying effect of the enzymes. A higher
extraction efficiency (EE) implies a less severe subsequent mechanical
extraction is needed and thus less fiber damage will occur. Pectate
lyase, polygalacturonase and xylanase showed most potential when
chemical composition as well as EE were taken into account. However,
next to these criteria, it is important to characterize mechanical prop-
erties of composites, reinforced with the extracted flax fibers after en-
zymatic treatment as the extracted flax fibers are intended for use in
composite applications.

Only a few research groups investigated the mechanical perfor-
mance of composites reinforced with fibers after enzymatic treatment.
George et al. [11] reported the tensile properties of polypropylene
composites reinforced with pelletized flax fibers (using a Kahl pellet
press). Enzymatic treatments were performed directly on flax fibers in
the research of George et al. [11]. Stuart et al. [12] described tensile
properties of reinforcement ‘mats’ with epoxy and enzymatically
treated flax fibers and showed promising results for enzymatic treat-
ment in the presence of ethylenediaminetetraacetic acid (EDTA).

Also fiber fineness is an important factor to take into account when
evaluating enzymatic treatments. Enzymatic action involves degrada-
tion of the surrounding network of the fiber by affecting hemicellulose
and pectin. Through this, fibers are loosened from the bast stem and
separated from each other. A correlation can thus be found between
fineness of extracted fibers and the effectiveness of the enzymatic ac-
tion. In previous research, fineness is often determined by character-
ization of air permeability with the airflow method and expressed as
micronaire value [13-17].

Moreover, moisture sensitivity remains a drawback for natural fi-
bers and natural fiber reinforced composites and has been extensively
studied [11,18-27]. Assarar et al. [28] observed a higher water uptake
for flax fiber composites in comparison with glass fiber composites. In
humid conditions, fibers will modify structurally due to moisture ab-
sorption and this will have an effect on the mechanical properties of the
fibers and the composites [21].

In this study, enzymatic treatments are performed directly on flax
stems in order to find an alternative process for dew retting. The per-
formance of the unidirectional flax fiber-epoxy composites was in-
vestigated by characterizing longitudinal tensile and transverse three-
point bending properties. Furthermore, fineness of extracted fibers is
characterized by determination of the fiber width in um. Since enzymes

attack hydrophilic polymers (pectin and hemicellulose) around the
fiber, overall moisture sensitivity can decrease. Hence, the effect of
enzymatic treatments on moisture absorption characteristics of com-
posites is also analyzed in this study by determination of equilibrium
moisture content (EMC) and diffusion coefficient. Morphological ana-
lysis of fracture surface with Scanning Electron Microscopy (SEM) was
performed to investigate where failure occurred.

2. Materials and methods
2.1. Materials

Green flax (GR) from the Amina cultivar was harvested by Verhalle
in Belgium in 2015 (VHGR15B). This green flax was used as starting
material for all enzymatic treatments. Fibers from green flax were
manually extracted, i.e. the fibers are gently pulled down from the
woody core from top to bottom. These green fibers were used as re-
ference fibers. Dew retted flax material of the same cultivar was pro-
vided by Verhalle, which means the green flax (VHGR15B) remained on
the field to let the dew retting process occur (VHDR15B). Fibers were
manually extracted from the dew retted flax stems, resulting in manu-
ally extracted dew retted fibers (DRm). To compare manual extraction
with the traditional extraction method, scutched dew retted fibers and
FlaxTape were taken into account as well. The scutched dew retted fi-
bers (DRs), provided by Vanacker Rumbeke, were obtained from har-
vested flax from France (2017) and were hence from a different cultivar
as GR and DRm. Finally, FlaxTape (FT) (with a density of 200 g/mz)
from Lineo was included as a reference material and is a commercially
available hackled flax fiber product of an unknown cultivar. For further
comparison, two additional reference treatments are included as well,
i.e. water treatment and EDTA treatment. All references and their
specifications are illustrated in Table 1.

Enzymes Scourzyme L (Sc, CAS 9015-75-2), NS59049 (NS, CAS
9033-35-6) and Pulpzyme (Pz, CAS 9025-57-4) were provided by
Novozymes (Switzerland). Polygalacturonase from Aspergillus niger
(PAn, CAS 9032-75-1) and xylanase from Thermomyces lanuginosus (XTI,
CAS 37278-89-0) were purchased from Sigma-Aldrich. Rohapect MPE
(MPE, CAS 9025-98-3) was obtained from AB Enzymes (Germany). All
enzymes were characterized and enzyme activities were discussed and
published in De Prez et al. [10].

2.2. Enzymatic treatment

Four pectinases, i.e. Scourzyme L (Sc, a pectate lyase), NS59049
(NS, a pectin lyase), Rohapect MPE (MPE, a pectin methylesterase) and
a polygalacturonase from Aspergillus niger (PAn), and two hemi-
cellulases, Pulpzyme (Pz, endoxylanase) and a xylanase from
Thermomyces lanuginosus (XT1) were tested. Enzymatic treatments were
performed on green flax according to the protocol described in De Prez
et al. [6]. Green flax stems (50 g) were incubated at 40 °C during 24 h in
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Table 2

Overview of different treatments of flax (fibers were all manually extracted).
Treatments Abbrev. Enzyme activity Conditions
Water treatment Water / 40°C, 24h
EDTA treatment EDTA / 25mM EDTA, pH 6.5, 40°C, 24h
Pectinases
Scourzyme L Sc Pectate lyase 25mM EDTA, pH 6.5, 40 °C, 24h
NS59049 NS Pectin lyase 25mM EDTA, pH 6.5, 40°C, 24h
Rohapect MPE MPE Pectin methylesterase 25mM EDTA, pH 6.5, 40°C, 24h
Polygalacturonase from A. niger PAn Polygalacturonase 25mM EDTA, pH 6.5, 40°C, 24h
Hemicellulases
Pulpzyme Pz Xylanase 25mM EDTA, pH 6.5, 40°C, 24h
Xylanase from T. lanuginosus XT1 Endoxylanase 25mM EDTA, pH 6.5, 40°C, 24h

a 1 L enzyme formulation containing 0.30 v/v % enzyme (with ex-
ception of 0.60 v/v % for PAn) and 25mM EDTA at pH 6.5. After
treatment, washing and drying, fibers were manually extracted as de-
scribed in De Prez et al. [6]. Enzymatic treatments were effectuated
twice and resulting fibers from each batch were used for impregnation
in composite materials to evaluate mechanical properties. Water
treatment (treatment with tap water at 40 °C during 24 h) and EDTA
treatment (25 mM, 40 °C during 24 h) were performed on green flax as
reference treatments. An overview of all treatments is illustrated in
Table 2. After these treatments, fibers were manually extracted. Re-
ference materials for evaluating performance characteristics are GR (i.e.
green fibers manually extracted from the plant stems without any re-
tting or other treatment), fibers extracted after water treatment and
after EDTA treatment, dew retted fibers (DRm and DRs) and FlaxTape
(FT), as illustrated in Table 1. Manually extracted dew retted fibers
(DRm) as well as mechanically scutched dew retted fibers (DRs) were
included as references in order to determine the influence of the me-
chanical post-treatment.

2.3. Fineness measurement

To determine the fineness of manually extracted fibers after enzy-
matic treatment, an automated image analysis method was used [29].
Fiber width was measured by scanning the fibers with a resolution of
2400 dpi as described in [6,29]. The output of the method is a dis-
tribution curve of the diameters of the fibers.

2.4. Composite production

Unidirectional composites were produced using the Impregnated
Fiber Bundle Test methodology (IFBT), based on ISO 10618.
Conditioned (24h at 60 °C) pre-dried fiber bundles of 20 cm length
were weighed accurately to produce composites with a fiber volume
fraction of 40%. To produce composite samples with a 2 mm thickness,
a width of 10 mm and a length of 200 mm, 2.3 g fibers (with a fiber
density of 1.45 g/cm®) were needed to achieve a fiber volume fraction
of 40%.

For composite production, epoxy resin was utilized as matrix. The
epoxy resin Bisphenol A diglycidyl ether (Epikote 828 LVEL) was
blended with the hardener 1,2-diaminocyclohexane (Dytek DCH-99)
with a resin-to-hardener ratio of 100:15.2. The mixture was then placed
in a vacuum at room temperature to remove air bubbles, in order to
prevent porosities during composite production.

Fiber bundles were immersed twice in resin and the redundant resin
was manually removed from the fiber bundles. An immersed fiber
bundle was placed in a vacuum bag in the mould and spacers of 2 mm
were added to guarantee a constant thickness before placing the
counter mould. On top of the mould, a Teflon film and a layer of
breather was placed in order to equally distribute the pressure on the
surface. The mould went into a manual press for 1 h at 70 °C and then
post-curing took place during 1h at 150 °C. After cooling, composite
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samples were removed from the mould. At least 4 composite samples
were prepared for each batch of enzymatic treatment. After sanding of
the edges, samples were ready for tensile testing.

In order to evaluate transversal properties, composite samples with
dimensions of 2 mm thickness, 25 mm width and 120 mm length were
produced according to the abovementioned method. These composite
samples were then sawn with the diamond saw into six or seven sam-
ples with dimensions of 2mm X 13mm X 25mm and dried (24 h at
60 °C) prior to three-point bending testing.

2.5. Tensile testing

Longitudinal tensile properties of the composites were tested on an
Instron 5567 mechanical testing machine with a load cell of 30kN,
according to ASTM D3039 [30]. The gauge length was 150 mm and a
50 mm extensometer was placed on the middle of the sample to mea-
sure strain with a crosshead displacement rate of 2 mm/min.

Tensile strength and tensile modulus of the composites were cal-
culated. Two moduli were determined for tensile testing: E1, the stiff-
ness between 0.0 and 0.1% strain and E2, the stiffness between 0.3 and
0.5% strain, since there can typically be a decrease in stiffness around
0.2% strain in case of flax fiber composites.

2.6. Three-point bending testing

Transverse strength of the composite samples was measured by
three-point bending on an Instron 5567 with a load cell of 1kN, ac-
cording to ASTM D7264 [31]. The crosshead displacement rate was
0.5 mm/min. The diameter of the loading nose was 6 mm while the
diameter of the support rolls was 4 mm, with a span length of 16 mm.

2.7. Fracture surface analysis with SEM

The fracture surface of composite samples subjected to three-point
bending tests was analyzed with a SEM (Philips SEM XL30FEG). A thin
gold/palladium film was sputtered on the samples as a conductive
coating and samples were kept under vacuum until imaging by SEM
using a beam voltage of 10kV with a charge-coupled device (CCD)
camera.

2.8. Moisture absorption of composites

According to the standard test method (ASTM D5229) [32], the
equilibrium moisture content (EMC) and the diffusion coefficient of
composite samples were determined. The composite samples were dried
at 60 °C during at least one week before first weight measurement was
done. Afterwards, samples were stored in an 80% relative humidity
environment at 80 °C until constant weight to assure EMC was reached.
The results were normalized at a 40% volume fraction. The diffusion
coefficient was calculated assuming Fickian behavior:
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2.9. Statistical analysis

Statistical analysis was performed by running one-way Analysis of
variance (ANOVA) in SPSS (IBM, version 25) with a confidence level of
95% with Tukey correction.

3. Results and discussion
3.1. Fineness of fibers

The retting effect of enzymatic treatments on flax can be evaluated
by fineness measurements. Enzymes react on the surrounding network
of the fibers, resulting in separation of fiber bundles of the woody core
and further individualization of technical fibers in the bundle. The fi-
neness measurement analysis results in a distribution curve of measured
fiber widths, which is illustrated in Fig. 1 for GR and FT.

The distribution curves in Fig. 1 show that GR fibers exhibited a
high variety of fiber widths. For FT on the other hand, almost 40% of
the fibers possessed a fiber width of 40 till 60 um. Mechanical hackling
clearly induced further fibrillization of the technical fibers, resulting in
a high percentage of small fiber widths. Finer fibers show an increased
surface to mass ratio and possess hence a larger interfacial area between
fiber and matrix [33]. Composites with finer fibers exhibit hence a
lower fraction of elementary fibers bonded to other elementary fibers
through the weak pectin rich middle lamellae, this weak pectin inter-
face usually contributing to risk of failure [34]. Results of the fineness
analysis of all fibers extracted after enzymatic treatment is shown in
Table 3. This table also includes the fineness of the fibers of the re-
ference materials.

Since a distribution curve is obtained, no standard deviations can be
given but median, average and maximum fiber widths are shown, along
with the percentage of fibers with a fiber width higher than 300 um and
smaller than 100 pm.

Results in Table 3 indicate that GR fibers were the coarsest and that
each treatment resulted in a decrease in fiber width compared to GR.
DRs showed somewhat finer fibers compared to DRm due to mechanical
impact. FT clearly consisted of the finest fibers with the lowest average,
median and maximum values. The percentage of fibers > 300 um were
highest for GR and clearly decreased after all reference and enzymatic
treatments. Enzymatic treatments realized only a small increase in
percentage of fibers < 100 um, indicating that mainly coarse technical
fiber bundles were further separated due to the enzymatic treatments.
The percentage of fibers with a smaller width than 100 um was highest
for FT. A percentage of 68.9 of the fibers showed a fiber width below
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Table 3
Results of analysis of fiber fineness with average, median and maximum value
as well as percentages of fiber widths higher than 300 um and smaller than
100 pm.

Treatment Average Median Maximum % >300pm % < 100 um
(um) (um) (um)

References

GR 218 169 974 26.4 27.6

WATER 114 106 614 2.2 49.7

EDTA 113 85 614 1.9 50.2

DRm 140 106 762 8.8 46.2

DRs 116 106 508 1.8 47.3

FT 83 64 551 0.2 68.9

Pectinases

Sc 167 148 953 9.7 26.2

Ns 145 127 741 6.2 33.6

MPE 152 148 635 6.5 30.1

PAn 152 127 741 8.0 33.1

Hemicellulases

Pz 157 148 699 8.6 32.9

XTIl 173 148 805 11.5 27.6

100 um. FT is a commercially available product of mechanically
hackled flax fibers whereby the hackling step further increased fiber
fineness and purity. However, the additional mechanical treatment also
results in fiber damage, reduced fiber yield and an increased cost. All
other fibers were subjected to manual extraction and hence no further
separation of fibers took place by mechanical interference.

It should be noted that the green fibers of the Amina cultivar (GR)
already possessed a very low fiber width. For underretted, dew retted
and overretted fibers, gravimetric diameters between the range of 225-
525 um have been reported [4]. Reference materials like fibers treated
with water and EDTA and DRs showed an important improvement in
fineness compared to GR. Enzymatic treatments realized an improve-
ment as well but however to a lesser extent.

Akin et al. [35] investigated fiber width after enzymatic treatment
with light microscopy and image analysis. Enzymatic treatments were
performed in buffer solutions, i.e. a morpholinoethane sulphonic acid
(MES) buffer at pH 6.0. With MES buffer alone as a control treatment,
32.0% of the fibers possessed a fineness within the range of
110-200 pm, while only 2.7% lied within the range of 10-30 um [35].
After enzymatic treatment with endopolygalacturonase (EPG) and EPG
combinations, fiber widths decreased significantly to approximately
50% of the fibers in the 10-30 um range [35]. Fineness however was
determined on fiber material after Fried Test studies. To perform Fried
Tests, enzymatic treatment (24 h) was followed by decanting, immer-
sion in boiling water, mechanical mixing and shaking to release fibers
from stems [35]. Evidently, all the extra handling results in further fi-
brillation of the fiber till elementary fibers are obtained and hence a
lower fiber width is observed. Biagiotti et al. [36] reported fiber widths
within a range of 40-620 um for flax fibers, including technical as well
as elementary fibers. Elementary fibers have a fiber diameter between
10 and 40 um, depending on growing conditions. Fiber bundles on the
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Fig. 1. Fineness distribution curve of (A) green fibers and (B) FlaxTape.
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Fig. 2. Normalized longitudinal E1- and E2-modulus of (A) composites impregnated with reference fiber materials and with fibers extracted from enzymatically

treated flax [GPa] and (B) back-calculated values for fibers [GPa]

other hand consist of several elementary fibers and exhibit a fiber
diameter of approximately 100- 200 pm, which corresponds to the
average fiber widths reported in Table 3. Characterization of fiber
widths in this study shows hence a promising fineness after enzymatic
treatment.

3.2. Tensile properties of composites

To allow a breakthrough of high quality composites impregnated
with flax fibers, mechanical performance of the material is of utmost
importance. Besides fiber fineness, mechanical performance of the
composites was evaluated by characterization of longitudinal tensile
properties and transversal bending properties. Tensile testing of the
composite provides information about the longitudinal Young’s mod-
ulus of the composite, more specifically the E1- and E2-modulus in
different strain ranges. Deviations in dimensions of composite speci-
mens were taken into account to determine the rightful fiber volume
fraction. Values were then normalized for each composite according to
a 50% fiber volume fraction to make a rightful comparison. The results
for the E1- and E2-moduli of the composites are shown in Fig. 2A.

Composites reinforced with GR fibers possessed an E1-modulus of
39 + 1GPa. When comparing the other reference materials with GR, it
can be concluded that fibers extracted after water and EDTA treatment
resulted in composites with a similar E1-modulus of 40 = 1 GPa and
42 = 1GPa, respectively (P > 0.05). Dew retting led to fibers with
comparable properties when impregnated in composites in the case of
manual extraction (DRm) (38 = 1GPa) (P > 0.05), while mechanical
extraction however gave rise to a significantly reduced E1-modulus of
the composite impregnated with scutched dew retted fibers (DRs)
(35 = 2GPa) (P < 0.005). Remarkably, composites reinforced with FT
showed only a El-modulus of 31 + 3GPa (P < 0.001). Baley et al.
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[37] found a tensile modulus of 26 = 2 GPa for a unidirectional flax-
epoxy composite with FlaxTape as flax material and a similar fiber
volume fraction, which is in line with the measured tensile modulus of
the FT-epoxy composite in this study.

Enzymatic treatments with pectinases and hemicellulases clearly
showed improvements in the tensile modulus of the fiber reinforced
composites (ranging from 41 to 44 GPa) compared to the GR fiber
composites, with significant differences for Sc and XTIl treatment
(P < 0.002). Among enzymatic treatments, no significant differences
could be observed and they were not significantly different from EDTA
treatment either (P > 0.05). Coroller et al. [38] and Mahboob et al.
[39] reported unidirectional flax-epoxy composites with a Young’s
modulus ranging from 11 to 35 GPa. Obtained stiffnesses in this study
were hence rather high.

When looking at the ratio of E2/E1, stiffness was retained for about
92 to 95% in all cases, with exception of mechanically extracted DRs
(86%) and FT (78%). Preservation of the stiffness in the manually ex-
tracted composite materials was hence very successful. In literature,
drops of 31% have been observed between E1- and E2-moduli calcu-
lations [40]. A possible explanation for the preservation of stiffness can
be due to less damage induced in the fibers. Upon common mechanical
extraction, damage may be initiated (especially in the weak pectin rich
middle lamellae) after which likely more easily shear occurs at higher
stress. This is an interesting observation, which warrants future re-
search towards extraction processes with more mimic of the manual
extraction methodology.

E-moduli of composites were back-calculated to the moduli of the
fibers according to the rule of mixture and are illustrated in Fig. 2B.
Back-calculated fiber properties are included instead of measured fiber
properties, since previous research indicated there was no correlation
between fiber properties as determined in single fiber tests and
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composite properties [9,29,33,41,42]. The explanation given for this is
that in a composite the matrix can partially repair defects between the
elementary fibers. In previous research (Bensadoun et al. [40]), a back-
calculated fiber modulus (E1) of 59.8 * 2.4 GPa for hackled long flax
fibers from the same batch was observed as an average between five
different laboratories. Thomason et al. [43] reported untreated flax fi-
bers with a tensile modulus of 45.9 = 2.6 GPa. Measurements of fibers
with shorter gauge lengths during tensile tests tend to give higher
properties in case of elementary fibers [39]. Even though this gauge
length theory does not apply for technical fibers, tested gauge lengths
were 15 mm in each study [40,43], as well as in this study. According to
Lamy et al. [44,45], stiffness is inversely proportional to the fiber dia-
meter [39]. However, in this study, the finest fibers observed from FT
did not result in the best tensile stiffness (62.1 + 5.1 GPa). In litera-
ture, a back-calculated fiber tensile stiffness of 43 + 5GPa was re-
ported for FlaxTape-epoxy unidirectional composites [29]. The tensile
modulus for FT composites obtained in this study is thus higher than
values reported in literature. In the review of Pickering et al. [1],
Young’s moduli of flax fibers of 27-80 GPa were summarized. Stiffness
values between 40 and 60 GPa are mostly observed for technical fibers,
where stiffness of 60-80 GPa is attributed to elementary fibers. Hence,
fiber stiffness of approximately 80-85 GPa determined in this study are
rather high. It is hypothesized that the manual extraction method used
has managed to preserve the integrity of the technical fibers.

Due to the high tensile moduli observed, the extensometer was
verified by a hard calibration. Even though hard calibration confirmed
the correct functioning of the extensometer, Digital Image Correlation
(DIC) was performed as well. A digital camera with a spatial resolution
of 96 dpi was used to record the speckle pattern applied to the sample.
The distance between composite sample and camera was 1 m. During
the test, subsequent images and force registration were taken with an
interval of 150 ms [46]. Images were further analyzed with VIC-2D
2009 software to calculate the strain. This method was performed si-
multaneously in combination with the extensometer to exclude any
variability in the composite sample. No significant difference could be
found between the measured tensile moduli and also confirmed earlier
measured results (results not shown).

Next to the tensile modulus, tensile strength or failure stress of the
composites was determined as well to evaluate the mechanical perfor-
mance. Normalized tensile strength of the composites is illustrated in
Fig. 3A. Fig. 3B shows the results of the back-calculated failure strength
of the fibers, employing the standard rule of mixtures taking into ac-
count the stress in the matrix at the failure strain of the fibers [29].

GR resulted in composites with a tensile strength of 404 + 26 MPa.
Water treatment delivered fibers resulting in composites with the
highest tensile strength of 463 + 31 MPa. Compared to the GR mate-
rial however, water and EDTA reference treatments, DRm and all en-
zymatic treatments showed no significant difference in tensile strength
(P > 0.05). However, a significantly lower tensile strength was ob-
served for composites impregnated with DRs (315 * 15MPa)
(P < 0.005) and FT (324 + 32MPa) (P < 0.05), compared to GR. FT
and to a lesser extend DRs are mechanically processed flax fibers,
leading to more fiber damage.

Another factor that could possibly affect the stiffness and strength of
the composites is the fiber orientation or degree of alignment, since
fibers are the carriers of stress and load [47]. The width of the com-
posite specimens was kept limited in order to reduce possible changes
in fiber orientation. Due to the manual extraction of enzymatically
treated flax, the changes in fiber orientations will be rather limited. The
highest degree of misalignment was observed for DRs, which may ex-
plain the rather low mechanical properties. However, in case of FT,
alignment is very high, which cannot be correlated to the observed
longitudinal properties.

The FT-epoxy composite from the research of Baley et al. [37]
possessed a tensile strength of 408 + 36 MPa, while the study of
Hendrickx et al. [29] reported FlaxTape-epoxy composites with a
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tensile strength of about 380 *+ 20 MPa (normalized to a fiber volume
fraction of 60%, this strength should be however higher than our
measured strength). Mahboob et al. [39] and Corroler et al. [38] de-
scribed several flax-epoxy composites with variating tension strengths
of 113 to 408 MPa. These results are in line with the findings presented
above for the modulus. Again the mechanical extraction seems to have
created some damage inside the technical fibers, in contrast to the
manual extraction method. The enzymatic treatments do not seem to
result in an increase in strength, where there was a positive effect on the
modulus. Also, benefits in ease of extraction were seen when enzymatic
treatments were applied on flax stems [10].

In Fig. 3B, back-calculated fiber tensile strengths from the compo-
site tensile tests are shown. Back-calculated tensile strength of GR
amounted to 776 * 50 MPa and increased to 891 = 59 MPa for fibers
extracted after water treatment. In accordance with the results of the
back-calculated tensile modulus of the fibers, significantly lower results
were obtained for back-calculated tensile strengths of DRs fibers
(602 = 30MPa) (P < 0.005) and FT (611 = 60MPa) (P < 0.01).
With the exception of DRs and FT, all other treatments resulted in
statistically comparable tensile properties compared to GR (P > 0.05).
Mohanty et al. [48] summarized tensile strengths of flax fibers in lit-
erature, ranging between 345 and 1100 MPa for a wide variety of fibers,
ranging from elementary fibers to coarse technical fibers. Tensile
strengths determined within this study fit within this range but are
again rather high, certainly in direct comparison with the mechanically
extracted fibers.

Study of the composites performance showed that the manual ex-
traction of fibers enabled us to avoid fiber damage. With tensile
strengths of 800 MPa, a certain maximum has been reached for tech-
nical fibers. No significantly different results were obtained for com-
posites impregnated with fibers extracted after water treatment, EDTA
treatment or enzymatic treatments. These treatments however may
have realized a removal of weak pectin from the outer surface of the
technical fibers.

3.3. Transversal properties of composites

Evaluation of longitudinal tensile properties could elucidate more
on the potential of enzymatic treatments but no significantly higher
properties were observed compared to the reference EDTA treatment. In
comparison with DRm fibers, somewhat better tensile properties were
observed. However, not only longitudinal properties are important, also
transversal properties should be studied. Fig. 4 illustrates the results of
the determination of the transverse bending strength of composites
after three-point bending tests.

GR-epoxy composites were characterized with a transverse bending
strength of 17.2 + 2.3 MPa (Fig. 4). Compared to the GR-epoxy com-
posites, composites impregnated with DRm fibers and Sc treated flax
fibers were not significantly different with bending strengths of
19.8 = 3.4 MPa and 21.3 = 2.7 MPa, respectively (P > 0.05). Water
and EDTA treatment resulted in fiber composites with significantly
higher transverse bending strength compared to GR composites
(P < 0.05), as well as all enzymatic treatments with exception of Sc.
Bending strength of composites based on fibers after water, EDTA and
all enzymatic treatments and DRs fibers were not statistically different
(P > 0.05). FT-epoxy composites on the other hand possessed a very
high transverse bending strength of 40.9 + 1.6 MPa compared to all
other composites. Hendrickx et al. [29] determined flexural properties
of flax-epoxy composites and found a transverse bending strength of
37 MPa for FlaxTape-epoxy composites and 24 to 30 MPa for naturally
retted flax fiber-epoxy composites. Given the fineness results, a high
transverse strength was expected for the FT composite, since flexural
strength is highly dependent on fiber fineness and purity [29]. Fur-
thermore, the high degree of alignment of FT fibers may have had a
positive impact on the transverse bending properties as well.

It should be noted that GR-epoxy composites were characterized
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with high tensile properties, even though lower properties were ex-
pected since fibers are coarser and impure. A mechanical extraction
necessary to loosen the fibers would probably imply more fiber damage
[49]. The manual extraction procedure however applied within this
research limited fiber damage. The manual extraction left fewer im-
purities (f.e. shives) on the fiber, resulting in the promising tensile
composite properties. Impurities between fibers are known to cause
stress regions in the composite which lead to early fracture [49]. Fur-
thermore, it is expected that additional hackling induces even more
fiber damage than when only scutching is applied. Concerning tensile
properties, almost no differences could be observed between scutching
(DRs) and hackling (FT). Transverse bending strength however excelled
for FT-composites, implying that the further refining of the fibers has
more effect on the composite performance than the induced fiber
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damage [49].

Based on tensile properties, no enzymatic treatment came forward
as exceptional but every enzymatic treatment did give competitive re-
sults illustrating the potential of enzymatic treatments as an alternative
for dew retting. Nevertheless, the importance of EDTA is also addressed.
In the future, strategic combinations of the pure enzyme activities
should be studied to investigate possible synergies between enzymes
and further improvement of mechanical properties.

3.4. Fracture surface analysis of composites after bending tests
The fracture surfaces of the composites after three-point bending

tests were analyzed with SEM. Fig. 5 gives a schematic drawing of the
composite specimen undergoing the three-point bending test indicating

L $‘° @QQ’ QVS\ *

Fig. 4. Transverse bending strength [MPa] of composites reinforced with reference fiber materials and fibers extracted after enzymatic treatments.
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Fig. 5. Schematic drawing of composite specimen undergoing three-point
bending testing indicating the location of the fracture surface analyzed with
SEM.

Fig. 6. SEM analysis of the fracture surface of GR-epoxy composite after three-
point bending test (200 x ). The scale bar represents 100 um.

the location of the analyzed fracture surface.

With fracture surface analysis, more information might be obtained
about the reason of failure: fiber failure, matrix failure or fiber-matrix
interface failure. A SEM image is shown in Fig. 6 for GR-epoxy com-
posites.

Fig. 6 illustrates that in case of GR fibers, fiber bundles were still
closely together. Since no separation between fibers took place within
the fiber bundle, the epoxy matrix was not able to penetrate through
the fibers. The fiber-matrix surface was hence much smaller compared
to fibers with a higher fineness. The limited surface results in restricted
interface possibilities, leading to the lower mechanical properties ob-
served for GR-epoxy composites. In flax-epoxy composites, the flax-
epoxy bond is often stronger than internal bonding between elementary
fibers, which is why coarse fibers give lower transverse bending
strength due to more chance on internal fiber failure. SEM images of
composites based on fibers extracted after water, EDTA and PAn
treatment are illustrated in Fig. 7.

Looking at the fracture surface of composites impregnated with
water treated fibers (Fig. 7A), fracture may have occurred by failure of
the matrix material. Fiber bundles were not separated by water treat-
ment. In comparison to EDTA treatment (Fig. 7B), a separation of ele-
mentary fibers within the fiber bundle can be noticed, as well as after
PAn treatment (Fig. 7C). Since this is the fracture surface, it is possible
that fracture occurred through the technical fiber, resulting in separa-
tion of the fiber. PAn treatment showed more fibrillation within the
fiber bundles and fewer impurities were observed on the fiber surface
after PAn treatment, demonstrating the importance and profit of the
utilization of enzymes.

3.5. Characterization of moisture absorption

EMC and diffusion coefficients were determined for composites re-
inforced with untreated fibers and enzymatically treated fibers to in-
vestigate the effect of enzymatic treatments on moisture absorption.
Moisture absorption could lead to a degradation of fiber tensile prop-
erties [34] while swelling might generate internal stress in the fiber-
matrix interface [50]. Enzymes affecting pectin and hemicellulose
structures in the fiber degrade the hydrophilic substances present in the
surrounding network of the cellulose nanofibrils and may thus be
beneficial to reduce moisture absorption. EMC and diffusion
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Fig. 7. SEM analysis of fracture surfaces of three-point bending test composite
samples with fibers treated with (A) water (96 x ), (B) EDTA (98 x ) and (C) PAn
(101 x). The scale bar represents 200 pum.

Table 4

Moisture absorption results of composites impregnated with enzymatically
treated fibers compared to green flax fiber composites: equilibrium moisture
content (%) and diffusion coefficient (mm?/s).

Treatment  Equilibrium moisture content Diffusion coefficient
(%) (10~° mm®/s)

GR 6.05 = 0.75 9.04 = 1.05

Sc 4.55 = 0.22 2.53 = 0.19

NS 5.40 = 1.35 1.68 + 0.60

MPE 4.49 = 0.16 1.92 + 0.27

PAn 4.01 = 0.15 1.00 = 0.19

Pz 4.65 = 0.17 5.39 = 0.73

XTIl 4.30 = 0.51 3.39 = 0.47

coefficients are illustrated in Table 4.

A significant decrease in EMC of composites was observed for all
enzymatic treatments compared to the starting material, with exception
of NS. Among pectinases, PAn treatment resulted in fiber composites
with a significantly lower EMC value. When looking at the diffusion
coefficient, GR fiber composites showed a significantly higher value
compared to the composites based on fibers after enzymatic treatment.



J. De Prez, et al.

Pectinases were observed to result in a higher reduction of the diffusion
coefficient compared to hemicellulases. Concerning moisture sensi-
tivity, most optimal results are obtained for composites with fibers
extracted after PAn treatment.

Water absorption of composites was tested by George et al. [11] by
immersion of composites in water. No EMC or diffusion coefficient was
calculated, but water absorption tests revealed that the highest ab-
sorption reduction was obtained for composites impregnated with fi-
bers treated with polygalacturonase and xylanase + cellulase. Poly-
galacturonase treatment clearly causes an important effect and shows
promising potential for the application in retting flax. Assarar et al. [28]
determined equilibrium water uptake and diffusion coefficient for flax
fiber-epoxy composites (11 ply unidirectional laminates) and compared
it with glass fiber-epoxy composites. A diffusion coefficient of
10.51 x 10~ 7 mm?/s was reported for the flax fiber-epoxy composites,
along with a moisture water uptake of 13.50% [28]. In contrast, glass
fiber-epoxy composites showed only a moisture water uptake of 1.05%
[28]. Even though a higher diffusion coefficient was determined in this
study, the first results concerning the EMC of composites with fibers
extracted after enzymatic treatment showed promising improvements.
To unravel however the effect on moisture sensitivity in comparison
with other fiber references, a separate study is necessary which is
subject of future work.

4. Conclusions

This study investigated the mechanical performance of composites
reinforced with fibers extracted after enzymatic treatments, along with
the fiber fineness, moisture absorption of composites and fracture sur-
face analysis. Longitudinal and transverse composite properties de-
monstrated the potential of enzymatic treatments as an alternative for
the traditional dew retting process. All enzymatic treatments showed
promising tensile strength and stiffness results but were not sig-
nificantly different amongst each other. Polygalacturonase (PAn)
treatments resulted in the highest reductions in moisture absorption by
composites. Also the importance of EDTA has been addressed.
Enzymatic treatments involve high controllability of the retting process.
Furthermore, a less severe mechanical post-treatment will be necessary,
implying less fiber damage will occur and a higher fiber yield will be
obtained. Very interestingly, this research suggests that improvements
in the extraction process, mimicking what was achieved after manual
extraction, could lead to less fiber damage and significantly increased
flax fiber modulus (from 60 to more than 80 GPa) and strength (from
600 to 800 MPa). Hence, the promising potential of NFRC should be
fully and further explored in order to build the sustainable future of
tomorrow.
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