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Abstract 

Sustainable development and biomass valorization are a primary means of reducing the non-renewable 

resources consumption and an opportunity to exploit the agricultural and forestry sectors where biomass as a 

renewable resource will play an important role. Cellulose is the most abundant bio-renewable material and its 

unique structure generates nanoparticles known as cellulose nanocrystals (CNC). Cellulose nanomaterials 

show a great promise for various applications therefore with a relatively low loading level, significant 

improvements on mechanical properties of nanocomposites could be obtained, but CNCs have a strong 

tendency to agglomerate and its hydrophilic characteristic leads to interfacial incompatibility with non-polar 

polymer matrices.  

In this work, polyaniline (PANI) is used as a support for Cellulose nanocrystals dispersion on Polypropylene 

(PP) matrix. Cellulose nanocrystals were obtained according to an experimental protocol at several stages and 

Polyaniline was deposited on CNC’s surface during polyaniline synthesis in CNC’s suspension. The obtained 

CNC/PANI nanoparticles were incorporated into the polypropylene matrix by melting compounding 

technique. Polypropylene nanocomposites and PANI/CNC particles were characterized with different 

techniques: FTIR, AFM, electrical conductivity and mechanical properties to study and assess how 

polyaniline and CNC affect microstructure, morphology and electrical properties of PP. Characterization 

technique showed that PANI was successfully synthesized on CNC’s surface and PANI/CNC material is a 

semiconductor. The enhanced mechanical properties of PP/PANI-CNC nanocomposites indicates a good 

dispersion of CNCs particles on PP matrix. 
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I. Introduction 

 

In the era of sustainable development, it is important to 

produce high-performance, value-added materials from 

abundant renewable resources and cellulose from 

photosynthesis, is the most abundant polymer on earth [1]. 

Cellulose can be transformed into micro- and nanoscale 

materials by various chemical, enzymatic and mechanical 

treatments and depending on their morphology and 

properties; it consists of cellulose nanocrystals (CNC), 

nanofibers cellulose (CNF) and bacterial cellulose (BC) [2,3]. 

Nanocellulose enjoys specific properties such as high aspect 

ratio, high specific modulus, relatively good surface 

reactivity and non-toxicity, as well as being readily available, 

renewable and biodegradable [4]. The variety of dimensions, 

morphologies, degrees of crystallinity depend on the source 

of cellulosic material and the conditions under which the 

preparation is carried out [5]. Nanocellulose is easily 

accessible nanofiller for the fabrication of novel 

nanocomposites [6]. 

Thermoplastics, particularly Polypropylene (PP), are 

consumed in large quantities. PP is widely used in industry 

due to its ease of processing, low cost and good overall 

properties [7,8]. However, PP is largely limited by 

insufficient strength and poor thermal properties [9]. 
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Therefore, PP is usually loaded by particles and fibers to 

obtain composites with better properties [10,11]. 

Polyaniline (PANI) is one of the most common conductive 

polymers due to its high electrical conductivity, high 

environmental stability in addition to relatively low cost [12]. 

Potential uses of polymer/PANI blends are in the areas of 

electronic components and coatings; and PP/PANI 

composites can be used as membranes [13,14]. Also, 

Hybridization of PANI with other materials has been 

exploited to improve PANI’s properties [15]. 

CNCs have been usually applied as nanoreinforcement in 

polyolefin, polyester, rubber, polyurethane (WPU), epoxy 

resins and natural polymers, etc.; and processable 

nanocomposites of PANI and both CNF and CNC, have 

successfully been made [16-18]. PANI lignocellulose 

composites are used as absorbents to remove commonly used 

dyes, which are non-biodegradable and toxic to humans and 

environment [17,18].  

 On the other hand, nonpolar matrices have low interfacial 

compatibility with polar nanocellulose attributed to the 

hydrogen bonds on CNCs surface forming agglomerations 

and requires various methods of modifying fillers or matrices 

to promote interactions between filler and matrix [19-21]; 

Among these techniques of modification, casting/evaporation 

nanocomposites preparation is predominant. In-situ 

polymerization has also been reported in nanocomposites 

preparation with polyolefin matrices [22]. This method 

consists of polymerizing the reactive monomers with the 

nanoparticles. 

In this present work, CNC/PANI nanocomposites 

were successfully developed by in situ polymerization of 

aniline in a CNC suspension with the main objective of 

covering the CNCs surface with PANI in order to reduce the 

hydrogen bonds between CNCs particles and allow optimal 

dispersion of PANI-CNC in PP matrix. PP/PANI composites 

with different PANI-CNC contents (0, 0.5, 1, 2 and 3 wt%) 

and compatibilized with PP-g-MA were prepared by hot 

mechanical mixing. The obtained nanocomposite materials 

were characterized by different structural, mechanical and 

rheological techniques. CNC-PANI’s dispersion state in the 

PP matrix was also observed by AFM. 

 

II. Material and methods 

 

CNCs were extracted from El Diss (Ampelodesmos 

mauritanicus). CNCs nanocrystals preparation method and 

characterization details were reported earlier by Benchikh 

and al. [23]. The used polypropylene is “HG385MO” 

produced by "Borouge", with a density of 0.91 g/cm
3
 and a 

melt flow index of 25g/10min (at 230° C and under 2.16 kg). 
The PP-g-MA used is polybond 3200, a polypropylene 

grafted with maleic anhydride, commercialized by Cromptan 

Unioroyal Chemical with a density of 0.91 g/cm
3
 and a melt 

flow index of 11.5g/10min. The reagents used for PANI 

preparation are : Hydrochloride acid (HCL), aniline, 

Ammonium persulfate (APS), purchased from CARLO 

ERBA (Cornaredo, Milan, Italia) and Biochem Chemical 

Pharma (Montreal, Quebec, Canada).  

CNC/PANI nanocomposites were prepared according to the 

procedure described as follows: An aniline solution was first 

prepared by dissolving aniline (0.2 mol /l) in concentrated 

HCl (0.1 M, 37 wt %), and then it was mixed with a 1% CNC 

suspension to obtain 1L of an homogeneous reaction mixture 

dispersion (dispersed in an ultrasound bath for 120 min). The 

obtained aqueous dispersion was put in a vial at low 

temperature water bath (5°C) under a constant stirring, 0.2 

mol/l of APS was added drop by drop during 1h. After 

polymerization at 5°C for 1h, a dark green suspension was 

formed. Finally, the suspension was washed several times. 

PP/PANI nanocomposite samples were prepared by the hot 

pressing method. PP/PANI mixtures were obtained by 

blending PP matrix with PANI-CNC powder in different 

weight percentages (0, 0.5, 1, 2 and 3% wt) in a 

Brabender (GmbH & Co.KG, Model 819952, 2010, 

Germany), at 200 °C for 8 minutes. 

 

II.1. Characterization  

A. Fourier transform infrared spectroscopy (FTIR 

spectroscopy) 

To investigate structural modifications after adding PANI-

CNC mixture to PP, the obtained PP/PANI-CNC 

nanocomposites were characterized by FTIR spectroscopy. 

The samples were analyzed using a Perkin-Elmer (L1600400 

Spectrum TWO DTGS) spectrometer, in transmittance mode 

(4000 cm
-1

-400 cm
-1

, 2 cm
-1

).  

B. Atomic force microscopy (AFM) 

Atomic force microscopy images were obtained on the 

different samples using an AFM microscope (contact mode, a 

tip of 2 Nm
-1

) and physical characteristics of the observed 

surfaces from 3-D images were quantified by measuring their 

roughness on a scanning surface of 10µm×10µm with a 

dimension of 1552×1254 pixels. 

C. Conductivity analysis 

For measuring PANI-CNC conductivity, a pellet of (PANI-

CNC) is prepared, and using a multimeter, a transverse 

resistance is measured and converted into volume resistivity. 

For PP/PANI-CNC nanocomposites, electrical conductivity 

measurements were carried out using the Van der Pauw 

technique. 

D. Melt flow index 

The Melt Flow Index (MFI) is a static method widely used in 

industry to determine fluidity of a polymer. To carry out this 

analysis, PP/PANI-CNC samples were subjected to the NF 

EN ISO 113 standard.  
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        E. Mechanical tests 

Tensile properties were evaluated using MTS Landmark® 

(MTS Systems Corporation (USA)) universal testing 

machine. Samples were prepared according to ASTM-D 638 

and tested at a drawing speed of 5 mm/min. Izod impact 

strength of nanocomposites was measured by assessing 

samples of dimensions (62×13×3) mm
3
 using a Ceast Resil 

Impact instrument equipped with a hammer of 1.8 kg 

delivering an impact energy of 7.5 kJ.  

 

III. Results and discussion 

A. Structural characterization 

FTIR spectra of PANI-CNC and PP/PANI-CNC 

nanocomposites are shown in Figure 1.  

 

(a) 

 
(b) 

 

 
Figure 1. FTIR spectra of : (a) CNC-PANI particles, (b) PP/CNC-PANI 

Nanocomposites 

The peaks of 1563 and 1474 cm
-1

 came from the elongation 

vibration of  N = Q = N and N-B-N structures, respectively 

(B and Q represent the fractions benzenoids and quinoids in 

PANI chains) and confirm that the structures are doped. The 

peaks at 1293 and 1140 cm
-1

 are assigned to C-N elongation 

vibration and the in-plane aromatic C-H bending, 

respectively. The peak corresponding to C-H band out-of-

plane bending vibration of the para-disubstituted benzene 

ring appears at 795 cm
-1

 [24-26]. The peak at 1099 cm
-1

 is 

linked to NH+ interactions with SO
3-

 [27]. These results 

conclude that PANI was successfully formed on the surface 

of cellulose nanocrystals (CNC) during in-situ 

polymerization. 

Figure 1 (b), presents the FTIR spectra recorded on the 

developed nanocomposites.  

From FTIR spectra, it can be deduce that the obtained 

nanocomposites has the same characteristic peaks of  PP. 

However, in PP/PANI-CNC at 3%, a new band at 3346 cm
-1

 

is appeared corresponding to the CNC hydroxyl groups 

elongation and a band at 1561 cm
-1

 corresponding to quinoid 

groups elongation of PANI structure [28].  

B. Morphological characterization 

AFM images of PANI-CNC composites (figure 2) show a 

rough heterogeneous surface, with dispersed aggregates. The 

presence of these grains in large quantities is explained by a 

large quantity of polyaniline, equivalent to two times the 

quantity of cellulose particles. These results indicate a 

massive deposition of PANI’s particles on CNCs particles or 

on CNC aggregates. 

 
Figure 2. Image AFM of: (a1, a2) PANI-CNC, (b1, b2) PP, (c1, c2) PP/PANI-

CNC 1%, (d1, d2) PP/PANI-CNC 3% 

Surfaces structure evolution (topography) of pure PP and 

nanocomposites (1 and 3%) are irregular, covered with grains 

of lateral dimensions and height between 24-34/70-140 nm, 

34-36/50-100 nm and 25-55/150 nm to 300 nm for PP, 

PP/PANI-CNC 1% and PP/PANI-CNC 3%, respectively. 
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PP/PANI-CNC 1% surface is relatively smooth compared to 

those of pure PP and PP+3%. In table 1, we have reported the 

roughness values noted on the materials. PP/PANI-CNC 1% 

shows a decrease in value of root mean square (RMS) 

roughness. Reduction of surface roughness can be attributed 

to a reduction in overall size therefore a good dispersion of 

filler at low concentration unlike PP at 3% where the 

roughness increased and can be explained by aggregates 

formation on the surface. 

Table 1. Roughness values of PANI-CNC particles and PP/PANI-CNC 
nanocomposites 

Samples PANI-CNC pp PP+1% PP+3% 

Surface 

Roughness 

Measurement 

(nm) 

35 19 16 66 

 

C. Electrochromic Properties 

PANI-CNC in powder form, is compressed to obtain a pellet 

of 13.18 mm in diameter and 4.65 mm in thickness. 

Transverse resistance is measured and volume resistivity is 

calculating as follow: 

ρ= (R*π*r2) / e 

R = 0.17 Ω, r = 1.318 cm, e = 0.465 cm 

ρ = 1.99 Ω.cm  

σ= 1/ρ=0.50 Ω
-1

cm
-1

 

The measured conductivity of (PANI-CNC) corresponds to a 

high range of semiconductors (10
-4

 S/cm < σ semiconductor 

< 1 S/cm), demonstrating a synthesis of a PANI/CNC 

composite with electronic properties improved. 

According to FTIR characterization, PANI-CNC synthesis by 

an In-situ process leads to efficient interactions between 

PANI quinoid ring and CNCs and facilitate the charge 

transfer processes between the two components [29]. 

On the other hand, when PANI-CNC particles is used as 

reinforcement in PP matrix at 0.5% and 1%, it is observed 

that the conductivity is almost the even. For PP/PANI-CNC 

3%wt, where there is a fairly significant conductivity 

reduction, this has been attributed to polyaniline 

agglomeration tendency at high rates of loads. Conductive 

properties of these composites depend on the molecular 

organization of the conductive aggregates in relation to the 

polymer matrix and the geometry of the conductive charge, 

as well as the charge-charge interaction [26]. These results 

are in agreement with the morphological properties studied 

by AFM. 
Table 2. Conductivity value of PP/PANI-CNC nanocomposites 

 

Samples Conductivity (10+8 S/cm) 

PP/PANI-CNC 0.5% 2.11 

PP/PANI-CNC 1% 2.01 

PP/PANI-CNC 2% 2.32 

PP/PANI-CNC 3% 1.63 

 

D. Melt flow index analysis 
Fluidity index evolution as a function of load rate is shown in 

Figure 3. 

 
Figure 3. Fluidity index evolution as a function of PANI-CNC loading rate 

 

By analyzing the obtained results, it is clear that PP’s MFI 

(MFI= 21, more fluid) is very high compared to PP/PANI-

CNC nanocomposite materials. The index fluidity decreases 

as a function of charge rate, molar mass (MW) increases by 

particles or aggregates presence of PANI-CNC. Fluidity 

decreases rapidly at a low rate (0.5%) then gradually, from 

this concentration. These results indicate that at a low rate, 

PANI-CNC particles are well dispersed and however, present 

obstacles to the flow at high loading rates [30]. 

E. Mechanical characterization: 

Variations in mechanical properties (Young modulus (E), 

elongation at break and tensile strength at break) of 

PP/PANI-CNC nanocomposites as a function of  PANI-CNC 

loading rate are represented in the Figures 4. 

(a) (b) 

  
(c) 
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Figure 4. Tensile properties of PP/PANI-CNC nanocomposites: (a) Young’s 

modulus, (b) Elongation at break, (c) Tensile strength at break 

The above figures reveal that adding PANI-CNC particles 

increase slightly the Young modulus from 7.96 GP for pure 

PP to an Emax of 9.33 GP for PP at 1% loading rate. 

With the addition of 0.5% by weight of PANI-CNC, 

nanocomposite tensile strength improved from 94 MPa for 

pure PP to 95.7 MPa, with a simultaneous decrease in 

elongation at break from 4.43% to 3.04%. 

When CNC content exceeds 0.5% by weight, tensile strength 

and elongation at break gradually decreases while the 

Young's modulus has greatly increased (PP-PANI-CNC 1%). 

When PANI-CNC content exceeds 1% by weight, tensile 

strength, elongation at break and Young's modulus decrease 

gradually while with 3% of PANI-CNC, there is an increase 

in elongation at the break. 

Composites mechanical properties are profoundly influenced 

by their composition and morphology [26], Fraysse et al [31], 

who carried out thermomechanical studies on PMMA/PANI 

composites and reported that PMMA mechanical behaviors is 

not modified with PANI addition for percentages of up to 

0.5% by weight, while a sudden change is recorded above 1% 

concentration of PANI. 

It has been reported that PANI addition to conventional 

polymers above the percolation threshold don’t alters their 

mechanical properties because the conductive phase is 

dispersed in the form of separate islands in the continuous 

polymer matrix and it does not have a significant influence 

on composite macroscopic properties, therefore, while for 

CNC rates above the percolation threshold, the crystal 

structure of the polymer matrix alters and mechanical 

properties decrease [26,32]. 

These results indicate that a concentration at 0.5 and 1% is an 

adequate concentration for optimal distribution of 

PANI/CNC particles, since it has an improvement in the 

Young modulus and a better toughness by reducing 

elongation at break. Maleated coupling agents proved their 

efficiency in improving interfacial bonding between CNC’s 

hydroxyl groups and hydrophobic polymers as PP [33]. This 

improvement confirms that PP-g-MA contributed in 

developing an interconnected structure from PP matrix and 

CNCs which are not covered by PANI through the reaction of 

MA groups and CNC’s hydroxyls groups and anchoring of 

the PP compatibilizer chains into the PP phase leading to an 

efficient stress transfer between these components. 

Accordingly, it is reported that improvement of uniaxial 

traction properties is due to the homogeneous distribution of 

CNCs in PP matrix and bonds formation with the 

compatibilizer [34,35]. 

Izod impact tests were carried out as a function of PANI-

CNC mass percentage and represented in Figure 5. 

 
Figure 5. Variations of impact strength for PP/PANI-CNC nanocomposites 

versus PANI-CNC content 

Figure 5 shows the impact resistance evolution; we observed 

a drop in PP resilience with a load rate at 0.5% of PANI-

CNC which agree with the tensile results. Above this 

concentration, a slight improvement in impact resistance is 

observed.  

 

Conclusion 

In the present paper, cellulose nanocrystals CNC were 

incorporated into a polypropylene PP matrix for the 

development of improved nanocomposites. For this, 

Polyaniline was synthesized by oxidative polymerization in 

the presence of CNCs in suspension as support for CNCs 

optimal distribution. PANI-CNC blend was incorporated into 

PP matrix. PP-grafted maleic anhydride was used to develop 

interactions between non-PANI-related CNCs with PP. 

Characterization by measuring conductivity by a multimeter 

confirmed the conductive nature of the PANI/CNC 

composites and therefore of the synthesized Polyaniline. 

Conductivity measurement is in the high range of 

semiconductors. 

FTIR characterization shows that PANI was polymerized on 

cellulose nanocrystals surface illustrated by appearance of 

CNC’s and PANI characteristic peaks in the infrared 

spectrum of PANI/CNC composites. AFM results also 

showed that PANI covered the CNCs. 

PP/PANI-CNC nanocomposites development was carried out 

by melt mixing. Mechanical characterization of composites 

based on PP loaded with PANI/CNC particles shows an 

improvement in mechanical performance of these 
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nanocomposites, this improvement is due to the particles 

good dispersion within the matrix, especially at low loading 

rates 0.5 to 1%. 

We observe a drop in resilience with a CNC-PANI loading 

rate of 0.5%, which is in agreement with tensile results, a 

progressive improvement up to 3%, this is due to the particles 

morphology, their dispersion, their orientation and 

interactions. 

Electrical characterization carried out by the four-point 

method on the composite materials shows that the produced 

films have a low conductivity and the highest value is noted 

on the nanocomposites with 2% PANI-CNC. However, the 

resulting composites did not achieve the conduction levels 

shown by PANI-CNC blend alone. 

At high PANI-CNC loading rates, it tend to agglomerate into 

aggregates. 
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