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The current study investigates the structural properties of lignin/polyvinyl alcohol 
composite films with particular reference to the impact of Fe2O3 loading and 
carbonization toward CO2 gas sensor usage. The prepared films showed the 
dominance of the C4 phase, even though the concentration of Fe2O3 nanoparticles 
in the films was important in establishing their properties. Morphological variations 
with the content of Fe2O3 were observed using field-emission scanning electron 
microscopy (FE-SEM), from spherical agglomerates to fibrous morphology and 
nanorods. Maintenance by various concentrations of Fe2O3 of various functional 
groups, like hydroxyl and aromatics, was established by using Fourier transform 
infrared (FTIR) spectroscopy. Enhanced CO2 sensitivity in the instance of 
measurements of gases was shown with the best performance at the 4-ppm 
concentration of Fe2O3. These results demonstrate the utilization of carbon 
nanomaterials synthesized from lignin as active, environmentally friendly gas 
sensors. 
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1. Introduction 

Emerging technological advancements are needed 

to address global challenges like environmental 

pollution and growing demands for impactful 

solutions. It takes advanced process optimization 

systems capable of monitoring the environmental 

conditions, infrastructure, and process efficiency to 

increase output while lowering pollution [1]. For the 

detection of gas molecules, heavy metals, humidity, 

biomolecules, toxins, pH, pressure, and other 

substances, there are a wide variety of sensors that 

exist today. However, the majority of these sensors 

have poor limits of detection (LOD), low sensitivity or 

selectivity, excessively slow response times, and 

sometimes even require pretreatment. While advanced 

process optimization systems offer potential benefits, 

they can also be prohibitively expensive and complex 

to implement, especially for smaller operations. 

Additionally, reliance on technology may overlook 

simpler, more cost-effective methods that could 

achieve similar environmental goals without the 

drawbacks of sophisticated sensors. Most importantly, 

they have limitedly [2]. Carbon nanomaterials play a 

critical role in sensing, pharmaceuticals, and 

controlled drug deliveries [3]. Fullerenes (zero-

dimensional CNMs like C60) consist of pentagon-

containing carbon structures, resembling buckled 

graphene sheets rolled into spheres. Comprising 30 to 

300 carbon atoms, they are among the most 

extensively studied CNMs, particularly in 

electrochemical sensor devices. Graphene, 

alternatively, is a two-dimensional sheet of carbon 

atoms with sp2 atoms. Graphene sheets rolled up give 

rise to either single-walled or multi-walled carbons 

[4]. 

CNMs enhance sensor performance due to their 

tunable electrical properties and high sensitivity. 

Various analytes were successfully detected using 

CNMs-based sensors that have beaten traditional 

sensing technologies in performance, seeking better 

sensitivity [5]. Growing concerns over environmental 

sustainability and declining petroleum resources have 

spurred research into green, biodegradable alternatives 

and naturally available resources. Ganesan et al. 

prepared self-assembled multifunctional carbon 

quantum dots (CQDs) via direct pyrolysis combined 

with microwave-assisted synthesis using Ziziphus 

mauritiana stone biomass (as a bioresource precursor). 

The CQDs demonstrated effective fluorescence for the 

selective and sensitive detection (sensor) of NH3 with 

a detection limit of 10 nmol for the concentration of 

NH3 in aquatic environment samples [6]. Šafranko et 

al. presented a facile hydrothermal approach to 

prepare CQDs derived from biomass from citrus peel 

and amino acids. The gradual increase in N content 

(amino acids) increased the quantum yield of the 

synthesized CQDs. The prepared CQDs showed good 

biocompatibility, stability in aqueous and high ionic 

strength media, and similar optical properties. The 

results obtained showed a selective response towards 

Fe3+ detection [7]. Additionally, lignin is a promising 

alternative for sustainable material production. It is 

ranked as the second most abundant natural material 

after cellulose, thanks to its unique composition and 
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adaptability to diverse applications. In recent years, 

extensive research efforts have been directed towards 

exploiting lignin as an active raw material for carbon 

fiber (CF) production due to its high content of 

aromatic ring structural units, making it an ideal 

source for carbon materials [8]. As well, carbon 

nanospheres are advanced materials with promising 

potential in multiple fields, as they are one of the key 

components of the carbon family of materials with 

wide applications [9]. This project aims to develop 

carbon nanorod films and assess their gas-sensing 

performance. 

 

2. Materials and Method 

Lignin powder was extracted from date palm tree 

waste by a chemical treatment. Initially, the sawdust 

was dissolved in a sodium hydroxide (NaOH) solution 

with a concentration of 10%, maintaining a solid-to-

solvent ratio of 1:10. The mixture was heated to 

150°C for three hours to extract lignin. Next, the 

solution was filtered using filter paper to remove 

insoluble residues. The lignin was precipitated by 

adding 20% H2SO4 dropwise until pH of 2 was 

reached. The lignin was vacuum-filtered and dried at 

50°C for a few days. 

Polyvinyl Alcohol (PVA) in (dimethyl sulfoxide) 

DMSO at 90°C were dissolved under magnetic 

stirring for three hours. Subsequently, lignin was 

blended into the PVA solution at 65°C and stirred for 

ten hours to ensure homogeneity. After cooling to 

room temperature, the solution was loaded into a 10 

mL syringe fitted with a 21-gauge needle. The needle 

served as the electrode, while a rotating cylindrical 

collector (positioned opposite) enabled 

electrospinning at 16 kV. The solution was 

electrospun onto N-type silicon wafers at a controlled 

pumping rate of 0.6 mL/h. 

The films were heat-treated in a nitrogen-purged 

tubular furnace. The temperature was first ramped 

from 25°C to 300°C at 5 °C/min, held for 5 minutes, 

then increased to 700°C at 10-15 °C/min for 3 hours 

before cooling to room temperature (Fig. 1). 

 

 
Fig. (1) Carbonization process 

 

The structural properties of the films were 

analyzed using an X-ray diffractometer (XRD) 

employing CuKα radiation (1.5418Å) and an 

accelerated voltage of 40 kV. Crystallite size was 

estimated using the Williamson-Hall relation [10] 

𝐷ℎ𝑘𝑙 = (𝐴𝜆𝑐𝑜𝑠𝜃. 𝛽ℎ𝑘𝑙) + (4𝜀𝑠𝑖𝑛𝜃)  (1) 

Where Dhkl (nm) is the crystallite size, A is a 

dimensionless shape factor (0.89), λ is the wavelength 

of the x-ray beam (nm), βhkl is the full-width at half 

maximum (FWHM) of the diffraction peaks, ε is the 

strain, and θ (rad) is the diffraction angle 

The molecular bonding and chemical composition 

of carbonized lignin/PVA:Fe2O3 films were 

investigated using Fourier-transform infrared (FTIR) 

spectroscopy. 

The gas-sensing performance of films was tested 

using a custom-designed system (Fig. 2) with 

hydrogen (H2), ammonia (NH3), carbon dioxide 

(CO2), and ethanol at various concentrations. The 

sensitivity (S%) was calculated as [12]: 

𝑆% =
∆𝑅

𝑅𝑜
× 100%   (2) 

where ΔR=∣Ra−Rg∣ is the resistance difference 

between air (Ra) and the target gas (Rg). Furthermore, 

the response time (𝑇res) and recovery time (Trec) were 

assessed. The response time is the amount of time 

needed for the sensor's resistance to reach 90% of its 

maximum change after exposure to the target gas (gas 

in), whereas Trec is the amount of time needed for the 

sensor's resistance to return to 10% of its baseline 

after gas removal (gas out). Measurements were 

performed at ambient temperature and controlled 

humidity (10-50%), with 25% identified as optimal. 

Exposure and recovery times were fixed at 20 s after 

saturation/stabilization. 

 

 
Fig. (2) A schematic diagram of the gas sensing system. 

 

3. Result and Discussion 

Figure (3) depicts the XRD pattern of Carbonized 

Lignin/PVA and Carbonized Lignin/PVA:Fe2O3 films. 

Carbonized lignin/PVA film show polycrystalline 

structure dominated by C4 phase (hexagonal) and the 

presence of a trace amount of C6H8O4 phase. C4 phase 

is hexagonal in nature, evidenced by the observation 

of a (051) peak at 2θ = 68.89°, and have crystallite 

size of around 94 nm. Additionally, the C6H8O4 phase 

is seen, overlaying the dominant C₄ phase. The 

C6H8O4 phase shows 31% relative intensity to the C₄ 
peak, with a +0.18° peak shift, as depicted in Fig. (3a). 
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At 4 ppm Fe2O3, the C₂₁₂ phase vanishes, while the C4 

phase intensifies (higher diffraction intensity). This 

enhancement is accompanied by a peak shift of 

approximately 0.4° to higher angles and an increase in 

crystallite size to about 99 nm, suggesting crystal 

growth within the dominant phase. Even at 5 ppm 

Fe2O3, the C2H4 phase is weakly indicated, whereas 

the C4 phase still continues to be predominant. Again, 

the crystallite size increases to approximately 110 nm 

with a slight shift in the peak position in the higher 

angle direction. While at 7 ppm Fe2O3 level, the C13H 

phase begins to emerge, and the intensities of C2H4 

and C4 phases decrease. While reduced in intensity, 

the C4 phase continues to be dominant, with a further 

peak shift to the lower angles and crystallite growth to 

115 nm. Increasing the Fe2O3 concentration enhances 

phase evolution (disappearance of C212, emergence of 

C2H4/C13H) and enhances the crystallite growth of C4. 

 

 
 

 

 
 

 
Fig. (3) XRD patterns of (a) the carbonized Lignin/PVA, (b, c, 

and d) the carbonized Lignin/PVA:Fe2O3 with Fe2O3 

concentration of 4, 5, and 7 ppm, respectively 

 

The C4 diffraction peak shift and the crystallite 

size increase are caused by several factors, which 

include crystal growth and stress effects. The Fe2O3 

nanoparticles provide nucleation, and this leads to 

crystallite size increase, which is controlled by crystal 

growth mechanisms. Stress effects primarily cause the 

shift of the C4 peak to higher diffraction angles 

brought about by lattice parameter mismatch between 

the Lignin/PVA matrix and Fe2O3 nanoparticles. 

Lattice parameter mismatch generates compressive or 

tensile stresses in the crystal structure, as previously 

reported by Schwaminger et al. [13]. Thermal 

responses and phase changes also have significant 

roles in influencing structural changes. Fe2O3 particles 

affect the decompositions and crazing process of the 

lignin/PVA matrix, promoting a more ordered 

structural ordering. Fe2O3 catalyzes also phase 

transformation, resulting in the shifting of the 

diffraction peak position [14]. A third contributing 

factor is interfacial reactions, where the interaction 

between Fe2O3 nanoparticles and the micronized 

Lignin/polyvinyl alcohol matrix affects the electronic 

and structural characteristics of the composite [15]. 

The enhancement of the hydrogen content of the 

resulting phases and the appearance of hydrogenated 
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compounds (e.g., C2H, C13H, C13H10, and C6H8O4) can 

be explained by various mechanisms. 

The formation of hydrogen-rich compounds in the 

product led phases can be ascribed to various 

underlying reasons, which are. One of the significant 

factors is the catalytic action of Fe2O3 nanoparticles, 

resulting in abstraction and recombination of 

hydrogen, especially at high Fe2O3 concentrations. 

The process of carbonization decomposes complex 

organic molecules into low-hydrogen content 

intermediates, which recombine to produce hydrogen-

rich phases [16,17]. Also, reduction reactions during 

carbonization, wherein the functionality of Fe2O3 as 

reactive species at high temperatures, also participate 

in the generation of hydrogen-rich hydrocarbon 

phases. At elevated temperatures, Fe2O3 can be 

reduced to metallic Fe or Fe3O4 and oxygen release 

generates a reducing environment that assists in the 

generation of hydrocarbons [18-20]. Also, high 

surface area of nanoparticles enhances adsorption and 

stabilization of hydrogen-containing molecules and 

becomes easier for them to be integrated into 

carbonaceous structures [21,22]. 

Figure (4) shows FE-SEM images of Lignin/PVA 

and Lignin/PVA:Fe2O3 films, showing sharp 

differences in morphology with increasing 

concentration of Fe2O3. Lignin/PVA films contained 

bulk aggregates of 187 nm and particles of 26 nm. 

Addition of 4 ppm Fe2O3 transformed spherical 

particles to nanorods (diameter = 29 nm, length = 112 

nm). At 7 ppm Fe2O3, nanorods vanished, replaced by 

fibrous particles (45 nm diameter, 500 nm length) and 

irregular particles (56 nm diameter). Further 

increasing the concentration to 7 ppm led to the 

complete disappearance of nanorods and the 

development of fibrous-like particles with a diameter 

of 45 nm and length of approximately 500 nm, 

covered by irregular-shaped particles with an average 

diameter of 56 nm. Further increasing the 

concentration to 7 ppm led to the complete 

disappearance of nanorods and the development of 

fibrous-like particles with a diameter of 45 nm and 

length of approximately 500 nm, covered by irregular-

shaped particles with an average diameter of 56 nm. 

Nitrogen-assisted carbonization critically shaped 

the films’ morphology. Carbonization tends to 

degrade organic components such as PVA and lignin 

to form a carbonaceous matrix. This enhances the 

structural stability and porosity of films and allows for 

the homogenous distribution of Fe2O3 nanoparticles 

within the carbonized matrix. Fe2O3 addition and 

carbonization synergistically drove morphological 

changes, i.e., the formation of nanorods, fibrous 

shape, and particle size reallocation. Results reflect the 

substantial influence of the amount of Fe2O3 and 

carbonization on the structure and morphology 

characteristics of the composite films. 

 
Fig. (4) FE-SEM images of (a) the carbonized Lignin/PVA, (b, c, 

and d) the carbonized Lignin/PVA:Fe2O3 with Fe2O3 

concentration of 4, 5, and 7 ppm, respectively 

 

Figure (5) shows the FTIR spectra in the range of 

400-4000 cm-1 for carbon nanorods annealed at 

600°C. When lignin is converted into carbon rods, the 

resulting. The FTIR spectrum reflects residual 

functional groups and chemical bonds present in the 

carbonized material. The broad peak at 3443 cm-1 

arises from –OH stretching vibrations, attributed to 

residual moisture or surface hydroxyls from oxygen-

containing groups that might still be present in the 

lignin and any remaining alcohol groups from solvent 

(ethanol). Furthermore, the nanorods absorb moisture 

from the environment due to their porous structure 

[23,24]. Carbonization significantly reduces the 

intensity of the –OH band. Peaks at 2923 and 2849 

cm-1 are due to asymmetric/symmetric C–H stretching 

[25]. Carbonyl groups (C=O) peak at 1740 cm-1. Its 

presence and intensity depend upon the oxidation 

level and retention of the functional groups during 

conversion of lignin to carbon [26]. The 1425 cm-1 

band indicates aromatic C=C stretching and C–H 

deformation, confirming retained lignin aromaticity. 

Since lignin contains a lot of aromatic structures, 

carbon rods made from it should peak in this area, 

indicating that the aromatic structure was preserved 

during carbonization. The C–O stretch at 1117 cm-1 

aligns with lignin’s native ether/alcohol groups [27]. 

These peaks confirm oxygenated functional groups in 

the carbonized material. The sharp peak at 875 cm-1 

corresponds to aromatic C–H out-of-plane bending 

(aromatic) common to either triazine or heptazine 

units within the structures, indicating the presence of 

aromatic rings in the carbon structure [28]. Peaks 

between 675-594 cm-1 arise from C–H stretching or 

hydrocarbon guest groups of hydrocarbon bonds or 

guest groups containing carbon and hydrogen [29]. 
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Fig. (5) FTIR spectra for the carbonized Lignin/PVA, and the 

carbonized Lignin/PVA:Fe2O3 with Fe2O3 concentration of 4, 5, 

and 7 ppm, respectively 

 

The sensitivity of carbonized lignin/PVA films to 

CO2 gas concentrations of 23, 62, and 105 ppm and 

the effect of doping with Fe2O3 at concentrations of 4, 

5, and 7 ppm, respectively, were tested. Carbonized 

lignin/PVA films did not initially show a significant 

response, this phenomenon can be attributed to an 

inadequate number of active sites available for robust 

CO₂ binding [30]. However, the addition of Fe2O3 at a 

concentration of 4 ppm significantly improved the 

sensitivity of the films (88%, 76%, and 72%) at CO2 

concentrations of 23, 62, and 105 ppm, respectively. 

In this case, CO2 reacts with Fe2O3 to form siderite 

(FeCO3), enabling reversible CO2 storage [31,32]. The 

enhanced CO2 absorption capacity of the films can be 

attributed to their morphological characteristics, which 

provide an increased surface area for gas interaction 

(Fig. 6). This structure enhances CO₂ adsorption via 

increased gas-solid contact. Conversely, films 

containing 5 ppm resulted in a decrease in sensitivity 

compared to their predecessors, although the increase 

did not exceed 10.4% with increasing gas 

concentration. In the same context, there is a slight 

increase (16%) in conjunction with the Fe2O3 

concentration of 7 ppm, with a sudden increase and 

relative stability around 64.5% for the concentrations 

(62 and 105) ppm, as shown in Fig. (6a). Iron oxide 

concentration alters film morphology (FE-SEM, Fig. 

4), which correlates with gas sensitivity changes. As 

evidenced by FE-SEM analysis, alterations in Fe2O3 

concentration induce changes in particle size, porosity, 

and structural configuration. These modifications 

increase surface area, potentially improving gas 

adsorption and interaction with the target analyte 

(CO2). The increased surface area provides additional 

active sites for gas exposure, which is critical for 

improving sensor responsiveness [33-36]. In addition, 

increasing the Fe2O3 concentration of Fe2O3 may 

cover or block the active sites on the fullerene rods or 

the carbonized lignin matrix. This reduces the 

available surface area for CO2 adsorption, leading to 

decreased sensitivity [37]. 

 

 
Fig. (6) Sensitivity of the fabricated films with different CO2 

concentrations 

 

To study the effect of operating temperature on the 

performance of the fabricated sensors, the sensors 

were additionally tested at 50°C and 100°C, as shown 

in Fig. (7). The carbonized lignin/PVA films showed 

no significant change at 50°C, but exhibited a sudden 

increase at 100°C. The nonlinear change in sensitivity 

may be attributed to the adsorption of surrounding 

water molecules (humidity), which blocks and 

disrupts the electrical conductivity pathways. This 

temperature may also anneal metastable defects, 

reducing the number of active sites for interaction 

with the target gas. When the operating temperature 

rises to a point where the water molecules previously 

trapped in the membrane are likely to evaporate, new 

functional groups such as carboxyl and carbonyl are 

introduced, or the edges of the carbon lattice are 

distorted, which act as new sensing sites, leading to 

the sudden increase in sensitivity [38]. 

 

 
Fig. (7) Sensitivity of the fabricated films with different 

temperature 

 

It was also observed that the sensitivity of 5 ppm 

films increased with the rise in operating temperature 

at the same rate as before, up to 21% at 100°C, while 
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the decrease in sensitivity values was observed for 4 

and 7 ppm Fe2O3 films, as the sensitivity decreased to 

22, 10.8% and 39.8, 33.9%, respectively. 

At 100°C, thermal energy promotes the oxygen ion 

adsorption (O₂⁻/O⁻) on Fe2O3 surfaces for improving 

target gas molecule interactions. The 5 ppm Fe2O3 

incorporated film exhibits optimum sensitivity as this 

amount optimizes effective oxygen ion adsorption 

while thermally lowering the activation energy barrier 

for surface reactions according to Arrhenius-type 

behavior [39,40]. Conversely, the 7 ppm Fe2O3 film 

displays a marked drop in sensitivity (from 39.8% to 

33.9%), which can be traced to nanoparticle 

agglomeration or reduced active surface area as a 

result of excessive dopant loading. This is aligned 

with existing research where levels of Fe2O3 loading 

above 2 wt.% in activated carbon composites distorted 

the semiconductor matrix, lowering sensitivity even 

with increased analyte adsorption [41]. The 4 ppm 

Fe2O3 film is less sensitive (22% to 10.8%), which is 

indicative of a scarcity of catalytic sites for gas-

surface chemistry. Undoped α-Fe2O3 films have also 

been found to be less sensitive towards baseline than 

the doped counterparts [42], and at 4 ppm, the diluted 

dispersion of Fe2O3 quashes catalysis even under 

thermal activation. 

To ensure the selectivity of the films, the 

sensitivity of the films to H2, NH3 gases, CO2 

addition, and ethanol was tested. CO2 was found to be 

superior, as the films did not show any regular 

response when exposed to the above gases. 

 

4. Conclusion  

Carbon nanorods were fabricated successfully 

from biomass-derived by-products obtained from 

palm-waste lignin. Fabrication of these nanostructures 

was a function of the optimal concentration of Fe2O3 

as a catalytic additive, along with a carefully 

controlled carbonization process carried out under a 

nitrogen atmosphere. The structural and chemical 

properties of the lignin/PVA:Fe2O3 composite films 

were highly dependent on the interaction of Fe2O3. 

Also, CO₂ exposure considerably influenced the 

electrical conductivity of the carbonized 

lignin/PVA:Fe2O3 thin films, suggesting their 

potential application as a selective CO₂ sensing 

material. 
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