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Abstract 

In this work, we propose a green method for decorating natural fibers derived from dwarf palm waste 

with graphene oxide (GO) sheets. In detail, plasma-treatment was used to activate fiber surface for the 

subsequent GO-coating, which was performed in water. Poly(butylene adipate-co-terephthalate) (PBAT)-

based composites incorporating 50% of either raw, plasma-modified or hybrid fibers were prepared by 

compression moulding and thoroughly analysed to investigate the processing-structure-properties 

relationships of these systems. The outcomes reveal that combining plasma treatment and GO coating 

enables fabricating green composites with significantly improved mechanical performance (stiffness and 

tensile strength increments of up to 500% and 300%, respectively) and electrical conductivity on the 

order of 10
-6

 S/m.  
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1. Introduction 

Bioplastics play a significant role in modern society due to their lightweight nature and sustainability[1]. 

However, their limited mechanical robustness, durability, and cost-effectiveness have hindered their 

widespread industrial adoption. To address these challenges, incorporating inexpensive natural fillers in 

place of a significant portion of bioplastics has emerged as a promising alternative [2,3]. This not only 

reduces manufacturing costs but also valorizes agro-waste [4,5]. In fact, considering that about 181.5 

billion of tonnes of biomass  are annually produced [6], the appropriate valorisation of non-edible 

biomass provides effective waste management solution, which may prevent its accumulation, thus 

transforming a problem into valuable by-products [7–12]. While significant progress has been made in the 

fabrication of green composites, the development of strategies to create smart and functional materials 

from natural sources remains uncommon. Current approaches predominantly focus on using 

nanocellulose or lignin as fillers [13–15]. However, the exploration of utilizing raw lignocellulosic fibers 
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instead of their nano-sized constituents offers a valuable alternative for faster and greener manufacturing 

processes, especially when considering that acid, alkaline, and other chemical treatments usually involved 

to prepare nanocellulose and lignin, seriously affect their economic and environmental sustainability 

[7,16–18]. The key challenge in developing high-performance green composites with natural fibers lies in 

establishing strong interfacial interactions between the fiber and matrix without the need for chemicals or 

complex multi-step protocols[19]. 

Utilizing natural fibers as a substrate for multifunctional nanoparticles holds promise in the development 

of affordable and eco-friendly advanced fibers, as surface chemistry plays a crucial role in determining 

their properties. Previous research has demonstrated that core-shell structures with graphene armor 

exhibit exceptional mechanical robustness [20]. Furthermore, the unique morpho-chemistry of graphene 

oxide (GO) foils, characterized by a crumpled and rough surface abundant in oxygenated moieties and 

aromatic domains, provides an active platform for polymer chain anchoring [21]. While many studies 

have explored the wrapping of GO sheets around carbon fibers to enhance the interphase of carbon fiber-

reinforced polymers (CFRPs) [22–24], there is a lack of systematic research on GO-coating of natural 

fibers for bioplastic reinforcement, since only recently few pioneering studies are starting to emerge  [25–

33]. In addition to improving mechanical properties, GO-coating of natural fibers offers the intriguing 

possibility of transforming their electrical characteristics from insulator to semiconductor - or even 

conductor - via the partial or total reduction of GO [32,34–36]. This opens up opportunities for achieving 

a percolation network of conductive nanoparticles by leveraging a percolated network of natural fibers as 

a substrate for nanoparticle deposition. Such a strategy could facilitate the development of electrically 

conductive materials with lower amounts of costly nanoparticles and higher utilization of waste bio-

sources. Beyond this, multifunctional materials containing nanocarbon-coated waste biomass fibers might 

find application as cheap multifunctional materials in many emerging areas in which polymer composites 

containing graphene or other nanoparticles are typically used, including electromagnetic and or micro-

wave absorption, strain sensors, supercapacitors, triboelectric nano-generator sensors, and so on  [37–46]. 

Unfortunately, while it is relatively simple to decorate carbon fibers with GO, by exploiting the strong 

aromatic interactions between the two carbonaceous components, coating natural fibers with GO poses 

additional challenges compared to carbon fibers due to the heterogeneity of lignocellulosic materials and 

the limited accessibility of -OH moieties [20]. Lignocellulosic materials, including natural fibers, possess 

a hierarchical structure comprising cellulose fibrils embedded in a matrix of lignin and hemicellulose. 
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Notably, the external walls of natural fibers consist of hemicellulose-coated lignin [47]. Understanding 

and addressing these complexities are crucial for successful GO coating of natural fibers. To establish a 

robust affinity between lignocellulosic fibers and GO sheets, two distinct approaches can be pursued. 

Firstly, activating the surface of hemicellulose by introducing emerging epoxy and hydroxyl moieties is 

expected to facilitate strong interactions between the natural fibers and the oxygenated functional groups 

present in GO. Alternatively, selectively removing hemicellulose from the fibers can increase the surface 

concentration of lignin. This strategy offers another viable route to improve the affinity of natural fibers 

for the aromatic domains of GO. According to the scientific literature, both of these strategies can be 

implemented in a non-toxic and efficient manner through plasma reactions, by carefully adjusting key 

operating parameters such as exposure time and plasma power [48–53]. 

In this study, we present a sustainable processing approach that combines plasma treatments and an 

aqueous processing step to effectively coat dwarf palm fibers with graphene oxide nanosheets. 

Subsequently, the hybrid fibers obtained were assessed for their potential to reinforce a poly(butylene 

adipate-co-terephthalate) (PBAT) matrix. Indeed, PBAT is a biodegradable copolymer that comprises 

aliphatic and aromatic domains linked by C=O bonds. Its structure may offer the advantage of facilitating 

interactions with both the oxygenated functional groups and the aromatic domains present in GO, making 

it a suitable matrix for incorporating the modified fibers. On the other hand, dwarf palm, belonging to 

Chamaerops humilis L., is a non-edible plant that presents diffusion control challenges due to its invasive 

nature, which harms native Mediterranean flora. It is possible to derive fibers from its dead wastes that 

are particularly rich in lignin (35 %) and cellulose (40%) [54], thus being potentially suitable for 

interacting with both GO and PBAT towards the construction of green yet multifunctional materials. 

Integrating 50% of a waste biomass such as dwarf palm in a composite material means halving raw 

material cost, while reducing environmental impact and energy consumption. Moreover, using endemic 

biomass waste may offer additional financial incentives or regulatory benefits, given the fact that the 

resulting green materials may gain a competitive edge in certain markets, driven by the recent zero-waste 

and circular economy guidelines. 

2. Materials and methods 

2.1 Materials and processing 

PBAT selected for this study was a sample of Ecoflex® F Blend C1200 purchased from BASF 

(Germany), having the following characteristics: melt flow index = 2.7–4.9 g/10 min (at 190 °C and 2.16 
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kg), density=1.25–1.27 g/cm
3
, melting temperature=110–120 °C. Agro-waste of Chamaerops humilis 

(CH) samples, collected in the western seacoast of Palermo, were thoroughly washed to remove 

impurities. Stalks (CHS) were isolated from leaves, and successively grounded and sieved in order to 

obtain fibers with minimum length equal to 4 mm, which results in an aspect ratio (L/D)= 40.  

The selected GO sample used in this study was synthesized in our laboratories and has been employed in 

our previous research [55,56]. It is a partially oxidized GO variant with 55% aromatic sp
2
 domains and a 

C/O ratio of 7:3. The GO material consists of few-layered lamellae with lateral dimensions ranging from 

5 to 20 µm, a thickness of 0.8 nm, and an interlamellar spacing of 0.95 nm. More details about synthesis 

and characterizations are provided in SI (Fig. S1 a-d) and available elsewhere [55,56]. This specific GO 

batch was chosen based on its demonstrated electroactivity and its established affinity to other 

biodegradable polyesters [55]. 

The plasma reactor used for the surface treatment is a Tucano Gambetti apparatus, equipped with a high 

vacuum-pump (Pfeiffer). The cylindrical chamber (diameter = 150 mm, length = 330 mm) has a volume 

of approximately 5.5 dm
3
. The dark shield electrode and the power supply (RF=13.56 MHz, 200 W) are 

placed at the top of the chamber. The flow of the air takes place automatically at vacuum level and power 

programmed in the recipes with two mass flow-controllers, and it is controlled by a microcomputer. In 

this case, air flow was set to 10 sccm, the vacuum level was 2·10
-4

 bar and the vacuum was stabilized for 

5 s prior to the process gas inlet.  

After the gas inlet, the chamber pressure reached approximately 0.5 mbar, and the treatment was carried 

out at different power and time settings, with adjustments made to minimize reverse bias. In accordance 

with previous research [48], two conditions were employed: "Type 1" plasma treatment was performed at 

100 W for 2 minutes, while "Type 2" treatment was carried out at 60 W for 10 minutes. The fibers 

resulting from these plasma modifications were designated as p1-CHS and p2-CHS, respectively. As 

provided in Figure 1a, to prepare a batch of GO-coated fibers, either raw or plasma-treated fibers were 

added to an aqueous suspension of GO (1 g/L, 125 mL). The mixture was sonicated in an ice bath for 30 

minutes and then vigorously stirred for 4 hours. Subsequently, each dispersion containing GO and natural 

fibers was transferred to a crystallizer, and the temperature was raised to 180 °C to facilitate solvent 

evaporation and the consolidation of the GO-coated fibers. During the thermal treatment, the color of the 

fibers changed from yellow/light brown to dark grey (see digital photographs in the same figure), 

indicating the partial reduction of GO. The resulting coated fibers, referred to as GO@CHS, GO@p1-
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CHS, and GO@p2-CHS, were stored overnight in a vacuum-oven at 120 °C before being processed with 

PBAT. 

Figure 1b provides the pictorial description of the typical procedure followed to obtain green composites. 

PBAT sheets, previously prepared by compression-moulding (T= 145 °C for 2 minutes) by using a Carver 

(USA) laboratory press, were used to form a sandwich incorporating an appropriate amount of fibers, 

displaced by a hand lay-up process, until achieving a total coverage of the mold volume. As depicted in 

Figure 1b, both polymer sheets extended beyond the mold dimensions. During the hot-pressing stage 

(155 °C, 4 minutes, 7 tons), some of the PBAT was forced into the voids between the fibers, while the 

excess polymer flowed out and was trimmed once the material rapidly cooled to room temperature. This 

technique allows preparing composites with extremely high loading levels. 

The resulting materials were weighed, and their composition was determined by subtracting the pre-

weighed amount of fibers from the total weight of the composite after removing the excess polymer. 

Characterization techniques  

The morphology of both the starting components and green composites was examined using scanning 

electron microscopy (SEM) imaging performed with a Phenom Pro X instrument from Thermo Fisher 

Scientific, USA. 

The density measurements were conducted using a Thermo Pycnomatic Helium Pycnometer (Pycnomatic 

ATC, Thermo Fisher, USA) with 99.99% pure helium gas. Each sample was subjected to at least five 

measurements at a temperature of 20 °C.  

The GO content of hybrid fibers was determined according to our previous studies [54,57–59], as follows 

(Equation 1): 

               
                       

          

 
(1) 

Where                 ,     and        respectively refer to the real densities of GO-coated fibers, GO 

and CHS fibers. 

In order to determine the degree of porosity (%) for each material, the following relationship was used 

(Equation 2): 
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             (  
  

  

)      
(2) 

where    and    refer to apparent and real densities, respectively. 

Attenuated total reflection Fourier transform infrared (FT-IR/ATR) measurements were performed using 

a FT-IR/NIR Spectrum 400 spectrophotometer (PerkinElmer, Waltham, MA, U.S.A.) in the spectral 

range 4000-450 cm
-1

. Micro-Raman spectroscopy was performed in the range 1000–2000 cm
−1

 by means 

of a Renishaw InVia instrument (Renishaw) with diode laser excitation at 633 nm and spectral 

resolution equal to 1 cm
−1

.  

Tensile tests were performed using an Instron 3365 dynamometer (Instron, USA) onto specimens having 

a thickness of approximately 650-800 µm. In accordance with the ISO 527-3 standard, the tests were 

carried out with an initial crosshead speed of 1 mm/min for the first 3 minutes, followed by increased 

crosshead speed of 100 mm/min until specimen failure.  Each experimental run included at least 8 

replicates, and salient data such as elastic modulus (E), tensile strength (TS), and elongation at break (EB) 

were reported as mean values with corresponding standard deviations. 

Electrical measurements were performed using a Keithley 2440 source meter. Prior to the experiments, 

square-shaped samples (10 mm x 10 mm, ~0.7 mm thick) were placed between two copper electrodes. 

Current intensity (I)-voltage (V) curves were acquired in the range 0-10 Volt (integration time = 0.5 s; 

pass=100 mV), and the conductance, i.e. the reciprocal of resistance (1/R), was measured as the slope of 

the curves in their linear zone. Conductivity (σ) was then calculated by Equation (3): 

  
 

   
 

(3) 

Where L and S are, respectively, the thickness and surface area of specimens. 

3. Results and discussion 

GO-coating of neat and plasma-treated CHS fibers was verified by integrating morphological and 

spectroscopic analyses. SEM analysis of the samples is provided in Figs 2-3.  

Raw CHS fibers (Fig. 2a-a')  exhibit the characteristic features of dwarf palm stalks, with a densely 

packed structure consisting of a bundle of aligned fibrils held together by a hemicellulose matrix. 

However, following the sequential treatments of washing, grinding, and ultrasonication, CHS fibers 

underwent a morphological change. The resulting structure is heterogeneous, featuring aligned bundles of 
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fibers (Fig. S2a), porous architectures (Fig. S2 a-b), eventually covered by wrinkled zones (Fig. S2 c), 

with embedded silica nanoparticles (Fig. S2 d). 

In the analysis of p1-CHS fibers (Fig. 2b-b'), it was observed that the treatment did not result in 

prominent structural changes. However, specific regions exhibited partial etching of the hemicellulose 

matrix and enhanced visibility of the bundle of aligned fibrils. Conversely, in p2-CHS fibers (Fig. 2c-c'), 

extended plasma exposure led to more substantial modification to the fiber structure, characterized by 

severe ablation of the hemicellulose matrix and the formation of a skeleton likely composed of lignin and 

cellulose[53]. Notably, both plasma treatments induced modifications that were minimally or moderately 

significant compared to those caused by grinding and purification (refer to Figs. S2 a-d). Essentially, the 

differences observed between samples are similar to variations within the same sample, attributed to the 

inherent heterogeneity of the lignocellulosic fibers and the variegated modification incurred during 

washing, grinding, and ultrasonication. 

Additionally, it is noteworthy that certain regions of CHS and plasma-treated fibers, especially after 

sonication, exhibit a morphology similar to that of graphene oxide (GO) flakes (see Fig. S1 a-b), 

particularly when these flakes are stacked together. 

Figure 3 provides micrographs of GO@CHS (Fig. 3a-a'), GO@p1-CHS (Fig. 3b-b'), and GO@p2-CHS 

(Fig. 3c-c') at two different magnifications. Despite the initial differences among the three CHS samples 

and their intrinsic heterogeneity, the coating with GO resulted in similar and uniform fiber morphology, 

characterized by an extremely rough texture.  

Therefore, although the notable grey color change – from light brown/yellowish to dark grey – exhibited 

by the fibers post-coating (see again digital photographs of the fibre samples in Figure 1) suggests the 

plausible presence of graphene oxide (GO) on their surface, identifying GO via SEM imaging is 

challenging due to the visual resemblance between the fibers and GO. Nevertheless, in certain instances, 

it becomes feasible to observe exfoliated GO layers emerging from the fiber surface, as depicted in Figure 

S3. 

EDAX mapping (see SI, Tab. S1) performed on the samples put in evidence that both CHS fibers and GO 

are mainly constituted of C and O elements, with this feature rendering once again extremely difficult to 

assess the existence and the extent of surface coating. However, it is worth noting that CHS  fibers (Fig. 

S4) display the presence of Si, due to the fact that such plants, growing in the proximity of the sea are 
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capable of integrating significant amounts of silica nanoparticles embedded within the plant structure 

[60]. After GO-coating, the amount of silica tend to decrease, because it is covered by the presence of GO 

sheets. Furthermore, the homogeneous presence of GO can be indirectly confirmed by the presence of 

sulphur atoms(Figs. S5-S7), due to the small amount of sulfonated groups onto GO sheets as a result of 

H2SO4 used for oxidizing graphite to GO [61]. 

Figure 4 presents the results of FTIR/ATR spectroscopy for both raw and plasma-treated CHS fibers, 

while Table 1 summarizes the main peak assignments of the spectral modes, allowing for a clear 

identification of the structural components present in lignocellulosic fibers, including hemicellulose, 

cellulose, and lignin. FTIR/ATR spectrum of raw CHS fibers displays the typical set of absorption modes 

associated with hemicellulose, lignin, and cellulose, which are the predominant constituents of 

lignocellulosic materials (Table 1) [49,62,63]. Spectra of plasma-treated samples show some differences, 

including a redistribution of the relative intensity ratios between the various bands and, in some cases, 

also the formation of emergent modes. 

In more detail, when fibers were exposed to short-duration, high-power air plasma (p1-treatment), there 

was an observed increase in the bands associated with hemicellulose and pectin, accompanied by the 

emergence of a peak at around 1150 cm
-1

, close to the C-O stretching of the acetyl group (refer to Fig. 4 

and Tab. 1 for further details). These changes suggest that this type of plasma treatment primarily 

modifies the surface of hemicellulose and pectin, which are components of the outer walls of the fibers. 

This hypothesis could explain the lack of significant changes in fiber morphology observed by SEM. 

On the other hand, fibers treated with prolonged exposure to low-power plasma (p2-treatment) showed an 

increase in the signals associated with cellulose and particularly lignin, which became more pronounced 

compared to hemicellulose. By comparing these results with the etching events observed during SEM, it 

can be inferred that this type of plasma treatment may have selectively removed the hemicellulose matrix, 

resulting in a relative increase in the amount of surface lignin. This finding is consistent with existing 

literature, which indicates that air plasma has limited effectiveness in removing lignin from natural fibers 

[49].  

Plasma-treated fibers exhibited a higher adsorption capacity for GO compared to raw CHS, indicating an 

enhanced extent of GO loading. Table 2 presents the weight content of GO in the three fiber samples, 

ranging from 1.7% to 2.1%, suggesting that increased roughness and surface activation improved the 
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efficiency of GO loading. A comparison between the two treatment types reveals that air plasma 

treatment at 100 W for 2 minutes demonstrates slightly greater effectiveness than treatment at 60 W for 

10 minutes. In other words, activating hemicellulose through the p1-treatment is supposed to promote 

stronger interactions with the oxygen moieties of GO, while the partial ablation of hemicellulose and 

subsequent surface exposure of lignin by the p2-treatment might have facilitated aromatic interactions. 

Both approaches result in a significant increase in GO loading on the fiber surface, owing to the 

exceptional versatility of GO, which possesses a double honeycomb structure composed of sp
2
 and sp

3
 

carbon domains. 

Aiming to assess eventual differences in the chemical structure of the three samples, FTIR/ATR 

spectroscopy was used. In Fig. 5a-c there are reported the representative spectra of the three CHS 

samples before and after GO-coating, along with that of GO as a reference plot. As one can see, starting 

materials present similar key-modes, including the broad band in the spectral range 3600-3000 cm
-1

 

(ascribed to OH moieties), a band bearing a double peak centred at 2916 and 2849 cm
-1

 attributable to C-

H alkyl chains. In the range 1750-1500 cm
-1

, CHS displays a well-defined peak located at 1734 cm
-1

 due 

to C=O stretching of ester bonds and an overlapped band characterized by a prominent peak at 1594 cm
-1

 

with a shoulder around 1645 cm
-1

, ascribed to C=O stretching conjugated to the aromatic ring of lignin 

fraction of CHS. In the same spectral region, GO displays its typical double-peak band with signals at 

1713 cm
-1

 and 1615 cm
-1

 that are respectively ascribed to C=O stretching of carboxylic acid moieties and 

aromatic C=C skeleton of the graphenic lattice of GO. In the wavenumber range 1510-1200 cm
-1

, GO 

shows a bunch of overlapped signals, while CHS displays distinct modes centred at 1508 cm
-1

 (peculiar of 

lignin)  1461 cm
-1

 (-CH2- symmetric stretching), 1422 cm
-1

, 1368 cm
-1

 (alkene stretching), 1317 cm
-1

 (-

CH2 in plane-angular vibration, key-mode of crystalline cellulose), and 1239 cm
-1

.
 
After coating, the 

fibers present an extremely more intense absorption in the range 3600-3000 cm
-1

. Among the samples, 

GO@p1-CHS showed the highest intensity, followed by GO@p2-CHS, whereas GO@CHS displayed the 

lowest signal. Furthermore, in the spectra of samples containing plasma-treated fibers, such broad band 

displayed an emergent signal located at 3350 cm
-1

, beyond the aforementioned peak at 3273 cm
-1

 of 

natural fibres (OH stretching, see again Table 1). Likewise, this occurrence could be due to the larger 

extent of H-bonding between oxygenated moieties of GO and plasma-activated lignocellulosic fibres. A 

careful analysis of double-peak band (2916-2849 cm
-1

) pointed out significant differences between 

GO@CHS and GO-decorated plasma-treated fibers. In the former case, the two signals proved to overlap 

to each other, becoming much similar to the spectral features of neat GO, in the latter case, instead, a 
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hybrid band arises from recombination of the modes of starting components. Similar considerations can 

be drawn by analysing the features of the other spectral regions, such as for example those of carbonyl 

(1800-1650 cm
-1

), C-H (1461-1300 cm
-1

), C-O (below 1250 cm
-1

). 

Hence, to further confirm the presence of GO onto the surface of functionalized fibers, Raman 

spectroscopy was used, because this technique is highly sensitive onto the carbonaceous structure of GO, 

while being scarcely or not sensitive to lignocellulosic fibers[32,64]. Figure 6a-c provides the 

representative spectra of CHS, p1-CHS, p2-CHS before and after GO-coating, along with those of GO as 

a reference plot. Raman spectra of all the GO-coated fibers clearly show the characteristic D-band 

(around 1340 cm
−1

) and G-band (around 1580 cm
−1

) of GO, which are not present in the spectra of CHS, 

p1-CHS, and p2-CHS. Noteworthy, ID/IG ratios, peak positions and eventually FWHM of D- and G-

bands proved to vary, indicating the strong interaction between GO and the substrate, or partial reduction 

of GO[32,57,58]. 

The mechanical behaviour of the composites achieved incorporating 50 wt.% of different samples of CHS 

fibres was analysed by tensile tests and the results are provided in Figure 7 and Table 3, respectively 

reporting representative stress-strain curves and the salient data collected.  

Except for the composites containing GO@CHS, all the other materials exhibit a ductile mode of fracture. 

It is worth noting that after yield, the curves show a gradually declining trend, initially more steady and 

then slower, with an almost plateau-like pattern until failure. This characteristic indicates the occurrence 

of necking and fraying events, resulting in significant reduction in the resistant surface.  

Figure 7b offers a comprehensive overview of the variations in the salient mechanical properties of the 

composites following each treatment, including plasma activation and/or GO-coating of fibers, in 

comparison to the composite with untreated CHS. 

While all the treatments applied to CHS fibers resulted in remarkable yet different increases in stiffness 

for the corresponding composites, the impact on tensile strength (TS), elongation at break (EB), and 

toughness varied depending on the specific treatment. For instance, when applying plasma treatment or 

GO coating to the fibers individually, there were observed effects of stiffening and strengthening, albeit at 

the cost of deformability and toughness. More in details, the quantitative analysis of data provided in 

Table 3 and Fig. 7b, put into evidence that p1-treatment and p2-treatment resulted in a doubling and an 

almost tripling of the elastic moduli, respectively, in comparison to the composite containing raw fibers. 
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The TS values remained unchanged, while deformability exhibited variations based on the type of plasma 

treatment. Specifically, p1-treatment resulted in a doubling of the elongation at break (EB), while p2-

treatment had a negligible impact on deformability. Noteworthy, composites incorporating GO@CHS 

demonstrated further improvements in both E and TS, while experiencing a 40% reduction in EB. 

Ultimately, the toughness of materials loaded with either plasma-treated or GO-coated fibers was found to 

be lower than that of composites containing raw fibers. 

Significantly, the combination of the two treatments resulted in a remarkable improvement in all the 

mechanical properties. It is worth noting that composites containing GO@p1-CHS showed the most 

remarkable enhancements in terms of stiffness, strength, stretchability, and toughness, with relative 

increments of up to 500%, 250%, 200%, and 180%, respectively. On the other hand, composites 

containing GO@p2-CHS exhibited slightly lower mechanical performance but still outperformed the 

remaining samples. 

Based on these results, an intriguing interaction between the type of plasma treatment and GO-coating 

could be inferred. Specifically, composites incorporating p2-CHS demonstrated superior mechanical 

robustness compared to those containing p1-CHS. Conversely, a reversed trend was observed in the case 

of GO-coated plasma-treated fibers, with GO@p1-CHS exhibiting greater mechanical reinforcement than 

GO@p2-CHS. This suggests that the p2-type treatment may be more suitable for promoting interactions 

between fibers and GO, whereas the p1-treatment likely enables stronger interactions between fibers and 

the polymer. To confirm these hypotheses, a thorough analysis of the morphology of tensile fractured 

surfaces was performed. 

Figure 8 provides the SEM micrographs at different magnifications of composites containing CHS (a-a’), 

p1-CHS (b-b’), and p2-CHS (c-c’), acquired in two different specimen positions for each sample. In all 

cases, the typical features of a ductile fracture are clearly identifiable, in full agreement with the 

previously discussed stress-strain behaviour. This feature can be obviously ascribed to the well-known 

ductility of neat polymer (see Fig. S8). Interfacial adhesion in the PBAT-CHS composite proved to be 

adequate, although some voids were observed.  

Notably, plasma-treated fibers exhibited a significantly stronger interaction with PBAT. This is evident 

from the discernible breakage of the dwarf palm microfibrils, indicating that the interfacial adhesion was 

so robust that specimen failure occurred due to the fracture of either the fibers or the matrix.  



12 
 

The morphology of composites containing GO-decorated fibers was carried out to assess the durability of 

the GO-coating, specifically the adhesion between GO and the fibers, as well as the interfacial adhesion 

between these decorated fibers and the surrounding polymer matrix. Figs 9a-c respectively report the 

micrographs of PBAT-based composites loaded with GO@CHS, GO@p1-CHS, and GO@p2-CHS, 

acquired in two different positions for each sample and eventually at different magnifications.  

PBAT-GO@CHS (Fig. 9a) exhibits a smooth surface, consistent with a brittle mode of tensile fracture, 

aligning with mechanical test results. Additionally, the presence of voids and fiber pull-out (bottom panel 

of Fig. 9a) suggests weak interactions between GO and untreated CHS fibers. This led to the detachment 

and aggregation of GO sheets (highlighted by the red circle), ultimately deteriorating the interphase. In 

contrast, the composites containing GO@p1-CHS (Figure 9b) and GO@p2-CHS (Figure 9c) displayed 

the typical rough surface of ductile materials, with the hybrid fibers showing a robust and durable GO-

coating (see top panels). These composites exhibited a prominently deformed polymer phase that strongly 

adhered to the hybrid fibers (highlighted by red circles), also demonstrating a strong multiple interphase, 

as evidenced in the bottom panels of Figs 9b-c.  

Porosity is a critical factor influencing the mechanical behaviour of composite materials, its related results 

are reported in Table 4. Undoubtedly, the porous nature of fibers may significantly affect the 

densification process of composites, particularly considering that CHS fibers exhibit a porosity level of 

45-50%. The entry of PBAT macromolecules into the internal voids can be influenced by various factors, 

including the total volume of pores, their dimensions, and availability. 

Composites containing both CHS and p1-CHS show similar levels of porosity, typically about 15%. This 

indicates that at least half of the internal lumens are filled with polymer inclusions. With p2-CHS, the 

partial ablation of the surface walls enhances the formation of the so-called “intraphase structures”, 

allowing PBAT chains to occupy empty spaces within the fibers. Consequently, denser composites are 

achieved. 

However, the presence of GO sheets on the fiber surface tends to hinder the penetration of 

macromolecules inside the fibers, especially for the samples decorated with stronger chemical bonds and 

thicker GO coatings. Consequently, the composites containing GO-coated fibers exhibit lower density, 

especially those containing GO@p1-CHS and GO@p2-CHS, which showed the highest porosity values. 
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In light of this latter aspect, the enhancements in mechanical reinforcement observed in these latter 

systems are even more outstanding. 

The electrical properties of the samples were evaluated, and Figure 10a illustrates the current- voltage (I-

V) characteristics of the composites containing GO-coated fibers, along with a reference composite 

prepared with 1 wt.% GO. Furthermore, Figure 10b presents the I-V characteristics of a specimen 

composed solely of GO, thermally treated under the same conditions as the composites, serving as an 

additional control. It is important to note that neat PBAT and green composites consisting solely of fibers 

exhibited no discernible current flow, falling below the detection limit of the instrument. 

All the samples demonstrate non-linear I-V characteristics, with this behavior being particularly 

prominent in the composites. Conversely, the GO reference sample exhibits a nearly linear curve, 

consistent with findings reported in other scientific studies [55]. 

Nonlinear I-V behavior has been thoroughly studied in polymer composites containing graphene or other 

conductive particles. It can be influenced by several factors related to the composite structure, the 

electrical properties of components, and the electrical transport mechanisms involved, and so on 

[55,65,66]. At low applied voltages, the current flows through the polymer matrix, which typically has 

extremely low conductivity [55,65,66]. However, as the voltage increases, the current starts to flow 

preferentially through the interconnected graphene flakes, resulting in a nonlinear rise in current 

[55,65,66]. However, beyond a specific voltage threshold, the current exhibits a substantially linear 

increase with applied voltage, with the slope representing the electrical conductance (1/R). 

By examining the curves presented in Figure 10, one can qualitatively assess the electrical conductivity 

trend. The corresponding electrical conductivity (σ0) values are provided in Table 5. 

Expectedly, thermally treated GO demonstrates the highest electrical conductivity, reaching 

approximately 10
-3 

S/m. In contrast, the composite incorporating 1 wt.% GO in a PBAT matrix 

(PBAT+1%GO) exhibits the weakest electrical response, with a conductivity of about 10
-11

 S/m. This 

finding suggests that the GO amounts used in this study are below the percolation threshold. Interestingly, 

despite containing a GO content below or similar to 1%, the composites incorporating GO@CHS, 

GO@p1-CHS, and GO@p2-CHS exhibit higher current flows (in the order of 10
-6

 S/m). 
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To explain this counterintuitive behavior, it is important to consider that the relatively low conductivity of 

GO, coupled with its tendency to self-aggregate when melt-compounded with polymers, often hinders the 

formation of continuous conductive pathways at low loading levels. To address this challenge, various 

strategies employing steric hindrance and nanoparticle confinement have been proposed to achieve 

percolation thresholds at lower filler contents. 

One effective approach involves creating a co-continuous blend with selective filler localization in one 

phase or at the interface. This technique has demonstrated success in achieving electrical conductivity in 

composites fabricated via the incorporation of nanocarbons into various polymer blends, including 

poly(lactic acid)/polyethylene glycol (PLA/PEG), PLA/poly(lactic-co-glycolic acid) (PLA/PLGA) and 

poly(methyl methacrylate)/polystyrene (PMMA/PS) [55,67,68]. Additionally, the functionalization of a 

continuous fibrous network with GO has been used to impart electrical conductivity to a poly(lactic acid)-

cotton fiber biocomposites [34]. 

In the context of this study, steric hindrance arises from the fact that a significant portion of GO lamellae 

are unable to penetrate the volume occupied by CHS fibers, thus remaining confined to the fiber-matrix 

interface. These findings suggest that natural fibers serve as a template for GO sheets, which can be thus 

driven toward the construction of a percolation network even at low loadings, once it is achieved the 

formation of an interconnected grid of natural fibres.  

Indeed, as clearly depicted in the cross-sectional SEM images of cryofractured specimens, reported in 

Figure S9, a robust network of interconnected fibers spans from one side of the specimen to the other, 

covering the entire cross-section (see red arrows in the micrographs). This distinctive attribute is a direct 

result of the unique processing technique here adopted, which involves hot pressing to force the 

macromolecules to infiltrate the interstices within the fiber grid. Remarkably, this method effectively 

maintains the structural integrity and interconnectivity of the individual fibers, arranged in a layered 

configuration. 

4. Conclusions 

A two-step green method was employed to decorate dwarf palm fibers with graphene oxide (GO) 

nanosheets. Firstly, the lignocellulosic fibers underwent plasma treatment for activation. Subsequently, 

they were immersed in aqueous suspensions of GO to facilitate the adsorption of nanosheets onto their 

surface. Two types of GO-coated fiber samples were prepared, differing in the plasma treatment 
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conditions adopted. These samples were then used to fabricate PBAT-based composites through a hot 

pressing forced infiltration technique. An appropriate amount of fibers was manually arranged via a hand 

lay-up process to achieve complete coverage of the mold volume. The fiber arrangement was sandwiched 

between two PBAT sheets. The resulting composites, containing ca. 50% of fiber loading, were compared 

with those made using raw fibers, plasma-treated fibers, or GO-coated raw fibers. This comparison aimed 

to assess the effects of each modification on the properties of the resulting polymer composites. From a 

mechanical point of view, the various treatments significantly improved the stiffness and resistance of the 

composites. The combination of plasma treatment and GO coating proved particularly advantageous, 

resulting in stiffness and tensile strength increments of up to 500% and 300%, respectively.  Furthermore, 

the composites containing GO-coated fibers exhibited electrical conductivity on the order of 10
-6

 S/m. 

This suggests that the interconnected network of natural fibers can serve as a substrate for the percolation 

of partially reduced GO sheets. 
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Figure 1. Schematics of the pathways followed to achieve GO-coated CHS fibres (a) and green 

composites (b). Digital photographs of the various samples provide the visual inspection of fibers before 

and after GO-coating to highlight the color change from light brown to grey after coating. 
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Figure 2. SEM micrographs of raw CHS (a-a’), p1-CHS (b-b’), p2-CHS (c-c’) at different 

magnifications.  
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Figure 3. SEM micrographs of GO@CHS (a-a’), GO@p1-CHS (b-b’), GO@p2-CHS (c-c’) at different 

magnifications.  
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Figure 4. FTIR/ATR spectra collected in the range 4000-800 cm
-1

 for raw and plasma-treated CHS fibres 

(for interpretation of the references to color in this figure legend, the reader is referred to the web version 

of this article). 
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Figure 5. FTIR/ATR spectra of CHS (a), p1-CHS (b), and p2-CHS fibres (c) before and after coating 

with GO, together with spectrum of GO as a reference (for interpretation of the references to color in this 

figure legend, the reader is referred to the web version of this article). 
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Figure 6. Micro-Raman spectra of CHS (a), p1-CHS (b), and p2-CHS fibres (c) before and after coating 

with GO, together with spectrum of GO as a reference (for interpretation of the references to colours in 

this figure legend, the reader is referred to the web version of this article). 
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Figure 7. Representative stress-strain curves of the green composites containing 50 wt.% of fibers (a) and 

synoptic overview of relative variations observed in the elastic modulus (stiffening), tensile strength 

(strengthening), elongation at break (stretchability) and toughness (toughening) of composites after each 

treatment (b). 
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Figure 8. SEM micrographs of PBAT composites containing CHS (a-a’), p1-CHS (b-b’), and p2-CHS (c-

c’) after tensile failure, acquired in two different specimen positions for each sample. Orange arrows (V-

shaped arrowhead) indicate deformed PBAT phase, blue arrows (triangular shaped arrowhead) indicate 

fraying events with defibrillation (for interpretation of the references to color in this figure, the reader is 

referred to the web version of this article). 
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Figure 9. SEM micrographs of PBAT composites containing GO@CHS (a), GO@p1-CHS (b), and 

GO@p2-CHS (c) after tensile failure, acquired in two different specimen positions for each sample. Red 

dashed area and circle in (a) highlights the fragile area of fracture and the detachment of GO from fibers 

and the fiber-matrix debonding, respectively; red circles in (b-c) put into evidence the polymer phase 

deformed yet still adherent to fiber surface, symptomatic of strong interfacial adhesion and ductile mode 

of failure.  

 

Figure 10. I-V curves of the green composites compared to that of a PBAT loaded with the equivalent 

GO content (PBAT+1% GO); I-V characteristics of a specimen made of GO thermally treated in the same 

way as composites (b).  
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Tables 

Table 1. Main FTIR/ATR band assignments [49,62,63]
 

# Wavenumber (cm
-1

) Assignment Component of CHS fiber 

1 3273 OH stretching Hemicellulose, cellulose 

2 2916 C-H asymmetric stretching Hemicellulose, cellulose 

3 2849 C-H symmetric stretching Hemicellulose, cellulose 

4 1733 C=O stretching Hemicellulose, pectin, lignin 

5 1634 C=O stretching/OH bending Water, hemicellulose 

6 1594 C=C stretching Lignin 

7 1540 -COO
- 
or N-H vibration stretching Emergent after p2-treatment 

8 1508 C=O stretching conjugated to aromatic 

ring 

Lignin 

9 1461 Asymmetric bending of CH3 in 

methoxyl groups 

Lignin 

10 1422 CH2 scissoring deformation/vibrations 

of aromatic structure 

Lignin 

11 1368 C-H bending deformation Cellulose, lignin 

12 1317 -CH2 in plane-angular vibration Cellulose (crystalline) 

13 1239 C-O stretching of acetyl group  Hemicellulose and lignin 

14 1159 C-O-C asymmetric stretching Cellulose and hemicellulose 

15 1103 C-O asymmetric in-plane stretching Cellulose and hemicellulose 

16 1049 C-O stretching Cellulose 

17 1025 C-O stretching Cellulose 

18 982 C-O stretching and ring vibrational 

modes 

Cellulose 

19 897 β-glycosidic linkage Cellulose (crystalline and 

amorphous) 
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Table 2. GO content of the three samples of CHS fibres 

Sample  GO@CHS p1-CHS p2-CHS 

GO (wt.%) 1.68  2.12 1.96 

 

 

Table 3. Salient mechanical properties of composites recorded during tensile tests  

 PBAT+50% 

CHS 

PBAT+50% 

p1-CHS 

PBAT+50% 

p2-CHS 

PBAT+50% 

GO@CHS 

PBAT+50% 

GO@p1-CHS 

PBAT+50% 

GO@p2-CHS 

E (MPa) 270±21 532±28 824±35 895±43 1571±55 1260 ±48 

TS (MPa) 5.5±0.2 5.5±0.3 6±0.2 8.6±0.2 14 ±0.1 14 ±0.2 

EB (%) 5±2 10±1 6±2 3±0.01 12±2 6±2 

k (MJ/m
3
) 0.26±0.011   0.19±0.01 0.20±0.01 0.13±0.001 0.60±0.011 0.41±0.013 

 

  



35 
 

Table 4. Porosity of the composites investigated 

Sample PBAT+50% 

CHS 

PBAT+50% 

p1-CHS 

PBAT+50% 

p2-CHS 

PBAT+50% 

GO@CHS 

PBAT+50% 

GO@p1-CHS 

PBAT+50% 

GO@p2-CHS 

Porosity 

(%) 

15 15 10 16 21 19 

 

Table 5. Electrical conductivity of the samples 

Sample Electrical conductivity (S/m) 

GO  1.13E-03 

PBAT ND 

PBAT+1%GO  1.5810E-11 

PBAT+CHS ND 

PBAT+p1-CHS ND 

PBAT+p2-CHS ND 

PBAT+GO@CHS 1.99E-06 

PBAT+GO@p1-CHS 2.63E-06 

PBAT+GO@p2-CHS 2.45E-06 

 

 


