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A B S T R A C T

The study focuses on the effect of alkaline and silane treatment of hemp fibers on mechanical and
thermal conductivity. Hemp fibers were treated with sodium hydroxide solutions at different
concentration, and then analysed by infrared Fourier transform spectroscopy, the X-ray diffrac-
tion, mechanical tensile test; and a scanning electron microscope. The alkali fibers were subse-
quently treated with silane solutions and then analysed by the same techniques. Analysis results
showed that the most changes caused by this treatment are, the elimination of a certain amount
of lignin, wax and oils spanning the cell wall of the fibers and the transformation of some
quantity of alpha to beta cellulose. These changes are at the origin of improvement on tensile
strength and young's modulus of about 39% and 23% respectively when the concentration of
treatment reaches 8%. This modification revealed a strong increase in the Interfacial adhesion of
the fibers-polyurethane composite from 1.26 MPa for untreated fibers up to 3.18 for the alkali
fibers and 5.16 for silane fibers. Moreover, the measurement of the thermal conductivity has
proved that the chemical treatment increase the fibers thermal conductivity from 42.22 mW/m°K
for untreated fibers to 47, 92 mW/m°K for the alkali fiber at 8%.

1. Introduction

Hemp is one of the most productive and useful plants known for a long time, it's used exclusively for the production of medicines,
in the textile field, and also used for the preparation of the drug. However, the transformation of hemp generates a high proportion of
waste. Consequently, the development of recycling processes for such wastes present a great interest to the researchers, this waste has
integrated the field of composite materials as reinforcing element where he has already been used in composite materials with
polypropylene [1], unsaturated polyester [2] and other composites [3]. Reinforced composites with natural fibers have attracted
recently more attention in order to take advantage of their low cost, low density, biodegradability and availability [4], ease of
implementation, their high specific modulus, and ability to be recycled [5], etc. These benefits are of interest for applications in
various fields such as daily life (furniture, floor, pots …), automotive …, which require lightweight materials with high performance,
opportunities for retraining, the minimum impact on the environment, and reduce the cost of the material [6]. The most serious
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concerned problem with natural fibers is its hydrophilic nature because they are composed of lignocellulose, which contains hydroxyl
groups [6,7]. These fibers are therefore incompatible with hydrophobic thermoplastics [8,9], such as polyolefin and have low
moisture resistance [10]. These characteristics are weak points for the uses of vegetable fibers as polymer reinforcements. It is then
necessary to improve them so as to avoid penalizing mechanical properties [11,12]. Another important factor is the dispersion of the
fibers for obtaining high mechanical properties [13]. These problems are the main limitations to the use of such fibers as re-
inforcement in polymers. Thus the matrix fiber interface makes it possible to predict the physicochemical properties of the composite
materials; a force applied directly to the matrix on the surface of a composite, is transferred to the nearest fiber and propagates
through the fiber at the interface. Incompatible interface, leads to inhomogeneous distribution of the forces which disrupts the
mechanical properties of the composites. By cons, a good interface can allow the composite has the ability to withstand stress, even
after several fibers are cut because the force can be transferred to non-broken fibers. Several studies have studied the changes
cellulose fiber surface properties to enhance their adhesion with a polymer matrix and reduce moisture absorption. It has been shown
that an appropriate treatment applied to the fibers may result in compatibility with the polymer matrix, which improves the quality
of the composites. Various methods such as plasma treatment [14], alkali [15], heat [16], graft copolymerization [17,18], treatment
with silane [19,20] or with other chemicals have improved the compatibility of the fibers with the matrix [21,22]. It is therefore
essential to know the chemical surface interactions between the different constituents of the composites before performing a me-
chanical characterization of the whole. The main objective of this paper is to study the effect of hemp fibers treatment on their
individual properties and their interfacial properties when are mixed with the polyurethane matrix. the improvement of interfacial
properties of hemp fibers with the polyurethane matrix, contribute to increasing the composite material properties, the choice of the
hemp fibers and the matrix is due to their thermal characteristics tested in this study, this incorporation allows the manufacture of a
biodegradable composite insulation.

2. Materials and methods

2.1. Fiber surface treatments

2.1.1. Alkali treatment
Hemp fibers were treated with NaOH solution of varying concentrations of 2,5%, 5%, 8% and 10% for 5 h at room temperature

then washed with distilled water for several times until obtaining a neutral pH. The fibers were dried at room temperature for 12 h.

2.1.2. Silane treatment
The concentration of the silane solution used in this work is 0.2 mol/l. In an ethanol / water mixture 80/20 (v/v) 0.2 mol/l of

triethoxyvinylsilane (1) 3-mercaptopropyltrimethoxysilane (2) or 3-aminopropyltrimethoxysilane (3) is added and prehydrolyzed for
24 h at room temperature, 100 ml of this solution is added to 1 g of alkali hemp fiber at 8%, the mixture is kept at room temperature
for 72 h, then the fibers are washed several times and dried until a constant weight is obtained

2.2. Fourier transform infrared (FTIR)

Fourier transform infrared (FTIR) spectroscopy was carried out to qualitatively identify the constituents of hemp fiber. Chemical
treated and untreated hemp fibers were examined. Fibers were dried, ground into fine particles and mixed with KBr, compressed then
analysed with Mattson 7000 FTIR spectrophotometer. FTIR spectra were collected before 10 scans for wave number ranging from
4000 to 500 cm−1.

2.3. Fiber morphology analysis

The surface morphologies of untreated and treated fibers were examined using a Zeiss Gemini scanning electron microscope
equipped with EDX (emission dispersive x-ray spectroscopy) to study the morphology and elemental composition.

2.4. Crystallinity of hemp fibers

The Bruker AXS D8 Diffractometer conducted using a zone detection system 2D GADDS was used for the determination of the
crystallinity index of treated and untreated hemp fibers. From the diffractograms of the fibers and the empirical method of Segal, the
crystallinity index CI was calculated as follows using Eq. (1): [23]

=
− XCI% (I002 Iam)

I002
100% (1)

where I 002 is the maximum intensity of diffraction of the (002) lattice peak at a 2θ angle of between 22° and 23°, which represents
both crystalline and amorphous materials [24]. And Iam is the intensity of diffraction of the amorphous material, which is taken at a
2θ angle between 18° and 19° where the intensity is at a minimum. It should be noted that the crystallinity index is useful only on a
comparison basis as it is used to indicate the order of crystallinity rather than the crystallinity of crystalline regions.
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2.5. Single fiber tensile strength measurement

Tensile strength of single untreated and treated hemp fibers was measured according to the ASTM D 3379-75 [25]. The unit fiber
was obtained by hand pre-separation and their diameters were measured with an optical microscope, then the ends of the fibers were
fixed on cardboard paper using the polyvinyl acetate glue to give a gauge length of 10 mm. The mounted samples are placed in the
handles of an Instron MPK universal testing machine. The measurements were carried out at a constant Speed rate of 2 mm/min.

2.6. Single fiber pull out

In this interfacial tensile strength test, a single fiber is fully embedded in a polyurethane matrix; the test has been performed for
treated and untreated fibers. The force required to pull the fiber out of the matrix is determined, and the corresponding interfacial
tensile strength is calculated [26,27]. The result of each test is the average of five tests. The polyurethane used in this work is
composed of industrial precursors. The polyisocyanates were supplied by DOW Chemical (Isonate 181MDI Prepolymer) with a
density of the order of 1.20 g/cm3 and 23% in% NCO. The polyol (Krasol LBH 2000 Diol) was provided by CRAY VALLEY with a
hydroxyl value 0.91 Meq/g, and density of 19–20 g/cm3 at 20 °C respectively.

2.7. Thermal conductivity measurement

Determination of the thermal conductivity of hemp fibers was performed according to the standard ISO 8302, DIN EN 1946-2,
DIN EN 12667 and ASTM C177 (DIN 52612) using a Thermal Conductivity Analyzer (λ-Meter EP500e). Its measurement consists in
applying variable heat flux in a block comprising a sample taken between two plates ([28,29]). The hemp fibers are placed in a
sample holder of dimension 500 × 500 mm, the fibers is cantered in the measuring zone that exists at the center of the device. The
thickness of the sample is measured automatically by the device; the measurement is carried out at three temperatures and under a
pressure of 2500 Pa for 600 min for each temperature.

Fig. 1. FTIR spectroscopy of (a) alkali (b) alkali-silane hemp fibers.
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3. Results and discussion

3.1. Fourier transform infrared (FTIR)

The effect of alkali treatment at different concentration on hemp fibers is shown in the Fig. 1a; it is observed that the treatment
does not affect the cellulosic structure since characteristic bands of cellulose appear in the same wavenumber. The small band due to
the C-H bending and C-O stretching of hemicellulose was shifted to a higher wavenumber indicating the removal of hemicellulose at
the surface after treatment.

The C-H stretching in aromatic methoxyl group and methylene group of lignin structure begins to disappear while increasing the
percentage of NaOH in the solution. Increasing the percentage of NaOH in the solution leads to the removal of an amount of
hemicellulose and lignin from the fiber surface, NaOH treatments dissolved a portion of hemicellulose and lignin constituents from
the fibers which increases the amount of cellulose exposed on the fiber surface, thereby increasing the number of reaction sites [30].
The FTIR spectra of the fibers treated with silane solution after alkali treatment were presented in Fig. 1b It can be observed the
appearance of a new absorption bands in the region from 800 to 1800 cm−1, and these are specific to the silane coupling agents
[31,32]. The band at 1203 cm−1 is assigned to the vibrations of Si O-cellulose [31,33], indicating that the prehydrolyzed silane has
reacted with the hydroxyl groups on the fiber surface. The observed band at 709–780 cm−1, caused by the vibrations of Si O-linkages
[19], indicates that the prehydrolyzed silane has led to self-condensation reactions, giving rise to a siloxane polymer. These results
demonstrate that several reactions take place between the silane coupling agents and the fiber surface during the treatment. This is in
agreement with the results reported in the literature [15,34–38].

3.2. Scanning electron microscopy (SEM)

The morphological modification of hemp fibers is also observed by scanning electron microscopy. Fig. 2 shows images obtained
on untreated and treated fibers. It can be seen that the untreated fibers (Fig. 2a, b, c, d) have more compounds at the surface. The
surface of untreated fibers is covered with fats, waxes or polysaccharides such as the lignin, hemicelluloses or pectins and therefore
much rougher [45].

This indicated that hemp fiber structure consists of cellulose microfibrils covered with hemicellulose and lignin. From these
micrographs it can be seen that the cellulosic fiber surface (cellulose microfibrils) was covered by non-cellulosic constitute (hemi-
cellulose and lignin). The treated fibers (Fig. 2e, f, g, h) have a smaller diameter than the untreated fibers and their surface roughness
is reduced due to the partial dissolution of the amorphous portions of the fibers [17]. More the percentage treatment increases the
fiber surface becomes depleted of non-cellulosic material. The (Fig. 2I, J and K) shows a change in the appearance of the fiber surface
which may be due to the formation of silane-coupling agent on the surface of hemp fibers, the fiber surface was completely covered
which confirmed the time required to achieve the equilibrium adsorption respected.

3.3. Crystallinity of hemp fibers

Natural fibers are semi-crystalline materials composed generally of an amorphous part basically consisting of the macromolecules
of lignin and hemicellulose and a crystalline portion of cellulose. The X-ray diffractograms of treated and untreated hemp fibers are
indicated in Fig. 3, they show the presence of peaks characteristic to cellulose molecule located at (22°≤2Ɵ≥23°), 15.2° and
16.6°,correspond respectively to the crystallographic plans 002, 101 and 101.

The measuring crystallinity index by Segal method presented in Table 1 reveals an improvement of crystallinity rate when the
treatment percentage increase, which suggests that the alkali treatment removes non crystalline portion of the fiber (hemicellulose,
lignin and fat) increasing the percentage of cellulose in the fiber, this improvement has been observed up to 8% of NaOH treatment,
after we have seen a decrease in the crystallinity index, this may be caused by the increased concentration of NaOH affecting the
cellulose structure [15,39–41].

Other study entrusted the increasing of crystallinity index after the alkaline treatment to the change of the crystalline structure of
the cellulose. Studies have shown that Na + has a favourable diameter and is capable to expanding the space between the lattice
planes. This leads to the formation of a network cellulose-Na-I, with relatively large distances between the cellulose molecules. The
created spaces are filled with water molecules. In this structure, the -OH groups of the cellulose are converted to -ONa groups,
widening the dimensions of the molecules. Subsequent washings with water will remove the Na ions bonds and convert the cellulose
into a new crystalline structure of cellulose II. Sodium hydroxide allows for complete processing of the cellulose network I cellulose II
with a higher crystallinity index [42–44].

3.4. Single fiber tensile strength measurement

The resistance of the natural fibers is affected by many factors, the high molecular weight of cellulose chains, the crystal structure
of the fibers and the microfibrillar angle are the most influences parameters of the mechanical properties of plant fibers
[39,40,45–48]. Fig. 4a and b show the tensile strength and Young's modulus respectively of untreated and alkali hemp fibers it can be
seen that the treatment increase tensile strength and young's modulus, this augmentation is observed up to 8% of treatment after this
percentage, it is noticed the decrease in mechanical properties of hemp fiber. The increase in mechanical properties is mainly due to
the partial removal of hemicellulose and lignin which causes the increase in the crystallinity index of the fibers and therefore the
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Fig. 2. SEM images of hemp fibers (a, b, c, d) and alkali hemp fibers with NaOH for 5 h: alk 2, 5% (e), Alk 5% (f), Alk 8% (g), Alk 10% (h), Alk 8% Si1(i), Alk 8% Si2(j),
Alk 8% Si3(k).
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Fig. 3. X-ray diffractograms of untreated and alkali hemp fibers: alk 2, 5%, Alk 5%, Alk 8%, and Alk 10%.

Table 1
The measuring crystallinity index by Segal method.

Alkaline treatment 0% 2.5% 5% 8% 10%
Crystallinity index, X (%) 70.36 73.18 74.60 76.02 72.20

Fig. 4. Mechanical proprieties of untreated and alkali hemp fibers (a) Tensile strength and (b) Young's modulus.
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fibers becomes more rigid.
The elimination of a certain amount of lignin and hemicellulose allows the relaxation of the microfibrils and their reorganization

along the principal axis of the fiber giving rise to a more rigid structure, the increase in the percentage of NaOH eliminates over
amount of lignin and hemicellulose which will create more space empty that the microfibrils reorganizes. Progressive augmentation
of concentration in sodium hydroxide can damage the crystalline structure of the cellulose and therefore has a negative effect on the
mechanical properties of the fiber which was observed at 10% of treatment. This behavior has been observed in previous works. The
progressive increase in the crystal index of the fibers allows the improvement of the mechanical properties of the fibers, which can
increase the mechanical properties of the composite materials after their insertion in a polymer matrix.

3.5. Thermal conductivity measurement

Fig. 5 shows the thermal conductivity of untreated and treated hemp fibers. It is clear that the alkali treatments increase the
thermal conductivity of the fibers.

The alkaline treatment leads to the elimination of a certain amount of impurity and wax on the surface of the hemp fibers which
increases the diameter as well as the number of pores on the surface of the fibers and consequently the thermal conductivity
increases. The increases of the treatment concentration are accompanied by the increase of the thermal conductivity it has been
noticed in another work dealing with oil-palm fibers [49]. The alkali treatment led to a small increase in the value of the thermal
conductivity of 13% and 15% for the alkali fibers at 5% and 8% successively after these percentages we notice a strong increase of
24%. Fig. 6 show the thermal conductivity of the hemp fibers measured at three temperatures. As the temperature increases, the
thermal conductivity of the samples increases because in this case the vibration of the phonons is the thermal carrier and the moisture
in the natural fiber begins to evaporate and escapes from the sample [50]. In view of the results obtained, the hemp fibers have a very
good conductivity. They can then be used as insulation in cold production or preservation systems in particular compared to
polyurethane [51] and polystyrene foam [52] or glass wool [53] which has an average conductivity of 40 mW/m.K.

Fig. 5. Thermal conductivity as a function of the percentage of treatment.

Fig. 6. Thermal conductivity of hemp fibers at three temperatures.
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3.6. Single fiber pull out

Several experimental techniques are used to predict the mechanical behavior of the fibers after their insertion in composite
materials, the fragmentation test [54,55], the micro-bond test [56] the push-out test [57,58] and the pull-out test [27,59]. These
techniques make it possible to calculate the interfacial shear stress IFSS by measuring the maximum force exerted on the fiber in order
to extract it from the composite material. Fig. 7 shows that pull the fibers from the polyurethane matrix are carried out in three steep.
Firstly, the force evolves non-linearly, or it is carried directly by the matrix and transferred from the matrix to the fiber by the fiber-
matrix interface, during the second stage, the force reaches its maximum and then begins to decrease, this is due to less inter-
penetration between the matrix and the surface of the fiber, indicating a release of stored energy. This reduction in the tensile force is
triggered by the extraction of the fibers from the matrix which takes place after the fracture of the adhesive at the fiber-matrix
interface, which makes the fiber detached and starts to slide. These steps have also been observed in several works [1,26,60].

The interfacial shear stress (IFSS) for current study is determined using Eq. (2):

=

Sf
IFSS(MPa) F max

(2)

= × × × LSf n π D (3)

where: Fmax is debonding load, n is the number of embedded fibers, in our case n = 1, D is the fiber diameter and L is the embedment
length of the fiber.

Fig. 8 show that the interfacial shear stress (IFSS) increases with the increase of concentration treatment, this improvement in
IFSS is related to the removal of the waxy layers and other components improving the compatibility between fibers and polyurethane
matrix. After 8% of treatment IFSS starts to drop. This may be explained by the degradation of fiber which limits the interfacial
adherence [3,61–63]. The mean interfacial stress obtained in this study is of the order of 1.23 MPa for the untreated fibers and of
3.15 MPa for the fibers treated with 8% of NaOH, the silanisation after the alkaline treatment has favourable effect on the interfacial
stress this was observed after all the treatments by the silane agents. The treatment with amino silane showed a strong improvement
in the interfacial strength compared to the others silane compounds used, Our results are agree with the results given in literature
[64] and suggests that during treatment a hydro -bond is established between the amino group and the OH group of the cellulose.

Fig. 7. Single fibers pull out test of untreated and alkali hemp fibers.

Fig. 8. Evolution of interfacial shear strength of untreated and treated hemp fibers.
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These mechanisms explain why amino silane has more influence on IFSS than other treatments.

4. Conclusion

In this work the effect of alkaline and salinized treatment on the interfacial properties of hemp fibers was studied and the
following results were drawn:

• The alkaline treatment allows the improvement of the mechanical properties of the hemp fiber, the concentration 8% of treatment
presents the threshold of this improvement. This treatment resulted in the elimination of a certain amount of lignin and hemi-
cellulose and also led to a transformation of some quantity of cellulose II to cellulose I.

• The interfacial resistance was also increased with this treatment to reach a value of 3.15 MPa at 8% of treatment, which was
attributed to the increase in the surface roughness of hemp fibers.

• The thermal conductivity of the alkaline fibers showed a slight increase of 13–15% depending on the concentration of the
treatment but the fibers always retain their insulating characteristics and can be considered one of the candidates for the pre-
paration of insulating composite materials.

• The treatment with amino silane of the 8% alkaline fibers also showed a strong increase in the interfacial stress, this double
modification represents an efficient approach for the optimization of the fiber/matrix interface for hemp fiber composite materials
– polyurethane

References

[1] Y. Li, K. Pickering, R. Farrell, Determination of interfacial shear strength of white rot fungi treated hemp fibre reinforced polypropylene, Compos. Sci. Technol.
69 (7) (2009) 1165–1171.

[2] H. Dhakal, Z. Zhang, M. Richardson, Effect of water absorption on the mechanical properties of hemp fibre reinforced unsaturated polyester composites, Compos.
Sci. Technol. 67 (7) (2007) 1674–1683.

[3] A. Sanadi, S. Prasad, P. Rohatgi, Sunhemp fibre-reinforced polyester, J. Mater. Sci. 21 (12) (1986) 4299–4304.
[4] P. Bono, A. Le Duc, M. Lozachmeur, A. Day, Matériaux: les nouveaux champs de recherche et développement pour la valorisation des fibres végétales techniques

(lin fibres et chanvre), OCL 22 (6) (2015) D613.
[5] M.J. John, S. Thomas, Biofibres and biocomposites, Carbohydr. Polym. 71 (3) (2008) 343–364.
[6] A. Bledzki, J. Gassan, Composites reinforced with cellulose based fibres, Prog. Polym. Sci. 24 (2) (1999) 221–274.
[7] S. Kalia, B. Kaith, I. Kaur, Pretreatments of natural fibers and their application as reinforcing material in polymer composites—A review, Polym. Eng. Sci. 49 (7)

(2009) 1253–1272.
[8] A. Arbelaiz, B. Fernandez, J. Ramos, A. Retegi, R. Llano-Ponte, I. Mondragon, Mechanical properties of short flax fibre bundle/polypropylene composites:

influence of matrix/fibre modification, fibre content, water uptake and recycling, Compos. Sci. Technol. 65 (10) (2005) 1582–1592.
[9] M. Brahmakumar, C. Pavithran, R. Pillai, Coconut fibre reinforced polyethylene composites: effect of natural waxy surface layer of the fibre on fibre/matrix

interfacial bonding and strength of composites, Compos. Sci. Technol. 65 (3) (2005) 563–569.
[10] G. Cantero, A. Arbelaiz, F. Mugika, A. Valea, I. Mondragon, Mechanical behavior of wood/polypropylene composites: effects of fibre treatments and ageing

processes, J. Reinf. Plast. Compos. 22 (1) (2003) 37–50.
[11] A. Stamboulis, C. Baillie, S. Garkhail, H. Van Melick, T. Peijs, Environmental durability of flax fibres and their composites based on polypropylene matrix, Appl.

Compos. Mater. 7 (5–6) (2000) 273–294.
[12] M. Avella, C. Bozzi, B. Focher, A. Marzetti, E. Martuscelli, Steam‐exploded wheat straw fibers as reinforcing material for polypropylene‐based composites.

characterization and properties, Angew. Makromol. Chem. 233 (1) (1995) 149–166.
[13] D.N. Saheb, J. Jog, Natural fiber polymer composites: a review, Adv. Polym. Technol. 18 (4) (1999) 351–363.
[14] J.M. Felix, C.G. Carlsson, P. Gatenholm, Adhesion characteristics of oxygen plasma-treated rayon fibers, J. Adhes. Sci. Technol. 8 (2) (1994) 163–180.
[15] D. Ray, B. Sarkar, Characterization of alkali‐treated jute fibers for physical and mechanical properties, J. Appl. Polym. Sci. 80 (7) (2001) 1013–1020.
[16] S. Sapieha, J. Pupo, H. Schreiber, Thermal degradation of cellulose‐containing composites during processing, J. Appl. Polym. Sci. 37 (1) (1989) 233–240.
[17] A. Bledzki, S. Reihmane, J. Gassan, Properties and modification methods for vegetable fibers for natural fiber composites, J. Appl. Polym. Sci. 59 (8) (1996)

1329–1336.
[18] D. Maldas, B. Kokta, C. Daneault, Influence of coupling agents and treatments on the mechanical properties of cellulose fiber–polystyrene composites, J. Appl.

Polym. Sci. 37 (3) (1989) 751–775.
[19] F. Zhou, G. Cheng, B. Jiang, Effect of silane treatment on microstructure of sisal fibers, Appl. Surf. Sci. 292 (2014) 806–812.
[20] Y. Xie, C.A.S. Hill, Z. Xiao, H. Militz, C. Mai, Silane coupling agents used for natural fiber/polymer composites: a review, Compos. Part A: Appl. Sci. Manuf. 41 (7)

(2010) 806–819.
[21] R. Raj, B. Kokta, D. Maldas, C. Daneault, Use of wood fibers in thermoplastic composites: VI. Isocyanate as a bonding agent for polyethylene–wood fiber

composites, Polym. Compos. 9 (6) (1988) 404–411.
[22] P. Zadorecki, T. Rönnhult, An ESCA study of chemical reactions on the surfaces of cellulose fibers, J. Polym. Sci. Part A: Polym. Chem. 24 (4) (1986) 737–745.
[23] S. Nam, A.D. French, B.D. Condon, M. Concha, Segal crystallinity index revisited by the simulation of X-ray diffraction patterns of cotton cellulose Iβ and

cellulose II, Carbohydr. Polym. 135 (2016) 1–9.
[24] K. Pacaphol, D. Aht-Ong, Preparation of hemp nanofibers from agricultural waste by mechanical defibrillation in water, J. Clean. Prod. 142 (2017) 1283–1295.
[25] C.T. LI, N.R. Langley, Improvement in fiber testing of high‐modulus single‐filament materials, J. Am. Ceram. Soc. 68 (8) (1985).
[26] C. Yue, H. Looi, M. Quek, Assessment of fibre-matrix adhesion and interfacial properties using the pull-out test, Int. J. Adhes. Adhes. 15 (2) (1995) 73–80.
[27] A. Stamboulis, C. Baillie, E. Schulz, Interfacial characterisation of flax fibre-thermoplastic polymer composites by the pull-out test, Angew. Makromol. Chem. 272

(1) (1999) 117–120.
[28] A. Oushabi, S. Sair, F.O. Hassani, Y. Abboud, O. Tanane, A. El Bouari, The effect of alkali treatment on mechanical, morphological and thermal properties of date

palm fibers (DPFs): study of the interface of DPF–Polyurethane composite, S. Afr. J. Chem. Eng. 23 (2017) 116–123.
[29] El Wazna, M., El Fatihi, M., El Bouari, A., Cherkaoui, O. Journal of Building Engineering.
[30] S. Aboul-Fadl, S. Zeronian, M. Kamal, M. Kim, M. Ellison, Effect of mercerization on the relation between single fiber mechanical properties and fine structure for

different cotton species, Text. Res. J. 55 (8) (1985) 461–469.
[31] M. Abdelmouleh, S. Boufi, A. ben Salah, M.N. Belgacem, A. Gandini, Interaction of silane coupling agents with cellulose, Langmuir 18 (8) (2002) 3203–3208.
[32] M. Abdelmouleh, S. Boufi, M. Belgacem, A. Duarte, A.B. Salah, A. Gandini, Modification of cellulosic fibres with functionalised silanes: development of surface

properties, Int. J. Adhes. Adhes. 24 (1) (2004) 43–54.
[33] A. Valadez-Gonzalez, J. Cervantes-Uc, R. Olayo, P. Herrera-Franco, Chemical modification of henequen fibers with an organosilane coupling agent, Compos Part

B: Eng 30 (3) (1999) 321–331.

S. Sair et al. Case Studies in Thermal Engineering 10 (2017) 550–559

558

http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref1
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref1
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref2
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref2
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref3
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref4
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref4
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref5
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref6
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref7
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref7
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref8
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref8
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref9
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref9
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref10
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref10
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref11
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref11
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref12
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref12
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref13
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref14
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref15
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref16
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref17
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref17
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref18
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref18
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref19
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref20
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref20
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref21
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref21
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref22
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref23
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref23
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref24
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref25
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref26
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref27
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref27
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref28
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref28
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref29
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref29
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref30
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref31
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref31
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref32
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref32


[34] H. Kargarzadeh, I. Ahmad, I. Abdullah, A. Dufresne, S.Y. Zainudin, R.M. Sheltami, Effects of hydrolysis conditions on the morphology, crystallinity, and thermal
stability of cellulose nanocrystals extracted from kenaf bast fibers, Cellulose 19 (3) (2012) 855–866.

[35] Y. Liu, H. Hu, X-ray diffraction study of bamboo fibers treated with NaOH, Fiber Polym. 9 (6) (2008) 735–739.
[36] J. Cai, H. Niu, Y. Yu, H. Xiong, T. Lin, Effect of solvent treatment on morphology, crystallinity and tensile properties of cellulose acetate nanofiber mats, J. Text I

(2016) 1–8.
[37] H. Yun, K. Li, D. Tu, C. Hu, G.C. South, Effect of heat treatment on bamboo fiber morphology crystallinity and mechanical properties, Wood Res-Slovak. 61

(2016) 227–233.
[38] A.K. Rout, J. Kar, D.K. Jesti, A.K. Sutar, Effect of surface treatment on the physical, chemical, and mechanical properties of palm tree leaf stalk fibers,

BioResources 11 (2) (2016) 4432–4445.
[39] S. Ouajai, R. Shanks, Composition, structure and thermal degradation of hemp cellulose after chemical treatments, Polym. Degrad. Stab. 89 (2) (2005) 327–335.
[40] L.Y. Mwaikambo, M.P. Ansell, Chemical modification of hemp, sisal, jute, and kapok fibers by alkalization, J. Appl. Polym. Sci. 84 (12) (2002) 2222–2234.
[41] K.L. Pickering, G. Beckermann, S. Alam, N.J. Foreman, Optimising industrial hemp fibre for composites, Compos Part A: Appl. Sci. Manuf. 38 (2) (2007)

461–468.
[42] M.J. John, R.D. Anandjiwala, Recent developments in chemical modification and characterization of natural fiber‐reinforced composites, Polym. Compos. 29 (2)

(2008) 187–207.
[43] M.P. Ansell, L.Y. Mwaikambo, The effect of chemical treatment on the properties of hemp, sisal, jute and kapok for composite reinforcement, J. Appl. Polym. Sci.

107 (1999) 522–527.
[44] M. Das, D. Chakraborty, Evaluation of improvement of physical and mechanical properties of bamboo fibers due to alkali treatment, J. Appl. Polym. Sci. 107 (1)

(2008) 522–527.
[45] J. Gassan, A.K. Bledzki, Alkali treatment of jute fibers: relationship between structure and mechanical properties, J. Appl. Polym. Sci. 71 (4) (1999) 623–629.
[46] S.Y. Oh, D.I. Yoo, Y. Shin, G. Seo, FTIR analysis of cellulose treated with sodium hydroxide and carbon dioxide, Carbohydr. Res. 340 (3) (2005) 417–428.
[47] S. Ouajai, A. Hodzic, R. Shanks, Morphological and grafting modification of natural cellulose fibers, J. Appl. Polym. Sci. 94 (6) (2004) 2456–2465.
[48] S. Korte, M.P. Staiger, Effect of processing route on the composition and properties of hemp fibre, Fiber Polym. 9 (5) (2008) 593–603.
[49] R. Agrawal, N. Saxena, M. Sreekala, S. Thomas, Effect of treatment on the thermal conductivity and thermal diffusivity of oil‐palm‐fiber‐reinforced phenol

formaldehyde composites, J. Polym. Sci. Part B: Polym. Phys. 38 (7) (2000) 916–921.
[50] S.W. Kim, S.H. Lee, J.S. Kang, K.H. Kang, Thermal conductivity of thermoplastics reinforced with natural fibers, Int. J. Thermophys. 27 (6) (2006) 1873–1881.
[51] H. Zhang, W.-Z. Fang, Y.-M. Li, W.-Q. Tao, Experimental study of the thermal conductivity of polyurethane foams, Appl. Therm. Eng. (2017) 115.
[52] S. Yu, P. Hing, X. Hu, Thermal conductivity of polystyrene–aluminum nitride composite, Compos. Part A: Appl. Sci. Manuf. 33 (2) (2002) 289–292.
[53] A. Abdou, I. Budaiwi, The variation of thermal conductivity of fibrous insulation materials under different levels of moisture content, Constr. Build. Mater. 43

(2013) 533–544.
[54] T. Huber, J. Müssig, Fibre matrix adhesion of natural fibres cotton, flax and hemp in polymeric matrices analyzed with the single fibre fragmentation test,

Compos. Interfaces 15 (2–3) (2008) 335–349.
[55] X.-F. Zhou, H. Wagner, S. Nutt, Interfacial properties of polymer composites measured by push-out and fragmentation tests, Compos. Part A: Appl. Sci. Manuf. 32

(11) (2001) 1543–1551.
[56] B. Miller, P. Muri, L. Rebenfeld, A microbond method for determination of the shear strength of a fiber/resin interface, Compos. Sci. Technol. 28 (1) (1987)

17–32.
[57] N. Chandra, H. Ghonem, Interfacial mechanics of push-out tests: theory and experiments, Compos Part A: Appl. Sci. Manuf. 32 (3) (2001) 575–584.
[58] C. Liang, J. Hutchinson, Mechanics of the fiber pushout test, Mech. Mater. 14 (3) (1993) 207–221.
[59] S. Zhandarov, E. Pisanova, E. Mäder, J. Nairn, Investigation of load transfer between the fiber and the matrix in pull-out tests with fibers having different

diameters, J. Adhes. Sci. Technol. 15 (2) (2001) 205–222.
[60] A. Le Digou, P. Davies, C. Baley, Etude de la liaison interfaciale fibre de lin/acide poly (L-lactique)= study of interfacial bonding of flax fibre/Poly (L-lactide),

JNC 16 (2009) (L. d. I. d. M. d. Bretagne, ed., AMAC, hal.archives-ouvertes.fr).
[61] A. Baltazar-y-Jimenez, M. Bistritz, E. Schulz, A. Bismarck, Atmospheric air pressure plasma treatment of lignocellulosic fibres: impact on mechanical properties

and adhesion to cellulose acetate butyrate, Compos. Sci. Technol. 68 (1) (2008) 215–227.
[62] C. Hill, H. Abdul Khalil, Effect of fiber treatments on mechanical properties of coir or oil palm fiber reinforced polyester composites, J. Appl. Polym. Sci. 78 (9)

(2000) 1685–1697.
[63] T. Czigany, B. Morlin, Z. Mezey, Interfacial adhesion in fully and partially biodegradable polymer composites examined with microdroplet test and acoustic

emission, Compos. Interfaces 14 (7–9) (2007) 869–878.
[64] N.H. Tung, H. Yamamoto, T. Matsuoka, T. Fujii, Effect of surface treatment on interfacial strength between bamboo fiber and PP resin, JSME Int. J. A-Solid M 47

(4) (2004) 561–565.

S. Sair et al. Case Studies in Thermal Engineering 10 (2017) 550–559

559

http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref33
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref33
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref34
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref35
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref35
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref36
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref36
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref37
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref37
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref38
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref39
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref40
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref40
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref41
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref41
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref42
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref42
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref43
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref43
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref44
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref45
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref46
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref47
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref48
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref48
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref49
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref50
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref51
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref52
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref52
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref53
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref53
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref54
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref54
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref55
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref55
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref56
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref57
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref58
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref58
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref59
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref59
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref60
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref60
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref61
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref61
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref62
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref62
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref63
http://refhub.elsevier.com/S2214-157X(17)30269-1/sbref63

	Effect of surface modification on morphological, mechanical and thermal conductivity of hemp fiber: Characterization of the interface of hemp –Polyurethane composite
	Introduction
	Materials and methods
	Fiber surface treatments
	Alkali treatment
	Silane treatment

	Fourier transform infrared (FTIR)
	Fiber morphology analysis
	Crystallinity of hemp fibers
	Single fiber tensile strength measurement
	Single fiber pull out
	Thermal conductivity measurement

	Results and discussion
	Fourier transform infrared (FTIR)
	Scanning electron microscopy (SEM)
	Crystallinity of hemp fibers
	Single fiber tensile strength measurement
	Thermal conductivity measurement
	Single fiber pull out

	Conclusion
	References




