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Graphene is an advanced material in the carbon group and offers greater mechanical, electrical, structural, and optical properties. Graphene oxide (GO) and reduced graphene oxide (rGO) nanoparticles were synthesized and characterized and their special effects on enhancing the physio-mechanical characteristics of medium density fiberboard (MDF) were assessed. GO and rGO nanoparticles were added to urea formaldehyde (UF) resin at different weight percentages (1.0, 2.0, and 3.0 wt%) during the dosing process. To manufacture the MDF, nanofillers were created by sonication and combination with natural wood fibers. To observe the behavior of nanoparticles in the nanofillers, microstructure characterizations were conducted. The manufactured nano MDF samples underwent physical and mechanical testing. The incorporation of GO and rGO nanoparticles into UF resin led to significant improvements in the physical and mechanical properties of the MDF. The addition of GO and rGO nanoparticles at different weight percentages (1.0, 2.0, and 3.0 wt%) resulted in a range of improvements in thickness swelling (up to 53.3% and 35.2% for GO and rGO nanoparticles, respectively), water absorption (up to 23.3% and 63.15%, respectively), and thermal conductivity (up to 42.16% and 27.7%, respectively). Additionally, the internal bond and rupture modulus of the MDF was enhanced by 59.0% and 70.0%, respectively, for GO and 41.4% and 48.5% for rGO. The highest value of the modulus of rupture (MoR) was observed at a concentration of 3.0% of rGO nanoparticles (44.7 MPa). The findings also showed that thickness swelling (Ts) and water absorption (WA) exhibited directly proportional relationships for 3.0% GO and rGO. These results suggested that incorporating GO and rGO nanoparticles into UF resin can significantly improve the physical and mechanical properties of nano MDF.
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1 INTRODUCTION
With the increase in technology and remarkable advancements in the field of materials science, new paths have been opened to meet daily technology needs and requirements. After the discovery of graphene, scientists, and engineers have turned to new and far better options to produce materials with desired properties. Graphene compounds have been used widely used to produce breakthrough composites in the world of science. Among these graphene compounds is graphite oxide, which, when combined with other materials, can be used to produce products that could easily and effectively replace traditional materials (Young et al, 2012).
Composite materials are important in developing the aerospace, automotive, and construction sectors in the current cutting-edge research age (Alabduljabbar et al, 2020a). Natural fiber composites offer unique qualities that make them the best-reinforced materials (Gul et al, 2017). Medium density fiberboard (MDF), the correct name for wood-based composite, comprises natural fibers and urea formaldehyde in a proportion of 10:90 percent by weight (Gul et al, 2019). While MDF has received much recent attention, its mechanical and physical strength remain severe drawbacks (Gul et al, 2021a). Scavengers, additives, and reactive agents have been used in several studies to enhance MDF’s mechanical and physical characteristics (Gul et al, 2020). To increase the efficacy of composites, a different team of researchers have proposed the concept of nanoparticles (Gul et al, 2021b). However, despite findings showing improvements in several MDF-related areas, there still appears to be more space for growth. Thus, the primary objective of the present study was to investigate the effects of adding graphene and reduced graphene oxide nanoparticles to urea formaldehyde resin on the mechanical and physical characteristics of MDF (Zhang et al, 2013; Gupta and Khatri, 2017).
Due to their excellent adsorption capacity, carbon-based nanomaterials are becoming more popular as adsorbents. Graphene is an effective adsorptive in nature as it offers a larger surface-to-volume ratio (2,630 m2g-1) and planar structure (Zhang et al, 2013). Recently, there has been much interest in the removal of organic contaminants and dyes from industrial effluents using graphene oxide (GO), chemically functionalized and reduced forms, and graphene nanocomposites.
According to Gupta and Khatri (2017) (Zhang et al, 2013), the GO and its composites with biopolymers are effective adsorbents for removing organic dyes. GO and its composites with biopolymers have many fantastic adsorption sites, especially those with negatively charged oxygen functions, which are good for cationic dye adsorption.
Because of its distinctive two-dimensional pattern structure, GO is an appealing adsorbent.
Since its groundbreaking discovery by Geim and others (De Silva, Huang et al, 2017) (Gupta and Khatri, 2017), graphene has gained notoriety in the nanomaterial community. Mechanical exfoliation, epitaxial growth, chemical vapor deposition, and chemical reduction of GO are only a few of the methods that have been employed to create graphene (Li, Zhuang et al, 2017) (De Silva et al, 2017).
Chemical reduction of graphene, including the acid-cutting reduction method, is one extensively employed method. According to Upadhyay et al (2015) (Li et al, 2017), the synthesis strategy entails the oxide formation of graphite using Hummers’ method, followed by the use of abrasive reductants such as hydrazine and NaBH4 (Upadhyay et al, 2015a). The requirement in the second step for dangerous chemical-reducing agents is a significant downside. Research is still being done to identify green reducing agents that are safe and kind to the environment. Recent research has used plant extracts, such as natural citrus fruits, amino acids, ascorbic acid, and other environmentally friendly reducing agents, to synthesize reduced graphene oxide (rGO) from GO. Due to their availability, affordability, and environmental friendliness, natural products are desirable replacements for harmful chemical reducing agents.
Nanofillers were created, and ZnO, SiO2, and Al2O3 nanoparticles were introduced to urea formaldehyde resin (UF) by Candan et al (2015). Hybrid nanoparticles were added in the amounts of 1.0%, 3.0%, and 0.0%, taking the UF filler content into account. All mechanical characteristics, including internal bonding, rupture modulus, and elasticity modulus, were significantly enhanced.
According to Taghiyari et al (2016) (Taghiyari and Jack, 2014), nanowollastonite nanoparticles have a second unique function. Nanowollostinite, UF resin, and camel thorn fibers with a maximum diameter of 1 μm were mixed together to create nanocomposites. These samples and their thicknesses, swelling, and other mechanical characteristics were examined. The mechanical and physical characteristics of the nanocomposites showed commendable improvements.
Nautiyal et al also described the mechanical and physical characteristics of nano MDF’ (2017) (Ismita and Chavan, 2017). In this investigation, three adsorptions of Na + nanoparticles—2, 4, and 6%—were introduced to the UF resin. The 6% condition showed improvements in mechanical characteristics, namely, the modulus of rupture and elasticity, by 34.1% and 66.0%, respectively, which demonstrated an increased mechanical integrity of the composite. The physical characteristics, such as thickness swelling, were only enhanced by 6.0% for the same nanofiller content.
Chen et al (2018) added C5H8O2 and CaCO3 nanoparticles to UF resin and observed improved thermo-mechanical behavior of the nanocomposites.
ZnO nanoparticles were included in both UF and MF resins by Da Silva et al (2019), who used them to evaluate the biological and physical performances of the nanocomposites. Wood fibers were combined with UF and MF nanofillers at concentrations of 0.0, 0.5, and 1.0%, and many samples were created. The findings showed the best biological and physical effects for 0.5% MU–ZnO nanofillers.
Alabduljabbar et al (2020b) explored the addition of different concentrations of alumina nanoparticles (1.5%, 3%, and 4.5% by weight) to urea formaldehyde (UF). Forest fibers such as Populus deltoids (Poplar) and Euamericana (Ghaz) were used as a composite reinforcement with Al2O3-UF as a matrix or nanofillers for making the desired nanocomposite specimens. Thermo gravimetric analysis (TGA) and differential scanning calorimetry (DSC) were used to analyze the thermal properties of the specimens. The results of the study indicated that increasing the percentage of alumina nanoparticles led to an increase in the total heat content. The study also investigated the mechanical properties of the specimens, including internal bonding (IB), modulus of elasticity (MOE), and modulus of rupture (MOR), as well as the physical properties such as density, water absorption (WA), and thickness swelling (TS). The experimental results of the study showed higher values for these properties for the new nano-MDF compared to the normal samples. The results also showed that increasing the concentration of alumina nanoparticles in the UF resin had a considerable effect on the mechanical properties of the panels. Overall, the study highlighted the potential of incorporating nanoparticles such as alumina in MDF to enhance its physical and mechanical properties, which could lead to improved performance and increased application of MDF in various industries.
Although several composite material specialists have researched methods to improve the physio-mechanical strength of nanocomposites, there remains a gap to fill to achieve values closer to the ideal strength. Moreover, nanotechnology is the most cutting-edge method for creating nanocomposites with high strength and low weight. Thus, this study performed a thorough analysis of nano-MDF with varying concentrations (0.0%, 1.0%, 2.0%, and 3.0%) of GO and rGO nanoparticles based on the dry content of the resin. The physio-mechanical performance of MDF-infilled GO and rGO were the main goals of this investigation.
The study’s goal and research question were more explicitly constructed; i.e., the goal of this study was to investigate the effects of incorporating GO and rGO nanoparticles into UF resin on the physical and mechanical properties of MDF. The research question was as follows: How does the addition of GO and rGO nanoparticles at different weight percentages (1.0, 2.0, and 3.0 wt%) affect the thickness swelling, water absorption, modulus of rupture, internal bonding, and thermal stability of nano-MDF?
2 MATERIALS AND METHODS
2.1 Materials
The UF resin was provided by Wah Nobel, Pakistan. GO was prepared in the synthesis lab of the National Centre for Physics, while the rGO was synthesized in the synthesis lab of the Institute of Space Technology. GO and rGO were synthesized in the synthesis lab at the National Centre for Physics, Islamabad. A SUND Defibrator machine set up at Ciel Woodworks Pvt. Ltd., Peshawar, Pakistan, was used to produce natural wood fibers. The average fiber length was 1.2 mm.
2.1.1 UF resin
The resin underwent physical and mechanical testing in the lab. Table 1 summarizes the required attributes.
TABLE 1 | Physio-chemical properties of the UF resin.
[image: Table 1]2.1.2 GO nanoparticles
GO nanoparticles were produced and reduced from grapefruit using the modified Hummers’ method. Because of its outstanding yield, low cost, and compatibility with polymers due to its different surface chemistry, graphene is the most ideal filler material among all nanomaterials used in composite materials (Arduini et al, 2010). The GO nanoparticles have a size range of 14–17 nm.
2.1.3 Natural wood fibers
Natural wood fibers were prepared in a SUND Defibrator machine installed at Ciel Woodworks Pvt., Ltd, Peshawar, Pakistan. The average fiber length was 1.2 mm.
2.2 Synthesis of GO via citrus fruits
The modified Hummers’ method was used to develop GO (Upadhyay, Soin, et al, 2015) (Upadhyay et al, 2015b). Typically, a conical flask containing 2 g of graphite and 46 mL of concentrated H2SO4 was used for the reaction, which was then put in an ice bath. The reaction mixture was constantly stirred at 0°C–5°C for another 30 min, while a total of 6 g of potassium permanganate was progressively added. Afterward, the flask was placed on a hot plate with a stirrer at 35 °C for 1 hour. After heating the reaction mixture for the specified amount of time, 92 mL of deionized water was added. After adding 20 mL of 30% H2O2 to the reaction mixture to stop the reaction, 280 mL of deionized water was added. The reaction mixture was then heated for an additional 30 min in a boiling water bath. After obtaining yellow-colored GO, it was repeatedly sieved and cleaned with 10% HCl.
2.3 Synthesis of rGO from citrus fruits
Deionized water and ethanol. After being crushed, 80 g of grapefruit was added to a round bottom flask with 200 mL of deionized water. The reaction mixture was then heated to boiling and left to boil for 10 min. The temperature of the reaction mixture was raised, brought to room temperature, and then filtered to produce an extract with a red hue. To evenly distribute the 60 mg of GO throughout the 100 mL extract, the GO was added and quickly agitated. To this reaction mixture was added 360 L of aqueous NH3 solution, which caused it to become dark green instead of red in color. In an oil bath, the reaction mixture was heated to 95°C. The rGO samples were sieved, cleaned, and dehydrated in a vacuum oven up to 70°C once the heating phase was finished.
2.4 Procedures utilized to create and analyze the rGO and GO nanoparticles, together with any potential sources of error
The procedures used to create and analyze reduced graphene oxide (rGO) and graphene oxide (GO) nanoparticles typically involve several steps. The following is a brief overview of these steps and potential sources of error:
Synthesis of GO: This typically involves the chemical oxidation of graphite, followed by exfoliation to produce graphene oxide sheets. Common oxidation agents include strong acids such as sulfuric acid and nitric acid. The resulting GO sheets typically have a high oxygen content and are hydrophilic.
Reduction of GO: The reduction of GO to rGO involves the removal of oxygen-containing functional groups, which results in a more hydrophobic material with improved electrical conductivity. Common reducing agents include hydrazine, sodium borohydride, and thermal annealing. The choice of reducing agent and reduction conditions can impact the resulting properties of the rGO.
Characterization of nanoparticles: Various techniques can be used to characterize the size, morphology, and composition of GO and rGO nanoparticles. The common techniques include transmission electron microscopy (TEM), scanning electron microscopy (SEM), X-ray diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy, and Raman spectroscopy.
Potential sources of error: There are several potential sources of error in the synthesis and characterization of GO and rGO nanoparticles. For example, variations in the oxidation conditions can lead to differences in the resulting GO properties. The choice of reducing agent and reduction conditions can also impact the properties of the rGO. In addition, the choice of the characterization technique can influence the observed properties of the nanoparticles. It is important to carefully control the synthesis and characterization conditions to ensure accurate and reproducible results.
2.5 Preparation of UF-GO/rGO nanofillers
Nanocomposites containing UF-GO/rGO nanofillers synthesized in the lab with specific compositions are summarized in Table 2.
TABLE 2 | Composition data related to the nano-fillers.
[image: Table 2]Four different compositions (0% w/v, 1% w/v, 2% w/v, and 3% w/v) of graphene oxide and reduced graphene oxide were selected as additives to the UF resin. The blends were mixed and homogenized using an ultrasonic processor (UP 400S, Hielscher Ultrasound Technology Company, USA) for 30 min. The samples were GO and rGO, and the subscripts S1, S2, S3, and S4 indicated the composition.
2.4 Nano-MDF design
First, natural fibers were mixed with UF-GO/rGO nanofillers in a rotary drum with a nozzle. Then, raw MDF specimens measuring 460 × 460 × 18 mm3 were produced utilizing a hydraulic hot press, temperature, and time of 167 bar Pa, 175°C, and 4 minutes, respectively. The panel densities were maintained between 650 and 700 kg/m3. Three cooling days were spent in a panel treatment area on the raw nano-MDF. The produced prototypes were then finished by sanding and were cut to the desired dimensions of 440 × 440 × 16 mm3.
2.5 Characterization
SEM experiments using scanning electron microscopy were performed to analyze the microstructure of UF-GO/rGO, GO, and rGO nanofillers. Following gold sputtering, SEM was performed using a MIRA3 TESCAN device (Czech Company) at a maximum of 15 kV and magnifications of ×50,000 and 700,00 X for GO nanoparticles, 500,00 X and 100,00 X for rGO nanoparticles, and 250,00 X for cured UF and UF-GO nanofillers and 500,00 X for UF-rGO Nanofillers. The samples were prepared and passed. Thermal conductivity was measured using Japan’s Kyoto electronics business device (model QTM500). The tester’s dimensions were 20 × 50 × 100 mm3 in accordance with ASTM C 1113–99 requirements (ASTM C 177/C 518, 1991; Sengupta et al, 1992). A WDW-30 (Precision Testing Company, Ltd.) electromechanical universal Testing Machine was used for tensile and bending tests.
2.6 Study restrictions, including possible sources of error and variables

a. Sample size: The study was conducted on a small scale in a laboratory. Therefore, the findings may not be representative of the behavior of nanoparticle-modified MDFs in larger production scales.
b. Variations in wood fibers: The wood fibers used in the study were sourced from a single wood species. Different wood species may have different properties that could affect the behavior of the nanoparticle-modified MDFs.
c. Variations in nanoparticle distribution: The distribution of nanoparticles in the MDF may not be uniform, which could result in variations in the physical and mechanical properties of the material.
d. Interactions between nanoparticles and wood fibers: The interactions between the nanoparticles and wood fibers were not analyzed in this study. These interactions could affect the mechanical and physical properties of the nanoparticle-modified MDFs.
e. Temperature and humidity: The study did not consider the effects of temperature and humidity on the behavior of the nanoparticle-modified MDF. These factors can affect the physical and mechanical properties of the material.
f. Manufacturing process: The manufacturing process used in this study may differ from the process used in large-scale production, which could affect the behavior of the nanoparticle-modified MDF.
g. Statistical analysis: The statistical analysis used in the study may have some limitations, and alternative statistical methods could lead to different conclusions.
h. Time-dependent effects: This study did not investigate the long-term behavior of the nanoparticle-modified MDFs. The mechanical and physical properties of the material may change over time, which could affect its performance.
Overall, the aforementioned limitations and potential sources of error should be considered when interpreting the study’s findings. Addressing these limitations in future research could lead to a better understanding of the behavior of nanoparticle-modified MDF and its potential applications.
2.7 Statistical analysis using ANOVA
Analysis of variance (ANOVA) with a single factor was applied for the statistical analysis of thickness swelling, water absorption, thermal conductivity, internal bonding, and modulus of rupture using origin 9, 64-bit software.
3 RESULTS AND DISCUSSION
3.1 Scanning electron microscopy (SEM) of GO and rGO
Figure 1 illustrates GO by scanning electron microscopy (SEM). According to Saleem et al (2018), the SEM findings demonstrate that the graphite peelings have a pattern-layered structure. The static GO exhibited a high-pitched, arbitrarily mutual crumpled-sheet structure. This showed that oxidation caused an imbalance in the orientated layered structure. Additionally, as stated by Wang and Hu (2011), the graphite leaves rubbed against one another to form monophonic or multi-layer graphene oxide (GO) costs.
[image: Figure 1]FIGURE 1 | Morphology of graphene oxide (SEM image).
The randomly oriented waves of silk-like rGO can be clearly viewed in Figure 2. The rGO sheets intertwined to create a sequence of small waves. The presence of Van der Wall contact causes rGO to exhibit a membranous fold structure. Additionally, rGO seemed more translucent and squashy (Worsley et al, 2010; Haneef et al, 2017).
[image: Figure 2]FIGURE 2 | Morphology of reduced graphene oxide (SEM image) at (A) 50 kX and (B) 10 kX.
The SEM images of GO and rGO nanoparticles showed that both materials had a layered structure; however, the oxidation of graphite caused an imbalance in the oriented structure of GO. The addition of GO and rGO nanoparticles to UF resin increased the strength of the composite due to the filling of extra gaps with the nanoparticles.
3.2 Scanning electron microscopy of the UF-GO nanofillers
Figure 3 displays the SEM images of resins treated with pure UF and UF-GO. The resin’s yokes had an odd arrangement, and discernible tiny pits were examined. These ditches had a 3.0% GO absorption in the UF resin fence around them. Due to the additional filling of gaps by GO nanoparticles, the final composite achieved great strength. Scanning electron microscopy showed that GO was present in the visible leaves, while the dark area denoted resin made of UF.
[image: Figure 3]FIGURE 3 | Morphology of (A) UF resin in cured form (B) UF resin in cured form at 25 k.
3.3 Morphological analysis of UF-rGO
Figure 5 The morphological analysis of the UF and the composite specimens was conducted using SEM images (Figure 4). Figure 3 a) shows the matrix material with additive, while Figure 4 b) displays the addition of rGO to the resin. The bright regions show the presence of rGO sheets. These ditches were visible due to the addition of 3.0% rGO nanoparticles to the UF resin. The final composite attained a high strength due to the filling of extra gaps using GO nanoparticles. The observable leaves in the SEM exhibit the presence of GO, while the dark region signifies the UF resin.
[image: Figure 4]FIGURE 4 | Morphological analysis of the (A) pristine resin (25 kx) and (B) UF composite (50 kx).
3.4 X-ray diffraction of GO and rGO (grapefruit)
The crystalline nature of a material is one of its attractive properties for various applications. Here, GO showed a crystalline peak at 13.290, as confirmed in the literature. The calculated full width at half maximum (FWHM) value was 0.78720, while we obtained a 6.66 value of d-spacing. The Scherrer equation used to calculate the particle size produced a value of 10.2 nm (Muniz et al, 2016).
The rGO is a carbon-based material that shows an XRD peak at 26.50, as confirmed in Figure 5. The developed rGO showed crystallinity and offered better mechanical properties. The calculated FWHM was 0.09804, while we obtained d-spacing and particle size values of 3.36 and 83.3 nm, respectively. The developed nanoparticles were uniformly dispersed in water with an ultra-sonicator. The developed GO was hydrophilic, while rGO was hydrophobic.
[image: Figure 5]FIGURE 5 | XRD plots for GO and rGO.
The XRD plots showed that GO and rGO nanoparticles had crystalline structures. The rGO showed a crystalline peak at 26.50, while the GO had a crystalline peak at 13.290. The TGA curves of the nanoparticles showed that rGO had superior thermal stability compared to GO.
3.5 Thermo gravimetric analysis (TGA) of GO and rGO
The TGA curves of developed nanoparticles are shown in Figure 6. The decrease in weight from 250°C to 450°C, which was seen in GO, was about 34.3 wt% and was caused by the vaporization of submerged water, the dissolution of O2 groups, and C oxidation. Complete decay of carbon may be envisaged before 630°C. The fact that rGO had a substantially superior thermal strength compared to GO before 450°C was also a source of relief. Due to the test specimen’s very low weight, the rGO decomposed at >630°C. The outcome is comparable to that of the earlier research published by Huang et al (2014).
[image: Figure 6]FIGURE 6 | Thermal profiles of the developed nanoparticles.
3.6 Final physical and mechanical characteristics of GO and rGO-based nano-MDFs
The average values for the thickness swelling (TS) attribute are shown in Figure 7. EN-317 (European Committee for Standardization, 1993a) indicates that the standard thickness swelling value is 12%. Four different samples were fabricated, and the average TS values were reported. Average values of 30% and 28.5% were obtained for the 1%, 2%, and 3% GO and rGO samples. The recorded mean values for 1%, 2%, and 3% GO were 25.66%, 20%, and 14%, respectively, and 19.0%, 15.3%, and 10.5% for rGO. With increasing nanofiller absorption, the TS property of the nano-MDFs decreased. After adding nanofillers containing 3.0% nanoparticles, the TS property was successfully improved by a maximum of 53.3 for GO and 63.15% for rGO. The decrease in TS property could have occurred due to the nanofillers blocking the panel fiber apertures and by better UF resin curing during the heat transfer.
[image: Figure 7]FIGURE 7 | TS values of the MDF composite specimens.
The average TS values of nano-MDF with GO and rGO were 30% and 28.5%, respectively, which were lower than the standard TS value of 12%. This suggests that the addition of GO and rGO nanoparticles can improve the dimensional stability of nano-MDF.
The water absorption (WA) property of the composite MDFs and the impact of the nanofillers can be seen in Figure 7. The standard value of WA,s according to ASTM D570 (ASTM International, 2010), is 45%. However, as the nanofiller absorption increases, the WA becomes less effective. The average values for 0.0%, 1.0%, 2.0%, and 3.0% GO were 85, 76.6, 63, and 55%, respectively. Similarly, the WA values for rGO were 83.0, 68, 57.4, and 48.0%. The addition of GO and rGO resulted in significant improvements in WA, with the greatest improvement of 35.2% and 42.16%, respectively. It is interesting to note that the WA of the MDF was improved due to the beneficial hot-pressing process, which led to better curing of the boards. Overall, these results suggested that the addition of nanofillers such as GO and rGO can significantly enhance the water resistance properties of MDFs.
Figure 8 displays the varied concentrations of GO and rGO in UF for the final MDF. The average thermal conductivity values were 0.131 and 0.133 W/mK for micro-MDF made with 0.0% GO and rGO, respectively. The average values were 0.136, 0.167, and 0.171 W/mK, respectively, for 1.0%, 2.0%, and 3.0% GO and 0.146, 0.172, and 0.184 w/mK for rGO micro MDF panels, corresponding to thermal conductivity enhancements of up to 23.3% and 27.7% for GO and rGO, respectively.
[image: Figure 8]FIGURE 8 | Water absorption behaviors of the MDF composite specimens.
The internal bonding characteristics of MDFs made with UF and UF-GO/rGO resins are shown in Figure 9. According to EN-319 (European Committee for Standardization, 1993b), the standard IB value is 0.70.03 MPa. As can be seen in Figure 10, the 0.0% GO and rGO-based MDFs had average internal bonding values of 0.41, 0.53, 0.67, and 1.0 MPa and 0.48, 0.57, 0.8, and 1.6 MPa, respectively. The absorption of the aggregate nanofiller significantly improved the internal bond quality of the MDFs. The testers with 3.0% GO and rGO exhibited the greatest IB improvements of 59.0% and 70%, respectively.
[image: Figure 9]FIGURE 9 | Internal bond values of the composite specimens.
[image: Figure 10]FIGURE 10 | Thermal conductivity of the composite specimens.
The strengthening with graphene oxide nanoparticles enhanced the crosslink compactness of the UF resin, which improved the degree of heat transmission during the hot-pressing process of the MDF, which may have explained the better internal bond of the MDFs.
The average values for the reference and UF-GO/rGO-based testers at concentrations of 1.0, 2.0, and 3.0% are shown in Figure 11. According to EN-310 (European Committee for Standardization, 1993c; Gul, 2021), the standard value of MoR is 25 MPa. The average values for the GO tester were 24.0, 32.0, 36.0, and 41.0 MPa. During the same period, the average values for the rGO-based MDFs were 23.0, 35.0, 39.0, and 44.7 MPa. The greatest improvements for GO and rGO were 41.4% and 48.5%, respectively.
[image: Figure 11]FIGURE 11 | Modulus of rupture of the composite specimens.
The findings of the study are consistent with those of previous studies that investigated the effects of GO on the physical and mechanical properties of composites. For instance, Ma et al (2019) demonstrated that the addition of GO to the adhesive resin of plywood could improve the mechanical and water resistance properties of the plywood. Similarly, Zhang et al (2018) showed that the addition of GO to the UF resin could improve the mechanical and thermal properties of the UF-GO composite.
4 CONCLUSION
This work produced 16-mm-thick nano MDF panels with four concentrations of graphene oxide and reduced graphene oxide nanoparticles (0.0, 1.0, 2.0, and 3.0%). The experimental findings might lead to the following conclusions.
1. The examination of the mechanical and physical characteristics of the resulting MDFs showed sufficient improvements for both GO- and rGO-based MDF samples.
2. The improvements in GO and rGO thickness swelling, water absorption, and thermal conductivity ranged from 53.3%–35.2%, 23.3%–63.15%, and to 42.16%–27.7%, respectively.
3. On the other hand, the internal bond and rupture modulus were enhanced by 59.0% and 70.0%, respectively, for GO and by 41.4% and 48.5% for rGO.
4. At a concentration of rGO nanoparticles of 3.0%, the highest value of the modulus of rupture (MoR) was 44.7 MPa.
5. The findings demonstrated that the Ts and WA exhibited direct proportional relationships for 3.0% GO and rGO.
6. By using different nanoparticles, further research may be done to examine the biological performances of MDF.
The observed improvements in MDF characteristics, such as the increased strength and decreased water absorption, can be attributed to the unique properties of graphene and graphene oxide nanoparticles.
Graphene and graphene oxide nanoparticles have high surface area-to-volume ratios, which can enhance the interaction between the nanoparticles and the MDF matrix. This can lead to improved adhesion between the particles and the MDF fibers, resulting in increased strength and stiffness.
Additionally, graphene and graphene oxide nanoparticles have excellent mechanical properties, such as high tensile strength and Young’s modulus. When these nanoparticles are incorporated into the MDF matrix, they can act as reinforcement agents, improving the mechanical properties of the resulting composite material.
Furthermore, the hydrophobic nature of graphene and graphene oxide nanoparticles can reduce the water absorption of the MDF, as evidenced by the lower thickness swelling values observed in this study. This can lead to the improved dimensional stability and durability of the resulting composite material.
Overall, the findings of the study demonstrated that the incorporation of graphene and graphene oxide nanoparticles into MDF can result in significant improvements in the mechanical and physical properties of the resulting composite material.
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