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Abstract: Here, we report the mechanical and water sorption properties of a green
composite based on Typha latifolia fibres. The composite was prepared either
completely binder-less or bonded with 10% (w/w) of a bio-based resin which
was a mixture of an epoxidized linseed oil and a tall-oil based polyamide. The
flexural modulus of elasticity, the flexural strength and the water absorption of
hot pressed Typha panels were measured and the influence of pressing time and
panel density on these properties was investigated. The cure kinetics of the bio-
based resin was analyzed by differential scanning calorimetry (DSC) in combina-
tion with the iso-conversional kinetic analysis method of Vyazovkin to derive the
curing conditions required for achieving completely cured resin. For the binder-
less Typha panels the best technological properties were achieved for panels with
high density. By adding 10% of the binder resin the flexural strength and espe-
cially the water absorption were improved significantly.

Keywords: Natural fibre composite; Cattails; Typha latifolia; epoxidized linseed
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1 Introduction

Due to an increasing global concern for environmental sustainability, many industries currently explore
the potential of natural materials to replace non-renewable resources in their processes. Many different types
of vegetable fibres are becoming increasingly popular as reinforcements for composites, especially in the
automotive industry [1]. Major reasons for using vegetable fibres are reduced weight, superior
environmental balance, reduced costs and the possibility to manufacture complex structural elements.
While there is a large scientific body of work describing the properties of fibres from plants like flax,
hemp, kenaf, coco or sisal for this purpose [1,2], other plants like Typha latifolia are much less well
known as vegetable fibre sources for reinforcing composites. Typha sp. grows in wetlands throughout the
world and is commonly known as cattail, bulrush, or raupo. It is mainly used as an adsorbent for heavy
metal elimination from contaminated fluids in phytoremediation [3—7]. Typha species have been used for
fibre reinforced composites with polylactic acid, polyethylene and other matrix polymers [8—14].
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Typha sp. show some interesting anatomical features that make them a promising plant raw material for
fibre reinforcement of composites. In nature, subepidermal vascular and fibre bundles lend mechanical
support against environmental stresses and additional mechanical strength is provided by ribbings and
margins stemming from enlarged epidermal cells located above each fibre bundle [15]. These epidermal
cells are thickly cutinized, i.e., they are covered by a continuous layer of resinous material forming a
protective surface layer. The hypodermis contains suberin and especially lignin which is natural
polyphenolic glue. All cells of the hypodermis have secondarily lignified cell walls [15]. The thick,
lignified hypodermal zones of the roots [16] and rhizome [15] may act as a binder in composites and it
has been shown that the self-gluing properties of Typha latifolia can be exploited for producing binder-
less composites via hot pressing 7ypha fibre mats [17]. Although such totally green natural fibre parts
display mechanical properties comparable to conventional composites manufactured with synthetic glue,
for some more demanding applications the performance of binder-less Typha-boards may not be sufficient.

In order to enhance the technological properties, in the present study small amounts of an additional bio-
based binder resin were used to prepare novel, totally green 7ypha based composites. As the binder resin, a
mixture of an epoxidized linseed oil with a tall-oil based polyamide curing agent was used [18]. The
simplified reaction scheme in Scheme 1 depicts representative components of the original bio-renewable
starting materials linseed oil (a) and tall oil (b) and the general chemistry leading to the cross-linked bio-
based binder material used in the present study (c). Linseed oil is rich in triglycerides comprising oleic
acid, linoleic acid and a-linolenic acid. The unsaturated C=C double bonds can readily be converted into
oxirane functionalities ultimately yielding bio-based epoxy resins [19—22] or upon further transformation
non-isocyanate based polyurethane resins [23] or photocrosslinkable coatings [24,25].
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Scheme 1: (a) Typical component of linseed oil and simplified reaction scheme for conversion to the epoxy
component of the used bio-binder system. (b) Biogenic polyamide resulting from reaction of a C5¢ fatty acid
derived from tall oil with diethylene triamine. (¢) Simplified initial curing reaction in the employed bio-
binder resin between epoxidized linseed oil and tall oil-based polyamide
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Tall-oil is derived as a by-product from the Kraft pulping process and has a typical composition of 38—53
wt.% fatty acids, 38-53 wt.% rosin acids, and 6.5-20 wt.% unsaponified (neutral) compounds [18,26,27].
The polyamide used in this study was derived from a dimeric C;¢ fatty acid obtained from the tall oil
which had been reacted with diethylene triamine [18] yielding the basic structural element depicted in
Scheme 1(b). This polyamide carried reactive amine groups and was used to cross-link the epoxidized
linseed oil (Scheme 1(a)). The simplified initial curing reaction step is depicted in Scheme 1(c).

The combination of Typha latifolia fibrous material with the epoxidized linseed-oil/tall oil-based binder
yielded totally green composite materials solely based on renewable resources. Their technological
properties were compared to the properties of binder-less Typha composites. The curing conditions for
composite pressing were optimized using differential scanning (DSC) analysis of the bio-binder and
modelling the thermochemical data with iso-conversional kinetic analysis.

2 Theory of Iso-Conversional Kinetic Analysis

Iso-conversional kinetic analysis [28] has been widely applied for studying and optimizing the curing
behavior of many different chemical binder systems such as melamine formaldehyde [29], phenol-
formaldehyde [30], lignin-based [31,32], epoxy-based [33,34], and other resins like epoxized linseed oil/
anhydride hardener systems [35] or complex powder coatings [36]. Iso-conversional kinetic analysis
allows defining process windows and predicting technological property profiles of the finished parts based
on curing profiles of the binder system as shown for laminate surface finishes [37] or powder coated
surfaces [38].

The mathematical basis for describing the effect of temperature on the rate of a chemical process is the
fundamental rate equation originally established by Arrhenius [39]. The Arrhenius approach uses three
kinetic parameters to model the progress of a chemical reaction: the pre-exponential factor, A, the
activation energy, E,, and the reaction model, f{a). Therefore, the classical kinetic analysis of rate data
requires information on the reaction mechanism (which is the “reaction model” f{a)): it is said to be
model-dependent. However, with multistep-reactions involving a multitude of chemical equilibria the
reaction mechanism is rarely known quantitatively [40]. Examples for such reactions are, for instance,
thermal degradation processes, the cross-linking of thermosetting resins in general or, more specifically,
the curing of our bio-based binder resin.

In such cases, model-dependent approaches are often prone to yield inaccurate results and, as an
alternative, model-free kinetic (MFK) or so-called “iso-conversional” methods have been developed [41].
These approaches are based on the iso-conversional principle, which states that the apparent activation
energy at a particular degree of cure, a, does not depend on the applied temperature gradient. Iso-
conversional methods are classified in either differential or integral methods. In the present study, we use
the integral approach introduced and further developed to an advanced form by Vyazovkin [42]
(abbreviated in the following by “VA”) to model the dependence of the effective activation energy on the
degree of cure, £, (@), for the resin mixture of epoxidized linseed oil with tall-oil based polyamide.

All integral methods are based on the iso-conversional principle implying that for any heating rate B the
integral form of the reaction model g (o) is constant according to Eq. (1).

g(0) = "z/(

A
>dT_E [E(2), T] (1)
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In the VA-approach E, is determined by iteration and minimizing by Eq. (2):
O~ Ea(), T1:B;
2 2 . ) .
=1 j#l a\®); L];Pi

With the calculated E(a)-curves the time (t,) required for a certain degree of cure a of the bio-based resin
at an arbitrary isothermal temperature (Ty) can be estimated [41] using the Eq. (3)

Jeoxp( £ 4r
-

ty, =

RT,

With the knowledge about the cure kinetics always the time for arbitrary temperatures (in a hot press but
also in a tempering oven) can be calculated which in turn can be used to derive curing process conditions that
yield completely cured resin.

3 Materials and Methods

3.1 Chemicals

The resin components used in this study were a commercial epoxidized linseed oil, Dehysol B 315
(Cognis GmbH), and a commercial tall-oil based polyamide, Unirez 2125 (Arizona Chemical). For
impregnation and for DSC analysis both components were mixed together in the proportion of 1:1.

3.2 Vegetable Fibres
For the composites the broad-leaved cattail species Typha latifolia was used. Staple fibres of Typha
latifolia were delivered from Naporo Klima Diammstoff GmbH (Moosdorf, Austria).

3.3 Thermochemical Analysis by Differential Scanning Calorimetry and Iso-Conversional Kinetic Analysis

The cross-linking degree, a, of the bio-resin was derived from dynamic DSC traces was measured with
the 822¢ differential scanning calorimeter by Mettler-Toledo (Greifensee, Switzerland). The exothermal
enthalpy changes were recorded and integrated over the reaction time (from time tg,y t0 te,q and from
temperature Ty t0 Teng, respectively) during curing which lead to the total cure enthalpy, AH; ¢ng. To
obtain sample-weight independent values, the enthalpy integral was normalized to the sample weight (H
in T g™). From H of each DSC trace the degree of cure o was calculated as a function of time (t). a(t)
was calculated as the ratio between the partly integrated curing enthalpy from time ty,, to t (AH,) and the
total curing enthalpy AH; ¢4 using Eq. (4).

a(t) = AH;/AH, end (4)

The software package STAR 8.10. (Mettler Toledo, Greifensee, Switzerland) was used for the
calculation of all the a (t)-curves. For further kinetic analysis one iso-conversional kinetic analysis
(ICKA) technique, the approach of Vyazovkin in its advanced form (VA) was used. Three a (t)-curves,
one for each heating rate (5, 7.5 and 10°C min™), were used to calculate the apparent activation energy
(E) as function of the degree of cure (o) with the VA-approach. For the minimizing process in the VA-
approach a software program was written by using the mathematical software package MATLAB Version
7.7. The integral (I) in Eq. (2) was solved by the function called “expint,” an implementation of the direct
integration method [43]. The numerical minimization of the Eq. (2) was solved by the function called
“fminunc.”
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3.4 Manufacturing of Composites

The manufacturing of fibre mats composed of Typha fibres followed the procedure described in [17] and
involved the opening of 7ypha fibre bundles on a carding machine followed by layering the fibres to a fibre
felt with the SPIKE technology, which is a combination of traditional air-laid and carding technology [44].
Thereafter, fibre mats with an area weight of 1.200 g/m? were produced by needle-punching of the fibre felts.
Thereafter, some of the fibre mats remained binder-less, without drying others were impregnated with the
bio-based resin mixture to obtain a composite with a binder content of 10 wt-% in the final composite.

Both binder-less and impregnated mats were compression moulded into panels at a constant pressing
temperature of 160°C and a constant pressure of 80 bar. Because of the manufacturing process the fibre
mats as well as the moulded composites have anisotropic mechanical properties. Hence, flexural strength
measurements were always performed on test specimens, where two Typha fibre mats had been pressed
crosswise into a laminate with respect to the production direction. While the first 7ypha fibre mat had its
main fibre-axis oriented in parallel to direction of the production line, the second fibre mat was arranged
perpendicular to this direction to account for the anisotropy. The binder-less 7ypha mats and the Typha
mats impregnated with the bio-resin were pressed with three different pressing times, t; = 60 min, t, =
120 min, and t; = 180 min. The curing procedure for the bio-resin containing 7ypha panels was
complemented by a post-curing phase at 100°C. The duration of post-curing was determined by iso-
conversional analysis of the curing degree of the partially cured bio-resin upon DSC analysis of liquid
resin samples.

The morphology of the Typha fibre with and without binder was observed under a Phenom Pro X SEM
(Phenom-World, Eindhoven, Netherlands) with an acceleration voltage of 15 kV. The fibre and the
composites were deposited on a carbon-coated grid, air dried and sputter coated with gold in a SC7620
mini sputter coater (Quorum Technologies Ltd., Kent, UK).

3.5 Technological Testing of Composites Properties
The thickness of the composite was measured by using vernier caliper and the density was calculated
from the measured dimensions and weight.

As technological properties the flexural strength, the flexural modulus of elasticity (MOE) and the water
absorption of each moulded composite were measured. The flexural properties were measured according to
the standard DIN EN 310 and the water absorption according to the standard DIN 52351.

4 Results and Discussion

4.1 Characterization of Curing Behavior of the Bio-Resin

To derive a quantitative model allowing to calculate the conditions required for a completely cured resin
at an arbitrary temperature, as a first step, the cure kinetics of the bio-based resin was analyzed. For the
kinetic analysis of resin cure, differential scanning calorimetry (DSC) in combination with the iso-
conversional kinetic analysis (ICKA) method of Vyazovkin (VA) was used.

The DSC thermograms at three heating rates (5, 7.5, and 10°C min™") from 25°C to 300°C are shown in
Fig. 1. Based on the thermograms the E (a)-curves were calculated with the VA-approach which in turn was
used to derive theoretical curing isotherms (Fig. 2) using Eq. (3).

To validate the ICKA, partially cured resin mixtures were prepared applying a heat treatment that
yielded different defined cure degrees a as predicted by the VA-approach. Using the ICKA-model based
on theoretical isotherms, for a reaction temperature of 180°C and different targeted cross-linking degrees
(10, 20, 30, 40, 50, 60, 70, 80, 90, and 94%) the experimentally required corresponding reaction times
were calculated by using Eq. (3). Samples of resin mixtures were pressed in a hot press at a plate
temperature of T = 180°C for the different durations of time to obtain specified cure degrees a. The
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Figure 1: DSC traces of bio-resin at different heating rates. (a) 5, (b) 7.5 (c) and 10°C min™'
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Figure 2: Degree of cure as function of time predicted by kinetic model, calculated for five temperatures.
(a) 160, (b) 170, (c) 180, (d) 190 and (e) 200°C—Matching of three different press times, t; = 60 min, t, =
120 min, and t; = 180 min at press temperature of 160°C (a) with degree of cure for t; = 81%, t, = 94%,
and t; = 100%

partially cured samples were then used for validating the kinetic model. For this, they were analysed by DSC
at a heating rate of 10°C min™' and the cure degree o was calculated according to Eq. (4). The validation plot
in Fig. 3 shows the measured degree of partially cured resin (points) in comparison with the predicted degree
of cure (solid line). The measured cure degree was slightly higher than predicted (mean difference = +3.5%).

4.2 Determination of the Ideal Curing Protocol for the Bio-Resin

The theoretical curing isotherms derived for 5 arbitrary temperatures are shown in Fig. 2. For the pressed
Typha fibre mats containing 10% bio-resin, that were prepared at the three pressing times t; = 60 min, t, =
120 min, and t; = 180 min at the pressing temperature of 160°C the curing degree was calculated using the
curing isotherm data at 160°C. According to the MFK model, a pressing time of 60 minutes resulted in a
curing degree of 81%, whereas a pressing time of 120 minutes yielded a curing degree of 94%. Only the
pressing time 180 minutes led to the maximum curing degree of 100%.
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Figure 3: Validation plot of the kinetic model for resin curing. The individual points indicated the measured
degree of cure and solid line indicates the degree of cure predicted by the model

The results of the thermochemical analysis of the bio-based resin showed that for the pressing
temperature of 160°C a pressing time of approximately 180 min was sufficient and necessary for
complete cure of the bio-resin. In contrast, after the shorter pressing times t; and t,, the panels cannot be
expected to be completely cured. By an additional subsequent post-curing step at a temperature of 100°C
in an oven, for both panels, however, a curing degree of 100% was brought about. The required residence
time for post-curing at 100°C was calculated for both panels from the corresponding model curing
isotherms at this temperature obtained from the iso-conversional kinetic analysis.

With the theoretical curing isotherm for the tempering oven temperature of 100°C the tempering time to
reach 100% degree of resins cure was calculated: The additional post-curing times were 42 hours for the
panel with press time t; and 13 hours for the panel with press time t,. Since the resin contained in the
panel with press time 180 min was completely cured after the initial pressing step, no additional post-
curing was performed with this panel.

4.3 Morphology of the Composite Material

Fig. 4 shows a typical Typha fibre mat before pressing (a) as well as binder-less (b) and bio-binder
containing (c) Typha fibre composites after pressing.

(@) N b) ©
Figure 4: Typha fibre mat (a) and after pressing without (b) and with (c) bio-binder

The morphology of the fibre and the reinforced composites was analysed using scanning electron
microscopy. The cross-section of the Typha fibre is shown in Figs. 5a and 5b. The micrographs show the
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Figure 5: Cross-section of the Typha binder (a) and magnified image (b), fractured surface of the Typha self-
reinforced composite without binder (c) and magnified image (d), and fractured surface of the Typha
composite with binder (e) and magnified image (f)

hollow lumen structure of the Typha fibre at different magnification factors. The fractured surface of the
composites with and without binder is shown in Figs. 5c—5f. One can see the accumulation of the binder
inside the composites and the matrix wetted on the fibre surface. The 10 wt.% is not well enough to
completely bind the whole reinforcement because some voids were observed in between the reinforcements.

4.4 Technological Properties of Typha Composites with Bio-Resin

With the aim to meet higher demands in technological properties an ecologically harmless, bio-based
resin was added to Typha composites. Just as binder-less reference Typha mats, the Typha mats
impregnated with the bio-based resin were pressed at a constant press temperature with increasing press
times to panels with different densities. The results of both measured flexural properties of these panels
are presented in Figs. 6 and 7 respectively.

Both flexural properties, the flexural MOE (Fig. 6) and the flexural strength (Fig. 7), depended on the
density of the bioresin-bonded Typha panels, regardless of the chosen pressing time. The higher the density
of the panel, the higher are the values for the flexural properties. The flexural MOE increases linearly and the
flexural strength increases exponentially as the panel density increases (see solid regression lines in Figs. 6
and 7). The dependence of water sorption properties on the density of bioresin-bonded Typha panels was
indirectly proportional to panel density. The water absorption of panels decreased linearly as the panel
density increased regardless of the chosen pressing time. Hence, for all panels a single linear regression
model for water absorption as a function of panel density was calculated (see solid line of linear
regression in Fig. 8).
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Figure 6: Flexural MOE of Typha panels with 10 wt-% bio-based resin and with different densities
(triangles) and linear regression of flexural MOE on density (solid line)
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Figure 7: Flexural strength of Typha panels with 10 wt-% bio-based resin and with different densities
(triangles) and linear regression of flexural strength on density (solid line)
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regression of water absorption on density (solid line)
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Using the regression function given in Fig. 8, the water absorption can be calculated as a function of
pressing time for an arbitrary panel density and be normalized to a density of 1 g/cm?. Such density
normalized water absorption is constant at a mean value of about 54% and a standard deviation of about
11% as the pressing time increases (mean value as triangles with standard deviation in Fig. 9).
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Figure 9: Water absorption of Tyjpha panels with 10 wt-% bio-based resin calculated for panel density =1 g/
cm? using regression equation in Fig. § for different press times (triangles)

4.5 Comparison of Technological Properties of Typha Composites with and without Bio-Resin

For comparison the flexural properties of binder-less 7ypha panels and Typha panels with 10 wt-% bio-
based resin are shown in Figs. 10 and 11 respectively. 7ypha panels made using bio-based resins with
densities lower than 1 g/cm® had higher flexural MOE than the binder-less 7T3pha panels with the same
low densities. In contrast, when the panel density exceeded 1 g/cm?, the binder-less Typha panels had
higher flexural MOE than the panels with bio-resin (see Fig. 10). On the other hand, the flexural strength
of panels with additional bio-based resin was always higher than the flexural strength of binder-less
panels regardless of the panel density (see Fig. 11).
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Figure 10: Flexural MOE with different panel densities—comparison of binder-less Typha panels
(diamonds) with 7ypha panels with 10 wt-% bio-based resin (triangles)

These results can be explained as follows: In optimal fibre reinforced polymers the reinforcement fibres
increase the mechanical strength of the polymer while the polymer has the function of a binder matrix that
holds the fibres together in a fixed position and transmits mechanical forces between the fibres. If the amount
of binder is low, the risk of areas where fibres are not impregnated is increased. In that case, the transmission
of mechanical forces is disturbed and the mechanical performance is lower than theoretically possible. In the
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Figure 11: Flexural strength for different panel densities—comparison of binder-less Typha panels
(diamonds) with Typha panels with 10 wt-% bio-based resin (triangles)

pressed binder-less panels the natural substances present in Typha can act as binder. However, the content of
natural binder is rather low and not sufficient to impregnate the fibres completely. This explains why the
flexural strength of panels with additional 10 wt.-% of bio-based resin was always higher than the
flexural strength of the binder-less panels (see Fig. 11). On the other hand, both flexural MOE (Fig. 10)
and flexural strength (Fig. 11) could be increased by pressing the fibers with a given amount of binder to
panels at higher pressure forces, because due to the higher compaction more fibres could be brought into
contact with the existing binder content. Furthermore, the curves of flexural MOE in Fig. 10 show that
when the compaction was high enough the issue of low binder content was compensated. Hence, only in
the case of high pressure forces the higher content of reinforcing fibres in binder-less panels resulted in
the expected higher flexural MOE in comparison to the panels with 90/10 wt/wt fibre/binder proportions.

Whereas the water absorption of binder-less Typha panels depends on both process parameters, the press
time and the panel density, the water absorption of 7Typha panels with bio-based resin does not depend on the
press time and only slightly on the density (Fig. 12). The water absorption was significantly improved by the
addition of the bio-based resin and this improvement is much higher if the density of the panel is low.
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Figure 12: Water absorption normalized to panel density = 1 g/cm? for different press times—comparison of
binder-less 7ypha panels (diamonds) with Typha panels with 10 wt-% bio-based resin (triangles)
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5 Conclusion

In this contribution, we describe the technological properties of composites made from vegetable fibres
from Typha sp. as reinforcement in “green” composites. Typha composites were tested binder-less, where
only the naturally occurring constituents of cattails acted as binder. The flexural MOE, the flexural
strength and the water absorption of binder-less 7ypha panels were measured and the influence of
pressing time and panel density on these properties was investigated. The best properties were achieved
for panels with high density regardless of the chosen press time. With the aim to meet higher demands in
technological properties an ecologically harmless, bio-based resin consisting of a mixture of an
epoxidized linseed oil and tall-oil based polyamide was added to 7Typha composites in a small proportion
of 10 wt-%. The cure kinetics of the resin was analysed by differential scanning calorimetry (DSC) in
combination with the isoconversional kinetic analysis (ICKA) method of Vyazovkin (VA) to calculate the
time for arbitrary temperatures (in a hot press but also in a tempering oven) leading to a completely cured
resin. For comparison the Typha composites with binder were pressed at same press times as the binder-
less Typha composites were pressed but with additional annealing in a tempering oven to guarantee
completely cured resin for all panels. Cattails for binder-less composites have high potential for novel
“green” composites and by adding small amounts of the bio-based resin the flexural strength and the
water absorption were improved significantly.
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