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Abstract:



This study aimed to prepare ecofriendly flame retardants. Using the –OH and –COOH functional groups of multilayer graphene oxide (GO) for the hydrolytic condensation of tetraethoxysilane (TEOS), TEOS was grafted onto GO to form Si-GO. Subsequently, p-aminophenol (AP) was grafted onto Si-GO to produce Si-GA, forming composite materials with epoxy (EP). The structures and properties of the composite materials were examined with Fourier-transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), and the limiting oxygen index (LOI). In terms of structure, FTIR observed two characteristic peaks of Si-GO, namely Si–O–C and Si-O-Si, indicating that TEOS was successfully grafted onto GO. TGA was used to determine the thermal stability of the epoxy/Si-GA composites; with the increase in Si-GA, the char yield of the materials increased from 15.6 wt % (pure epoxy) to 25 wt % (epoxy/10 wt % Si-GA), indicating that Si-GA effectively enhanced the thermal stability of the epoxy matrix. Lastly, the flame retardant tests determined that the LOI value rose from 19% (pure epoxy) to 26% (epoxy/10 wt % Si-GA), proving that graphene with modified silicon can be used to enhance the flame retardancy of epoxy.






Keywords:


epoxy; graphene oxide; silicon; composite; flame retardant












1. Introduction


Polymer materials have a wide range of applications. However, their popularity has also necessitated the development of their flame resistance, either by increasing the flame retardancy of a material itself, or through the addition of flame retardants. Epoxy is a type of thermosetting polymer that has been widely applied in numerous fields including adhesives, coatings, package-on-package, electrical insulation, and composite materials [1,2]. However, although epoxies are high performance materials with excellent mechanical and chemical properties, they are also highly combustible. This has actuated the demand for flame-proof epoxy, of which the most widely researched are epoxies that are both incombustible and halogen-free in accordance with the WEEE (Waste Electrical and Electronic Equipment) and RoHS (Restriction of Hazardous Substances) directives [3,4,5]. In recent years, the call for “halogen free” products, initiated by the European Union, has had a considerable effect on the plastics industry, because more than 50% of their products use flame retardants containing halogen. The demands for halogen-free flame retardants, coupled with the used of nanotechnologies, will indirectly lead to improvements in material incombustibility [6,7]. This indicates the immense business opportunities behind such successful research, which has triggered fierce competition worldwide regarding related research.



Graphene is one kind of nanomaterial with distinctive physical, chemical, and mechanical properties, such as high electron mobility, high mechanical strength, and high thermal conductivity, which makes graphene one of the most favorable choices for fabricating composite materials with polymers matrix [8,9]. As the addition of graphene is known to substantially improve the mechanical, electrical, and thermal properties of the material, research has proved that adding even miniscule amounts of graphene can effectively increase the flame retardant property of materials [10,11]. The agglomeration of graphene sheets due to the strong van der Waals forces among their sheets and the weak compatibility with most of polymer matrices had been fundamental roadblocks that restricted its potential as a reinforcing agent [12]. Surface modification of graphene by adding functional groups is an effective way to reduce the tendency to agglomerate [13]. In addition, functionalization increases the graphene compatibility with specific polymers improving the reinforcing effect [14]. Graphene was grafted flame retardant components or functional groups on its surfaces to possess better thermal stability and flame retardant properties [15,16,17,18]. In our study, we also proved that functionalized graphene nanosheets were well dispersed in organic solvents, meaning that the modified fillers will be uniformly dispersed in polymer matrix [19].



In the present study, varying percentages of modified graphene oxide (GO) were added to epoxy matrix, which then underwent Fourier-transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), and limiting oxygen index (LOI) to determine their properties and render them useful for future applications.




2. Experimental


2.1. Materials


Multilayer graphene nanosheets (Knano Graphene Technology Corporation Limited, Xiamen, China) were used as the starting material for the preparation of graphene nanosheets oxide. The graphene nanosheets had a thickness of 5–15 nm, a purity of 99.5%, and a density of 2.25 g/cm3. Diglycidyl ether of bisphenol-A (DGEBA type) was provided from Chang Chun Petrochemical Co., Ltd., Miali, Taiwan. 4,4′-diaminodiphenylmethane (DDM) was purchased from Acros Chemical Co., Mullica Hill, NJ, USA. Sulfuric acid (95.7 wt %), phosphorous acid (85 wt %), hydrogen chloride (37 wt %), ethanol (95 wt %), hydrogen peroxide (31 wt %) and potassium permanganate were purchased from Echo Chemical Co. Ltd., Miali, Taiwan. Tetraethyl silicate (TEOS) was purchased from Sigma-Aldrich Co. St. Louis, MI, USA. p-Aminophenol (AP) was purchased from Alfa Aesar Co., Ward Hill, MA, USA.




2.2. Preparation of GO


Four 400 mL serum vials, each containing 3 g of multilayer graphene nanosheets and filled with 400 mL of ethanol, were ultrasonicated for 4 h (water level > 400 mL, water changed every 1 h). After suction filtration, the contents were evenly dispersed on a rectangular aluminum plate, placed in an oven, and heated overnight at 80 °C. In an ice bath inside a fume hood, 3 g of multilayer graphene nanosheets was added into a mixture of sulfuric acid and phosphoric acid at a 9:1 volume ratio (360 mL:40 mL), followed by 18 g of potassium permanganate as a strong oxidant, and stirred for 12 h under ice bath. Subsequently, this was slowly added with 400 mL of deionized (DI) water in an ice bath against the fuming and exothermic reaction, and then 3 mL of 35% hydrogen peroxide was added dropwise. The mixture subsequently underwent centrifugal filtration at 6000 rpm, and was washed with DI water for 20 min several times. The filtered GO was then placed in an ice bath and added in sequence with 200 mL of water, 200 mL of hydrochloric acid, and 200 mL of ethanol (600 mL in total), stirred for 1 h, centrifugally filtered at 6000 rpm, and washed with ethanol for 20 min several times. Finally, the filtered material was washed with 200 mL of ethanol under suction filtration several times, and heated in a vacuum oven overnight at 80 °C; thus, the preparation of GO was completed.




2.3. Preparation of Si-GO


GO (0.4 g) was added into 150 mL of an ethanol–DI water mixture (volume ratio = 5:1), which then underwent ultrasonication for 30 min. Subsequently, 5.6 mL of ammonia was added as a catalyst and stirred to form a stable and evenly mixed suspension. Subsequently, 1.5 mL of TEOS was added to the suspension, which then underwent ultrasonication for 30 min, and was left at room temperature for 15 h before receiving centrifugal filtration at 6000 rpm. The filtered substance was then washed with ethanol several times and dried overnight in a vacuum oven at 60 °C. Thus; the preparation of Si-GO was completed. The reaction equation is as shown in Scheme 1:




2.4. Preparation of the Epoxy/Si-GA Composite


In a serum vial, 0.3 g of Si-GO was mixed with 1 g of AP, and mechanically mixed and stirred with ethanol at 50 °C for 3 h to form Si-GA. Specimens of Si-GA at 1 wt %, 5 wt %, and 10 wt % were then mixed into 10 g epoxy, and mechanically stirred with 1.38 g of DDM (weight ratio = DDM/epoxy = 0.138) as the curing agent. Subsequently, each of the mixed specimens was poured onto an aluminum plate, and placed in an oven to be heated for 2 h at 180 °C; the resulting material was a cured epoxy/Si-GA composite. The reaction scheme was shown in Scheme 2. Epoxy/Si-GO composite was prepared by the same process without AP, which was used as the comparison.




2.5. Measurements


The FTIR spectra of the materials were obtained between 4000–400 cm−1 using a Nicolet Avatar 320 FT-IR spectrometer from ALT (Alexandria, VA, USA). Thin films were prepared by solution-casting. A minimum of 32 scans were signal-averaged with a resolution of 2 cm−1.



X-ray photoelectron spectra (XPS) were recorded using a PHI Quantera SXM/Auger (Ulvac-Phi. Inc., Chigasaki, Kanagawa, Japan), with Al Ka excitation radiation (hv = 1486.6 eV). The pressure in the analyzer was maintained at around 6.7 × 10−7 Pa. XPS data was processed using a DS 300 data system (Ulvac-Phi. Inc., Chigasaki, Kanagawa, Japan).



The thermal degradation of the composites was examined using a thermogravimetric analyzer (TGA) (Perkin Elmer TGA 7, Waltham, MA, USA) from room temperature to 800 °C at a heating rate of 10 °C/min in an atmosphere of nitrogen. The measurements were made on 6–10 mg samples.



The LOI test was carried out following the ASTM (American Society for Testing and Materials) D 2863 Oxygen Index Method. The epoxy/Si-GA composites were put into the oven for 1 and 5 min at 600 °C, respectively. The resulting chars of the samples were tested by Raman spectra. Raman spectra were recorded using a Lab Ram I confocal Raman spectrometer (Montpellier Cedex, France). An He-Ne laser with a laser power of about 15 mW at the sample surface was utilized to provide an excitation wavelength of 632.8 nm. A holographic notch filter reflected the exciting line into an Olympus BX40 microscope, Olympus, Tokyo, Japan.





3. Results and Discussion


3.1. Characterization of Grafting Reaction


FTIR was employed to determine the structure of the specimens, and monitor the changes of the functional group during the reaction. Figure 1 shows the results for GO and Si-GO, and indicates that the characteristic absorption peaks of Si-GO functional groups were observed at 1120 cm−1 (Si–O–C), 1039 cm−1 (Si–O–Si), and 453 cm−1 (Si–O–Si) [20,21,22,23]. The presence of the Si–O–Si and Si–O–C functional groups in the infrared spectrum of Si-GO suggests that TEOS had been grafted onto GO.


Figure 1. FTIR spectra of GO, Si-GO.
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X-ray photoelectron spectroscopy (XPS) was employed to determine the surface compositions of GO and Si-GO. Figure 2 and Figure 3 are the XPS C1s spectra of GO and Si-GO, respectively. Similarly, Figure 4 and Figure 5 are the XPS O1s spectra of GO and Si-GO, respectively.


Figure 2. C1s XPS spectra of GO.
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Figure 3. C1s XPS spectra of Si-GO.
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Figure 4. O1s XPS spectra of GO.
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Figure 5. O1s XPS spectra of Si-GO.
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In Figure 2 of C1s spectra of GO, the characteristic peaks of C–C and C=C appear at 285 eV and 284.3 eV, respectively. Moreover, oxygen-carrying functional groups of O–C=O, C=O, C–O–C, and C–O are observed at 288.3 eV, 287.4 eV, 286.5 eV, and 285.8 eV, respectively. This proves that multilayer graphene nanosheets had been successfully oxidized [24,25]. In Figure 3 for C1s spectra of Si-GO, a new peak of Si–O–C appears at 285.1 eV, indicating that the silicon-carrying TEOS had been grafted onto the surface of GO through a condensation reaction. Furthermore, the facts that the peaks of C–O and C=O are observed at 532.6 eV and 531.6 eV, respectively, in Figure 4 for O1s spectra of GO, and peaks of Si–O–C and Si–O–Si are observed at 533.5 eV and 533 eV [25], respectively, in Figure 5 for O1s spectra of Si-GO, verifies that the silicon-and oxygen-carrying TEOS had been successfully grafted onto GO.




3.2. Thermal Properties of Epoxy/Si-GA Composites


TGA was employed to determine the thermal stability through thermogravimetric weight loss–temperature curves of the specimens at 800 °C. Figure 6 shows the TGA results of the thermal stability test of the composite materials for Si-GO, pure epoxy, 10 wt % of epoxy/GO, and 10 wt % of epoxy/Si-GA under a nitrogen-filled environment and 20 °C/min heating rate.


Figure 6. Comparison of calculated and experimental TGA curves for EP/Si-GA 10%.
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There were two steps of thermal degradation for Si-GO from Figure 6. At temperatures below 200 °C, it may be caused by the physical adsorption of moisture on the carbon plane or by the hydrogen bonding of water molecules with the carbon planar structure. Above 200 °C, it could be the dehydration of hydroxyl functional groups of TEOS, and it would lead to the loss of the weight. At 800 °C, the char yield of Si-GO was 54.9 wt %. Because graphene has a relatively large surface area, it created more char and helped improve the thermal stability of the materials. The char yield of epoxy/Si-GA (10 wt %) was 25.0 wt %, which was higher than the 20.4 wt % of epoxy/GO (10 wt %). The addition of AP into epoxy matrix could improve the dispersion of Si-GO in the composite. AP was used as a coupling agent to connect epoxy with Si-GO together. The combination of SiO2 and GO further enhanced the thermal stability of Si-GA because a layer of SiO2 was formed on the surface of GO, which prevented thermal degradation from occurring. This verified that the grafting of silicon-containing structures onto GO effectively improved the thermal stability of GO composite materials.



Figure 7 indicates that adding 1 wt %, 5 wt %, and 10 wt % of Si-GA into epoxy gradually raised the char yield from 15.6 wt % (pure epoxy) to 25.0 wt % (10 wt % of epoxy/Si-GA). This suggests that the addition of flame retardant can effectively increase the thermal stability of a composite, and the higher the percentage of flame retardant, the greater the thermal stability. Figure 8 shows that, at 350–450 °C, the maximum thermal degradation rate of 10 wt % of epoxy/Si-GA was −15.1 wt %/min, which was noticeably smaller than the −31.6 wt %/min for epoxy matrix, again verifying that the addition of flame retardant effectively delayed the thermal degradation of epoxy.


Figure 7. Thermogravimetric curves of epoxy with various Si-GA contents.
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Figure 8. Derivative curves of epoxy with various Si-GA contents.
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3.3. Interaction between Organic and Inorganic Phases


By comparing the theoretical values and the experimental values in the TGA curves, this study verified the thermal degradation behaviors of the composite materials [26]. Taking epoxy/Si-GA composites as an example, the comparison of its calculated theoretical values (pure epoxy × 0.9 + Si-GA × 0.1) with the experimental TGA curve of epoxy/Si-GA 10% is shown in Figure 9. The theoretical value was calculated from simple linear combination of the values of pure epoxy and Si-GA by TGA, meaning that no interaction occurs between organic and inorganic phases. The experimental value was indicated as larger compared with the theoretical curve, suggesting an improved interaction forces between organic and inorganic phases. This observation verified that, when Si-GA was added into epoxy as a flame retardant, the enhancements of interaction forces between the two phases effectively improved the thermal stability of the composites. The TGA curves also proved that the thermal stability was even greater than theoretically expected.


Figure 9. Comparison of calculated and experimental TGA curves for EP/Si-GA 10%.
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3.4. Thermal Stability of the Composites


This analysis relied on the integrated procedure decomposition temperature (IPDT), which can be obtained from the TGA data, as the indicator of thermal stability for composite materials [27]. Specifically, integration was used to calculate the area under the thermal degradation curve as shown in Figure 10 [28,29], which was then substituted into the following formula for the material’s IPDT. A higher IPDT indicated greater thermal stability of the composites. In Table 1, the IPDT values increased with the concentration of Si-GA, which increased from 629 °C for pure epoxy to 825 °C for 10 wt % of epoxy/Si-GA; this was a 196 °C increase. In summary, the higher a material’s initial thermal degradation temperature and char yield, the greater its thermal stability, and the higher the IPDT value, the greater the thermal stability.


Figure 10. TGA curve of the materials.
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Table 1. Thermal properties of epoxy with various contents Si-GA.


	Sample No.
	Tmax (°C)
	Rmax (wt %/min)
	IPDT1 (°C)
	C.Y.2 (wt %)





	Pure Epoxy
	387
	−31.6
	629
	15.6



	Epoxy/Si-GA 1%
	409
	−21.6
	672
	17.6



	Epoxy/Si-GA 5%
	412
	−21.4
	689
	18.3



	Epoxy/Si-GA 10%
	411
	−15.6
	825
	25.0







1 IPDT means integrated procedure decomposition temperature. 2 C.Y. means char yield.








The formula is as follows:


IPDT (°C) = A* × K* × (Tf − Ti) + Ti,








where

	
Ti = the initial experimental temperature (100 °C),



	
Tf = the final experimental temperature (800 °C),



	
A* = (S1 + S2)/(S1 + S2 + S3),



	
K* = (S1 + S2)/S1.








Substituting the Ti, Tf, S1, S2, and S3 values into the formula yields the IPDT value.




3.5. Kinetics of Thermal Degradation


For materials to initiate thermal degradation, they must overcome an energy barrier, which is the activation energy of the materials. In this study, the TGA results of varying heating rates (5 °C/min, 10 °C/min, 20 °C/min, and 40 °C/min) under the nitrogen-filled environment were used to determine the thermal degradation kinetic characters of epoxy/Si-GA composites, and analyze the changes in their activation energies by Ozawa’s method [30].



According to Table 2, the activation energies (ΔE) of pure epoxy and epoxy/Si-GA 10 wt % were 130.2 kJ/mole and 180.2 kJ/mole, respectively. This suggests an increase in the activation energy of the composite material after the addition of flame retardant. High activation energy of a composite material indicates that it is less prone to thermal degradation, or, in other words, has a high thermal stability. The results of the present study were in accordance with the conclusion drawn from the IPDT analysis.



Table 2. The calculated activation energy of thermal degradation with various conversions by Ozawa method.



	
α

	
Pure Epoxy

	
Epoxy/Si-GA 10%




	
E(kJ/mole)

	
R Value

	
E (kJ/mole)

	
R Value






	
0.2

	
146.8

	
0.88

	
212.8

	
0.99




	
0.3

	
138.9

	
0.92

	
194.3

	
0.99




	
0.4

	
131.6

	
0.94

	
179.2

	
0.99




	
0.5

	
126.8

	
0.95

	
173.6

	
0.99




	
0.6

	
122.8

	
0.96

	
169.4

	
0.99




	
0.7

	
121.8

	
0.96

	
170.0

	
0.99




	
0.8

	
123.5

	
0.94

	
162.0

	
0.98




	
ΔE(av)

	
130.3

	

	
180.2

	








α = 0.2~0.8.









3.6. Flame Retardancy of the Materials


Limiting oxygen index (LOI) was used to determine the flammability of composite materials with varying concentrations. The flammability of materials was determined by controlling the nitrogen and oxygen concentrations in a confined space in accordance with the LOI results. Because the concentration of oxygen in the atmosphere is approximately 21%, flame retardant materials that require an oxygen content of more than 21% are difficult to burn in the natural environment. The concentrations of oxygen in confined space can be used as the index of flammability for the materials according to following equation. Therefore, the combustibility of the materials was set: materials with an LOI < 21% were classified as combustible and LOI > 21% as self-extinguishing [31,32]. Furthermore, the flow rates [O2] and [N2] were set using the following equation (mL/s):


[image: ]



(1)







According to Figure 11, pure epoxy, 10 wt % epoxy/GO composite, and 10 wt % of epoxy/Si-GA were types of highly combustible and self-extinguishing polymers, respectively (LOI of 19%, 23%, and 26%). In general, the LOI values ascended, indicating that the increase in modified Si-GO also increased the flame retardancy of epoxy.


Figure 11. The flame retardant property of Epoxy/GO and Epoxy/Si-GA composites by LOI values.
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3.7. Analysis of Char


Raman spectra was used to measure the 1-min and 5-min chars of epoxy/GO and epoxy/Si-GA composites at 600 °C, in order to observe the changes in their D band and G band shown as Figure 12 and Figure 13. The D band (disordered band) occurred at 1350 cm−1, and showed the sp3 structure formed by C–C; by contrast, the G band (graphitic band) occurred at 1580 cm−1, and showed the sp2 structure formed by C=C [33,34]. The results are as listed in Table 3, which indicate that the D/G value of epoxy/GO burned for 5 min (0.42) is smaller than for that burned for 1 min (0.83), suggesting that the addition of GO increased the char formation of composite materials as they burned. Similarly, the D/G value of epoxy/Si-GA that has burned for 5 min (0.04) is smaller than that burned for 5 min (0.41). The change in the D/G values of the two materials indicates that silicon facilitated graphitic char formation, suggesting that the addition of Si-GA enabled the formation of a graphitic char layer during combustion and thus improved the material’s thermal stability.


Figure 12. Raman spectra of char products from EP/GO 10 at 600 °C (a) 1 min; (b) 5 min.
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Figure 13. Raman spectra of char products from EP/Si-GA 10 at 600 °C (a) 1 min; (b) 5 min.
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Table 3. The area ratio of Raman shift for Epoxy/GO & Epoxy/Si-GA composites char.



	
Sample No.

	
D-Band

	
G-Band

	
D/G




	
1356 cm−1

	
1580 cm−1






	
Epoxy/GO 10

	
1 min

	
679,856

	
816,332

	
0.83




	
5 min

	
323,024

	
768,821

	
0.42




	
Epoxy/Si-GA 10

	
1 min

	
3.97 × 106

	
6.50 × 106

	
0.61




	
5 min

	
302,028

	
7.60 × 106

	
0.04












4. Conclusions


This study successfully used the sol–gel method to prepare Si-GO, which was then used to fabricate composite materials with epoxy. Subsequently, FTIR and XPS analyses proved that TEOS was grafted onto GO. The IPDT values increased with the concentration of Si-GA, which increased from 629 °C for pure epoxy to 825 °C for 10 wt % of epoxy/Si-GA; this was a 196 °C increase. The results of TGA, DTG, and IPDT all verified that the addition of Si-GA effectively enhanced the thermal stability of the base material. This was further verified by the activation energy values of the materials; pure epoxy and epoxy/Si-GA 10 wt % were 130.2 kJ/mole and 180.2 kJ/mole, respectively, a 38.46% increase, which suggested that adding silicon-carrying fire retardant raised the activation energy required for thermal degradation and compelled thermal degradation to overcome an even higher energy threshold. Pure epoxy and 10 wt % of epoxy/Si-GA were highly combustible and flame retardant polymers, respectively (LOI of 19% and 26%). Results of the LOI analysis indicated that the epoxy composite materials achieve high flame retardancy and can be classified as flame-retardant. Raman spectra determined that the forming of graphite-based char enhanced the materials’ thermal stability and incombustibility.
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Scheme 1. The reaction between GO and TEOS. 
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Scheme 2. The preparation of epoxy/Si-GA composites. 
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