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In this paper, short flax fibres-graphene nanoplatelets (SFF-GNPs) nanocomposites were prepared by the solution mixing 

process. Graphene nanoplatelets (GNPs) was added at different mass loading (1, 5, 25, 50, and 100 wt.%) with short flax 

fibres (SFF). Nanofillers like graphene improve interfacial adhesion, strengthening composites and enhancing their 

durability. Therefore, understanding interfacial phenomena is key to developing high-performance hybrid nanocomposites. 

Various spectroscopic, thermal and morphological analysis techniques were employed to investigatethe effect of graphene 

nanoplatelets on the short flax fibres-graphene nanoplatelets nanocomposites properties. FTIR confirmed the absence of any 

chemical interactions between graphene nanoplatelets and short flax fibres, indicating the physical attachment of graphene 

nanoplatelets to the fibre surface by mechanical interlocking.According to XRD results, graphene nanoplatelets were 

identified on the surface off lax fibres, forming astaked layer. However, beyond 25 wt.%, disordered stacked layers were 

observed. In addition, SEM observations indicated that graphene nanoplatelets were tightly attached to the fibre surface, 

forming laminated layers, resulting in improved thermal stability of the short flax fibres as a function of graphene 

nanoplatelets content due to the barrier effect, which delayed fibre degradation.  
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1 Introduction 
Nowadays, the industrial field is considered a 

source of vast quantities of solid wastes, with serious 

degradability issue. It has always posed a major 

recycling challenge with attention on preserving and 

protecting the environment. In fact, this has become a 

worldwide concern at present. It requires moving 

towards better reassuring alternatives with an eco-

friendly attribute and working constantly to diminish 

its damaging effect on the environment as a result of 

industrial development remnants1. As an eco-friendly 

material, natural fibres are considered an excellent 

solution to this ecological dilemma. This fact has 

prompted researchers and manufacturers alike to 

expand their use due to the multiple features and 

advantages, namely; biodegradability, affordable cost, 

and satisfactory mechanical properties
2,3

, besides 

good thermal and acoustic properties4. In addition, the 

trend of widely using natural lignocellulosic fibres, 

such as flax, jute, and cotton, as a fibre-reinforced 

polymer (FRP) is progressively increasing in many 

sectors, including construction, military, aerospace, 

automotive, biomaterials, and packaging5. However, 

natural fibres cannot be free from drawbacks, such as 

elevated moisture absorption and hydrophilicity6. 

Notably, the latter is primarily due to the non-

cellulosic compounds, responsible for the poor 

compatibility with the hydrophobic polymer matrix. 

To address this issue, chemical treatment, such as 

alkali treatment, can be an effective solution to 

improve interfacial interaction. This method involves 

eliminating some portions of lignin and hemicellulose, 

along with impurities and extractible matters, such as 

pectin and wax
7
. Thereby improving the overall 

properties of the fibres.  

Flax is a bast fibre whose existence dates back 

hundreds of years and has a diverse area of use. As 
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stated in the UN Food and Agriculture Organization 

(FAO) statistics, the worldwide production of raw and 

retted flax fibres in 2022 exceeded 950 thousand tons. 

It is mainly composed of cellulose (60-81%) as the 

most abundant fraction, hemicellulose (14-20.6%), 

lignin (2-3%), pectin (1.8-5%), wax (1.5-1.7%), water 

(10%), and water-soluble (3.9%)8. Based on their 

good mechanical properties, flax fibres stand as a 

promising alternative to substitute synthetic fibres 

such as glass and carbon fibres. Consequently, their 

use has become widespread over time9. Previous 

studies have focusedon flax fibres and their 

composites9,10. For example, Baley et al.10 have tested 

a single flax fibre with a nominal length of 10 mm. The 

reported results were 54.08 GPa, 1339 MPa, 3.27%. for 

Young’s modulus, tensile strength, and elongation at 

break, respectively. In addition, hybridization with both 

natural11 and synthetic fibres12, has enhanced flax 

hybrid composite properties.  

Recently, the application of nanomaterial additives 

has continued to increase in different fields. Thus, their 

use as nanofillers has attracted numerous researchers 

aiming to acquire better performance for polymeric-

based composites13. Among these nanomaterials, 

graphene and its derivatives, including graphene oxide 

(GO) and reduced graphene oxide (rGO), are highly 

appreciated and have received much attention by 

reason of their distinct properties14. Graphene is a two-

dimensional (2D) material with sp2 hybridized carbon 

atoms arranged as a honeycomb lattice originating 

from graphite. It was isolated for the first time in 2004 

by Novoselov et al.15 from graphite using mechanical 

exfoliation via scotch tape method. Today, grapheme 

can be obtained through several methods, including 

liquid phase-thermal exfoliation, and chemical vapor 

deposition (CVD)16. Moreover, grapheme is classified 

based on the number of layers, namely single-layer, 

bilayer, few-layer, and multi-layer17. Some of its 

attractive properties are electron mobility (200.000 

cm2v-1s-1), thermal conductivity (5000 Wm-1K-1), 

breaking strength (42 Nm-1), elastic modulus (0.25 

TPa), specific surface area (2630 m2g-1 for monolayer), 

and impermeability to multiple gases and chemical 

substances18. Additionally, graphene nanoplatelets 

(GNPs) are an array of graphene layers stacked on top 

of each other, with thicknesses ranging from 0.7 to 100 

nanometers19. 

The effect of graphene and its derivatives onfibre-

reinforced-polymer-based composites have garnered 

the attention of several studies20,21. For instance, 

Kamaraj et al.22 investigated the incorporation of 

graphene with flax fabric-reinforced epoxy 

composites. The tensile and flexure strength results 

had significantly improved when 0.1 wt.% graphene 

was added by 61 and 71%, respectively. Furthermore, 

other research highlights the effects of graphene  

on the performance of polymer-based composites 

reinforced with both natural and synthetic fibres,  

as it can effectively improve matrix fibre interfacial 

adhesion23,24. In addition, the thickness and 

concentration of the incorporated graphene into 

composite materials are also key factors to consider. In 

this sense, the effect of the number of layers on the 

thermal conductivity of graphene-epoxy composites 

was studied by Shen et al.25. They reported that 

composites with graphene nanoplatelets (n > 10) 

exhibited higher thermal conductivity compared to 

those reinforced with monolayer or few-layer graphene 

at the same loading. Srivastava et al.26 investigated the 

effects of graphene nanoplatelets content on the 

mechanical properties of glass fibre/epoxy multilayer 

composites. The flexural results showed a 29% 

improvement with the addition of only 0.25 wt%.  

Generally, there are two main approaches for 

incorporating such nanofillers when preparing fibre-

reinforced-polymer-based composites: dispersing the 

nanofillers into the matrix or coating nanofillers on to 

the fibre surface. The first involves dispersing the 

nanofillers throughout the polymer matrix before 

mixing with fibres. Here, both nanofillers and 

fibresserve as hybrid reinforcement. The second 

approach consists of applying nanofillers-based 

coating on to the fibre surface, followed by adding  

the obtained hybrid composite to the polymer matrix. 

Regarding the last one, a few studies have been 

documented and reported. Recently, Mendonça Neuba 

et al.20 investigated the effects of 0.1 wt.%  

graphene oxide (GO) coating on seven-islands sedge 

(Cyperusmalaccensis) fibres. Compared to uncoated 

fibres, GO coating enhanced the thermal and 

structural properties. Boudjellal et al.27 prepared  

Alfa fibres/graphene nanoplatelets bio-based hybrid 

material. The resulting hybrid composite fibre showed 

uniform graphene nanoplatelets deposition on the 

surface alfafibre with good thermal stability, 

expecting its potential for advanced applications. Lea 

Maneval et al.28 reported up to four-order-of-

magnitude increase in the electrical conductivity of 

graphene-coated cationized cotton, with a permanent 

enhancement effect, suggesting new perspectives for 

possible applications as smart materials. Nevertheless, 

most studies exploit only the effect of nanofiller. 
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Therefore, controlling composite composition, 

optimizing nanofiller mass loading, and understanding 

the interactions and the possible phenomena occurred 

at the interface fibre-nanofiller can be beneficial to 

extend the area of applications for such coated fibres 

and their composites. 

In light of the above-mentioned considerations, the 

purpose of this work is to investigate the effect of 

graphene nanoplatelets (GNPs) as a linked material on 

the surface of short flax fibres (SFF), focusing on the 

structural, thermal, and morphological properties. 

Various nanocomposites were prepared and analyzed 

using different characterization techniques, including 

RAMAN, FTIR, XPS, XRD, TGA, DSC, SEM, and 

TEM. The results were evaluated to assess the impact 

of the graphene nanoplatelets (GNPs) mass loading 

and to clarify the mechanisms, especially at the 

fibre/nanofiller interphase. This can be of great 

significance and provide valuable complementary 

insight, contributing to the future potential applications 

of these surface-modified fibres.  
 

2 Materials and Methods 
 

2.1  Materials  

Flax fibres were procured from SICOMIN 

(France). Graphene nanoplateletswere purchased  

from NANOGRAFI (Turkey) with the following 

specifications: 99.9% purity, average thickness of 3 nm, 

specific surface area of 320 m2/g, and a diameter of 

1.5 μm. Figure 1 displays TEM micrographs of GNPs 

at low and high magnification. As shown, a clear 

contrast in blackness degree is observed, resulting 

from the overlapping of the planer GNPs layers  

[Fig. 1(a)]. On the other hand, [Fig. 1(b)] illustrates a 

set of layers stacked on top of each other with a 

thickness of 4.32 nm, confirming the technical 

specifications provided by the manufacturer. 
 

2.2  Preparation of Short Flax Fibres (SFF) 

The flax fibres were manually chopped into short 

fibres with an average length of 3mm. Then, the 

obtained fibres were subjected to Soxhlet extraction 

for 6h using a solvent composed of toluene-ethanol 

(62/38%, (v/v)), followed by dryingat 70℃ for 6h. 
 

2.3  Alkali Treatment  

To remove the amorphous non-cellulosic 

components and impurities, alkali treatment was 

applied. The fibres were immersed in a glass 

containerusing NaOH solution at 10s % for 3h.  

A chemical reaction occurs between the hydroxyl group 

of short flax fibresand sodium hydroxide solution 

compounds, according to the following equation: 
 

Fibre − OH + NaOH →  Fibre − O − Na + H2O 

                … (1) 
 

Afterward, the fibres were washed profusely using 

distilled water. Then, a neutralization process was 

done using acetic acid (CH₃COOH) until reaching a 

neutral pH. Finally, adry-up operation was necessary 

at 70℃ for 24h. 
 

2.4  CompositesPreparation (SFF-GNPs) 

Initially, GNPs were dispersed into ethanol at a 

concentration of 1 mg/mL, followed by a sonication 

for 2 h. Subsequently, different nanocomposites were 

prepared using various percentages of the dispersed 

GNPs (1, 5, 25, 50, and 100 wt.%) relative to the fixed 

weight of the fibres by a simple solution mixing 

method. For example, to prepare SFF-25%GNPs 

nanocomposite containing 1g of SFF, a quantity of 

0.25 g of GNPs is required, which is equivalent to  

250 mL of dispersed GNPs solution. Then, the 

mixture was magnetically stirred at 300 rpm for 2 h at 

70 °C. Finally, SFF-GNPs nanocomposite was dried 

at 70 °C for 6 h to eliminate the residual ethanol.  

Table 1 summarizes the formulations of the prepared 

SFF-GNPs nanocomposites. The schematic presentation 

of nanocomposite preparation steps by solution 

mixing method is displayed in Fig. 2. The obtained 

SFF-GNPs nanocomposites with varying GNPs 

content are illustrated in Fig. 3. It is clearly observed 

that the level of blackness contrast increases as a 

function of GNPs content, reflecting the quantity of 

GNPs attached on the flax surface. 

 
 

Fig. 1 — TEM micrographs of GNPs at (a) low magnification and 

(b) high magnification 

Table 1 — Formulation of the prepared SFF-GNPs 

nanocomposites 

Designation Formulation GNPs (wt.%) 

Graphene Nanoplatelets GNPs - 

Short Flax Fibres SFF 0 

SFF-GNPs nanocomposite 

 

SFF-1%GNPs 1 

SFF-5%GNPs 5 

SFF-25%GNPs 25 

SFF-50%GNPs 50 

SFF-100%GNPs 100 
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2.5 Testing Methods 

A range of characterization methods were used to 

investigate the structural, thermal, and morphological 

characteristics of GNPs, SFF, and SFF-GNPs 

nanocomposites, detailed as follows: Raman 

spectroscopy analysis was assessed using a 

RENISHAW Spectrometer at room temperature. An 

operating power of 25 mW and a 633 nm laser 

excitation were used. The spectra were plotted 

between 500 and 3500 cm-1. Fourier Transform 

Infrared Spectroscopy Analysis (FTIR) was conducted 

using  a  Jasco FT/IR-4X  Spectrometer. The  scan  was 

taken between 4000-400 cm-1, with a resolution of  

4 cm-1. The mean values were taken from 64 scans for 

each sample. The X-ray photoelectron spectroscopy 

(XPS) was analyzed using an XPS ESCALAB 250XI 

Spectrometer (Thermo Fisher Scientific Inc, MA, 

USA), with a monochromatic Al-Kα radiation  

source at emission energy of 1486.6 eV. The peaks 

deconvolution of survey data was analyzed using 

Casa XPS 2.3.25. Thermogravimetric analysis (TGA) 

was accomplished using an SDT Q600 instrument 

from TA Instruments at a heating rate of 10°C/min, 

from 50°C to 500°C under a nitrogen environment. 

Differential Scanning Calorimetry Analysis (DSC) 

was recorded under a nitrogen gas atmosphere  

using a Q20 instrument from TA Instruments. The 

temperature ranges from 20°C to 400°C with 

10°C/min asa heating rate.X-ray diffraction (XRD) 

measurements were carried out, based on Bragg’s 

equation (nλ ꞊ 2d sin θ), using PAN alytical X-pert 

PRO MRD diffractometer, equipped with aCuKα 

radiation at λ ꞊ 1.54060 Å. The scan was operated at 

40 kV/15 mA, and 2θ sweeps from 10°to 70° with a 

step size of 0.03°. Scanning electron microscopy 

analysis (SEM) was performed using JEOL JSM-

7610F Plus (JEOL Ltd., Tokyo, Japan) with Schottky-

type field emission (S-FEG). Transmission electron 

microscopy (TEM) was achieved using a JEOL JEM 

2100 instrument operated with a LaB6 electron gun at 

200 kV (JEOL Ltd., Tokyo, Japan) equipped with a 

CCD camera (Orious SC1000). 
 

3 Results and Discussion 
 

3.1  RAMAN Spectroscopy 

Raman spectra of SFF, GNPs, and SFF-GNPs 

nanocomposites are shown in Fig. 4. From an initial 

inspection of the curves, it is evident that there is an 

almost complete similarity among the various SFF-

GNPs nanocomposites when compared to GNPs, 

except for the SFF-1% GNPs nanocomposite. The 

presence of the D peak appearing at ~1330 cm-1 

reveals the defects and disorder in the structure of 

GNPs29. The G band with a peak at ~1580 cm-1 in 

GNPs and SFF-GNPs nanocomposites is due to the 

 
 

Fig. 2 — Schematic illustration of SFF-GNPs nanocomposites 

preparation steps 
 

 
 

Fig. 3 — Images of SFF and SFF-GNPs nanocomposites 
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sp2 hybridization of carbon atoms. This hybridization 

is related to the in-plane vibrational mode after C-C 

bonds excitation30. Moreover, it can be observed  

that GNPs and SFF-GNPs nanocomposites present a 

slight shoulder Dʹ peak at ~1615 cm-1, which is 

attributed to defects too. Moreover, the splitting of the 

2D band at ~2670 cm-1, originating from the phonon 

branches or electronic bands, confirms the presence of 

graphene in nanoplatelets from. Additionally, The shift 

of this 2D band towards 2670 cm-1can be referred to 

the graphene containing more than 10 layers,  

which is characteristic of graphene nanoplatelets31. 

Furthermore, the 2D band for SFF-GNPs nano-

composites remains nearly unchanged, meaning GNPs 

layers were neither affected nor changed. The small 

2Dʹ peak at ~3230 cm-1 is present in the Raman 

spectrum of GNPs, does not necessarily reflect the 

presence of defects. It is also considered the  

second-order mode of the Dʹ peak30. However, a  

new peak appears at 2901 cm-1 in the SFF-1% GNPs 

nanocomposite, distinguishing it from other SFF-

GNPs nanocomposites, originating from cellulose 

structure in flax fibres32. In addition to this peak in 

flax fibre, another salient peak at ~1096 can be 

observed due to the stretching vibration of 

asymmetric C-O-C ring33. Moreover, the appearance 

of the characteristic peaks of GNPs in SFF-1% GNPs 

confirms their existence on the flax surface. 

The D-band and G-band intensity ratios (ID/IG)  

of GNPs and SFF-GNPs nanocomposites were 

calculated to estimatethe level   of disorder  or defects  

 
 

Fig. 5 — FTIR spectra of GNPs, SFF, and SFF-GNPs 

nanocomposites 
 

present. The ID/IG ratio was found 0.69 for GNPs, 

which is close to the value reported by Iván et al.34. 

The obtained ID/IG results for SFF-1%GNPs, SFF-5% 

GNPs, SFF-25%GNPs, SFF-50%GNPs, and SFF-

100% GNPs were 0.91, 0.83, 0.41, 0.69, and 0.53, 

respectively. Notably, at low GNPs content (1 and 5%), 

the ID/IG ratio increases, then it tends to decrease for 

the high GNPs content. The result can be linked to the 

reduction of sp2 clusters 27.  
3.2 Fourier Transform Infrared Spectroscopy (FTIR) 

The possible chemical interactions between the  

flax fibres and the graphene nanoplatelets were 

investigated through the FTIR technique. Figure 5 

 
 

Fig. 4 — RAMAN spectra of SFF, GNPs, and SFF-GNPs nanocomposites 
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shows the FTIR spectra of SFF, GNPs, and SFF-

GNPs nanocomposites. The GNPs spectrum displays 

the presence of a weak peak around 3322 cm-1, 

corresponding to the -OH stretching vibration of  

the hydroxyl groups. As expected, the peak 

corresponding to the aromatic C=C was observed at 

around 1532 cm-1, reflecting the skeletal vibrations of 

the graphitic backbone from the hexagonal structure35. 

In addition, two peaks were identified at around  

2840 cm-1 and 2912 cm-1, related to the C-H stretching 

vibrations. Moreover, the characteristic peaks at  

1664 cm-1 and 1112 cm-1 were due to C-C and C-O 

stretching vibrations, respectively. The appearance of 

the oxidized or hydroxyl groupsin GNPs is likely 

related to the effect of oxidation during the 

purification process or atmospheric moisture. 

In the SFF spectrum, the absorption band at 3332 

cm-1 is attributed to the stretching vibration of 

hydroxyl groups O-H present in the crystalline 

structure of cellulose. However, the absence of the 

peak at 1735 cm⁻¹, typically associated with natural 

fibres, indicates the successful removal of certain 

components through the alkali treatment. The peaks 

positioned at 2916 cm-1 and 2852 cm-1 correspond to 

the stretching vibration of C-H and CH2 functional 

groups found in cellulose and hemicellulose. 

Additionally, the peak at 1635 cm-1 is ascribed to the 

O-H bending vibration of adsorbed water in the fibre. 

The peaks around 1426 cm-1and 1312 cm-1are 

associated with the CH2 asymmetric bending in 

cellulose. Moreover, the C-C and C-O-C stretching 

vibrations, assigned to the ring breathing of 

polysaccharides in cellulose, appear at the positions 

1158 cm-1 and 1107cm-1, respectively. The absorption 

peaks at 1056 cm-1 and 1025 cm-1 are attributed to the 

C-OH stretching vibrations of cellulose, while the 

peak at 896 cm-1 corresponds to the bending vibration 

of C-H. The characteristic bands of SFF and SFF-

GNPs nanocomposites are nearly identical, indicating 

that there is no chemical interaction between  

SFF and GNPs. This implies that the GNPs are  

likely mechanically interlocked to the SFF surface. 

However, a notable difference in peak intensity is 

observed in the SFF-GNPs nanocomposites related to 

the GNPs content. The presence of GNPs on the fibre 

surface leads to a decrease in the intensities of the 

different bands. Thus, as the GNPs content increases, 

a smaller number of bonds are detected. This behavior 

was also observed in Ouadil et al.36 work regarding 

knit polyester fabric-graphene composites.  

 

3.3  X-ray Photoelectron Spectroscopy (XPS) 

The surface of the SFF-GNPs nanocomposites  

was analyzed using XPS technique to identify their 

chemical composition and the functional groups 

present. Figure 6 shows the XPS survey and the 

deconvolution of high-resolution C1s spectra of 

GNPs, SFF, and SFF-GNPs nanocomposites. As 

shown in survey spectra [Fig. 6(a)], all analyzed 

nanocomposites exhibit the presence of two peaks 

 
 

Fig. 6 — XPS measurements of GNPs, SFF, and SFF/GNPs 

nanocomposites (a) survey XPS spectra and (b) high-resolution 

C1s XPS spectra 
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corresponding to the binding energy of carbon (C1s) 

and oxygen (O1s) at 284 eV and 532 eV, respectively. 

GNPs present a high carbon content of 95.30% and a 

low oxygen content of 4.7%, giving an O/C ratio of 

0.05. The existence of oxygen is attributed to the 

oxidized carbon at the edges of individual graphene 

planes and its distribution on the basal planes. The 

oxygen content can vary depending on the GNPs 

characteristics, such as the specific surface area, 

number of layers, and particle size. Blurton et al.37 

reported an oxygen content of 6.8 at.% for GNP with 

an average particle size of 10 μm and surface area of 

22.83 m2/g. They estimated that approximately 0.01- 

0.06% of all oxygen atoms are located at the edges of 

individual graphene flakes. Hence, the high obtained 

content indicates that the oxygen is distributed not 

only along the flake edges but also throughout the 

basal planes of the graphene nanoplatelets. On the 

other hand, SFF has an elementary composition of 

approximately 68 (% in carbon atoms and 32% in 

oxygen atoms, resulting in an O/C ratio of 0.46.  

In comparison, untreated flax fibreshave an O/C = 

0.1538, indicating that the O/C ratio increases after 

alkali treatment. It is worth mentioning that flax fibre 

surface treatment using various methods, such as 

alkali treatment, can raise the O/C ratio. The increase 

after alkali treatment is attributed to the combination 

effects of wax removal and hydrogen bonds breaking, 

which increases the cellulose abundance on the flax 

fibre surface. As for SFF-GNPs nanocomposites, the 

percentage change in the measured atomic fraction of 

O and C reveals a decrease in the O/C ratio as a 

function of GNPs content. The higher GNPs added, 

the lower the O/C ratio is obtained. This decline 

confirms the increasing amount of GNPs attached to 

the flax fibre surface. 

Fig. 6(b) shows the high-resolution of the C1s 

region. Additionally, the corresponding bonds are 

summarized in Table 2. In the case of GNPs, the 

deconvolution of C1s photoelectronspectrum revealed 

three different functional groups for carbon: a 

prominent peak forC=C sp2 at 284.47 eV, a second 

peak forC-C sp3at 285.78 eV, and two small peaks for 

oxygen containing bonds, C-O-C and C=O, at 286.89 

eV and 287.90 eV, respectively. The identified bonds 

areconsistent with those published for graphene39. 

Moreover, the intensity of the C=C bond is higher 

than that of the C-C bond, indicating the presence of 

defects, which is consistent with the Raman findings. 

Regarding SFF, the fitted peaks at 284.53, 286.26, 

and 287.55 eV were assigned to C-C/C-H, C-O, and 

C=O bonds, respectively. The C-C/C-H bond is 

associated with aliphatic carbons originating from 

cellulose and hemicelluloses, as well as the aromatic 

structures of lignin. The second peak at 286.26 eV 

describes the carbon-oxygen single bond, denoted by 

C-O, referring to the hydroxyl groups and ether 

bonds in cellulose and lignin, respectively. The last 

peak at 287.55 eV corresponds to C=O bond, 

attributed to the carbonyl functional group associated 

with the cellulose compound. These bonds align with 

those described in the literature for flax fibres38. 

From the decomposition of the C1s spectrum of SFF-

GNPs nanocomposites, a significant change is 

observed in the C=C bond peak at 284 eV, showing a 

notable increase as a function of GNPs content. As 

more GNPs are added, the progressive rise in the 

C=C peak intensity indicates a greater degree of 

carbon-carbon double bonds on the flax fibre 

surface. This could be indicative of mechanical 

interlocking between the SFF and the GNPs. 

Furthermore, up to 5% GNPs, the C-O bond remains 

around 286 eV, originating from flax fibre. 

However, starting from 25% GNPs, the C-C bond 

originating from GNPs appears around 285.8 eV, 

while the C-O bond disappears. Thus, the addition of 

GNPs results in the emergence of the C-C bond, as 

GNPs are composed almost entirely of carbon atoms, 

confirming their coverage on the fibre surface 

followed by the formation of stacked layers of 

Table 2 — Functional groups obtained from the deconvoluted high-resolution C1s spectra 

Functional group 
C-C/C-H C-O C=O C=C C-C C-O-C 

Binding Energy (eV) 

GNPs - - 287.90 284.47 285.78 286.89 

SFF 284.53 286.26 287.55 - - - 

SFF-1% GNPs - 286.36 288.62 284.48 - - 

SFF-5% GNPs - 286.45 288.03 284.48 - - 

SFF-25% GNPs - - 287.62 284.40 285.83 - 

SFF-50% GNPs - - 287.92 284.54 285.87 - 

SFF-100% GNPs - - 287.56 284.40 285.89 - 
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GNPs. This finding is supported previously by the 

decrease in the O/C ratio with the increase in GNPs 

content. 
 

3.4  X-Ray DiffractionAnalysis (XRD) 

The XRD patterns of GNPs, SFF, and SFF-GNPs 

nanocomposites are given in Fig. 7. SFF exhibits two 

slight diffraction peaks at 2θ ꞊ 14.67° and 16.45°, 

referred to lignin and hemicelluloses, along with a 

prominent peak at 22.66° associated with the typical 

plan diffraction of cellulose. These three peaks 

correspond to the (101), (101 ), and (002) planes, 

respectively.  

On the other hand, the GNPs diffraction appears at 

2θ ꞊ 26.38° with a sharp graphitic plane peak (002), 

which is related to the interlayer d-spacing of 3.4 Å. 

Besides, a set of small peaks at 2θ ꞊ 42.22°, 44.39°, 

and 54.54° can be assigned to the graphitic plane 

reflections (100), (101), and (004), respectively. 

Concerning the SFF-GNPs nanocomposites, the XRD 

patterns are nearly identical, with no new peaks 

observed, indicating no interaction between the GNPs 

and the flax fibres. Therefore, the XRD patterns 

reflect a combination of the characteristic peaks from 

both SFF and GNPs materials. However, A remarkable 

increase is observed in (002) GNPs peak intensity as a 

function of the GNPs content. This variation can be 

related to stacking and agglomeration phenomena40. 

Moreover, this increase indicates a rise in plan-to-plan 

contact, resulting in a uniform distribution of GNPs. 

Consequently, more GNPs can stack on the fibre 

surface. These findings are in good agreement with 

the results previously highlighted in FTIR and XPS 

analyses. While, a broadening for the (002) peak 

occurs beyond 25% of GNPs which can be attributed 

to the disorder of the stacked GNPs41. 
 

3.5  ThermogravimetricAnalysis (TGA) and Derivative 

Thermogravimetry (DTG) 

The evolution of TGA and DTG curves of GNPs, 

SFF, and SFF-GNPs nanocomposites are presented in 

Fig. 8. As seen in Fig. 8 (a), unlike GNPs, which 

exhibit a stable thermal behaviour with a total mass  

loss of 3.5%, all other samples depict a similar 

decomposition profile, with different mass loss and 

residual weight percentages. Importantly, the 

decomposition of SFF and SFF-GNPs nano-

composites occurs in three distinct phases: phase I 

(50–220°C), phase II (220–430°C), and phase III 

(430–500°C). In phase I, aslight weight loss is 

observed, which can be subdivided into two parts. 

The first part, up to 100℃, is related to the 

evaporation of the moisture within the fibre. The 

second part, extending to 220℃, is mainly associated 

with the decomposition of hemicellulose. By the end 

of this phase, the final mass loss ranges from 

approximately1 to 4%. The next phase is considered 

 
 

Fig. 7 — X-Ray diffractograms of GNPs, SFF, and SFF-GNPs 

nanocomposites 
 

 
 

Fig. 8 — (a) TGA and (b) DTG curves of GNPs, SFF, and SFF-GNPs nanocomposites 
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the most important stage of the thermal 

decomposition process, where significant degradation 

takes place, primarily due to the decomposition of the 

cellulose component. Table 3 summarizes the 

calculated degradation temperatures (Tonset and Tmax) 

and the weight loss percentage obtained from the 

TGA and DTG curves. Here the Tonset values  

were determined using the two tangents inter  

section method. It is clearly observed that the Tonset of 

SFF is lower than that of the other SFF-GNPs 

nanocompositesin the order of13-23℃, which is 

related to the increase in GNPs quantity. A similar 

decrease is also noted in weight loss. At the end  

of this phase, the maximum degradation reaches 

89.5% for graphene-free fibres SFF, whereas  

the lowest degradation, for SFF-100% GNPs 

nanocomposite, attained 51.3%. At the same time, the 

DTG curves exhibited a pronounced  degradation  rate 

during this phase, which corresponds to the cellulose 

depolymerization42.With further GNPs addition, the 

DTG curves shift toward lower temperatures (Tmax 

magnified in Fig. 8(b)). Meanwhile, a decrease in the 

degradation rate is observed. Hence, the higher the 

GNPs content, the lower the fibre degradation rate  

is obtained. The final phase (430-500℃) exhibits a  

slow decomposition with variable ash residue rates, 

resulting from the decomposition of SFF at the end of 

this thermal degradation process. The weight loss 

decreases from 80.9% for SFF-1% GNPs to 52.9% for 

SFF-100% GNPs, reflecting an improvement ranging 

from 11.9% to 42.4%, depending on the GNPs 

content (from 1 to 100%) relative to the SFF, which 

reaches a total weight loss of 91.9%. In this phase, the 

decomposition is due to the degradation of cellulose 

and lignin. However, lignin is known as the most 

thermally-resistant component and exhibits a wide 

range of degradation temperatures (from 180 to 

500℃) due to its complex aromatic structure. In 

summary, as depicted in the TGA and DTG curves, 

increasing GNPs content significantly enhances the 

thermal stability and resistance to thermal degradation 

of nanocomposites compared to SFF. This improvement 

can be attributed to the barrier effect created by 

GNPs, which enhances the ability to delay the thermal 

decomposition of the SFF23. 
 

3.6  Differential Scanning Calorimetry (DSC) 

The DSC curves of GNPs, SFF, and SFF-GNPs 

nanocomposites are shown in Fig. 9. A broad 

endothermic peak is detected in the range of 104–

173°C, with a related enthalpy corresponding to the 

maximum energy required for the evaporation of the 

retained moisture from SFF and SFF-GNPs 

nanocomposites. Similarly, the endothermic transition 

for GNPs was observed at around 128°C. Notably, the 

addition of GNPs increases both the temperature and 

the required enthalpy for all the nanocomposites.  

In addition, SFF and SFF-GNPs nanocomposites 

displayed a second endothermic peak, ranging  

from 354 °C to 368°C (as indicated by the dashed 

rectangle). This peak deals with the corresponding 

Table 3 — Degradation temperatures and weight loss of GNPs, SFF, and SFF-GNPs nanocomposites 

Sample Tonset, °C Tmax, °C 

DTG peak 

Weight loss, % 

(Phase I+II) 

Residue at 500 °C, % 

(Phase III) 

GNPs - - 3.1 96.5 

SFF 324 367 89.5 8.1 

SFF-1% GNPs 337 359 77.7 19.1 

SFF-5% GNPs 338 363 72.9 24.2 

SFF-25% GNPs 341 366 67.2 29.8 

SFF-50% GNPs 343 365 64.9 33.6 

SFF-100% GNPs 347 365 51.3 47.1 
 

 
 

Fig. 9 — DSC thermosgrams of GNPs, SFF, and SFF-GNPs 

nanocomposites 
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peak observed in the DTG curves, suggesting the 

degradation of fibre components such as cellulose and 

lignin at this temperature. However, a decrease in the 

enthalpies required for the decomposition is observed 

with increasing graphene content, which supports the 

hypothesis that thermal stability is enhanced  

due to the barrier effect of graphene. Kim and  

Lee43 reporteda similar trend for the electrical  

heating textile coated with high content of  

graphene nanoplatelets/polyvinylidene fluoride-co-

hexafluoropropylene (GNP/PVDF-HFP)composite. 
 

3.7  Morphological Analysis 

SEM analysis can provide information about the 

interlocking, interfacial adhesion, and dispersion  

state of the GNPs on the fibre surface. The SEM 

micrographs of SFF, GNPs, and SFF–GNPs 

nanocomposites are depicted in Figs. 10 and 11. 

Figs. 10 (a, b) clearly illustrate the morphology of 

GNPs with different sizes. The comparison between 

untreated and treated fibre reveals that the raw fibre 

exhibits a rough surface with the presence of 

distinguishable impurities, attributed to non-cellulosic 

compounds such as hemicellulose, lignin, and waxes 

(Figs. 10 b, c). While, after alkali treatment, the flax 

fibre surface appears rough and irregular but much 

cleaner due to the removal of non-cellulosic 

constituents, as indicated in Figs. 10 (e, f). By way of 

example, EDS mapping of the treated fibre shows the 

uniform distribution of the key chemical elements 

(carbon and oxygen) across the entire fibre. 

For the SFF–GNP nanocomposites, Fig. 11 

illustrates the surface state of the SFF fibres with 

 

 
 
Fig. 10 — SEM micrographs of (a, b) GNPs, (c, d) untreated SFF, 

(e, f) treated SFF, and the corresponding elemental composition 

maps of C and O 
 

 
 

Fig. 11 — SEM micrographs of (a) treated SFF and SFF-GNPs nanocomposites with GNPs mass loading of (b) 1%, (c) 5%, (d) 25%,  

(e) 50%, and (f) 100%. 
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different GNPs mass loading. As the GNPs loading 

increases, a greater quantity is attached to the SFF 

surface. On the other hand, independent of the GNPs 

percentage, it is evident that GNPs are firmly attached 

to the SFF surface. However, at higher loadings, the 

GNPs cover the entire external surface and form 

laminated layers. The GNPs tend to form stacked 

clusters resulting from π–π and van der Waals 

interactions between the nanoplatelet layers44. These 

findings align with the XRD results, which indicate 

the formation of stacked layers on the fibre surface. 

Similar results were reported by Boudjellal et al.27  

for Alfa fibre/GNPs hybrid composites, where 

stratification was attributed to the good adhesion of 

GNPs on the surface of the natural Alfa fibres.  

In another study, Saker et al.45 reported a better 

mechanical interlocking of graphene on the jute fibre 

surface due to its diffusion onto the rough and porous 

treated surface. 
 

4 Conclusion 

Short flax fibres-graphene nanoplatelets (SFF-

GNPs) nanocomposites were successfully prepared by 

mixing solution method. The effect of GNPs on 

structural, thermal, and morphological properties of 

SFF-GNPs nanocomposites was investigated at 

various GNPs mass loading. The TEM images  

display overlapping layers, confirming the graphene 

classificationas nanoplatelets. This was further 

confirmed by the splitting observed in the 2D peak in 

Raman analysis. The FTIR analysis confirms the 

absence of any chemical interaction between SFF and 

GNPs, suggesting the mechanical interlocking 

hypothesis. Based on XPS analysis, the O/C ratio 

decreases with increasing GNPs content, indicating a 

greater degree of carbon-carbon bonds and surface 

coverage. These results are corroborated by the SEM 

micrographs. Additionally, SEM revealed that GNPs 

were stacked on the surface of the flax fibres, forming 

laminate layers. According to XRD results, GNPs 

were identified on the surface of flax fibres. However, 

beyond 25 wt.%, a broadening of the (002) peak of 

GNPs is observed, which can be attributed to the 

disorder in the stacked layers. The TGA analysis 

results demonstrated a significant improvement in the 

thermal stability of SFF as a function of GNPs 

content. The lower degradation was observed for 

SFF-100% GNPs, delaying the TOnset by 23 ℃ and 

reducing the degradation rate by 42.4% compared to 

SFF, highlighting the positive effect of GNPs. These 

findings were further endorsed by DSC analysis. 

Furthermore, DSC curves indicated the presence  

of two endothermic peaks related to moisture 

evaporation and fibre degradation. In summary, the 

outcomes suggest that incorporating GNPs with flax 

fibres can offer potential benefits for developing  

high-performance hybrid-basednanocomposites. This 

paper mayserve as a valuable complement to ongoing 

research on natural fibres. 
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