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Abstract

In this paper, results presented concern both the chemical and physical behaviours of hemp fibres in lime-based mineral matrix in order to better
understand the role of chemical modifications of cellulosic fibres in the evolution of the macroscopic properties, essentially mechanical ones,
of such composite materials. The role of fibres surface treatment has been also studied through various chemical treatments applied on hemp
fibres. In a first step, the influence of such treatments on the fibre characteristics has been investigated by several means, such as scanning electron
microscopy, thermal analysis, X-ray diffraction and FTIR spectroscopy, in order to evaluate their consequences on the fibre behaviour itself.
Secondly, an attempt to characterise the influence of the various chemical treatments of fibres on the mechanical behaviour of hemp reinforced
lime-based composites has been completed by a three points bending testing campaign. According to the results, it seems that the modifications
induced by specific chemical treatments (EDTA, NaOH) on fibres play a major role in the strengthening of the lime/fibres interface but also in the
improvement of the overall stiffness of the composite (with respect to the one reinforced by untreated fibres) most probably related to a specific

stiffening process of the fibre itself.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Lime-based mortars have been used for centuries as stone
binders in ancient buildings. During the 20th century, the use
of lime in construction disappeared due to the fast develop-
ment of Portland cement.! Nevertheless, over the past several
decades, the need to develop environmental-friendly products
has generated new interest in using lime as a building material.

Many studies on lime-based mortar were carried out in order
to understand the influence of various parameters, like viscosity,
pore structure, capillary porosity and water/lime ratio, in partic-
ular on the mechanical properties of resulting mortars.>> To
date, no investigation of the incorporation of natural fibres in a
lime matrix were reported, although natural fibres were intro-
duced in polymers or cement matrices and are known to improve
mechanical properties of mortars.®
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The use of natural fibres and in particular hemp fibres as rein-
forcing agents in composite materials offers many advantages
over glass fibres, such as low density and biodegradability.5-%-1°
However, their incorporation in a polymer or mineral matrix
can involve an interface incompatibility between fibres and
matrix which may be overcome with fibres chemical pre-
treatments.!!~13 Each treatment considered in this publication
modifies either the chemical nature of the surface of natu-
ral fibres, or the surface state (e.g., charge, conformation of
polymers). The consequence is probably a modification of the
interactions between the mineral matrix and fibres. For example,
treatment with sodium hydroxide removes amorphous materials,
such as hemicelluloses, lignins and pectins, from the hemp fibres
surface, and this in turn would probably increase the crystallinity
index of fibres.!3-13

The adsorption in large quantity of calcium ions on fibres
surface can influence the fibre/matrix interface.'® To check the
impact of the calcium adsorption, two approaches were selected.
In a first treatment, fibres were treated with acid ethylene-
diamine-tetracetic (EDTA) which forms with calciumions a very
stable complex and disturb the complex formed between pectins
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and calcium ions.!” This treatment would prevent the fixing of
calcium ions on the surface of fibres. The second treatment con-
sists in modifying the negative charge surface of fibres using
a cationic polyelectrolyte, polyethylene imine (PEI), in order
to prevent the fixation of calcium ions.'® Lastly, a lime water
solution was used to test the influence of pH in calcium ions
adsorption.!”

The aim of this work is to determine the influence of these
different chemical treatments of hemp fibres on the mechani-
cal properties (flexural strength and stiffness) of a composite
material including fibres in a lime matrix.

2. Experimental
2.1. Materials

2.1.1. Fibre treatments

Technical hemp fibres (Cannabis sativa L.) were grown by the
company Agrofibra (Barcelona, Spain). Their chemical compo-
sition was determined using an extraction procedure.'®-20->! The
fibres contain in massic percentage 58.7% of cellulose, 16.8%
of pectins, 14.2% of hemicelluloses, 6% of lignins and 4.3%
of waxes. Prior to treatment and in order to ensure a constant
humidity content, fibres were dried at 40 °C for 24 h in a drying
oven.

In order to modify the adhesion between fibres and the
mineral matrix, fibres were subjected to several surface
treatments:

e Alkalization: Dried fibres were soaked in 6 vol.% NaOH (Pro-
labo, Fontenay-sous-Bois, France) solution during 48h and
then neutralized with 1vol.% acetic acid solution. Fibres
were then washed with deionised water until the pH value
was 7.

e EDTA: Fibres were immerged during 3h in a solution of
EDTA (5 g/l, Sigma—Aldrich, Seeze, Germany) which pH was
adjusted to 11 with caustic soda. In order to ensure removal of
excess EDTA, fibres were then washed with deionised water
for 2h at room temperature.

e PEI: Fibres were soaked in a PEI (M.W.: 2000 g mol !, pH 12,
Sigma-Aldrich, Seeze, Germany) solution for 48 h at room
temperature, then washed with deionised water.

e Ca(OH);: In order to saturate fibres with calcium ions,
fibres were placed for 3h in a saturated lime solution
([Ca®*1=2x 1072M, pH 12.7, Merck, Darmstadt, Ger-
many). Following the impregnation, fibres were washed with
deionised water.

After all treatments, fibres were subsequently dried at 40 °C
for 24 h.

2.1.2. Lime matrix

Natural hydraulic lime (NHLS5 formula, Chaux et Enduits de
Saint-Astier, Saint-Astier France), was packed upon reception
in airtight containers, and was kept during the experiment at
constant hygrometry and temperature (20 °C).

2.1.3. Samples elaboration

Prior to paste preparation, the fibres were shortening to about
2 cm long and separated in a laboratory blender (Waring Labo-
ratory, Torrington, USA). The final fibre length ranged between
1 mm and 1 cm. This shortening was necessary to obtain a homo-
geneous distribution of the fibres in the cement paste. In order to
prepare a mix, the pre-cut fibres were introduced in lime, mixed
for 2min in a blender (Perrier Labotest, type 32, France) and
water was finally added. In all cases, the Water over Lime mass
ratio (W/C) was equal to 0.62.

2.2. Characterisation techniques

A Scanning Electron Microscope (SEM) (Cambridge stere-
oscan S260) was used to examine the effects of chemical
modifications upon the fibre surface. Samples are obtained by
cutting small pieces of fibres and sticking them on a carbon
adhesive, before coverage with a platinum film.

Differential thermal analysis (DTA) measurements on
unmodified and modified fibres were performed under dry
air nitrogen atmosphere using a Setsys 2400 instrument
(SETARAM). Temperature ranged from 25 to 800°C with a
heating rate of 5°C min~".

Infrared spectroscopy (FTIR) were performed using a Perkin
Elmer spectrometer (Spectrum one, Boston, U.S.A.) using the
standard potassium bromide (KBr) pellet technique. A total of
10 scans was taken for each sample between 500 and 4000 cm L,
with a resolution of 4 cm™!. Fibres were chopped roughly to a
length of less than 1 mm, mixed with 300 mg of KBr and then
pressed into a pellet (¢ = 16 mm) for measurements.

The flexural strength of the composite before and after chem-
ical treatments of the fibres were determined using a three-point
bending test method (EZ 20 Lloyd Instrument, AMETEK)
on 40mm x 40 mm x 160 mm prisms. The crosshead speed
applied was 0.1 mm/min. Each sample was loaded until the core
broke and the average over 10 measurements is reported.

3. Results and discussion
3.1. Impact of chemical treatments on fibres

3.1.1. Surface morphology

Scanning electron microscopy provides an excellent tech-
nique for examination of surface morphology of natural and
treated fibres.!”

Micrographs of untreated fibres, such as the one presented in
Fig. 1a indicates the presence of impurities on surface, mostly
waxes and oil. However, after alkali or PEI treatment, as pre-
sented in Fig. 1b and d, a surface free of impurities is obtained.
Observation of micrographs obtained after the EDTA treatment
(Fig. 1c) seemed to separate the fibres. On the contrary, a lime
treatment tends to saturate the surface with calcium nodules, as
reported by Sedan et al. (Fig. le).!”

3.1.2. Thermal analysis of fibres
Thermal analysis was performed to determine the moisture
content and the amount of volatile components present in fibres
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Fig. 1. SEM images of (a) untreated, (b) NaOH, (c) EDTA, (d) PEI and (e) Ca(OH); treated hemp fibres.

under inert atmosphere and in air, and to see if surface modifi-
cations had an impact on the thermal properties of the fibres.

When measurements were conducted in air, independently of
chemical treatments, differential thermal analysis curves show
a first endothermic peak between temperature of 50 and 175 °C,
which is caused by the evaporation of adsorbed moisture and
physisorbed water. The content of water was evaluated with
DTA to 7% mass. Since the fibres were dried prior to use at
a temperature of 40 °C, there is some moisture which is retained
into the fibres.

Under air, the DTA curve of untreated natural fibres, pre-
sented in Fig. 2a, presents three exothermic reactions: a first
peak located between 240 and 340 °C is attributed to the thermal
depolymerisation of hemicelluloses and pectins. An exother-
mic signal between 390 and 420 °C is attributed to the cellulose
decomposition. Finally, a last peak at higher temperatures cor-
responds to the decomposition of charred residues.?> However,
the interpretation of DTA measurements of composite cellulosic
materials is complicated by the decomposition over the whole
temperature range (280-500 °C) of lignin residues. In fact, the
decomposition of cellulose is endothermic.?> The decompo-
sition of lignin is strongly exothermic and affect the signal
attributed to cellulose decomposition.

Treatments with caustic soda and lime saturated solution shift
the first peak to higher temperatures, 335 and 355 °C, respec-
tively. This result implies that after treatments in a strongly basic
medium, modified hemp fibres are thermally more stable than
untreated ones.

The peak characteristics of cellulose decomposition is
shifted at higher temperatures with caustic soda (~410°C)
and PEI (=450°C) treatments, whereas EDTA and a satu-
rated lime solution treatments decrease the initial temperature
of decomposition of cellulose by 10 and 20 °C, respectively.
However, under argon, where the oxidation of the charred
residues is suppressed, this phenomenon is not observed
(Fig. 2b). Thus, the effect observed under air is a result
of the combination of lignin degradation and oxidation of
some residues. Based on the data obtained under inert atmo-
sphere, we can conclude that the position of the cellulose
decomposition peak is barely affected by the treatments. This
means that all treatments applied do not modify the struc-
ture of natural cellulose and probably only affect the outside
of the fibres, as show on the different micrographs (Fig. 1).
Nonetheless, NaOH treatment preferentially degrades amor-
phous polysaccharides, leaving crystalline and heat-resistant
cellulose molecules behind.”!1-13
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Fig. 2. Comparison of the DTA curves as a function of the chemical treatment of the hemp fibres: (a) untreated, (b) NaOH, (c) EDTA, (d) PEI and (e) Ca(OH),.
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Table 1

Principal infrared transitions for hemp fibre.

Wavenumber (cm™!) Vibration Source

3300 O-H linked shearing Polysaccharides

2885 C-H symmetrical stretching Polysaccharides

2850 CH, symmetrical stretching Wax

1732 C=O0 unconjugated Xylans (hemicelluloses)

1650-1630 OH (water) Water

1505 C=C aromatic symmetrical stretching Lignin

1425 CH, symmetrical bending C=C stretching in aromatic groups Pectins, lignins, hemicelluloses, calcium pectates

1370 In-the-plane CH bending Polysaccharides

1335 C-0 aromatic ring Cellulose

1240 C-0 aryl group Lignin

1162 C-0O-C asymmetrical stretching Cellulose, hemicellulose
895 Glycosidic bonds Polysaccharides
670 C-OH out-of-plane bending Cellulose

3.1.3. Fourier transform infrared spectroscopy

FTIR allows the measurement of variations of hemp fibre
composition after chemical treatments. Table 1 summarizes the
major bands observed in the FTIR spectrum of hemp fibres and
their assignments to chemical group vibrations and molecules.

Infrared spectra of hemp fibres without and with chemical
treatment are displayed in Fig. 3. Modifications in the FTIR
spectra are principally observed in the 500-4000 cm™' range.
One of the most noticeable modification generated by NaOH,

Ca(OH); and PEI treatments is the disappearance of the peak
centered at 1732 cm™!, characteristic of hemicelluloses. Indeed,
treatments with lime water, PEI and NaOH, are known to remove
hemicelluloses.?* EDTA treatment does not affect hemicellu-
loses. The observation of the peak located at 1505 cm™! after all
treatments seems to indicate that none of the chemical treatment
is successful in completely removing lignin from hemp fibres.
With caustic soda treatment, the intensity of the peak characteris-
tic of waxes and oils present at 2850 cm™ ! decreases whereas the

T T T T T T T T T
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Fig. 3. FTIR spectra (4000-2000 cm™!) of (a) untreated, (b) NaOH, (c) EDTA, (d) PEI and (e) Ca(OH), treated hemp fibres.
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intensity of the peak characteristic of polysaccharides hydroxyl
bonds and located near 3300 cm™! increases (Fig. 3).

The intensity of the peak at 1650—-1630 cm™!, which corre-
sponds to water absorbed in cellulose, increases slightly after
treatment with caustic soda. Indeed, NaOH react with —OH
present on cellulose to form water molecules.

Some authors differentiate the peaks associated to pectins®*:

e esterified pectins have three characteristic peaks at 1748, 1445
and 1234 cm™~!. These three weak peaks are difficult to dis-
sociate from the signals relative to others.

e calcium pectates result in the presence of a signal at
1615cm™! and a broad band in 1425cm™!. The first peak
is very difficult to dissociate from the water signal. As for the
peak at 1425 cm™1, it is also characteristic of the CH bonds
present in all organic molecules. In order to analyze the per-
centage of calcium pectates, it would be necessary to first
completely remove the water molecules from hemp fibres.

3.2. Influence of the chemical treatments of fibres on
mechanical properties of composites

3.2.1. Behaviour analysis

Fig. 4a represents the typical evolution of the force applied
versus displacement for a pure lime sample and for 10 vol.%
fibres content one.

The addition of hemp fibres into the lime matrix, modifies
significantly the mechanical behaviour of the sample. In contrast

(a) 700 71— -
600 Fs [
5009 | |2
Z 4004,/ 1: Litge
® 3001 l 2: Lime + 10% vol. fibres
| ; [
2004 /1
B/
1009 |
E/
-
0 0.5 1 1.5 2 2.5 3
Displacement (mm)
Secant
(b) _
Tangent Stiffness: Rs
Stiffness: Rt
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z
=
=
=]
-

Displacement (mm)

Fig. 4. (a) Load versus displacement curves (three point bending test) and (b)
experimental stiffness.

to the linear brittle behaviour observed for the pure lime sample,
a more non-linear and pseudo-ductile behaviour is noticed for
the composite sample after the first drop of load. We can also
observe a controlled load decrease after that the maximum were
reached. In this figure, we can distinct three main domains and
two characteristic points.

The critical load F*, which can be considered probably as the
initial pull-out debonding force, and the peak load Fiax, which
can be interpreted as the highest failure force (closely related to
the pull-out failure force).

In domain I [from O to F*], the material exhibits a linear
evolution of the load versus displacement curve. In this step,
it seems that the lime matrix is supporting the main part of the
applied load due to an efficient load transfer process (from fibres
to matrix).

Domain II [from F* to Fiax], corresponds to a significant
change in the mechanical behaviour of the composite. Indeed,
after a noticeable drop of the load at F*, most probably associ-
ated to the beginning of the macroscopic damage related itself
with the onset of an internal fibre pull-out process, the behaviour
evolves to a more non linear behaviour up to Fpax. In a fibre
pull-out process, the applied load is transferred and distributed
along the fibre/matrix interface and causes interfacial failure
which can induce this increase of the non-linear character of the
evolution due to a controlled phase of the crack propagation.
In this domain, the efficiency of the load transfer process is
significantly reduced.

After the peak load Frax (Domain III), the mechanical
behaviour is totally different than the one observed for the
lime sample. This part is very interesting because it reveals
the change in behaviour mostly due to the presence of fibres
in the composite. Indeed, no sudden failure is observed but a
continuous fall of the load is recorded. This behaviour under-
lines the major role of the debonding process on the ruin of the
material.

3.2.2. Quantitative analysis

Several characteristics have been extracted from the exper-
imental stress displacement curves and experimental stiffness
has been calculated as depicted in Fig. 4b. The tangent stiffness
(Rt) is obtained by calculating the slope from the origin up to F*,
and the secant stiffness (Rs) corresponds to the slope between
the origin and Fpax. All these parameters have been summarised
in Table 2

Firstly, and regardless of treatment, the adding of hemp fibres
increases by about 23% the stress average compared to lime
samples prepared without fibres. Concerning the stiffness, we
observe that the incorporation of hemp fibres affects the stiffness
of mortars compared to a lime matrix sample. Interestingly, fibre
treatment enhances the stiffness of the composites compared to
the composite with untreated fibres. Introduction of hemp fibres
into a lime matrix:

e modifies the behaviour of materials, which evolves from
a fragile to a non linear one representing associated to
the occurrence and the propagation of damage within the
material,



M. Le Troédec et al. / Journal of the European Ceramic Society 29 (2009) 1861-1868 1867

Table 2

Influence of chemical treatments on the results obtained in three-point bending test.

Type of fibres contained Maximum stress

Displacement at maximum

Experimental stiffness (kN/mm) (Rt — Rs)/Rt (%)

in the lime mortar (MPa) =+ scattering stress (mm) = scattering
Tangent stiffness, Rt Secant stiffness, Rs

No fibres 1.54 £ 0.14 0.16 = 0.01 3.86 3.86 0.0
Untreated fibres 1.89 + 0.23 0.65 + 0.15 1.09 0.92 15.6
NaOH treated fibres 1.92 £ 0.16 0.29 + 0.02 2.59 2.05 20.8
EDTA treated fibres 2.01 £ 0.05 0.40 + 0.08 1.67 1.61 3.6
PEI treated fibres 1.95 £ 0.22 048 +0.11 1.51 1.30 13.9
Ca(OH); treated fibres 143 £ 0.21 0.42 +0.15 1.32 1.25 5.3

e increases the maximum stress average by 23% but globally
decreases the stiffness values compared with a lime matrix
sample.

Concerning chemical treatments of fibres, it seems that these
treatments do not modify the global mechanical behaviour of
the composite.

If we focus now on the values extracted from Table 2 and
compared with the ones taken from a untreated fibres composite
(Maximum stress, displacement at maximum stress, Rt, Rs and
the loss of stiffness expressed by (Rt — Rs/Rt)), some interesting
remarks can be done:

Chemical treatments result globally in an increase of the
experimental stiffness values, associated with a decrease of
the displacement at maximum stress. For example, NaOH
treated fibres composite exhibit the highest tangent stiffness
(Rt=2.59 kN/mm) associated with the lowest value of the dis-
placement at maximum stress (0.29 mm). In the same way,
and excepted for the Ca(OH), fibre treatment, all the value
of the maximum stress for all sample (included untreated
fibres sample) are relatively close. As already noticed, one
treatment has a completely different effect on the maximum
stress value, the Ca(OH); pre-treatment diminishes the max-
imum stress values comparable to what is obtained in a
pure lime matrix, even if the behaviour is composite like
one.

If now, we look at the evolution of the loss of stiffness calcu-
lated with (Rt — Rs)/Rt, expressed as a percentage, it appears
that the lowest value of this parameter (logically associated
with a quiet good interface resistance quality) is observed for
the EDTA treatment (3.6) and the highest one (associated to
a poor quality of the interfacial resistance) is obtained for the
alkali treatment (20.8). If we compare simultaneously the val-
ues of the displacement at maximum stress and the loss of
stiffness for these two last chemical treatments (EDTA and
NaOH), one can easily see that, for a same value of maxi-
mum stress (2.01 MPa for EDTA treatment and 1.92 for NaOH
treatment) the EDTA treated fibre composite sample exhibits a
higher level of displacement and a lower level of loss reduc-
tion. This observation is relatively important because it tends to
demonstrate that the EDTA treatment has a more efficient con-
tribution on the fibre-matrix interfacial resistance tha the NaOH
one.

4. Conclusion

The objective of this work was to explore the potentialities
of reinforcement of a lime mineral matrix with hemp fibres by
improving the interface adhesion using various chemical treat-
ments. Chemical exchanges between lime and fibres, in term of
degradation of fibres structure with alkaline medium and effects
of compounds present in fibres are modified by the chemical
treatments carried out. Indeed, each treatment has a direct action
on fibres surface:

e Treatment with caustic soda cleans fibres, removing the amor-
phous compounds, which improve the stress average and the
rupture as well as the stiffness of mortars compared with mor-
tar containing untreated fibres, and has a slight effect on the
interface between fibres and matrix.

e EDTA treatment increases stress rupture of mortars, how-
ever this chemical treatment involves a diminution of the
amount of calcium adsorbed on the fibres surface. Calcium
present on the surface has an impact on the stress rupture
of the composites. Perhaps this phenomenon is due to the
fact that EDTA, a strong calcium complexant, destroys the
pectin/calcium complex present on the surface of fibres to
form a gel, which can improve the interface between fibres and
matrix.

e PEI treatment involves an intermediate behaviour of all the
studied properties, but its effect on mechanical properties is
not as significant as EDTA.

e Lime water treatment modifies only the stiffness of mortars
and has a limited impact on the stress average values.
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