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Abstract
Charcoal powders obtained from commercially available charcoal and the open burning of palm oil, rubber, coconut, and mangrove trees were used to fabricate composite electrodes in this study. A weight portion of charcoal powder, graphite, cobalt, and polyvinyl chloride (C-CG-Co-PVC) were mixed in tetrahydrofuran (THF). The fabricated composite electrodes were then used as working electrodes for the electrochemical treatment of landfill leachate samples. A variable pressure scanning electron microscope (VPSEM) was used to examine the appearance of the charcoal powder. The results showed that rubber tree charcoal powder is the best charcoal powder for fabricating the composite electrodes, as it has various pore sizes and more surface area available for adsorption and reaction. Field emission scanning electron microscopy (FESEM) was performed before and after electrolysis of the landfill leachate. The results revealed that the presence of voids on the electrode surface before and after electrolysis improved the electrochemical oxidation of the landfill leachate, and yielded removal percentages in colour, COD, NH3-N, and total P of not less than 80%, 91%, 73%, and 84%, respectively.
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Abstrak
Serbuk arang yang diperoleh dari arang komersil dan pembakaran terbuka batang-batang pokok kelapa sawit, pokok getah, pokok kelapa, dan pokok bakau telah digunakan untuk membina elektrod komposit berasaskan arang hasil gabungan serbuk arang, grafit, kobalt dan polivinil klorida (C-CG-Co-PVC) yang telah dicampurkan mengikut komposisi berat tertentu dalam pelarut tetrahidrofuran (THF). Elektrod komposit yang telah dibina kemudiannya digunakan sebagai elektrod kerja untuk merawat sampel air bahan larut lesap melalui kaedah elektrokimia. Mikroskop elektron imbasan tekanan boleh ubah (VPSEM) telah digunakan untuk mengkaji sifat fizikal serbuk arang. Keputusan menunjukkan bahawa serbuk arang pokok getah merupakan serbuk arang terbaik untuk membina elektrod komposit dalam kajian ini kerana ia mempunyai banyak liang dan luas permukaan yang lebih tinggi untuk penjerapan dan tindak balas berlaku. Mikroskop imbasan elektron medan pancaran (FESEM) telah digunakan untuk memerhati permukaan elektrod yang telah disediakan sebelum dan selepas elektrolisis bahan larut lesap. Keputusan menunjukkan bahawa terdapat kehadiran lohong pada permukaan elektrod sebelum dan selepas elektrolisis. Hal ini membantu memperbaiki proses pengoksidaan elektrokimia bahan larut lesap yang telah menyebabkan peratus pengurangan warna, COD, NH3-N, dan total P masing-masingnya tidak kurang daripada 80%, 91%, 73%, dan 84%.

Kata kunci:  bahan larut lesap tapak pelupusan, serbuk arang, elektrod komposit, kaedah elektrokimia


Introduction
Municipal councils and cities around the world commonly use sanitary landfills to manage solid waste [1]. The increased growth in population, urbanisation, and industrialisation has resulted in a high amount of solid wastes being generated. The generation of municipal solid waste is increasing day-by-day due to the rapid development of urban areas and rural-urban migration. After landfilling, solid waste undergoes physico-chemical and biological changes. Consequently, the degradation of the organic fraction of the wastes in combination with percolating rainwater leads to the production of a dark-coloured, highly polluted liquid called “leachate” [2]. Landfill leachate contains high concentrations of pollutants such as ammonia, phosphorus, and total dissolved solid as well as high chemical oxygen demand (COD). Leachates are fast becoming an issue in wastewater sources since it can cause serious pollution to the ecosystem [3]. Humid substances represent more than 60% of the total organic carbon found in anaerobic landfill leachates. 

In an effort to control the pollution caused by landfill leachate, various treatment processes have been studied, including biological treatment [4], photocatalysis [5], adsorption [6], chemical precipitation [7], Fenton's oxidative treatment [8], coagulation/flocculation [9], advanced oxidation processes, and membrane processes [10].  However these methods still have disadvantages such as decreased treatment efficiencies and increased cost. Up until now, the electrochemical oxidation process has been proven to be the more promising wastewater treatment method mainly due to its high effectiveness, ease of operation, and economy. This method is particularly suited for landfill leachate treatment because the rich chloride ions and good conductivity of the leachates enhance the benefits of the electrochemical method. The electrochemical oxidation technique is an effective method not only for colour removal but also for COD removal. The pollutants are destroyed through a direct or indirect oxidation process [11]. 

The choice of anode material is critical and considered a major experimental concern because the anode serves as the site for oxidation reaction and electrochemical catalysis. Therefore, the selection of materials for fabricating a working electrode (anode) is crucial, so as to produce high oxidation efficiency and high electrochemical catalysis. Meanwhile, the effect of cathode materials has not been extensively investigated, although it may have a considerable influence on the electro-oxidation of organic compounds [12]. However, the electrode material must have the following properties: high physical and chemical stability, high electrical conductivity, rapid electron transfer kinetics in a wide range of redirections, ease of setup as well as inexpensive and durable [13]. Different types of anode materials such as Pt, PbO2, Al, and graphite have been investigated for electrochemical treatment [14, 15]. 

In the present study, a novel charcoal-based metallic composite electrode is proposed as an electrode material to treat landfill leachate. Out of the several types of carbon, charcoal was selected because other carbon types such as diamond and graphite are expensive. The study also investigates different types of charcoal prepared from palm oil, rubber, coconut, and mangrove trees as well as available commercial charcoal to determine the best type for treating landfill leachate. The efficiency of charcoal carbon in wastewater treatment is due to its low cost compared to other materials as well as its ability to absorb organic compounds and other pollutants from the leachate [16].  

Materials and Methods
Sampling and analysis
Leachate samples were collected from Jeram Sanitary Landfill, which is located in an oil palm plantation near Mukim Jeram, Kuala Selangor, Malaysia. The samples were collected in 1 L amber glass bottles with Teflon-lined caps to ensure sample integrity, using a stainless steel bucket previously rinsed with distilled water and methanol. The bottle headspace was kept to a minimum by filling the bottles until the top. The bottles were rinsed in the field with the sample and filled to the top on the second sampling. Disposable gloves were used to prevent any contamination. The samples were transported to the laboratory in an ice-cooled container and stored at 4 ºC in order to retain the leachate characteristics. Finally, all samples were characterised based on selected parameters such as pH, colour, and COD. The tests were conducted according to the Standard Methods for the Examination of Water and Wastewater [17]. COD and colour were measured using a HACH DR2400 spectrophotometer. The pH was measured using a pH meter (EUTECH pH 2700). 

Preparation of electrodes
Composite electrodes at a composition of C:CG:Co:PVC were fabricated accordingly as per a previous study, by mixing together a weighed portion of charcoal powder 0.5 mm graphite and Co with PVC in 4 ml THF solvent and swirled flatly into a homogeneous composition, followed by drying in an oven at 100 ºC for 3 hours [3, 18].The mixture was then placed in a 1-cm diameter stainless steel mould and pressed at 10 ton/cm2. A typical pellet contains approximately 60% (w/w) charcoal powder, 15% (w/w) graphite, 10% (w/w) Co, and 15% (w/w) PVC powder. The total weight of the pellet obtained was approximately 0.5 g. The pellets were connected to a silver wire with silver conducting paint prior to being covered with epoxy gum. A weight ratio of C:CG:Co:PVC was used for the prepared electrodes, as summarised in Table 1.

Table 1.  Weight ratio and composition of charcoals, graphite, metal, and PVC powders 
for the prepared electrodes
	Electrode
	Ratio
C:CG:Co:PVC
	C
(g)
	CG
(g)
	Co
(g)
	PVC
(g)

	CcoconutCG15Co10PVC15
	60:15:10:15
	0.3
	0.075
	0.05
	0.075

	Crubber tree60CG15Co10-PVC15
	60:15:10:15
	0.3
	0.075
	0.05
	0.075

	Cmangrove60 CG15Co10-PVC15
	60:15:10:15
	0.3
	0.075
	0.05
	0.075

	Cpalm oil60 CG15Co10-PVC15
	60:15:10:15
	0.3
	0.075
	0.05
	0.075

	Ccommercial 60CG15Co10-PVC15
	60:15:10:15
	0.3
	0.075
	0.05
	0.075


   Note* C = charcoal, CG= graphite

The surface morphology of the five charcoal powders used in this work was analysed using VP-SEM (LEO model 1450VP), while the surface morphology of the composite electrodes before and after the electrochemical oxidation process was analysed using SEM (ZEISS, merlin compact model, Germany). 

The experimental setup
The electrochemical cell setup consists of a DC power supply (CP x 200 DUAL, 35 V 10 A PSU) and a glass beaker (250 ml) complete with a C60CG15Co10PVC15 composite electrode as the anode and a stainless steel rod (d = 10 mm) as the cathode (Figure 1). The electrodes were placed parallel to each other in the electrolytic reactor, with a distance of approximately 1 cm between the cathode and anode. Stirrers were used throughout to maintain homogeneity of the sample.
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Figure 1.  Schematic experimental setup
Results and Discussion
Study on the surface morphology of the five charcoal powders
VPSEM  was used  to  examine  the  appearance of the  charcoal  powder  obtained  from  five  types of  charcoal (Figures 2). Results of the VPSEM analysis show that charcoal powder particles are irregularly shaped, with different sizes [19]. Mangrove charcoal appears to have a smooth surface and a few holes. Meanwhile, some holes were also observed on the surface of commercially available charcoal. The palm oil charcoal has a structural shape and is non-coherent. This structure is not effective for absorbing pollutants. Coconut and rubber charcoal clearly have a wide variety of pores present along with a fibrous structure. Many holes are also found, which would contribute to more surface area available for adsorption and reaction [20]. The rubber tree charcoal powder was finally chosen as the best charcoal type for fabricating the electrode to treat the landfill leachate in this study, based on the two types of adsorptions that occur between organic compounds and the anode: (1) the physical adsorption involving Van der Waals forces; and (2) the chemical adsorption involving the formation of chemical bonds between the anode surface and organic compounds [21].  
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Figure 2. 	VPSEM of charcoal powder for:  (a) Mangrove; (b) commercial charcoal; (c) palm oil; (d) coconut; and (e) rubber tree, using an accelerating voltage of 10 kV  

Colour removal
Colour removal is of great interest in this study because colour is not just a parameter; it is also a good anthropogenic indicator [22, 23]. The colour removal efficiency of different types of charcoal for fabricating the electrodes in this study is therefore investigated. The results obtained are summarised in Table 2. 

Table 2.  Electrochemical oxidation of landfill leachate using different charcoal composite electrodes
	Electrode composition
	Decolouring percentage
(%)
	Observation

	
	
	Electrolysis product
	Anode

	Ccoconut CG15Co10PVC15
	83
	Yellowish solution
	Unchanged

	Crubber tree60CG15Co10-PVC15
	80
	Yellowish solution
	Unchanged

	Cmangrove tree60 CG15Co10-PVC15
	57
	Yellowish solution
	Slightly corroded

	Cpalm oil 60CG15Co-PVC15
	65
	Yellowish solution
	Unchanged

	Ccommercially available60CG15
	59
	Yellowish solution
	Slightly corroded



Majd and Othman [14] used optimum operating conditions such as 120 min electrolysis time, an applied voltage of 10 V, a sodium chloride concentration of 1.5% (w/v) and pH 4, with electrode compositions of Ccoconut treeCG15Co10PVC15 and Crubber tree60CG15Co10PVC15, which yielded the best colour removal via the electrochemical treatment of landfill leachate, with a colour removal percentage of 83% and 80%, respectively. However, the colour removal efficiencies for charcoal obtained from palm oil and mangrove trees and commercially available charcoal, were only 65%, 57%, and 59%, respectively. Therefore, it is clear that coconut and rubber electrode yield high colour removal and do not undergo any change in physical properties. The electrode used in any electrochemical process should be stable chemically and physically [24]. Therefore, based on these criteria, the best electrode must not only be able to remove colour, but also have the appropriate chemical and physically stability. 

The results obtained for the electrodes fabricated from Mangrove tree charcoal and commercially available charcoal yielded the lowest colour removal percentages. Not only that, the electrodes also became slightly corroded. Although the charcoal obtained from palm oil has good chemical and physically stability, its colour removal efficiency is lower than the electrodes fabricated from coconut and rubber tree charcoal. These results correspond with the results of the SEM micrograph, which show the effectiveness of the electrodes fabricated from coconut and rubber trees in electrochemically treating landfill leachates. Although the electrode fabricated from coconut tree charcoal gave the highest colour removal efficiency, this charcoal type is difficult to obtain and is usually unavailable in the market. Therefore, the rubber charcoal composite electrode was selected as the best type of electrode in this case due to its effectiveness in removing colour and wide availability, especially in Malaysia [25]. 

SEM of rubber tree charcoal-graphite- Co-PVC electrode 
The surface morphology of Crubber treeCGCoPVC electrode was investigated using SEM. The SEM micrographs were obtained using an accelerating voltage of 15 kV to evaluate the effectiveness of electrochemical oxidation before and after treatment (Figure 3). 

[image: ][image: ] 














Figure 3.  SEM micrograph of: (a) Crubber tree60CG15Co10PVC15 electrode before (a) and after (b) treatment of leachate

Figure 3(a) before electrolysis shows a smooth-surfaced electrode. There are no free holes on the surface of the Crubber tree60CG15Co10PVC15 electrode since it did not undergo electrochemical oxidation. Once electrochemical oxidation occurs, as shown in Figure 3(b), the process clearly affects the electrode surface, creating many pores that allow pollutants to enter; thus leading to an electrochemical oxidation reaction occurring inside the electrode [26, 27] and resulting in a working electrode for landfill leachate treatment. 

Characterisation of landfill leachate after electrochemical treatment
Selected values of water quality parameter (colour, COD, NH3-N, and total P) on landfill leachate before and after electrolysis were analysed in optimum operating conditions, as previously mentioned. The results obtained show that the electrochemical oxidation process was able to reduce the colour, COD, NH3-N and total P values in the landfill leachate. The removal percentages in colour, COD, NH3-N, and total P were not less than 80%, 91%, 73%, and 84%, respectively (Figure 4).

Reduction in COD value was due to the breaking down of large molecules into small molecules, which chemically and/or biologically eases the oxidisation process in the electrochemical oxidation technique [28, 29]. This breakdown process is supported by the existence of self-generated hypochlorite ions, which can reduce the concentration of organic compounds [30, 31]. The measurement of pH of the landfill leachate showed that all samples were in alkaline conditions, changing to neutral upon completion of electrochemical oxidation duration due to the formation of a carbonate buffer from the CO2 produced at the end of the electrolysis process.

Colour is known as an important pollutant indicator in leachates. Therefore, besides testing the organic and nitrogen compound pollutants, colour removal was also investigated. Together with the electro-oxidation process, a strong oxidation process also occurred, to ensure the removal of colour-causing pollutants. This study achieved satisfactory findings for highly-coloured landfill leachates. This could be due to the increased generation of OCl- species that can oxidise coloured substances. During electrochemical oxidation, OCl- was produced due to the presence of chloride ions responsible for making hypochlorite ions, which then degrade the pollutants in leachate [32]. High NH3-N removal efficiencies can be achieved via the electro-oxidation process. Removal of nitrogen compounds can be explained by the mechanism used in this process.
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Figure 4. 	Removal  efficiency  of  Crubber tree60CG15Co10PVC15 anode in the electrochemical oxidation process with 10 V, 1.5% (w/v) NaCl, and pH 4


Conclusion
Charcoal powders obtained from commercially available charcoal and charcoal prepared from palm oil, rubber, coconut, and mangrove trees were used to fabricate composite electrodes in this study. The results showed that the best electrode was fabricated from rubber tree charcoal according to the composition of C60CG15Co10-PVC15, yielding removal percentages in colour, COD, NH3N, and total P of 80%, 91%, 73%, and 84%, respectively, under optimum operating conditions of sodium chloride (NaCl) concentration of 1.5% (w/v) as the supporting electrolyte, an applied voltage of 10 V, an operating time of 120 min, and a pH of 4, using stainless steel as the cathode. 

The variable pressure scanning electron microscope (VPSEM) analysis showed that rubber tree charcoal powder is the best type of charcoal for fabricating the composite electrode in this study due to its many holes and more surface area available for adsorption and reaction. The field emission scanning electron microscopy (FESEM) shows the presence of voids on the electrode surface before and after the electrolysis of the leachate sample, which improves the electrochemical oxidation of landfill leachates. Hence, the charcoal-based metallic composite electrode used in this study has proven efficient in the electrochemical treatment of landfill leachates.
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