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Abstract. Polypropylene/hemp fibers (PP/HF) composites for injection molded car parts show several advantages 

compared to similar composites containing glass fibers (GF), however they have low impact strength, tensile 

strength and modulus. Here, hemp fibers modified by alkali and alkali-silane treatment were used to reinforce a 

polypropylene matrix modified with maleic anhydride grafted polypropylene (MAPP) and SEBS. The addition of 

HF in PP modified with MAPP and SEBS has increased not only the tensile strength and modulus (by 45% and 

230%) but also the impact strength. Double tensile strength and triple Young’s modulus were obtained in PP 

composites with alkali-silane treated HF (HFs) in the presence of MAPP and SEBS. Similarly, the HFs led to a 

significant increase of storage modulus, with about 100% at room temperature and with about 200% at 120 °C. 

Moreover, the onset degradation temperature increased with 51 ºC for HFs containing composites compared to 

neat PP. PP/HFs composites modified with MAPP and SEBS showed improved mechanical and thermal 

properties, being considered as a viable alternative to PP/GF composites for injection molded parts in the 

automotive industry. 

Keywords: A. Polymer-matrix composites (PMCs); B. Mechanical properties; E. Surface treatments 

1. Introduction 

Natural fiber polymer composites (NFPC) are already used in building, automotive and other industrial 

applications. Natural fibers (NF) are used especially to reduce the costs and environmental pollution and to impart 

some properties like better thermal and acoustic insulation, weight reduction or higher flexibility [1-3]. NFPC are 

considered a suitable choice for some auto interior parts because NF are cheap, available, non-toxic for humans 
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during manipulation and non-abrasive for tools during processing and they are lighter compared to glass fibers 

(GF). Flax, hemp, jute, ramie and kenaf are the most studied among NF, especially as substitutes for GF in 

polymer composites [1,2,4]. These types of NF are characterized by a higher cellulose content and better cellulose 

microfibrils alignment in the fiber direction which lead to higher Young’s modulus and tensile strength besides 

other structural features [4].  

Several limitations of NFPC have been revealed in previous studies [5,6]. NF have lower thermal stability 

and higher water absorption compared to GF. The low thermal stability of NF compared to inorganic fillers limits 

the choice of the polymer matrix and, in some cases, the manufacturing process. Besides, the mechanical 

properties of NFPC are lower than that of GF polymer composites (GFPC) when the same polymer is used as a 

matrix. Compatibility and polymer/filler interface are challenging for NFPC as for GFPC. Surface modification of 

NF may overcome some of the NFPC drawbacks [7-9] and several attempts to improve the surface properties of 

NF by physical or chemical treatments have been reported [7,10-13].  

 Among NFPC, a special interest was devoted to the study of polypropylene (PP) - hemp fibers (HF) 

composites [6,9,14-17]. Beckermann and Pickering [14] studied the effect of two alkali treatments of HF (10 wt% 

NaOH and 5 wt% NaOH/2 wt% Na2SO3) on the thermal and mechanical properties of PP-HF composites 

containing maleic anhydride grafted polypropylene (MAPP) as a coupling agent. The composites were obtained by 

extrusion - injection molding. Almost no improvement in tensile strength and Young’s modulus was observed 

after the alkali treatment of HF; however an increase of tensile strength was noticed after MAPP addition [14]. 

Different mechanical response was reported for composite plates containing PP, NaOH treated HF and MAPP, 

which were prepared using a twin-screw extruder, a low shear plasticator and a compression molding press [6]. 

Both tensile strength and modulus were higher in the case of the composites with treated HF compared to that 

containing untreated HF [6]. Etaati et al. [15] have shown that MAPP was efficient as coupling agent in PP-HF 

composites even in low concentration (2.5 wt%) and maleic anhydride grafted poly(ethylene octane) improved the 

tensile strength and Young’s modulus of PP-HF composites only if used in high concentration. In contrast, no 

effect of MAPP on the Young’s modulus of PP-HF composites was observed by Espinach et al. [16]. The same 

group reported that the Young’s modulus of PP - hemp core fibers composites was not influenced by either alkali 

treatment or MAPP addition [9,17]. Nevertheless, the tensile strength was improved by the harshening of the alkali 
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treatment and further addition of MAPP [9]. Simple water washing of HF was also proposed to improve the 

mechanical properties of PP-HF composites [18].  

 Organosilanes were extensively studied to improve the properties of NFPC [8,11,19,20]. The treatment of 

jute fibers with γ-glycidoxypropyl trimethoxy silane (GPS) improved the adhesion between the fibers and PP and 

increased the tensile properties of composites [19]. In contrast, vinyltrimethoxy silane treatment of flax fibers had 

no effect on the tensile and flexural strength of PP – flax fibers composites [20]. The literature regarding the 

influence of silanes in PP-HF composites is scarce [21,22]. HF treated with γ-aminopropyl-triethoxysilane (APS), 

GPS and γ-methacryloxypropyltrimethoxysilane (MPS), without alkaline pretreatment, had different effect on the 

mechanical properties of PP-HF composites [21]: MPS treated HF led to higher tensile and nanoidentation moduli 

compared to untreated HF, smaller improvement was brought by APS treatment and almost no change by GPS 

one. Moreover, it has been reported that MAPP led to higher interfacial shear strength in PP-HF composites than 

silane or alkali treatment of HF [8]. On the other hand, a combined alkali and silane (APS) treatment of HF mats 

was reported as more efficient than a simple alkali treatment [22]. Rachini et al. [11] have shown the advantages of 

using two organosilanes, one covalently grafted on PP and the other onto HF surface.  

The effect of NF concentration and surface treatment on the impact strength (IS) of PP composites is not 

completely understood [11,23-27]. Incorporation of hemp core fibers (10, 30 and 40 wt%) decreased the IS of the 

composites, regardless their concentration and no increase of IS was determined by the alkali treatment of the 

fibers or MAPP addition [24]. Similarly, a strong decrease of IS was reported for recycled PP reinforced with 30 

wt% HF and almost no influence of MAPP [25]. Other study has shown that the incorporation of HF (10 – 40 

wt%) in PP led to a drastic decrease of IS but the addition of MAPP reduced the difference [26]. Puech et al. [27] 

measured the propagation of macro-cracks and the force-displacement dynamic response in PP–HF and PPGF 

composites by using a drop-weight impact machine and a high speed camera. They demonstrated that the PP-HF 

composite absorbs much more energy, with up to 40% higher than that absorbed by the PPGF composite due to 

the higher strain at break and different failure mechanism [27].  

NFPC are tougher and have a better crushing behavior compared to GFPC, which is a very important 

property for the automotive industry [5]. However, PP has low impact strength and modulus and the addition of 

HF may further decrease the impact strength, as discussed above. This prevents the application of PP-HF 

composites in automotive parts. The addition of SEBS as an impact modifier was proposed in our previous works 
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to improve the properties of PP composites [28,29]. Nevertheless, the influence of alkali or alkali-silane treatment 

of HF on the mechanical and thermal properties of PP-SEBS-HF composites was not studied. In this work, PP 

containing SEBS and MAPP was reinforced with differently treated hemp fibers. The composites were 

characterized by static and dynamic mechanical tests, thermogravimetric analysis (TGA), differential scanning 

calorimetry (DSC) and scanning electron microscopy (SEM) to investigate the effect of modifiers and treatments 

on the morphology and mechanical properties of composites intended for automotive industry.  

2. Experimental part 

2.1. Materials  

High flow polypropylene copolymer BJ380MO (PP) produced by Borealis AG (Austria) with a MFI of 80.0 

g/10 min (230 °C/2.16 kg) and a density of 0.906 g/cm3 was used as matrix. Kraton 1652G (SEBS), a linear 

poly[styrene-b-(ethylene-co-butylene)-b-styrene] with 29% styrene content, Mn =79,100 and density of 0.91 g/cm3 was 

purchased from Kraton Polymers (USA). Maleic anhydride grafted polypropylene (MAPP), Polybond 3200 from 

Crompton (USA), with a density of 0.91 g/cm3 and a melting point of 157 °C was used as a coupling agent. Hemp fibers 

(97% purity) with a length of 15-20 cm were purchased from HempFlax BV Netherlands. APS as Xiameter OFS-6011 

from Dow Corning (USA) and sodium hydroxide (NaOH) from Sigma Aldrich (USA) were used as received.  

2.2. Treatment of HF 

Hemp fibers with a length of 3 - 6 mm (HF) were cut from the original long fibers using a laboratory mill 

with adjustable die for better feeding and blending in the extruder. Hemp fibers were treated at about 90 °C with 

1%NaOH solution in two conditions, for 30 min (1) and for 60 min (2). Alkali treated fibers were washed with 

water then neutralized with 1 wt% acetic acid solution and washed again with water. The treated fibers (HFh1 and 

HFh2) were stored at room temperature for several days and then dried in an oven at 80 ºC for 24 h. Part of HFh1 

was further treated with APS. A solution of 3% APS in a 90/10 ethanol/water mixture was magnetically stirred at 

room temperature for 2 h; the pH was adjusted to 5 with acetic acid. HF were added to this solution, kept at room 

temperature for 2 h, then decanted and dried for 24 h in ambient atmosphere. Silane-treated hemp fibers (HFs) 

were finally obtained after thermal treatment at 120 °C for one hour.  

2.3. Preparation of PP-HF composites  

Only alkali treated HF in mild conditions (1), containing small amount of lignin and denoted as HFh, 

were used for the preparation of composites. This is based on previous studies which have shown the benefic 
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effect of small amount of lignin in increasing the reinforcing effect of semi-bleached Eucalyptus fibers in 

polypropylene composites [30] and its compatibilizing effect [31]. Moreover, the complete removal of lignin 

suppresses the action of π electron interactions between SEBS containing an aromatic moiety and lignin [32], 

which may lead to better compatibility. Untreated and treated hemp fibers were dried in an oven at 90 ºC for 4 h. 

PP was mixed with 5 wt% MAPP and 15 wt% SEBS in a rotating mixer for 30 min (room temperature) and the 

granule mixture was fed in a DSE 20 Brabender Twin Screw Extruder. The fibers were fed in the extruder through 

a second feeder [28]. Blends and composites with 30 wt% HF were extruded at 160 – 170 ºC at a screw speed of 

150 min-1 resulting filaments which were cooled and granulated using a pelletizer. Granulated composites were 

dried in an oven at 80 ºC for 4 h and then injection molded in dumbbell shaped specimens for tensile tests using an 

injection molding machine (Engel 23/40) at a temperature of 185 °C (Fig. S1). The PP matrix modified with 

SEBS-MAPP was denoted as PPM. The composites with untreated (HF), alkali (HFh) and alkali-silane treated 

(HFs) hemp fibers were denoted as PPM 30HF, PPM 30HFh and PPM 30HFs.  

2.4. Characterizations 

 The fractured surfaces of the composites were observed by SEM using a Quanta Inspect F Scanning 

Electron Microscope (USA) with a field emission gun having a resolution of 1.2 nm at an accelerating voltage of 

30 kV. All the samples were frozen in liquid nitrogen and fractured and then sputter-coated with gold for 

examination. Microscopic investigation of HF was carried out with Olympus BX41 light microscope (Japan) 

equipped with live view E330 7.5MP Digital SLR Camera and Quick Photo Micro 2.3 software. Images were 

collected in transmission mode.  

 Tensile properties of the composites were determined according to ISO 527 using an Instron 3382 

Universal Testing Machine. Ten specimens from each composite were tested to determine the tensile properties, 

five with a speed of 50 mm/min for the tensile strength and five with 2 mm/min for the Young’s modulus. The 

notched Izod impact tests were carried out according to ISO 180 using a Zwick HIT5.5 Pendulum Impact Testers 

(Zwick Roell AG, Germany) and five specimens for each test. Dynamic mechanical analysis (DMA) was carried 

out on a TA Instruments DMA Q800 (USA) with a heating rate of 3 °C/min, in dual cantilever mode. Duplicate 

composite samples were scanned over a temperature range of -85 – 150 °C at a fixed frequency of 1 Hz.  

DSC analysis was carried out on a DSC Q2000 from TA Instruments (USA) under helium flow (100 

mL/min). Samples (8-10 mg) were heated from room temperature to 200 ºC at a heating rate of 10 ºC/min.  
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The degree of crystallinity (Xc) of PP was calculated as:  

  100
0

⋅
∆

∆=
PP

C wH

H
X        (1) 

where ∆H is the melting enthalpy of the composite, ∆H0 is the enthalpy of melting of pure crystalline PP (207 J/g - 

8,7 kJ/mol, as established by Wunderlich et al. [33]) and wPP is the weight fraction of PP in the composite. The 

error for the melting enthalpy was ±1 J/g and for temperature ±0.5 ºC.  

For thermogravimetric measurements, duplicate samples weighing between 8 and 10 mg were analyzed 

with a TA-Q5000 V3.13 (TA Instruments, USA) between room temperature and 700 ºC at a heating rate of 10 

ºC/min, with nitrogen as purge gas (40 mL/min).  

 The efficiency of HF treatment was evaluated by attenuated total reflectance (ATR) Fourier Transform 

Infrared Spectroscopy (FTIR) analysis. Triplicate data were collected for each sample using a TENSOR 37 

Spectrometer from Bruker. Measurements were carried out at room temperature from 4000 to 400 cm-1, with 16 

scans and a resolution of 4 cm-1.  

 

3. Results and discussion 

3.1. Influence of the chemical treatments on HF properties 

 3.1.1. TGA analysis of HF 

 TGA data show one major degradation step for all the samples (Fig. 1a). Better thermal stability was 

observed after the alkali treatments and combined alkali-silane treatment. The degradation of cellulose occurs 

between 250 °C and 350 °C [34] and has the most important contribution to the main peak observed in the DTG 

curve of original HF (Fig. 1b).  

After the treatments, the main peak was shifted to a temperature higher with about 40 °C compared to 

untreated HF (Table S1). This shift was caused by the alkali treatment which removed more thermally labile 

hemicelluloses, other easily hydrolyzed components and some lignin [35]. Indeed, a small shoulder due to the 

degradation of hemicelluloses was observed at about 243 °C [34] only for untreated HF and not after the 

treatments. Similarly, an increase of the onset degradation temperature (Ton) and temperature at 10% mass loss 

(T10%) was observed after the alkali treatments and with the intensification of the treatment (Table S1); a similar 

improvement was noticed after the combined alkali-silane treatment. 
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Fig. 1 TGA (a) and DTG (b) curves of differently treated HF 

 
A hump mostly related to the slow degradation of lignin and the formation of char was observed between 

400 and 700 °C for HF and only between 500 and 650 °C for HFh2. This was hardly visible for HFh1 and no 

bump was observed for alkali-silane treated fibers in this temperature range (Fig. 1b), suggesting that the 

treatments removed a part of lignin. A small shoulder was observed at about 400 °C in the DTG curve of HFs due 

to polysiloxanes decomposition [36]. It is remarkable the variation of the residue (R700, Table S1), which 

decreased after the alkali treatments and strongly increased after the alkali-silane treatment. A char residue of 22% 

was obtained for HFs compared to 8.3 for HF and 5.7 for HFh1. Almost no residue was obtained for HFh2 

probably because of the removal of hemicelluloses and great part of lignin after the more intense alkali treatment. 

Indeed, higher char residue is generated by hemicelluloses and lignin compared to cellulose [34]. A slight increase 

of the char residue was reported after the silane treatment of neat HF in previous studies [21,28]. Nevertheless, the 

high residue observed at alkali-silane treated HF was caused by the silane grafted on the surface of HF, which does 

not decompose up to 700 °C in inert atmosphere, and the presence of polysiloxanes resulted from the condensation 

of silane [35]. 

3.1.2. FTIR analysis 

The modification of HF by the two alkali treatments (HFh1 and HFh2) determines important structural 

changes (Fig. 2). The most important changes due to the alkali treatments were observed at about 2900 cm-1 (Fig. 

2a, detail), this band being assigned to C-H stretching in aliphatic and aromatic structures [34,37,38] and in the 

region from 1800 to 1500 cm-1 (Fig. 2b).  
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Fig. 2 (a) FTIR spectra (vertically shifted for clarity) of differently treated HF; in the inset - the range from 3000 

to 2800 cm-1; (b) FTIR spectra of untreated and treated fibers from 1800 to 1100 cm-1  

Untreated HF showed a strong peak at 2918 cm-1 and a shoulder at about 2900 cm-1. After the treatments, 

no peak was observed around 2918 cm-1, regardless the conditions; however a broad peak appeared at 2900 - 2904 

cm-1 depending on the treatment. The absence of this peak after the alkali treatment may indicate the removal of 

lignin and enrichment in cellulose. Indeed, lignin shows a strong peak at 2918-2920 cm−1 which is ascribed to the 

C H stretching of methoxyl and methylene groups of lignin [34]. The broad peak at 2900 cm-1 is assigned to the C-

H asymmetric stretching in the methylene groups of cellulose and hemicelluloses [37]. Harshening of the alkali 

treatment led to further shift of the peak from 2900 cm-1 to lower frequencies probably because of the removal of 

some hemicelluloses and the corresponding vibrations of the C-H bonds. The shoulders observed at 2879 cm-1 and 

2860 cm-1 in untreated HF (Fig. 2a, detail) and assigned to the C-H stretching in methyl and methylene groups of 

hemicelluloses and cellulose [38] appeared at lower frequencies after the mild alkali treatment (2872 and 2854 cm-1); 

this may be also an effect of the partial removal of hemicelluloses.  

Untreated HF showed a peak at 1726 cm-1 with a shoulder at about 1740 cm-1 which is ascribed to the 

C=O stretching vibration in the carbonyl and unconjugated ketone and carboxyl groups of lignin [34]. The broad 

signal at about 1740 cm-1 may be also attributed to the C=O bond in the acetyl group and in the glucuronic acid 

side branches of xylan [39]. This peak was strongly attenuated after the mild alkaline treatment (HFh1) and 

disappeared after the intense alkali treatment (HFh2), showing the removal of most part of lignin and 

hemicelluloses by the alkali treatment, which is also supported by TGA results. The evolution of the strong peak at 
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1635 cm-1, which may be related to the C=O stretching vibration in conjugated carbonyl of lignin [40] or to the 

absorbed water, supports this conclusion: the peak was less intense for HFh2 than for HFh1 (Fig. 2b). In general, 

both conjugated and unconjugated carbonyl vibrations of lignin decreased with the intensification of alkali 

treatment conditions. Moreover, the small shoulders at 1609 cm-1 and 1550 cm-1, which are assigned to the 

aromatic skeletal vibrations of phenolic compounds in lignin [41], appeared only in original fibers and more 

attenuated in HFh1. Another difference was observed in the range from 1280 to 1220 cm-1: a peak appeared at 

1242 cm-1 only in untreated HF, much attenuated in HFh1 and it was not observed in HFh2. This peak is 

characteristic to C-O stretching vibrations and it was attributed to lignin [36] and to xyloglucan components of 

hemicelluloses [42].  

The changes observed in the FTIR spectra before and after the alkali treatments highlight the efficiency 

of the alkali treatments in the removal of hemicelluloses and lignin, the harsher treatment being more effective. 

However, the HF treated in milder conditions were further modified with silane because the complete removal of 

lignin is not advantageous [30,31]. A small amount of lignin may improve the reinforcing effect of natural fibers 

and the interactions between the components, especially in the presence of aromatic polymers [32], such as SEBS. 

Silane treatment induced further changes: a new peak at 1565 cm-1 characteristic to NH2 bending vibration in 

aminosilane [43] and a peak at 1200 cm-1 corresponding to the “Si-O-cellulose” asymmetric stretching mode [21]. 

The disappearance of the peaks at 1726/1740 cm-1 and at 1242 cm-1 shows that most of hemicelluloses and lignin 

have been removed after the mild alkali treatment combined with silane grafting.  

3.2. Influence of the chemical treatments of HF on the properties of PP/HF composites 

3.2.1. Mechanical properties of the composites  

A slight increase in tensile strength (TS) and double Young’s modulus (YM) were observed after the 

addition of 30 wt% untreated HF in PP (Fig. 3a,b). A 3times decrease of elongation of break (EB) and a decrease 

of impact strength (IS) with 19% were also observed (Fig. 3e). In the presence of MAPP coupling agent, the 

influence of HF on the mechanical properties of PP was completely different; the TS increased by 77% and the 

YM by 146% instead of 20% and 110% in the absence of MAPP. Neat PP and PP/MAPP show similar TS, YM or 

EB values [28], therefore the strong increase of tensile strength in the composite containing the coupling agent was 

caused by the improved adhesion at polymer-fiber interface, as reported in previous works [20,26,28]. No 
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significant change of EB and IS values was observed for the composite containing MAPP (Fig. 3e), they remained 

lower compared to that of PP.  

 

Fig. 3 Tensile strength (a,c), Young’s modulus (b,d), elongation at break and impact strength (e,f) of composites 

with 30 wt% HF, HFh and HFs, with or without SEBS  

The treatment of HF by alkali and alkali-silane treatments led to no change in the YM and IS of 

composites. Nevertheless, a slight decrease in TS was noticed. This unexpected behavior may be caused by several 

factors: (i) the deterioration of HF after the alkali treatment, (ii) alkali and alkali-silane treatments of HF impede 
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the action of MAPP coupling agent, (iii) less favorable interface. Regarding the first point, no deterioration of HF 

was noticed after the alkali treatment by TGA (Fig. 1). Although there is no consensus regarding the effect of 

alkaline treatment combined with MAPP on the mechanical properties of PP-NF composites [6,9,14-17], it is 

assumed that NaOH treatment leads to more OH groups on NF surface which are bound to MAPP through 

hydrogen bonds or ester linkages [9]. Similarly, Panaitescu et al [28] reported better static and dynamic 

mechanical properties for PP composites containing MAPP and silane treated HF (without any alkaline pre-

treatment) compared to PP composites with untreated HF [28]. However, Yeh et al. [44] observed a slight decrease 

of the tensile strength of PP/MAPP/rice husk composites after the alkali - silane treatment of the fibers. Therefore, 

different behaviors may result depending on the properties of NF and polymer matrix, the conditions of the 

treatment and the strength of the fiber-matrix interface. Regarding the interface properties (iii), previous works 

emphasized the benefic action of lignin [30,31]. Gadioli et al. [30] have shown the advantages of lignin in 

improving fiber/matrix adhesion in polypropylene/semi-bleached cellulose fibers composites. Moreover, lignin 

was used as a compatibilizer in hemp-epoxy composites [31]. Therefore, the alkali treatment may increase the 

proportion of cellulosic OH available to interact with MAPP and the matrix on the one hand and may reduce some 

possible NF-polymer interactions on the other hand, leading to almost no improvement of the mechanical 

properties in PP-HF composites.  

The addition of SEBS induced several changes in the mechanical behavior of composites (Fig. 3c,d,f). 

The TS of PP remained, practically, unchanged when SEBS and untreated HF were simultaneously added, because 

of the opposite effect of the two additives, the stiff HF and the elastomeric SEBS. Interestingly, the YM has 

doubled in PP/SEBS/HF composite, although the addition of SEBS in PP has a softening effect, decreasing the TS 

from 24.8 to 19.1 MPa and the YM from 1100 to 760 MPa. The addition of MAPP coupling agent and SEBS in 

PP/HF composites increased the TS with 47% and the YM with 143%, which is in line with previous results on 

PP-HF composites [6,9,28]. Nevertheless, the increase of TS was lower than for the composite without SEBS, 

47% instead of 77%, due to the elastomeric nature of SEBS [12]. The effect of HFh on the mechanical properties 

of PPM (PP/SEBS/MAPP) matrix was similar to that observed in the case of PP/MAPP/HFh composite (Fig. 

3c,d). However, the effect of HFs was completely different in PPM/HFs compared to the composite without SEBS 

(PP/MAPP/HFs). The TS was almost double compared to that of PP and the YM increased by 231%. This 

significant increase in both TS and YM may be related to a strong interface which ensures the transmission of the 
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effort from the matrix to the fibers [19,25] and a good dispersion of the fibers. The defibrillation of HF following 

the treatment and the increased contact area may also influence the mechanical behavior of PPM-HFs compared to 

PPM-HF. Indeed, fibers with a diameter ranging from 50 to 150 µm were observed for original HF and many 

elementary fibers with a diameter of less than 10 µm and intense defibrillation in the case of HFs (Fig. S2). 

The addition of SEBS in PP increased the IS from 5.3 to 9.9 kJ/m2 but the simultaneous addition of SEBS 

and HF had a weaker effect and the IS of PP/SEBS/HF composite (6.0 kJ/m2) was higher but close to that of neat 

PP. The addition of MAPP, SEBS and surface modified HF had a small effect on the IS which remains close to 

that of neat PP. It is worth to mention that all the composites containing SEBS showed higher IS compared to the 

similar composites without SEBS (Fig. 3e,f).  

 3.2.2. Dynamic mechanical analysis of composites 

The effect of HF treatments on the visco-elastic behavior of PP modified with MAPP and SEBS was 

investigated by DMA. The storage modulus (E’) and loss factor (tan δ) of the composites as functions of 

temperature are shown in Fig. 4a,b. PPM exhibited lower storage modulus compared to PP on the whole 

temperature range due to the increased molecular mobility induced by SEBS addition. The incorporation of HF in 

PP/MAPP and PPM increased the storage modulus of both matrices (Fig. 4a). However, the increase of E’ was 

higher in the case of PPM matrix, regardless the temperature. This shows a better influence of SEBS - MAPP 

compared to MAPP in PP/HF composites, suggesting a compatibilizing effect of SEBS [12,29]. Indeed, π electron 

interactions between the residual lignin from HF surface and the aromatic moiety of SEBS [32] on the one hand 

and entanglements between ethylene-butylene blocks (EB) of SEBS and PP or MAPP [12,14] on the other hand 

may increase the compatibility (Fig. S3). The incorporation of alkali treated HF in PPM led to lower E’ values 

compared to untreated HF, similar to YM decrease. However, the alkali-silane treated HF led to a significant 

increase of PPM storage modulus, with about 100% at room temperature and with about 200% at 120 °C (Table 

S2). This is in line with the tensile test results, where YM increased with 230% in PPM/HFs compared to PPM. 

The concerted action of MAPP and silane coupling agents, multiple entanglements between chains (EB, PP and 

MAPP) and other possible interactions involving lignin contributed to the formation of a strong interface, which is 

responsible for the improved mechanical behavior (Fig. S3).  

Three relaxations were observed in the tan δ vs. temperature plots of PP and PP/MAPP/HF (Fig. 4b); one 

(12-13 ºC) is related to the glass transition of PP (TgPP), the other at 84 ºC (Tα) is related to the lamellar slip and 
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rotation in the crystalline phase of PP [45] and the small peak at about -45 ºC is probably coming from some 

elastomeric segments in the PP copolymer matrix (commercial grade). A low temperature transition was observed 

at about -47 - -48 °C in PPM and all the composites after the addition of SEBS (Table S3). This transition arises 

from segmental motions in the ethylene-butylene blocks of SEBS and it was denoted as TgSEBS [46]. No significant 

change in the glass transition and Tα of PP was observed in composites compared to neat PP, in good agreement 

with other reports [15,28]. Similarly, almost no variation of the glass transition values for SEBS and PP phases 

was noticed by DSC (Fig. S4, Table S4). 

 

Fig. 4 Storage modulus (a) and tan δ (b) of composites vs. temperature; Cole-Cole plots (c) 

The reinforcing effect of HF was estimated by the effectiveness coefficient (C), which is defined by [15]: 

 � =
��′� �′�⁄ �	
��
�����

��′� �′�⁄ �	������	
 

where E’G and E’R are the storage modulus in the glassy and rubbery region, respectively. The value of the storage 

modulus at -30 °C was considered for E’G. The values of C coefficient at two temperatures, 90 and 120 °C, are 

shown in Table S3. The lowest C value (the highest efficiency) was obtained for PPM/HFs, regardless the 

temperature. Therefore, alkali-silane treated HF are the most efficient reinforcing agents in PP. 
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It is remarkable that the height of the tan δ peaks corresponding to the glass transition temperatures 

(TgSEBS and TgPP) in SEBS and PP components of the composites was different depending on the fibers treatment. 

Higher tan δ (SEBS) peak value was noticed for PPM-HF compared to PPM showing poor interface and lower 

peak heights for PPM-HFh and PPM-HFs, showing better interaction involving SEBS (EB – PP segmental 

diffusion at interface [47], π electron interactions in lignin – SEBS [32]) (Fig. S3). Therefore, the treatment of the 

fibers enhanced the interfacial adhesion and reduced the SEBS chains mobility, decreasing the tan δ peak [48]. 

The best interfacial adhesion is reached in the case of PPM-HFs and it is probably determined by the reaction of 

the amino groups of the silane with the succinic anhydride function of the MAPP at elevated temperature [28] 

besides other interactions between chains with similar structures. Lower tan δ (PP) peak height was observed after 

the incorporation of HF in PPM, regardless the treatment, showing good fiber – matrix adhesion and low influence 

of the treatment on PP – HF interface. However, at the Tg of PP (12-15 °C), the frozen PP chains begin to move 

but the SEBS chains are in a rubbery state, showing high mobility. Therefore, tan δ (PP) peak may cumulate 

several influences related to the dispersion of SEBS and the adhesion at PP - SEBS interface, good dispersion of 

SEBS and increased adhesion leading to a higher influence of SEBS mobility on the glass transition of PP [49]. 

The width of the tan δ (PP) peak was broader after the addition of untreated and treated HF, which is indicative for 

an increased heterogeneity. Cole–Cole plots are useful to evaluate the homogeneous/heterogeneous nature of 

materials [48,50,51]. The logarithmic value of the loss modulus was plotted against the logarithmic value of the 

storage modulus in Fig. 4c. It is obvious that all the samples are heterogeneous materials. Two arcs plot was 

observed for neat PP (a copolymer with a two-phase structure) and PP/MAPP/HF, showing the occurrence of two 

different relaxations [50]. Two arcs in the Cole-Cole plots were also reported for poly(ε-caprolactone)/ poly(lactic 

acid) blends [50]. Three arcs plots were observed in PPM and all the composites with PPM as matrix. It can be 

supposed that the new relaxation process is associated with SEBS, which was added in PPM. Multiple arcs in 

Cole-Cole plots were also reported for differently treated PP/jute yarn commingled composites and explained by 

the different interfacial effects between the phases [48]. The different position of the plots in the Cole-Cole 

diagram may be related to the presence of the fibers and to the different interactions between phases [50]. Thus, it 

is assumed that SEBS and silane treatment increased the compatibility in PP/MAPP/HFs composite, which explains 

the significant increase of the mechanical properties obtained in this case.  
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 3.2.3. Composite morphology 

 SEM micrographs (Fig. 5) of the fractured surfaces of polypropylene/hemp fibers composites show 

different morphologies. The SEM image of PP/HF shows fibers pullout and many big gaps (Fig. 5a), which 

indicates poor fiber/matrix adhesion.  

 

Fig. 5 SEM images of fracture surfaces of PP/HF (a), PP/MAPP/HF (b), PPM/HF (c), PPM/HFh (d) and PPM/HFs(e); 

red arrows: pullout, debonding or gaps; green arrows: good bonding/adhesion, fibers covered by polymer;  
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Good fiber/matrix bonding and several gaps were observed in the SEM image of PP/MAPP/HF (Fig. 5b), 

showing better HF/PP interface adhesion; this is in line with the higher values of tensile strength and modulus 

obtained for this composite (Fig. 3). Despite the presence of MAPP coupling agent, big gaps and frequent 

debonding were observed in the SEM images of PPM/HF and PPM/HFh composites (Fig. 5c and d). Therefore, 

the alkaline treatment of HF is not effective in improving the interface adhesion in PP/HF composites, in line with 

tensile tests results (Fig. 3). One explanation is the consumption of MAPP at PP/SEBS interface, thus diminishing 

its contribution at PP/HF interface, as reported in a previous work [28]. Greatly improved fiber/matrix adhesion 

was observed in Fig. 5e (PPM/HFs), showing the efficiency of the alkali-silane treatment and MAPP addition. 

This explains the high tensile strength and modulus of this composite compared to neat PP (Fig. 3). 

3.2.4. DSC analysis of composites 

DSC thermograms of PP composites, first and second melting cycles, are shown in Fig. S5 and the 

characteristic temperatures and crystallinity in Table 1. The treatment of HF, whatever it was, did not change the 

aspect of the melting endotherm and the value of the melting temperature in the first as in the second cycle (Fig. 

S5a). The fusion of PP crystallites occurs between 150 and 170 °C, with a Tm1 value around 163 °C and a Tm2 

value around 165 °C. The broad endotherms observed in the first melting are probably determined by the thermal 

history, especially by the rapid cooling in the injection molding machine. The slower cooling (10 ºC/min) during 

DSC analysis led to sharper endotherms slightly shifted to a higher temperature (Tm2, Table 1), indicating better 

organization of the crystalline phase and thicker crystals.  

The incorporation of untreated HF in PP slightly increased the crystallinity (XC) and the simultaneous 

addition of HF and SEBS or MAPP led to a higher increase of XC (10…13%), similar to other observations 

[12,28]. However, the composites containing both MAPP and SEBS showed much higher crystallinity, with 

18…34% higher, depending on the treatment of the fibers. This shows that the nucleating effect of HF was greatly 

increased by the simultaneous addition of SEBS and MAPP. Other authors consider that, besides the nucleation 

activity of the filler, the better interfacial stress transfer characteristic to a high compatibility and well-dispersed 

fillers will also influence the crystallization behavior, increasing the rate of crystallization and crystallinity [52]. 

Therefore, it may be assumed that SEBS - MAPP addition together with the alkaline-silane treatment ensure a 

good compatibility in PP-HF composites. 
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Table 1. DSC results for the composites with different treated HF 

Samples Tc  
(ºC) 

Tm1  
(ºC) 

∆Hm1 

(J/g) 

Tm2  
(ºC) 

∆Hm2 

(J/g) 
Xc  

(%) 
V  

(%) 

PP 130.6 163.8 84.2 165.2 91.5 44.2 - 

PP/HF 129.3 163.1 60.3 164.9 67.7 46.7 +5.7 

PP/MAPP/HF 130.1 163.2 62.9 165.0 67.0 49.8 +12.7 

PP/MAPP/HFh 130.1 163.2 61.5 164.8 66.7 49.6 +12.2 

PP/MAPP/HFs 131.4 163.0 64.8 164.9 67.8 50.4 +14.0 

PP/SEBS/HF 129.0 162.9 48.6 164.8 55.1 48.4 +9.5 

PPM/HF 129.9 163.0 50.6 164.9 55.4 53.5 +21.0 

PPM/HFh 129.5 162.4 50.6 164.3 53.9 52.1 +17.9 

PPM/HFs 130.2 162.4 56.0 164.5 61.2 59.1 +33.7 

Tm1,2 – Melting temperature corresponding to the first (1) and second (2) heating cycle; 

∆Hm1,2 – Melting enthalpy corresponding to the first (1) and second (2) heating cycle; 

Xc – The degree of crystallinity calculated from the second (2) heating cycle; 

V (%) = 
�������������������

������	
∙100 

 
The crystallization behavior is similar for all the composites (Fig. S5b) and only small differences in the 

crystallization temperature, of up to 2.5 °C, were noticed (Table 1); the addition of HF slightly reduced the Tc 

value, as well the addition of SEBS and the silane treatment increased the Tc value. It may be assumed that the 

silane treatment led to faster crystallization of PP because of the good compatibility between PP and silane treated 

fibers, which favors the crystallization of PP melt on HFs surface. The effect of SEBS to hinder the crystallization 

of PP was previously signaled [29]. 

3.2.5. Thermal stability 

 The thermal degradation of neat PP is a single mass loss step with the temperature of the maximum 

degradation rate (Td) at 438 °C (Fig. 6a). A small shoulder was observed at a lower temperature in the derivative 

curves, probably caused by the heterogeneous composition of the PP matrix. A new peak at a lower temperature 

(327 °C) was observed in the DTG curve of PP/HF composite. 
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Fig. 6 TGA (a) and DTG (b) curves of PP composites 

 
Although all the composites showed a peak at a lower temperature (Tdf) because of the degradation of 

hemp, this peak appeared at a higher temperature for the composites containing treated HF (HFh and HFs) (Table 

2). Thus, a peak at 326-327 °C was observed in the case of PP/HF, PP/MAPP/HF, PP/SEBS/HF and PPM/HF 

(Fig. 6b), mainly due to the degradation of cellulose and a shoulder at about 250 °C corresponding to the 

degradation of hemicelluloses from the untreated HF. A peak at a higher temperature (362 °C) with no shoulder 

was observed in the case of PP/MAPP/HFh, PP/MAPP/HFs, PPM/HFh and PPM/HFs. This is caused by the 

treatment of HF which improved fiber-matrix interactions and removed hemicelluloses with a lower thermal 

stability [11,12,14].  

 

Table 2. TGA results for PP composites with differently treated HF 

Samples Ton (ºC) Tdf (ºC) Td (ºC) 

PP 396.7 - 438.0 

PP/HF 291.0 327.5 449.0 

PP/MAPP/HF 290.7 327.1 450.6 

PP/MAPP/HFh 338.6 362.1 440.7 

PP/MAPP/HFs 340.3 361.8 430.2/448.2 

PPM 291.5 326.8 444.8 

PPM/HF 291.3 325.9 451.4 

PPM/HFh 335.3 362.0 427.0/452.6 

PPM/HFs 342.1 362.9 438.1/452.9 
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Another difference between PP and composites is the higher Td value obtained for composites (448-453 

°C) compared to neat PP which was caused by the barrier effect of carbonized HF [28]. The main peak is mostly 

characteristic to the degradation of PP however, the bifurcation of this peak for the composites containing treated 

HF suggests some overlapping of PP degradation with that of cellulose due to the good interface. 

 The results from Table 2 show the efficiency of the HF treatments in increasing the stability of the 

composites. Thus, the onset degradation temperature is about 340 ºC for the composites with treated HF and only 

290 ºC for PP reinforced with untreated HF. PP composites containing HFs showed the highest Ton value due to 

the fibers protection induced by the silane coupling agent [11]. 

 

4. Conclusions 

Hemp fibers modified by alkali and alkali-silane treatment were used to reinforce a polypropylene matrix 

modified with MAPP and SEBS. Alkali and alkali-silane treatments removed most of hemicelluloses and lignin 

from HF surface and increased their thermal stability. The effect of fibers treatments and MAPP coupling agent 

and the cumulate effect of MAPP, SEBS and surface treatments on the properties of PP were evaluated by static 

and dynamic mechanical tests and thermal analyses. In the presence of MAPP coupling agent, the TS of PP/HF 

composite increased by 77% and the YM by 146% instead of 20% and 110% in the absence of MAPP, however 

lower EB and IS compared to that of PP were noticed. No change in the YM and IS of the composites containing 

MAPP was caused by alkali and alkali-silane treatments of HF. The addition of HF in PP modified with MAPP 

and SEBS has increased not only the tensile strength and modulus (by 45% and 230%) but also the impact 

strength, which is a special feature of PP/MAPP/SEBS/HF composites. The most significant effect on the 

mechanical properties of PP (double TS, triple YM) was obtained with alkali-silane treated HF in the presence of 

MAPP and SEBS due to the strong interface and defibrillation of HF. DMA results also confirmed the benefic 

influence of alkali-silane treatment of HF and SEBS addition. PP composites with treated HF showed better 

thermal stability, the onset degradation temperature increased from 291 ºC for PP reinforced with untreated HF to 

342 ºC for alkali-silane treated HF containing composites. The improved mechanical and thermal properties of 

PP/MAPP/SEBS/HFs composite make this NFPC a viable alternative to GFPC for injection molded parts in the 

automotive industry. 
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