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ABSTRACT 
This study reports the synthesis of graphene (Gc) and a graphene@polyaniline-zinc oxide (Gc@PANI-ZnO) hybrid 
nanocomposite for methylene blue (MB) degradation. GC was synthesized from sub-bituminous coal from South 
Sumatera, Indonesia, using ultrasonication. Zinc oxide (ZnO) nanoparticles were prepared inside an autoclave with a 
Teflon lining at 180 °C for 6 h. Gc was then encapsulated with PANI through in-situ polymerization, followed by 
ZnO addition to enhance photocatalytic performance. The final Gc@PANI-ZnO nanocomposite was synthesized in a 
hydrothermal vessel with a Teflon lining and processed at 180 °C for 12 h. Characterization using TEM, SEM, XRD, 
and FT-IR confirmed the catalyst’s structure and morphology. The Gc@PANI-ZnO catalyst achieved over 90% 
photocatalytic efficiency in less than 30 min under a 500-watt halogen lamp. The high efficiency was attributed to 
Gc's thermal conductivity (9.5 × 10² W/mK), enhancing electron transfer, while PANI improved dye adsorption and 
light absorption. ZnO enhanced the optical absorption spectrum and inhibited electron-hole recombination. This 
hybrid nanocomposite removed over 95% of MB in under 30 min and could be reused thrice, demonstrating excellent 
photocatalytic efficiency and stability for wastewater treatment applications.    
Keywords: Coal, Graphene, Photocatalyst, Nanocomposite, Encapsulation. 
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INTRODUCTION 
During fabrication, chemical industries involved in food, pharmaceuticals, plastics, paints, cloth, fiber, and 
farming make use of various chemicals, including organic dyes.1 These compounds exhibit chemical 
stability and are resistant to decomposition. 2 Moreover, they pose a risk towards such surroundings as well 
as mankind's well-being when dissolved within fluid at concentrations of 1 mg/L or higher.3,4 Methylene 
blue (C16H18CN3SCl) (MB) is a cationic and predominantly used heterocyclic aromatic compound in the 
industry as a colouring agent. Water quality declines when contaminated with MB to cause dermis and 
optic organ irritation and interfere with renal organ, hepatic organ, cerebrum, genital system, and central 
neurological network.5,6 The photocatalytic process that harnesses light energy to stimulate chemical 
reactions has become a promising technology for various environmental and energy applications.7,8 
Manufacturing effective and durable photocatalytic materials is critical to improving the overall application 
efficiency.7,9 Lately, Graphene-related nanocomposites have attracted significant interest due to their 
distinctive properties and promising potential for diverse applications.10-12 Among nanocomposite materials 
using graphene (G), Nanocomposite substance combines the advantages of G, PANI, and TiO to create a 
synergistic effect that enhances photocatalytic activity and stability.13,14 G is an allotrope of carbon with a 
two-dimensional structure.15,16 This material has a large surface area, high mechanical and electrical 
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conductivity,17 and outstanding optical properties.18 The remarkable characteristics of G render it an ideal 
material for photocatalysis.19 Integrating G into PANI,20 a conductive polymer with good stability and redox 
properties,21 encapsulating G in PANI (G@PANI) offers increased separation and charge transfer, thereby 
increasing photocatalytic efficiency.22 A semiconductor material with a wide energy gap, namely ZnO, is 
known to have photocatalytic properties with high stability,23 low toxicity,24 and the ability to adjust band 
energy,25 making it suitable for various photocatalytic applications. Adding ZnO to the G@PANI 
nanocomposite further enhances the photocatalytic activity because apart from acting as a co-catalyst.26 
ZnO also facilitates charge transfer processes and promotes the formation of reactive species.27 Muhammad, 
F., K, et al. designed TiO2@CeO2 and CeO2@TiO2 layered hybrid structures utilizing Gc for applications 
in photocatalysis and cytotoxicity.28 Zhang M et al., reported that composite photocatalysts of ZSM-
5/Bi4O5Br2 exhibit significant potential as highly effective photocatalysts for the degradation of rhodamine 
B. The MoS2/g-C3N4 (MSC) nanocomposite was rapidly synthesized in just 30 min using a one-step 
microwave-assisted method. This approach resulted in a low recombination rate and an energy separation 
of 1.7 eV, making it highly effective for visible-light degradation with an efficiency of 98.7% and 
reusability for 5 cycles. This nanocomposite holds great potential for wastewater treatment applications.29 

Inorganic 2D nanosheets for photocatalytic CO2 reduction are also discussed.30 A material with nanosized 
structures has excellent properties not only in high-efficiency filter media but also in functionalizing 
surfaces through polymer chemistry, blending, and nanofiller incorporation.31,32 This study reports on the 
synthesis of Gc from sub-bituminous coal obtained from South Sumatera, Indonesia. This is the first study 
to utilize the sample as a precursor of Gc. The GC is extracted by a simple ultrasonication method and is 
inexpensive. After that, Gc@PANI-ZnO hybrid nanocomposites are prepared for photocatalyst material. 
Gc@PANI-ZnO hybrid nanocomposites have unique structures and a broad surface area to enhance light 
absorption efficiency. The interaction between the constituent components (Gc, PANI, and ZnO) improves 
the process of separation and transport of charge carriers generated by light, as well as minimizes damage 
due to recombination. Gc@PANI-ZnO nanocomposite also shows excellent stability, reusability, and 
degradation resistance; hence, this material can be relied upon for long-term performance. The high 
performance of the Gc@PANI-ZnO nanocomposite hybrid makes it an attractive material that is applicable 
to diverse photocatalytic uses, including water treatment, air pollution mitigation, and solar fuel generation. 
This Gc@PANI-ZnO photocatalyst has extraordinary stability, which allows the decomposition of organic 
contaminants to be faster, more efficient, and can be reused, thereby reducing the cost and environmental 
impact of the entire photocatalytic process. 
 

EXPERIMENTAL 
Materials 
GC was synthesized from sub-bituminous coal obtained from South Sumatera, Indonesia. All chemicals 
used in the experiments were of analytical quality and utilized as received, devoid of additional refinement. 
Every chemical used in this study was obtained from Sigma Aldrich - Indonesia. Each prepared solution 
was formulated using distilled water. 
 

General Procedure 
GC was produced from the exfoliation process of sub-bituminous coal by a multi-stage ultrasonication 
technique. Then, graphene/polyaniline encapsulation was carried out by the in situ polymerization 
technique. Followed by the addition of ZnO by the hydrothermal method. Testing the effectiveness of MB 
color degradation was carried out using a 500-watt halogen lamp. 
 

Preparation of Graphene from Coal (Gc) 
A total of 2 g of coal powder (C) was mixed with 200 mL of isopropyl alcohol and stirred for 90 s using a 
magnetic mixer at a speed of 400 revolutions per minute. The mixture was then ultrasonicated using an 
ultrasonication probe model B-One Ultrasonic cleaner BUC 100 L, 220 VAC/50 Hz for 30 min at 28 kHz. 
Ultrasonication was repeated until a stable suspension (±10x) was obtained. The Gc suspension was passed 
through a Whatman 42 filter paper to remove larger particles. This filtrate was then heated to remove 
moisture at 85-90 °C for 6 h, then kept in a dry container for future use. The graphical representation of the 
synthesis of C to Gc with the ultrasonic technique is presented in Fig.-1.  
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Fig.-1: Schematic of the Synthesis of Coal to Graphene with the Ultrasonic Technique 
 

Encapsulation of Gc with PANI (Gc@PANI) 
A total of 0.46 mL of aniline was dispersed in 50 mL of 1.0 N HCl within a triple-neck spherical flask, then 
50 mg of Gc was added. The solution was soaked for 3 h, followed by adding 1.466 g comprising 
(NH4)2S2O8 (APS), and dispersed into 50 cc containing 1.0 N Hydrochloric acid. The APS solution was 
gradually introduced into the aniline solution, drop by drop. There was a change from semi-transparent to 
a blackish-green gel. The reaction was allowed to proceed over 24 h at 5 degrees centigrade. In the 
subsequent stage, it became separated through filtration, rinsed multiple times with distilled water, and then 
followed by methanol. The green-black precipitate was collected and dried in a heated chamber at 50 
degrees centigrade for 24 h. 
 

Manufacturing of Gc@PANI-ZnO Nano-hybrid material.  
ZnO nanoparticles were combined with Gc@PANI powder in a 1:1 ratio, followed by the addition of 50 
mL of purified fluid. NH4OH was introduced to regulate the solution's pH to 9. The solution underwent 
continuous stirring at 400 rpm for 30 min, then was subjected to sonication at 28 kHz for 15 min. That 
mixture experienced placement inside the reactor and was exposed to heat at 180 degrees centigrade for 12 
h. The same procedure was repeated for ZnO: Gc@PANI ratio 3:1. Diagram of Gc@PANI-ZnO 
nanocomposite preparation is illustrated in Fig.-2.  
 
 
 
 
 
 
 

Fig.-2: Schematic of Gc@PANI-ZnO Nanocomposite Preparation 
 

Catalyst Activity and Durability 
The light-induced catalytic efficiency regarding Gc@PANI-ZnO was assessed by adding 30 mg of catalyst 
to 100 mL of a 5 mg/L MB solution. These blends were subsequently mixed for 30 min and followed by 
ultrasonication for 5 min. That mixture was placed under a 500-watt halogen lamp while being continuously 
stirred. Then pipette 5 mL of solution for the first 15 min, the second, and so on. Such a compound was 
subsequently separated using centrifugal force at 6000 rpm for about 15 min, followed by filtration to 
eliminate the catalyst before analysis. Variation in absorbance was measured using a UV-Vis analyzer. 
This catalyst breakdown effectiveness is determined using eqn.-1 below: 
 

Decolorization efficiency = (Ao-At)/Ao x 100%      (1)  
 

Ao refers to the absorbance measured before irradiation, and At represents the absorbance at a given time t 
after the photocatalytic reaction. 
The stability and durability of the synthesized Gc@PANI-ZnO nanocomposite hybrid were tested by 
thoroughly washing the photocatalyst for each cycle with distillate water and acetone. The photocatalyst is 
then dried at 90 °C for use in the next cycle. 
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Detection Method 
The structural form was experienced analysis using a transmission electron microscope (TEM) on a Jeol 
2100F using an applied electric potential of 80 kV. Field emission scanning electron microscopy (SEM) 
images were acquired using a Jeol 7600F equipped with EDX, functioning at an applied electric potential 
of 20 V. Crystalline configurations regarding the specimens were analyzed with a Shimadzu X-ray 
diffraction (XRD) 6000. XRD patterns were captured spanning 10–80 degrees, with a scan step size of 0.02 
degrees and a step duration of 2° per minute. Infrared spectral analysis for each specimen was performed 
using a Perkin Elmer Frontier, scanning across 4,000–400 cm¹. 
 

RESULTS AND DISCUSSION 
Gc produced from sub-bituminous coal by a multi-stage ultrasonication method is used as filler material in 
catalysts (Fig.-1). The multi-stage process, a physical stage, was expected to be able to reduce the 
percentage of ashes in the sample. As discussed in a previous study, ash in Gc could be removed in 
subsequent stages of the process. In this study, the compositional analysis of the raw material has been 
presented in Table 1. Gc remains encapsulated by PANI to improve the stability and performance of Gc in 
catalytic systems. By adding ZnO to the catalyst, it can absorb light and generate more electron holes, which 
is important for photocatalytic reactions (Fig.-2). XRD pattern and FTIR spectra of samples are displayed 
in Fig.-3, while SEM, SEM MAPS, and TEM images are displayed in Fig.-4.  
 

Table-1: Proximate Analysis of Sub-Bituminous Coal from South Sumatera 
Proximate (% adb) 

Moisture Volatile Matter Ash Fixed Carbon 
8.19 46.00 2.10 43.71 

 

 
Fig.-3: (a) XRD C and Gc Patterns; (b) FTIR Spectra of C and Gc; (c) XRD Pattern and (d) FTIR Spectra of a) ZnO; 

b) PANI; c) Gc; d) Gc@PANI; e) Gc@PANI-ZnO-1; f) Gc@PANI-ZnO-3; 
 

From Fig.-3 (a), it can be seen that there has been a change in the width of the peak from C to a lower and 
wider peak, which illustrates that there has been exfoliation of the C into graphite sheets with a varying 
number of layers.33 According to XRD data and estimations derived from the Scherrer equation:34 

 

D = (k.λ)/(β.Cos θ)         (2) 
 

The crystalline particle size regarding Gc derived from coal ultrasonication was measured at 27.8 nm, 
featuring an interlayer distance of 0.36 nm. This delicate configuration has been confirmed by the specified 
Gc Transmission Electron Microscopy (TEM) image. FTIR spectra (Fig.-3b) show a change at the peak of 
1695 cm-1; the reduced intensity of the carbonyl group (C=O) peak35 in the repeated ultrasonication process 
of C. The XRD pattern of ZnO, 3(c) pattern a) shows the peak that is generally present in ZnO compounds, 
namely the highest peak at a diffraction angle of 2θ around 36°, followed by a peak of 2θ around 32° and 
34°.36 This ZnO diffraction pattern is reported to have good optical characteristics and is suitable for sensors 
with high humidity efficiency.37 The XRD pattern for PANI, b) has several broad reflection peaks, one at a 
diffraction angle of 2θ around 25.5°, and the distance between layers (d) is 0.35 Å. In comparison, the 
diffraction pattern of Gc shows a very wide peak at the diffraction angle of 2θ is about 27°.20 Synthesis of 
Gc@PANI, d) it was seen that there was a significant change in the diffraction pattern, indicating an 
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interaction that occurred in the aniline polymerization in situ process carried out on the surface of the Gc 
sheet. The formation of diffraction angle peaks 2θ around 17° and 20° indicates that Gc also follows the 
oxidative polymerization process from PANI. The diffraction patterns e) and f) are diffraction hybrid 
composites of Gc@PANI-ZnO-1 and Gc@PANI-ZnO-3. The results of the XRD analysis on these two 
samples showed that Gc@PANI-ZnO-1 was more compatible than Gc@PANI-ZnO-3. Even though the 
diffraction angle of 2θ is almost the same for both, Gc@PANI-ZnO-1 shows that this composite has 
characteristics representative of the three constituent materials.38 Gc@PANI-ZnO-3 seems to have more 
dominant ZnO characteristics. The disappearance of the 2θ absorption peak at around 17°, 20°, and 29° of 
the Gc-PANI composite after the addition of ZnO indicates that the reduction process has occurred along 
with the synthesis of hybrid nanocomposites with hydrothermal techniques.38 In the first preparation, Gc 
was soaked in an aniline monomer for 3 hours and continued with the addition of ammonium persulfate as 
an initiator of the polymerization process.39 There are two forms of polyaniline emeraldine: a neutral 
emeraldine base. If the emeraldine base is protonated by acid on the imine nitrogen group, it turns into an 
emeraldine salt.40 Protonation causes delocalization of the trapped diiminoquinone-diaminobenzene state.41 
Emeraldine base is the most desirable form of PANI because it remains stable at room temperature42 the 
addition of acid to the emeraldine base forms an emeraldine salt, which makes PANI highly conductive.43 

 

 
 
 
 
 
 
 
 
 
 

Fig.-4: SEM Image of (a) ZnO; (b) Gc@PANI-ZnO; (c) TEM Image of Gc@PANI-ZnO; (d) EDS Spectra of 
Gc@PANI-ZnO Composite 

 

The morphology and structure of ZnO, Gc@PANI, and Gc@PANI-ZnO were characterized using SEM 
and TEM, which can be seen in Fig.-4. It can be seen that ZnO is agglomerated with a hexagonal-shaped 
surface; from the side of ZnO, it shows the shape of a ZnO-like pipe (Fig.-4a).44 Gc@PANI appears to be 
distributed almost evenly, with particle sizes ranging from 197-199 nm. The Gc@PANI particles are 
attached to ZnO's surface (Figure 4). The TEM image of this Gc@PANI-ZnO hybrid composite clearly 
shows that PANI encases Gc in the form of a pipe and sticks to the surface of ZnO particles (Fig.-4c). An 
interaction between ZnO with Gc@PANI occurs by physisorption or is regulated by Van der Waals forces.45 
The strong link between ZnO and Gc@PANI affects the reuse of this photocatalyst.46 The SEM-EDS of 
this composite material shows that this composite is composed of the elements Zn, C, and O. Encapsulation 
with PANI can improve the electrocatalytic properties of Gc. This encapsulation can also improve the 
compatibility of Gc with various types of electrocatalytic reactions. ZnO functions as a conductive material 
possessing energy levels appropriate for UV light absorption. The integration of Gc and ZnO minimizes 
fast photoinduced carrier recombination, thereby improving the photochemical process. PANI helps in 
more efficient charge transfer between ZnO and Gc.47 As a result, Gc@PANI possesses a total area of 
19.519 m²/g, porosity capacity 0.990 cm3/g, and thermal conductivity of 9.5x10-2 W/mK. As with the 
Gs@PANI-ZnO composite, this photocatalyst has a slightly lower total area measuring 18.706 m2/g, a 
slightly larger adsorption volume reaching 0.991 cm3/g, in addition to having thermal conductivity 
measuring 6.0 x10-2 W/mK. 
 

Photocatalytic Activity 
The characteristics of the photocatalyst are significantly influenced by using spectral characteristics 
associated with the decrease in electron recombination and band gap energy.  The photocatalytic 
performance regarding the Gc@PANI-ZnO hybrid composite was assessed using MB. The results of the 
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photodegradation of the catalyst on MB under a 500-watt halogen lamp are shown in Fig.-5.  It shows that 
the maximum wavelength of MB is 665 nm. The decolourization of MB using the Gc@PANI-ZnO 
photocatalyst before irradiation and irradiation for 30 minutes shows the effectiveness of MB 
decolourization by reuse of the Gc@PANI-ZnO catalyst for the second and third times. 

 

 
Fig.-5: Photocatalytic Activity and Decolorization Efficiency of the Hybrid Composite 

Gc@PANI-ZnO in (a) 1x; (b) 2x; (c) 3x Application Catalyst; (d) DE 
 

A Particular light-responsive traits of Gc@PANI-ZnO were investigated via Optical absorbance 
spectroscopy, as depicted in Figure 5, and the effectiveness of the analysis was calculated based on the 
calculation results (Equation 1), showing that this catalyst can degrade colour in less than 30 minutes. 
Decolourization is associated with Gc's high BET surface area, providing more catalytically active centers 
for the photochemical reaction.48 Gc also acts as an electron acceptor,49 withdrawing electrons from UV-
stimulated ZnO, which also prevents efficient recombination of electron-hole pairs.50 Colour absorption 
becomes very efficient through the π-π conjugation structure in aromatic Gc.51 Conversely, PANI also plays 
a significantly beneficial role by enhancing dye adsorption and capturing light to optimize the effectiveness 
of charge carrier separation and photogenerated voids.52 When the photocatalyst is exposed to light, the 
light energy is absorbed by the catalyst, which causes an electron gap to form in it.53 The pair of electron 
gaps formed interact with interacting water or oxygen molecules and drive an oxidation-reduction reaction, 

54 in which electrons are delivered from holes to water or oxygen molecules, electron-accepting holes from 
water or oxygen molecules, producing hydroxyl radicals (OH..) and superoxide radicals (O2.-).55 The free 
radicals formed are highly reactive and can degrade MB by reducing the level of complexity so that it is 
more easily decomposed naturally in the environment.56 According to Fig.-8, the reaction process involves: 
(i) A formation involving light-induced electron-hole pairs; (ii) the formation of O₂⁻ and OH⁻ species; (iii) 
Photochemical catalysis, including the photoinduced decomposition involving Organic hazardous materials 
and hydrogen (H₂) evolution reactions. It can be concluded that the improved photocatalytic performance 
of Gc@PANI-ZnO results from the synergistic effects of its strong visible light absorption capability, the 
establishment of a straightforward conductive pathway for enhanced conductivity through metal-based 
components, the efficient separation of photoinduced charge carriers, the higher interfacial •OH 
concentration on the material, and the increased surface-to-mass ratio of the substances. Singlet oxygen 
(1O2) and superoxide radicals (O₂•) are recognized as key oxidative agents responsible for pollutant 
degradation.57 The reaction step of photocatalytic degradation of MB was summarized (equations 3–8). The 
optical and photocatalytic activity of ZnO for pollutant degradation increases due to electrostatic 
interactions and covalent bonds.58 
 

Decolorization Efficiency 
Among the highly effective methods in activating catalytic breakdown is the UV process. The effectiveness 
of the UV treatment was assessed by the discoloration of a solution containing MB. That capability 
regarding the photocatalyst material to absorb UV light is a key factor influencing MB decolourization, as 
the dye degradation mechanism under UV irradiation relies on the generation concerning radicals by 
photogenerated electrons within the photocatalyst. The pace regarding photo-induced electrons rose as the 
power difference within the Gc@PANI-ZnO hybrid material reduced, while the recombination of (e⁻/h⁺) 
duos was minimized.  
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Fig.-6: Conceptual Schematic of the Photocatalytic Mechanism on the Gc@PANI-ZnO Catalyst 

 

This suppression led to the production of a higher number of free radicals, thereby enhancing the MB photo-
breakdown procedure. That photo-induced activity of the Gc@PANI-ZnO hybrid composite was 
remarkable. It is observed that when the catalyst is introduced into a 5 mg/L MB solution, stirred for 30 
minutes, and subjected to ultrasonication for 5 minutes, MB undergoes 92% degradation without exposure 
to halogen lamp irradiation. The photocatalytic process was continued with irradiation for 30 minutes, and 
98% degradation of MB occurred. Also, irradiation for 60 minutes obtained the same result of 98% (Table-
2). For the reuse of the catalyst, the second use, there appears to be a slight decrease in effectiveness, namely 
91% at 0 minutes (without a halogen lamp) and 95% after being given light for 30 minutes. Reusing the 
catalyst for the third time in the photocatalytic process showed a decrease in the effectiveness of MB 
decolourization to 85% before being exposed to light and 93% after being exposed to a halogen lamp for 
30 minutes. 

Table-2: Decolorization Efficiency (DE) Calculation Results, at λmax = 665 nm 
 
 
 
 
 
 
 
 
 

Reutilization of this catalyst in photocatalytic activity testing is essential for assessing its durability. 
Decolourization effectiveness of MB under halogen lamp exposure declined by 5% during the third reuse 
test after 30 minutes of illumination. The results of repeated reuse of this catalyst indicate that this 
Gc@PANI-ZnO nanocomposite hybrid photocatalyst can be used repeatedly with good and stable 
photocatalytic effectiveness. The relatively high photocatalytic activity of more than 90%, even when used 
repeatedly, indicates that this catalyst can absorb and degrade color during the photocatalytic process. 

 

CONCLUSION 
Gc was successfully extracted from sub-bituminous coal by the ultrasonication technique, and the 
Graphene@Polianilin-Zinc Oxide hybrid composite was successfully synthesized. The Gc is encapsulated 
by PANI to increase the Gc’s stability and functionality in catalytic systems. The catalyst can absorb light 
and produce additional electron holes by adding ZnO, which is important for the photocatalytic process. 
The unique composition of the Gc nanocomposite hybrid catalyst, PANI, and ZnO, offers a photocatalytic 
activity of more than 90% and can be reusable for 3 cycles due to its excellent stability. These composites 
can be widely applied in various environmental and energy applications. 
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Photodegradation 
Process 

Gc@PANI-ZnO 
MB 5 mg/L 0 minute 30 minutes 

Adsorption 1x 1678.4 129.4 37.2 
2x 1678.4 145 84 
3x 1678.4 249.3 139 

DE 1x - 92% 98% 
2x - 91% 95% 
3x - 85% 93% 
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