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Abstract: The antibacterial activity of copper-doped montmorillonite nanocomposites (Cu-MMT) has been investigated. Copper loaded clay nanocomposites have been synthesised by alkaline ion exchange processes in media containing copper sulfate at 550°C. Characterisation studies on the composites were done by X-ray diffractometry (XRD), scanning electron microscope (SEM) and absorption spectra analysis. SEM results indicated the diffusion of copper to the inner montmorillonite layer and opening of presenting cracks on its surface. The XRD analysis showed the presence of copper oxide (CuO) structure intercalated within the clay mineral layers. The antimicrobial effects of doped montmorillonite powders against pathogen bacterial strains Escherichia coli and Staphylococcus aureus were tested in broth media. Quantitative test in liquid media clearly showed that copper-doped samples had viable cells reduction ability for testing strains. The excellent antimicrobial activity of the composites was observed on S. aureus. In addition, the composite showed good stability in water and good promise for use in water treatment.
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1.          INTRODUCTION

Antimicrobial materials have the ability of inhibiting the growth or even killing certain types of microorganisms. The search for products with antimicrobial properties has gained particular importance in various operations, such as in raw materials for cosmetics and pharmaceuticals, hospital and veterinary products, food manufacture and animal feeding, among others. To attribute antibacterial properties to an inert material, it is necessary to treat it with metallic ions with bacteriostatic nature, such as silver,1–4 copper4–8 and zinc.1,9,10 Among them, copper is one of the most promising because of its biocompatibility and high affinity for the pathogenic microorganisms.

Copper ions in the small quantities are essential for various metabolic processes in most of the living organisms, while the higher amounts are potentially toxic. There are three primary mechanisms for the disinfectant activity of copper ions. First, metal ions bind to proteins and deactivate them. Second, metal ions can interact with microbial membrane, which causes structural change and permeability. Finally, metal ions interact with microbial nucleic acids and thus prevent microbial replication.5,11

The research on heavy metal/clay mineral surface interactions is still of great interest because of the well-known toxicity of heavy metal ions and the need for removal of these metals from aqueous solutions.12,13 On the other hand, the research on the bactericidal properties of heavy metal exchanged montmorillonite (MMT) has increased interest since antibiotic treatment is becoming obsolete, as the overuse of antibiotics has led to an increase of bacteria resistant to antibiotics.14

In recent years, clay mineral-based antibacterial complexes have been prepared by a series of processes between the clay minerals and antibacterial substances. Recently, Rivera-Garza et al. reported the elimination of the pathogenic microorganisms, E. coli and Enterococcus faecalis from water by silver-loaded clinoptilolite/heulandite mineral. They found that antibacterial activities of the exchanged samples were a function of exchange level against Pseudomonas aeruginosa and E. coli.15 In another work, a vermiculite–copper hybrid material shows strong antibacterial action against S. aureus.16

Guo et al. studied the adsorption properties of Cu2+ loaded montmorillonite (Cu-MMT) clays for E. coli K88. Their methods for preparation of this composite were mixing and ion exchange of MMT and Cu2+ (CuSO4.5H2O) in solution.6 Bagchi et al. synthesised copper nanoparticle based clay composite by in-situ reduction of a copper ammonium complexion. They evaluated the antimicrobial activity of the composite against E. coli, S. aureus, P. aeruginosa and E. faecalis.7 M. F. Santos evaluates the possibility of incorporating antibacterial properties in bentonite minerals by applying the ion exchange process.3 These metals/clay composites usually prepared by ion exchange of positively charged metal ions and alkali ions present in a surface layer of clay or by synthesis of nanoparticles and immobilisation them on the clay by various techniques such as ion exchange processes and sol-gel.1,5,6,8,9,16 Nevertheless, many of these techniques typically entail multiple steps combined with ultrasonication and stirring that take long hours or even days followed by chemical reduction of the precursor metal salts.

Despite the fact that the MMT surface is poorly covered by usual mentioned process,4 the diffused copper to MMT structured via alkaline ion exchange are strong enough to form very stable and durable copper/MMT nanocomposites. Furthermore, this method is fast and simple. In addition, preparation of Cu-MMT by this method only requires an oven and a salt containing the doping ions. Metal-alkali ion exchange in glass has been widely used to dope silicate glasses. The procedure is done by immersing the substrate in a molten salt bath containing the dopant ions, which replace alkali ions of the substrate matrix. Ion exchange is carried out by replacing monovalent alkali ions present in a surface layer of a glass substrate with different ions from a molten salt bath.

To the authors’ knowledge, there have been no studies dedicated to antibacterial by alkaline ion exchange with Copper. The aim of this paper is to characterise and evaluate the antibacterial properties of MMT-Cu nanocomposite prepared via alkaline ion exchange method.

2.          EXPERIMENTAL

2.1        Materials

Bentonite clay (Na-montmorillonite) used as the solid support for copper was obtained from Kanisaz Jam Company (Rasht, Iran). All reagents were of analytical grade and were used as received without further refinement. All aqueous solutions were prepared using distilled water. Muellerhinton agar broth and nutrient agar were purchased from Merck. The bacterial strains used for the antibacterial activity were Gram-negative E. coli (PTCC 1270) and Gram-positive S. aureus (PTCC1112) which were obtained from the Iranian Research Organization for Science and Technology.

2.2        Alkaline Ion Exchange with Copper

Bentonite were submitted to an ion exchange process by immersion to melts of CuSO4.5H2O at 550°C–560°C for 10, 20, 40, 60 and 90 min. This operation was done using 5 g of bentonite and 5 g of CuSO4.5H2O. After the ion exchange, the bentonite was adequately washed with distilled water and sanitation. The principal aim of this step was to dissolve any compound that was not contained in the montmorillonite. After dissolution, the bentonite was dried in an oven.

2.3        Characterisation

Synthesised samples were analysed by X-ray diffractometry (XRD) (Philips PW 1050). The patterns were registered in the 2θ range from 10º to 60º with a scanning step size of 0.05º. MMT clay was used as the reference. The morphology of the molecules was investigated by scanning electron microscope (LEO 1430VP, Germany). Absorption spectra of MMT and Cu-MMT nanocomposites was measured by a UV–visible diffusive reflectance spectrophotometer (Sinco S4100, Korea), in the wavelength range 200–1000 nm.

2.4        Antibacterial Activity

The antibacterial activity of the samples was studied by plate count technique on E. coli and S. aureus. Typically, 50 mg of powder samples (MMT and Cu-MMT nanocomposites) was added to cultures of bacteria in 5 ml sterile Muellerhinton broth. The cultures were then incubated at 37ºC on a rotary shaker for 24 h. Growth inhibition with time was followed by plating 100 µl of the treated cultures on nutrient agar plates. Bacterial colonies were counted and compared with control after 24 h incubation at 37°C. The whole experiment was repeated twice to reproduce the data. The antibacterial effect was calculated using the:
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where B is the mean number of bacteria in the control samples (CFU/sample) and C is the mean number of bacteria in the treated samples (CFU/sample).

2.5        Leaching Test

In order to evaluate the stability of the nanocomposites, leaching tests were performed. For each composite material, 0.2 g was immersed in 10 ml of distilled water and vigorously shaken in a water-bath shaker (30°C, 200 rpm) for 3 and 6 h. Supernatant from each test tube was collected after 3 and 6 h by centrifugation at 10000 rpm for 10 min. Copper ion release from the Cu-MMT nanocomposites was qualitatively determined by using the atomic absorption spectroscopy analysis.

3.          RESULTS AND DISCUSSION

Appearance and colour of the parent bentonite were white (Figure 1). Alkaline ion exchange of the bentonite by copper changed the colour of bentonite from grey for 5 min treated sample to cream for treating sample for longer times. It appears that this variation of colour goes up from the amount of loaded or ion exchanged copper onto the bentonite.
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Figure  1:      Photography of the parent bentonite (a), and ion exchanged bentonite with copper sulfate for 10 min (b), 20 min (c), 40 min (d) and 60 min (e).



3.1        Diffusive Reflectance Spectra

The formation of copper nanoparticles in the bentonite mineral system was first observed by UV-visible absorption spectra studies (Figure 2). The absorbance band in a UV visible spectrum of CuSO4 shows two bands around 247 and 310 nm. These bands are attributed to a charge transfer transition of inter layer tetrahedral and octahedral atoms.19 After alkaline ion exchange, the band of 247 nm disappeared and it has not been observed in Cu-MMT nanocomposites anymore. Absorption spectroscopy of bentonite revealed a characteristic band around 310 nm. Ion exchange of Cu2+ loaded bentonite results in formation of Cu-MMT nanocomposites. Evidence for this comes from the change in composite colour (Figure 1). This band red shifted between 3 and 12 nm (Figure 3) depending upon the particle size and shape. This means that increasing time of ion exchanged caused more diffused copper ion and coalescence of forming particles to each other.
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Figure  2:      Diffusive reflectance spectra of prepared samples.
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Figure  3:      The wavelength of maximum absorbance of prepared samples.



Figure 4 shows the differences between maximum absorbance and the right shoulder (10 nm after the maximum wavelength of peak). As we can see from this figure, the absorbance of the right shoulder of each composite increased, thus the difference decreased. This means that the peak broadened by increasing ion exchange time. The broadness of the absorption band probably arises from the wide size distribution of copper nanoparticles. As the ion exchange time increased, the absorbance band slowly broadened in the copper-doped bentonite nanocomposites. Therefore, for an ion exchange time of less than 40 min, the change in distribution of copper nanoparticles is large, but beyond this time, the distribution becomes small.
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Figure  4:      The absorbance of right shoulder of prepared samples.



3.2        SEM Analysis

The scanning electron micrograph (SEM) of MMT in Figure 5(a) shows the typical layered structure with numerous flakes of clay particles with a sheet-like morphology. In Cu-MMT, the clay structure is maintained with some changes. As can be seen from Figure 5, after alkaline ion exchange of MMT for 10 min, the porosity of clay obviously decreased. This is because of the filling of the pores of MMT by copper molecules. In this sample, copper still did not have enough time for diffusion to the inner MMT structure and only situated on the surface of MMT. Increasing the ion exchange time to 20 min caused the composite to return to the flaks-like structure, whereas the shape of the sample of 20 min is approximately the same with parent MMT. More flaks and more porosity can be seen in longer ion exchanged samples. This is because of the diffusion of copper to the inner layer of MMT and opening of crack on its surface. Thus, more layers can be seen on the composite surface.

In previous works, the treated clay contains heterogeneous particles on its surface.8,13,16 On the other hand, metallic nanoparticles typically cover surfaces of alumino-silicate minerals. The authors’ results of these studies obviously differ in compression. As can be seen from Figure 5, no particles are formed on the MMT surface after alkaline ion exchange. However, the structure of MMT has been changed and more flaks appeared. As a result, more porosity can be seen in the ion exchanged samples.
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Figure  5:      SEM image of the parent MMT (a), ion exchanged for 10 min (b), 20 min (c), 40 min (d), 60 min (e) and 90 min (f).



3.3        XRD Analysis

The XRD patterns collected are presented in Figure 6. The patterns were smoothed by using an eight-point average, in an attempt to minimise the appearance of background noise. The reflections on 2θ values of about 35.17° (111) and 61.89° (113) correspond to copper oxide (CuO). The appearance of the oxide reflection in the diffractogram suggested the presence of CuO structure intercalated within the clay mineral layers. The intensity of the reflection corresponding to the CuO increases with the increase in the loading within the layered silicate. As shown by the sharp and more intense band, the degree of crystallinity increases with copper concentrations.
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Figure  6:      X-ray diffraction pattern of parent bentonite and Cu-MMT nanocomposites.



3.4        Antibacterial Assay

The influence of the time of ion exchange on the antibacterial activity of the sutures was studied against Gram-negative E. coli and Gram-positive S. aureus. The effects of different ion exchange time on the antibacterial properties of the Cu-MMT nanocomposites were presented in Table 1. The antibacterial trial showed that MMT had no antibacterial activity. The antibacterial activity of Cu-MMT tested for E. coli and S. aureus showed positive results with high mortality. The tests exhibited more than 99.98% mortality against E. coli, whereas it showed 100% mortality against S. aureus.

Table  1:      Mortality percentage of Cu-MMT against E. coli and S. aureus.



	Ion exchange time (min)


	Mortality (%)





	E. coli


	S. aureus





	10


	99.96


	85.23





	20


	99.97


	95.35





	40


	99.98


	100





	60


	99.98


	100





	90

	99.99

	100





The antibacterial property of copper nanoparticle is well researched and the mechanism of its action is generally found to be a combination of several types of interactions like membrane perforation, DNA damage, protein denaturation, etc. However, they do not equally affect all microorganisms. As studied earlier, bacterial susceptibility to nanoparticles depends on several factors like bacterial strain, nanoparticle type and size, the nature of growth media and initial cell concentration. In general, Gram-negative organisms are more resistant to the growth inhibiting effect of copper ions/nanoparticles than Gram-positive ones.7

Copper-based antimicrobial materials could easily compete with comparable silver-based materials, and would be much cheaper.16

3.5        Copper Ion Release Assay

Table 2 shows the copper amount released into the aqueous media as a function of the contact time between phases. Maximum release of copper ion was observed at around 6 h for 90 min sample with a corresponding increase in mortality rate for bacterial cell. The copper ion released from the composite may come from the nanoparticles either adsorbed on clay surface or suspended in the solution after desorption. The obtained results indicate, that the materials do not pose any danger for drinking water treatment since the leached metals were very small and in acceptable concentrations.

Table  2:      Copper concentration in water at different contact times between the Cu-MMT and the aqueous media.



	Ion exchange time (min)
	 
	Copper concentration in water (ppm)





	MML


	40


	60

	90





	Contact time (h)
	3


	0


	0.02


	0.02


	0.21





	6


	0


	0.07


	0.05


	0.38






The copper ion released from the alkaline ion exchanged Cu-MMT is obviously lower than previous studies.8,15 This can be attributed to diffusion of copper to the MMT structure instead of attachment of copper nanoparticles to MMT. The advantage of this is that the antibacterial property of Cu-MMT composite would be longer.

The released Cu2+ would act directly on the bacteria adsorbed on the surface of the Cu-MMT, instead of into the medium and indirectly on the bacteria. In other words, the active Cu2+ density on mineral surface was much higher than its concentration in the solution. In summary, two possible mechanisms for the antibacterial activity of Cu-MMT were proposed. One involves the adsorption of the bacteria from solution and immobilised on the surface of the Cu-MMT. Alternatively, Cu2+ could disassociate from the clay surface and directly exert its antibacterial effect on the bacteria.8

4.          CONCLUSION

The aim of this study was to evolutionise the antibacterial activity of copper-doped montmorillonite nanocomposites synthesised by alkaline ion exchange processes in media containing molten copper sulfate at 550°C temperature. The SEM results indicated the diffusion of copper to the inner layer of montmorillonite and opening of presenting cracked on its surface. The XRD analysis showed that the copper ions fully incorporated into the montmorillonite. Quantitative test in liquid media clearly showed that copper-doped samples had viable cell reduction ability for testing strains. The excellent antimicrobial activity of the composites was observed on S. aureus. In addition, the composite showed good stability in water. In the present form the clay composite shows good promise for use in water treatment.
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Abstract: The carbonatitic Palabora copper ore was ground to the less energy intensive coarse size consisting of 45% passing 75 µm in a ball mill for 20 min and froth floated in a 4.5 l Denver cell at varying dosages of the highly selective sodium ethyl xanthate (SETX) at 200, 250, 300, 350 and 400 g/t. The concentrates were collected every 15 s at varying scraping times of 3, 7 and 10 min. The results obtained showed that highest recovery of 86.1% was obtained at the 300 g/t SETX dosage with the lowest grade of 11.29%, while the highest grade of 13.95% occurred at the lowest recovery of 78%. The dosages of SETX used for the flotation was found to be generally higher than that of sodium iso-propyl xanthate (SIPX) used for another copper ore of non-carbonatitic origin. However, the successful flotation of the ore ground coarser than the conventional practice of 80% passing 75 µm is economically significant in view of the potential power conservation obtainable.

Keywords: Ore, xanthate, dosage, froth flotation, concentrate

1.          INTRODUCTION

Copper is most commonly present in the earth’s crust as copper-iron-sulfide and copper sulfide minerals such as chalcopyrite (CuFeS2), bornite (CusFeS4) and chalcocite (Cu2S). The concentration of these copper bearing minerals in an ore body is low and typical copper ores contain from 0.5% to 2% Cu in open pit and underground mines. Pure copper metal is produced from these ores by concentration, smelting and refining. Copper is also found to a lesser extent in oxidised minerals such as carbonates, oxides, hydroxy-silicates and sulfates.1

The Palabora copper mine, operated by Palabora Mining Company (PMC), is located at Palaborwa in Limpopo province of South Africa. The company operates a single cluster of open-pit and underground mines producing mainly copper and other by-products. The original carbonate outcrop was a large hill known as Loolekop. The company also has a processing facility on site for the production of purified copper from mined copper ore and a vermiculite recovery plant. Its final copper product has two forms, namely copper cathode and copper rod. PMC’s open cast mine is Africa’s widest man-made hole at almost 2000 m wide.2

The beneficiating of copper ores consists of isolating their copper minerals in high-grade concentrates. This involves crushing and grinding the ore to a particle size fine enough so that the mineral grains of the ore are by and large divided one from another and physical separation of the mineral particles by froth flotation to form separate, high grade concentrate of copper minerals occurs. Froth flotation is an indispensable technique for copper ore beneficiation. It is used to upgrade a copper ore to a concentrate by selectively floating copper-containing minerals rendered hydrophobic with a collector away from non-copper minerals that are hydrophilic. Collisions between air bubbles and the minerals which have been made hydrophobic will result in attachment between the bubbles and these minerals.3,4 The flotation method of ore beneficiation can only be applied to relatively fine particles. If the ground particles are too large, the adhesion between the bubble and the particle will be less than the particle’s weight, making the bubble to drop its load. However, very fine grinding is costly and an optimum size range for successful and economic flotation has to be found.4

The xanthates are the most important collector for sulphides mineral flotation. They are prepared by reacting alkali hydroxide, alcohol and carbon disulphide. The most widely used xanthates are ethyl, isopropyl, isobutyl, amyl and hexyl xanthate. Sodium ethyl xanthate (SETX) is made up of a chemical formula CH3CH2OCS2Na. As a collector, the selectivity of sodium ethyl xanthate is the strongest among xanthates. It is widely used in the preferential flotation of complex sulphides minerals.4,5

In this research, the performance of the highly selective SETX as a collector in the recovery of copper mineral values from a carbonatitic copper ore ground to a size consist much coarser than conventionally used for the flotation of copper ores was studied.

2.          EXPERIMENTAL

2.1        Materials

2.1.1        Sample collection

About 150 kg of Palabora copper ore was collected from the PMC. From the bulk sample, about 20 kg was taken for this study.

2.1.2        Sample preparation

The ore received from Palabora Mining Company comprised of lumps of different sizes and fine ore materials. The bulk sample was crushed in a jaw crusher and various size fractions were obtained ranging from < 2 mm to > 4 mm. The various size fractions were screened using the 2 mm and 4 mm sieves. Three size fractions: > 4; < 4 / > 2; and < 2 mm were obtained. A representative mixture was then obtained from these fractions by coning and quartering.

2.2        Methods

2.2.1        Ore milling

A milling curve for the Palabora copper ore was first derived. Slurry consisting of about 1.5 kg of the ore in 750 ml of water and loaded with about 7.2 kg of steel balls was formed in the ball mill drum. The prepared slurry was then ball-milled for 10 min. The grinding balls were removed and the ground ore was emptied into a bucket. The milled sample was wet screened with a 75 µm sieve. The wet screened sample residue was dried and weighed to determine the percentage that passed the 75 µm sieve. The > 75 µm residue was dried in an oven at 105°C for about 12 h. The dried sample was split to get a representative sample that weighed about 300 g that was screened with a 300 µm screen. The procedure described was repeated at 20, 30, 40, 50 and 60 min grinding times. The tests were carried out in duplicates. Using the data obtained, the milling curve was constructed (Figure 1).
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Figure  1:      Milling curve for Palabora copper ore.



2.2.2        Froth flotation

The sodium ethyl xanthate collector was prepared in water at 60 g/t strength. The prepared solution was thoroughly mixed for 5 min on the magnetic stirrer hotplate using a magnetic bar set to stir at 400 rpm at 25°C. Lime solution was also prepared to a pH of 11. About 1.5 kg milled sample was poured into the 4.5 l flotation cell and water was added to make up to the level of the cell. The flotation cell was placed in the base of the Denver flotation machine. The flotation impeller was lowered into the slurry and the concentrate collection pan was placed under the overflow lip of the cell. The agitator was started and the impeller was set to 1000 rpm. Lime and sodium ethyl xanthate collector were added with each given 2 min of conditioning time. Methyl isobutyl ketone was used as the frother. The air valve was opened to produce the frothing. The froth was then scraped across the top of the cell towards the overflow every 15 s in the 3, 7 and 10 min scraping stages.

2.2.3        X-ray fluorescence analysis

The sample for the X-ray fluorescence (XRF) analysis was first prepared. Two and a half spatula of boric acid and two spatula of the powder sample were mixed in a beaker. The mixture was poured into the mounting press and moulded at a pressure above 400 bars. The pellet obtained was labelled. The sample was then subjected to XRF analysis.

3.          RESULTS AND DISCUSSION

Figure 1 illustrates the grind curve for the Palabora copper ore grinding. The graph obtained is approximately linear indicating that the percentages of the ore passing 75 µm generally increased almost linearly with increasing grinding time. At 20 min grinding, about 45% of the material passing the 75 µm aperture required for flotation was obtained. However, for the froth flotation of the Turkish Corum-Dangaz copper ore,6 the feed material was ground much finer than the Palabora ore to obtain 90% passing 75 µm. It has been reported by Schlanz7 that grinding circuits are the largest power consumers and the most costly to operate accounting for about 50% of the power supplied to the mills in the United States. The coarser grind of the Palabora ore in this research will thus lead to substantial cost saving in its flotation.7

Figure 2 and Figure 3 show the weights of the concentrates obtained in the three-stage scraping (i.e., C1, C2, C3 and the total weight, CT) and tailings (i.e., T) obtained at different dosages of the SETX collector and scraping time of concentrates. The results obtained indicate that the mass pull into the concentrate generally increased with increasing dosage of SETX collector up to a maximum at 300 g/t and then a decrease followed. On the other hand, the tailings weight obtained for the corresponding concentrates decreased with increasing collector dosage down to a minimum at 300 g/t dosage and then increased. Furthermore, the grade of the tailings also followed the same pattern with the lowest grade found at 300 g/t dosage.
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Figure  2:      Weights of Cu concentrate (C1, C2, C3, CT) and tailings (TX10) obtained at varying scraping times and SETX dosages.
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Figure  3:      Weights of Cu concentrate (C1, C2, C3, CT) and tailings (TX10) obtained at varying scraping times and SETX dosages.



The results obtained thus strongly suggest that the optimum dosage of the SETX collector for the flotation of Palabora copper ore is around 300 g/t. It was further observed that the mass pull into the concentrate was highest in the first concentrate, followed by the second concentrate and was lowest in the third concentrate. Mpongo and Siame8 have reported the use of sodium isopropyl xanthate (SIPX) for the flotation of the high grade Zambian Konkola copper ore, consisting of complex mixtures of sulphides and oxide, at initial dosage rate of 140 g/t in the ball mills followed by dosing at 10, 30, 50 and 80 g/t in the froth flotation stage. The total dosage of 150 to 220 g/t of sodium isopropyl xanthate used for the Konkola copper ore is lower than the most potent 300 g/t dosage of SETX for the carbonatitic Palabora copper ore. These results indicate the need to conduct further studies on the flotation of the Palabora copper with sodium isopropyl xanthate with a view to compare the performance results with that of sodium ethyl xanthate at the same coarse size grind.

Figure 4 shows that the recovery of copper into the concentrate generally increases with increasing dosage of the SETX collector up to maximum of about 86% at the 300 g/t dosage and then a decrease in recovery followed. These results further confirm that the optimal dosage of the SETX collector lies around 300 g/t. The initial increase in the recovery of copper into the concentrate with increasing collector dosage followed by a decrease might have been due to the alteration in the delicate balance in the capability of bubbles to lift particles in contact with the hydrophobic surface of the copper ore particles and the hydrophilic influence of the surrounding water that tends to cause it to drop the particle beyond the optimal collector dosage.


[image: art]

Figure  4:      Cu recovery into concentrates at varying SETX dosages.



Figure 5 shows the relationship between grade/recovery and mass pull percent of the concentrates. The results obtained showed that while recovery (R) naturally increased with mass pull percent, grade (G) decreased. The decrease in grade with increasing mass pull might have been due to the greater probability of gangue being mechanically frothed along with the hydrophobic ore particles with increasing recovery. In Figure 6, the relationship between grade and recovery is presented. The results obtained showed that concentrate grade is inversely proportional to recovery. This observation conforms to the established fact in the froth flotation of ores.4
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Figure  5:      Grade and recovery (%) at varying mass pull (%).
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Figure  6:      Relationship between recovery and grade of copper in concentrates.



Figure 7 shows that the copper content of the tailings obtained was least at the 300 g/t SETX dosage that gave the highest copper recovery. The results thus further confirm the 300 g/t dosage as the most potent for the SETX collector used.


[image: art]

Figure  7:      Grade of tailings at varying SETX dosages.



4.          CONCLUSION

The carbonatitic Palabora copper ore ground to the relatively coarse 45% passing 75 µm size was successfully concentrated with sodium ethyl xanthate collector instead of the commonly used sodium isopropyl xanthate (SIPX). The results obtained show that the highest recovery of 86.1% was obtained at the 300 g/t SETX dosage with the lowest grade of 11.29%, while the highest grade of 13.95% occurred at the lowest recovery of about 78%. The dosage of SETX used for the flotation was however found to be higher than that of SIPX for another copper ore of much different chemical composition. The successful flotation of the Palabora ore ground coarser than the conventional practice is however significant economically in view of the potential power conservation to be achieved.
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Abstract: Recycled high density polyethylene (RHDPE)/ethylene vinyl acetate (EVA) blends with different blend compositions and compatibilisers were prepared by using melt blending technique in Brabender Plasticorder at temperature 160°C and rotor speed of 50 rpm for 10 min. The compatibilisation of RHDPE/EVA blends were enhanced by the addition of 6 phr of polyethylene-grafted-maleic anhydride (PE-g-MAH) and caprolactam-maleic anhydride (CL-MAH) as compatibilisers. The tensile properties, swelling behaviour, morphology and infrared spectroscopy analysis were studied. The tensile properties and morphology analysis showed that RHDPE/EVA blends became softer with the increasing EVA content. The results also revealed that there was good compatibility between RHDPE/EVA blends with addition of PE-g-MAH and CL-MAH lead to improvement in tensile properties and swelling behaviour of the blends compared to RHDPE/EVA blends without the presence of compatibilisers. SEM morphology displayed better interfacial adhesion due to good dispersion and interaction between RHDPE and EVA phases into each other caused by the compatibilisation effect of PE-g-MAH and CL-MAH. Fourier transformed infrared spectroscopy (FTIR) revealed the structure of the polymer blend with the addition of CL-MAH and PE-g-MAH as compatibilisers.

Keywords: Polymer blends, recycled high density polyethylene, ethylene vinyl acetate, hybrid compatibiliser, polyethylene-grafted-maleic anhydride, caprolactam-maleic anhydride

1.          INTRODUCTION

In recent years, polymer blending has been acknowledged as an efficient method to achieve cost and performance balance for both the industrial and scientific communities. Polymer blends can be defined as physical mixtures of structurally different polymers with no covalent bonds taking place between them. These different polymers adhere together through the action of secondary bond forces only.1 There is a lot of interest in polymer blends mainly due to two reasons. First is the challenge in producing new kind of polymeric materials from monomers, and second, polymer blending can be achieved at a more effective cost.2 However, most blends of different polymers lead to presence of coarse phase morphologies, resulting in poor ultimate properties. Unfavourable interactions of the polymers result in high interfacial tension and make the melt-mixing of the two components challenging. The limited miscibility between the polymers is due to the large size of the polymer chains which caused high interfacial tension and poor adhesion between the segregated phases. These segregated phases act as a barrier to an effective stress transfer between the phases, and uneven morphology shows poor adhesion between the phases leading to the poor mechanical properties of the final blends.3,4

Compatibilisation of an immiscible polymer blend can be done by altering the interfacial properties which can result in the formation of the interphase and stabilise the blend morphology. The uniform blend can be attained with the help of compatibiliser, an additive which added in polymer blends to improve the adhesion and interaction between two components of polymer.5 The incorporation of a surface-active species called compatibiliser, which deliberates at the interface can lead to improvement in interfacial adhesion and stabilisation of the blend morphology.6 A compatibiliser acts as a dispersant that lowers the characteristic size of the heterogeneous morphology, significantly improves adhesion between the continuous and dispersed phase in the blend, and reduces the interfacial tension. These consequently result in suppression of coalescence in the dispersed phase.7 Compatibiliser can be found in many forms such as copolymer which can be added to the blend, or generated in-situ during the blending process by a chemical reaction for reactive compatibilisation, forming covalent bonding directly at the interface.8 The most reactive compatibilising agents which had been investigated included precursors containing anhydride, carboxylic acid, and epoxide groups. The highly reactive maleic anhydride (MAH) has been widely used in reactive compatibilisation.9 Zhang et al.10 presented a very elaborate and broad review on the reported work on the usage of maleic anhydride-grafted poly(styrene-ethylene/butyl-diene-styrene) (SEBS-g-MAH) as compatibiliser on blend of recycled poly(ethylene terephthalate) (RPET) and linear low density polyethylene (LLDPE). They found that from the mechanical properties, the tensile properties, elongation at break, and charpy impact strength increased with increasing content of SEBS-g-MAH compared to poly(styrene-ethylene/butyl-diene-styrene) (SEBS) as compatibiliser.

Plastic recycling has become one of the methods for reducing environmental impact, resource consumption, and pollution. Recycling can lessen energy and material usage per unit of production and therefore improved eco-efficiency. As for the importance of recycling, the use of recycled high density polyethylene (RHDPE) is a reality at the present time, therefore a better understanding of the behaviour of RHDPE is necessary.11,12 HDPE is a thermoplastic material exhibiting excellent mechanical properties, great ozone resistance, superior chemical resistance, and good electrical properties.13 Ethylene vinyl acetate (EVA) is the copolymer of ethylene and vinyl acetate parts formed via free radical polymerisation with properties of high impact strength, good aging resistance, high moisture absorption, low tensile strength, and better corrosion protection.14 Chen et al.13 reported the melting and crystallisation behaviour of partially miscible high density polyethylene/ethylene vinyl acetate copolymer (HDPE/EVA) blends. All those results from differential scanning calorimetry (DSC) and wide angle X-ray scattering (WAXS) testing indicate that the polymer pair was partially miscible. Takidis et al.15 investigated the compatibility of PE/EVA blends and stated that the blend composition and process temperature play essential roles in determination of the compatibility. They proposed that mixing temperature must be higher than 180°C for attaining improvement in mechanical properties. Bing et al.16 reported that molecular orientation and interfacial interaction become very significant to conclude the tensile behaviour and fracture toughness for HDPE/EVA blends. They evaluated that high impact strength increased while low impact strength decreased with increasing content of EVA.

Although a considerable number of research works have been done on PE/EVA and HDPE/EVA blends, there is a little work in the use of recycled HDPE as one of the main compounds in RHDPE/EVA blends, and the relationship between mechanical, physical, and morphology of these blends. Besides, the use of hybrid compatibiliser of CL-MAH can be considered as new research in the field of polymer blends. The main objective of the present work was to study the tensile properties and morphology of different blend ratios of RHDPE/EVA blends and their relationships, with and without the presence of compatibilisers. To this end, the influence of the above mentioned compatibilisers on the properties of RHDPE/EVA blends were scientifically investigated. Additionally, the diagram of interaction between RHDPE/EVA blends and the compatibiliser would also be proposed by referring to the data from FTIR analysis.

2.          EXPERIMENTAL

2.1        Materials

RHDPE with melt flow index of 0.7 g 10 min–1 (190°C) and density of 0.941 g cm–3 was used. EVA containing 18.1 wt% VA, with melt index of 2.5 g 10 min–1 (80°C, 2.16 kg) and density of 0.93 g cm–3 was supplied from A. R. Alatan Sdn. Bhd., Kedah, Malaysia. Maleic anhydride with molecular weight of 98.06 g mol–1 was supplied by Zarm Scientific & Supplier Sdn. Bhd., Penang, Malaysia. Caprolactam with molecular weight of 113.16 g mol–1, polyethylene-graftedmaleic anhydride containing 0.85 wt% of maleic anhydride and dibenzoyl peroxide (DBP) with 75% of water were also obtained from A. R. Alatan Sdn. Bhd.

2.2        Blend Preparation

The compounding of the blends was carried out by melt blending in Brabender internal mixer. The RHDPE was first mixed in the internal mixer at 160°C with speed 50 rpm for 2 min, followed by addition of EVA and mixed until homogenous. The compatibiliser, CL-MAH and PE-g-MAH, and DBP were added to the mixer for the remaining 4 min. Next, the softened RHDPE/EVA, RHDPE/EVA/PE-g-MAH, and RHDPE/EVA/CL-MAH blends were removed from the chamber and pressed into thick, round pieces of compounding. Table 1 shows the formulations used in this study.

Table  1:      Formulation of RHDPE/EVA, RHDPE/EVA/CL-MAH, and RHDPE/EVA/PE-g-MAH blends at different blend compositions.



	Composites
	RHDPE/EVA (phr)


	CL-MAH (phr)


	PE-g-MAH (phr)





	RHDPE/EVA
	80/20, 60/40, 40/60, 20/80


	–


	–





	RHDPE/EVA/CL-MAH
	80/20, 60/40, 40/60, 20/80


	6


	–





	RHDPE/EVA/PE-g-MAH
	80/20, 60/40, 40/60, 20/80


	–

	6






2.3        Compression Molding

In order to produce the blends in plate form, the hydraulic hot press was used. The machine was set at temperature of 160°C both at top and bottom platen. Empty mould was heated for 5 min before used. Then blends were put into the mould, preheated and compressed partially for 8 min. Once the blends started to soften, they were fully compressed for 6 min. After compression, the blends were allowed to cool for another 4 min.

2.4        Tensile Testing

Tensile properties were determined according to ASTM D-638 by using the Universal Testing Machine Instron 5569 with crosshead speed of 30 mm min–1. Dumbbell shaped specimens were conditioned at ambient temperature (25 ± 3)°C and relative humidity (30 ± 2)% before the testing. An average of ten samples was used for each formulation. The tensile strength, elongation at break, and Young’s modulus of each formulation were obtained from the test.

2.5        Swelling Behaviour Testing

The swelling behaviour test was carried out in general accordance with ISO 1817. Samples with dimension of 20 mm × 10mm × 2mm were used for each blend compositions. The samples were totally immersed into test tubes containing dichloromethane for 46 h. After immersion period, the samples were removed from dichloromethane and blotted with tissue paper before weighed by using an analytical balance with 0.1 mg resolution. The degree of swelling (weight increase) was calculated as follows:

[image: art]

where Wo is the initial weight of sample, and Ws the weight of the swollen sample after immersion.

2.6        Scanning Electron Microscopy (SEM)

The morphology of the fracture surfaces of RHDPE/EVA blends were studied by using scanning electron microscope model JEOL JSM-6460LA. Before the examination of SEM, the samples were mounted on aluminium stubs and allowed to undergo sputtering coating. A thin platinum layer of 20 nm was sputter coated on the samples surfaces to avoid electrostatic charged during examination.

2.7        Fourier Transform Infrared (FTIR) Spectroscopy

The FTIR spectra were obtained by using Perkin-Elmer Spectrum 400 Series equipment. The selected spectrum resolution and the scanning range were 4 cm–1 and 650–4000 cm–1, respectively. The FTIR spectra with percentage transmittance (%T) versus wavelength (cm–1) were gained after scanning process.

3.          RESULTS AND DISCUSSION

3.1        Tensile Properties

Figure 1 shows the effect of compatibilisers on tensile strength of RHDPE/EVA, RHDPE/EVA/PE-g-MAH, and RHDPE/EVA/CL-MAH blends. It can be seen that all blends significantly decreased in tensile strength with increasing content of EVA. This was due to the presence of EVA which influenced the crystalline structure of RHDPE due to EVA amorphous characteristic. Increase in EVA content obstructed the ordered arrangement of RHDPE and reduced their crystallinity, which in turn caused reduction in tensile strength value.13
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Figure  1:      Effect of blend composition and compatibiliser on tensile strength of RHDPE/EVA, RHDPE/EVA/PE-g-MAH, and RHDPE/EVA/CL-MAH blends.



At the same blend composition, compatibilised blends with PE-g-MAH reveal higher tensile strength than uncompatibilised RHDPE/EVA blends. This can be explained by the improvement of interfacial adhesion as PE-g-MAH was added due to reaction of carbonyl group in PE-g-MAH to ester group of EVA, which would form covalent bonds, enhanced the improvement and efficiency of stress transfer from RHDPE to EVA matrix as presented in Figure 2. This was similar to the findings of several researches which agreed that with accumulation of compatibiliser to the blends will helped to increase the tensile strength of the blends.17–19
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Figure  2:      Illustration mechanism of interaction between PE-g-MAH and RHDPE/EVA blends.



Figure 1 also shows that the presence of CL-MAH in blend composition of RHDPE80/EVA20/CL-MAH displayed the highest in tensile strength, but showed decreasing trends in other blend compositions of RHDPE and EVA. Hybridisation of caprolactam with maleic anhydride created hydrogen bonding and dipole-dipole interaction between the two compatibilisers as illustrated in Figure 3. These bonding and interaction created reactive compatibiliser which can upgrade the improvement of interfacial adhesion of the blends. The reduction of interfacial adhesion size improved the miscibility of the two components as dispersed phase EVA blended well into RHDPE matrix. However, as the content of EVA increased, the tensile strength of RHDPE/EVA/CL-MAH blends significantly decreased due to reactive compatibilisers of caprolactam and maleic anhydride not compatible with increasing the content of EVA. Lack of adhesion between RHDPE and EVA resulted in EVA agglomerated in RHDPE matrix, which led to premature failure and reduced tensile strength. The reactive side of amine group in CL-MAH were more reactive to form bonding with RHDPE phases, therefore decreased in RHDPE content resulted in decrease of tensile strength.
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Figure  3:      Illustration mechanism of interaction between caprolactam and maleic anhydride bonding to RHDPE/EVA blends.



Figure 4 presents the effect of different blend compositions and compatibilisers on elongation at break of RHDPE/EVA, RHDPE/EVA/PE-g-MAH, and RHDPE/EVA/CL-MAH blends. The elongation at break increased gradually with the increasing EVA loading. This was caused by the increase in the toughness of RHDPE/EVA blends due to higher elastic properties of EVA. Elasticity of EVA would somehow reduce the crystallinity properties of RHDPE, thus increasing elongation at break of the blends. Ismail et al. stated that by increasing the NBR content in PVCw/NBR blend will reduced the stiffness and brittleness of the blends gradually while increased the elongation at break.20
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Figure  4:      Effect of blend composition and compatibiliser on elongation at break of RHDPE/EVA, RHDPE/EVA/PE-g-MAH, and RHDPE/EVA/CL-MAH blends.



At similar blend composition, the elongation at break of RHDPE/EVA with both compatibilisers, PE-g-MAH and CL-MAH, was lower than the blends without compatibilisers. The addition of compatibiliser improved the adhesion at the interfaces of the matrixes and an increase in blend stiffness. However, it also caused a notable reduction in the elongation at break. Additionally, the addition of compatibiliser increased the interlocking between two phases, thus increasing the interfacial adhesion between phases in polymer state. This would lead to low mobility of the chains at RHDPE/EVA blend interface and reduced the elongation at break.

The effect of different blend compositions and compatibilisers on modulus of elasticity of RHDPE/EVA, RHDPE/EVA/PE-g-MAH, and RHDPE/EVA/CLMAH blends was shown in Figure 5. All of the sets presented a decreased trend as the composition of EVA increased. The decrease in the elasticity modulus for all the composites with increasing EVA content might be due to the elastic characteristic of EVA which exhibits rubber-like properties, thus increasing ductility of the composites. Moreover, decrease in stiffness and toughness of composites resulted in subsequent decrease in tensile modulus of the composites. Faker et al. had studied the effect of mechanical behaviour of PE/EVA blends. The results from particle size distribution measurements showed that PE-rich blends had better tensile properties than EVA-rich blends. The small and well-distributed particles led to improvement in compatibility and interfacial interaction.21
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Figure  5:      Effect of blend composition and compatibiliser on modulus of elasticity of RHDPE/EVA, RHDPE/EVA/PE-g-MAH, and RHDPE/EVA/CL-MAH blends.



The compatibilised blends with PE-g-MAH exhibited better elasticity modulus than RHDPE/EVA blends without presence of compatibiliser. The addition of PE-g-MAH to the RHDPE/EVA blends altered the surface of the blends and became coarse. The association of PE-g-MAH at the interface of two different matrixes resulted in lowered interfacial tension of the blends, therefore increasing the modulus values.3

However, from Figure 5, the addition of CL-MAH increased the modulus of elasticity just for the blend composition of RHDPE80/EVA20, while the rest of the blend composition showed decreasing modulus of elasticity with addition of CL-MAH. The reasoning behind this could be that the compatibilising effect was restricted merely to the amorphous part of EVA that would reduce the modulus value accordingly. These results also validated to the incompatibility of the blends with addition of CL-MAH corresponding to increase of EVA, which reduced the tensile properties of the blends. The softening effect of CL-MAH reacting with increasing EVA content attributed to the fact that the compatibiliser itself has lower modulus of elasticity.22

3.2        Swelling Behaviour

Figure 6 presents the percentage mass swell for RHDPE/EVA, RHDPE/EVA/PE-g-MAH, and RHDPE/EVA/CL-MAH blends. The increasing EVA content significantly increased the percentage mass swell for all the blends. This can be described by the reactive reaction of EVA to dichloromethane. The polar group from EVA would react to intermediate polar of dichloromethane and kept on swelling for 46 h of the blends in dichloromethane.
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Figure  6:      Effect of blend composition and compatibiliser on percentage mass swell of RHDPE/EVA, RHDPE/EVA/PE-g-MAH, and RHDPE/EVA/CL-MAH blends.



The percentage mass swell of RHDPE/EVA/PE-g-MAH blends was lower than RHDPE/EVA blends in similar blend composition. The better interfacial adhesion of the polymer blend due to addition of compatibiliser restricted the intake of dichloromethane into the blends. Hence, the solvent exhibited better swelling resistance. However, the addition of CL-MAH as compatibiliser increased the percentage mass swell for RHDPE/EVA/CL-MAH for 60/40, 40/60, and 20/80 blends. CL-MAH, which is polar, formed in situ to the polar part of the EVA, resulting in higher absorption of dichloromethane and causing high percentage of mass swell for RHDPE/EVA/CL-MAH blends.

3.3        Morphology Analysis

SEM micrographs of the tensile fracture surfaced of RHDPE/EVA, RHDPE/EVA/PE-g-MAH, and RHDPE/EVA/CL-MAH are shown in Figure 7. Figure 7(a), 7(b) and 7(c), which represent the morphology of blends without addition of compatibiliser showed poor interfacial adhesion with many clear gaps and distinct cavities within the RHDPE and EVA phases. It can be seen in all these figures that as the EVA composition increased the nature of failure surface changes from the rough failure surfaces into smooth failure surfaces.
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Figure  7:      SEM of tensile fractured surfaces of RHDPE/EVA blends.



At same composition, the addition of PE-g-MAH in RHDPE/EVA/PE-g-MAH blends was shown in Figure 8 (a–c). The blend compatibilisation was improved with the interfacing of two phases becoming more indistinct and less noticeable. Nevertheless, the presence of many tear lines indicated that strong interfacial adhesion between the polymers, thus higher strength would be needed to break the blends as proved with higher value of tensile strength in Figure 1. Akhlaghi et al.23 had reported that by addition of PE-g-MAH as a compatibiliser in HDPE/EVA matrix decreased the interfacial tension between the major and minor phases, hence providing finer dispersion of minor phase in the matrix.
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Figure  8:      SEM of tensile fractured surfaces of RHDPE/EVA/PE-g-MAH and RHDPE/EVA/CL-MAH blends.



Figure 8(d) to 8(f) display the SEM micrographs of tensile fracture surfaces of RHDPE/EVA/CL-MAH blends at different blend compositions. Figure 8 (d) shows that the EVA was finely and uniformly dispersed in the continuous RHDPE matrix with existence of CL-MAH. This suggested that a relatively higher efficiency of blend compatibilisation using CL-MAH consequently enhanced mechanical properties.

However, Figure 8 (e–f) clearly revealed that the smoothness in fracture surfaces with uneven distribution of the dispersed EVA phase and unstable particle structure may be caused by the reactive compatibiliser, which was not applicable to the blend composition of RHDPE60/EVA40 and RHDPE20/EVA80.

3.4        Infrared Spectroscopy Analysis

Figure 9 displays the FTIR spectra of RHDPE/EVA, RHDPE/EVA/PE-g-MAH, and RHDPE/EVA/CL-MAH blends. The sharp, strong stretching frequency from 2850 cm–1 to 3000 cm–1 exhibited –CH2 symmetric stretching. This was due to sp3 C-H stretching for ethylene groups from RHDPE and EVA matrixes. From the spectra, the peak at average 1740 cm–1 showed C=O strong stretch ascribed to carbonyl group corresponding to ester bond within EVA. Besides that, RHDPE/EVA/CL-MAH blends, shown in Figure 9(c) unveiled a characteristic bending frequency at 1632.7 cm–1, conforming to NH2 medium to strong scissoring of amide group in Caprolactam of CL-MAH compatibiliser. The spectra revealed –CH2 bending deformation at range between 1462 cm–1 and 1464 cm–1. The ester vibration at peaks of 1239.6, 1240.15, and 1240.71 cm–1 exhibits C-O-C stretching. Moreover, all bands in the frequency range from 700 to 900 cm–1 for all spectra were assigned to C-H out-of-plane bending vibrations.
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Figure  9:      The FTIR spectra of: (a) RHDPE/EVA, (b) RHDPE/EVA/PE-g-MAH, and (c) RHDPE/EVA/CL-MAH blends.



4.          CONCLUSION

The addition of polyethylene-grafted-maleic anhydride and caprolactam-maleic anhydride as compatibilisers in the RHDPE/EVA blends increased the tensile strength and modulus of elasticity while reducing the elongation at break. The presence of PE-g-MAH and CL-MAH enhanced the interfacial adhesion between RHDPE/EVA phases, thus improving the compatibility of the RHDPE/EVA blends, as evidenced by morphological study using SEM. FTIR spectroscopy data also indicated that there was a bonding formation formed between the blend with the compatibilisers. Finally, based on the result obtained, the RHDPE/EVA blends can be applied and widely used in many applications such as bumper and car body in automotive application, multilayer packaging, and wire and cable coating in electrical application. The ratio blend of RHDPE80/EVA20 with addition of compatibiliser was the most optimum formulation due to the enhancement of properties proved by the testing results.
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Abstract: Selenium incorporated copper (CuSe) thin films are deposited on indium tin oxide (ITO) substrate by cyclic voltammogram of 5.0 ml of 0.1 M CuSO4 and 2 ml of 0.05 M selenium dioxide at potential range from –0.8 V to 0.7 V vs. Ag/AgCl in pH 1.0. The adherent nature, electroactivity and stability of the CuSe thin film were found to be good. The transmittance and absorption of thin films was analysed through UV-Vis spectra. An energy gap of 1.78 eV is obtained for CuSe thin films by extrapolating the linear portion of the curves hυ versus (αhυ)2. X-ray diffraction patterns revealed that the deposited films possess cubic structure with lattice constant (a) value 80.892Å. Surface morphology of thin film shows uniform granular mixed texture-like structure. The sizes of the grains are found to be in the range between 53.33 nm and 93.33 nm. The film composition was investigated using an energy dispersive X-ray (EDX) micro analytic unit attached with scanning electron microscope. The in-situ spectroelectrochemical behaviour of CuSe thin film at various applied potentials was observed in 0.1 M H2SO4. CuSe thin film exhibits dual colour chromic behaviour from contrast red colour to contrast yellows colour. The electrochromic device shows good optical contrast, coloration efficiency, response time and stability.

Keywords: Electrodeposition, thin film, Band gap energy, electrochromic device, selenium

1.          INTRODUCTION

Copper selenide (CuSe) is a direct band gap p-type semiconductor with an energy gap value in the range between 2.1 and 2.7 eV, making them interesting for solar energy conversion.1–5 Copper selenide has many structural phases such as α-Cu2Se, Cu3Se2, CuSe and CuSe2 in stoichiometric form and Cu2-xSe phase in non-stoichiometric layer form.6–9 Thin films of CuSe are normally crystallised in hexagonal structure and orthorhombic structure. Numerous techniques have been used to obtain CuSe thin films viz., thermal evaporation,10 vacuum evaporation,11 solution growth technique,6–12 chemical bath deposition,13–19 colloidal hot injection method,20 vapour deposition,21 and electrophoretic deposition.22 Among them, electrodeposition technique provides many advantages over vacuum and other processes, such as low temperature growth, control of film thickness and morphology, potentially low capital cost1,23 and others. The Cu2-xSe films are typically p-type, highly conductive, semitransparent semiconductors with a band gap varying between 1.1 and 1.4 eV, suitable for solar energy conversion and, as semitransparent layers, in high speed detectors working within the visible range.24,25 Cu2Se is used as a window layer in solar cells, in photovoltaic cells of Schottky diodes 26,27 and as radiation filters.28

In this paper, thin films of CuSe have been prepared on indium doped tin oxide (ITO) coated glass substrates using electrodeposition technique. Deposited films were subjected to electrochemical studies, X-ray diffraction, scanning electron microscopy, optical analysis and spectroelectrochemical analysis.

2.          EXPERIMENTAL

2.1        Materials

Reagents of copper sulphate, selenium dioxide, H2SO4 were analytical grade and ITO coated glass plate was obtained from Merck (India) Ltd. Chemicals were used as received without further purification. All the solutions were prepared by ultra-pure water.

2.2        Methods

UV-visible spectroscopy analysis was carried out by a UV–visible spectrophotometer Jasco V-530 between 300 and 1100 nm, possessing a scanning speed of 400 nm min–1. Cyclic voltammetric studies were done through computer controlled CH Instruments, and performed using a single-compartment cell with three electrodes, at room temperature. The surface morphology was studied by computer-controlled JEOL JSM-5600 LV. The computer controlled XRD system JEOL IDX 8030 was used to record the X-ray diffraction of samples.

3.          RESULTS AND DISCUSSION

3.1.1        Growth of Copper Thin Film

Figure 1 presented the growth of copper thin film on ITO surface, which was carried out in 5 ml of 0.1 M CuSO4 in 0.1 M H2SO4 electrolyte, with potential range from –800 to 600 mV at a scan rate of 50 mV s–1 through cyclic voltammetry. Copper thin film shows one well-defined oxidation peak around 125 mV and reduction peak around –450 mV in the first cycle. After completion of six successive cycles, a contrasting red colour thin film was observed on the ITO surface.
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Figure  1:      Cyclic voltammetric behaviour of copper thin film growth on ITO in pH 1.0 scan rate at 50 mV s–1.



3.1.2        Growth of Selenium Doped Copper Thin Film

Figure 2 illustrates the result of preparing CuSe thin film on ITO surface studied in 5 ml of 0.1 M CuSO4 in 0.1 M H2SO4 and 2 ml of 0.05 M SeO2 electrolyte, with potential range from –800 to 700 mV at a scan rate of 50 mV s–1 vs. Ag/AgCl and through cyclic voltammetry. Voltammogram of thin film shows one oxidation and one reduction peak at 180 mV and –425 mV for first cycle. After completion of the first cycle of voltammogram, five oxidation and one reduction peaks appear. Compared to voltammogram of copper thin film deposition, the additional number of oxidation peak indicates incorporation of selenium during deposition of thin films. As the number of cycle increased, the peak current of anodic peak and cathodic peak also increased. After completion of twelve cycles, a yellowish, red colour thin film formed on ITO surface.


[image: art]

Figure  2:      Cyclic voltammetric behaviour of CuSe thin film growth on ITO in pH 1.0: scan rate at 50 mV s–1.



3.2        Effect of Scan Rate

The CuSe thin film was washed well to remove copper, selenium and sulphate ions. The film was then subjected to cyclic voltammetry between –700 and 600 mV in pH 1.0 aqueous supporting electrolyte solution. Figure 3 shows the cyclic voltammetric behaviour of CuSe thin film studied at different scan rates. As the scan rate was increased from 50 to 500 mV s–1, both the anodic and cathodic peak current also increased linearly. This suggests good adherence and the electroactive nature of the formed thin film.
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Figure  3:      Cyclic voltammetric behaviour of CuSe thin film at different scan rate at 50–500 mV s–1.



3.3        Stability of CuSe Thin Film

In order to examine the stability of the CuSe modified ITO plate, it was stored in an open atmosphere and the response current was monitored by employing cyclic voltammetry in 24 h interval to study the film stability. The potential cycling between –1000 mV and 1000 mV at the scan rate of 50 mV s–1 was carried out and the changes were observed in the redox responses. The thin film exhibited no significant change in the redox behaviour during cycling up to 200 cycles in pH 1.0. Figure 4 illustrates the plot of peak current vs. time of modified electrode, where good stability is shown towards the atmospheric conditions, while responsibility of current is almost constant up to seventh day.
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Figure  4:      Plot of peak current vs. time.



3.4        UV-Vis Spectroscopy and Optical Properties of CuSe Thin Films

The UV-Vis photo spectra of CuSe thin films were recorded with respect to the bare substrate placed in the reference beam using double beam spectrophotometer in the range 300–1100 nm. Figure 5 shows the absorbance and transmission data of the films versus wavelength. The spectrum shows a gradually increasing absorbance and a band at 500 nm. Transmission throughout the visible region was good; cut-off transmission of 52% was observed at 300 nm.
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Figure  5:      UV-Vis absorption and transmittance spectrum of CuSe thin film.



The band gap energy can be determined using the Tauc relation. It is a convenient way of studying the optical absorption spectrum of a material. According to the Tauc relation, the absorption coefficient α for direct band gap material is given by:

αhν = A(hν – Eg)m

where A is the optical constant, α is the absorption coefficient, Eg is the optical band gap and m is an index which assumes the values 1/2, 3/2, 2 and 3 depending on the nature of electronic transition responsible for the reflection.

The band gap energy of thin film was determined by tauc plot. Tauc plot has the photon energy (hν) on the X-axis and a quantity (αhν)2 on the Y-axis, and extrapolating the linear portion of the curve to the X-axis yields the band gap energy of the material. Figure 6 shows the tauc plot of CuSe thin film coated with ITO plates in air medium. The band gap energy obtained for CuSe thin film is 1.78 eV which is an improved value with the electrochemical deposition.
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Figure  6:      Tauc plot of CuSe thin film.



The sizes between 53.33 nm and 93.33 nm, and the highly crystalline nature have a major impact on the lower band gap energy of the selenium incorporated copper nano thin film. The band gap value of copper doped tin oxide film is 3.55 eV as reported by Tripathy et al.29

3.5        XRD Analysis of CuSe Thin Films

X-ray diffraction patterns of CuSe thin films are shown in Figure 7. The diffraction peaks of spherical CuSe thin films are observed at the following 2θ values of angles: 5.484, 13.620, 42.896 and 80.892, corresponding to the lattice planes (1 1 1), (2 0 0), (2 2 0) and (4 2 0) respectively. The deposited film shows crystallinity and possesses cubic structure with lattice constant (a) of 80.892 Å.
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Figure  7:      XRD behaviour of CuSe thin film.



3.6        SEM Analysis of CuSe Thin Films

The scanning electron microscopy image of CuSe thin films prepared at room temperature is shown in Figure 8. The image clearly demonstrates that the surface is well covered with CuSe thin films. The grains are much smaller in size, distributed evenly over the entire surface of the film and look like densely packed microcrystals. The average grain size continues decreasing with increasing amount of copper in the film composition. The larger the concentrations of the copper, the grains produced become smaller. For films with higher concentration of copper ions, the growth occurs with multiple nucleation centres, resulting in a lower grain size. On the other hand, for lower concentration of Cu ions, comparatively lower nucleation centres give higher grain size. The amount of feed material available in the reaction vessel is constant for a particular reaction. If the same material is divided into a larger number of nucleation centres, the grain would not grow larger but remain smaller.13 The grain shows uniform granular mixed texture-like structure. The sizes are found to be in the range between 53.33 nm and 93.33 nm.
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Figure  8:      SEM behaviour of CuSe thin film.



3.7        EDX Analysis of CuSe Thin Films

The CuSe thin film composition was investigated using an EDX micro analytic unit attached with scanning electron microscopy and shown in Figure 9. The figure shows the presence of silica, indium, calcium, copper, selenium. The presence of emission lines in the investigated energy range indicates the formation of selenium incorporated copper thin films.
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Figure  9:      EDX behaviour of CuSe thin film.



3.8        Spectroelectrochemical Analysis of CuSe Thin Film

Figure 10 shows the in-situ spectra of CuSe thin film at various applied potentials in 0.1 M H2SO4. Within the applied potential range, two absorption bands were observed at 300 and 900 nm, while the absorbance increased linearly with the increasing potential from –800 mV to 800 mV. When the applied potentials were varied from –800 mV to –100 mV, the thin film exhibited yellowish red colour. The band at 300 nm is associated with the π – π* transitions; one weaker band in visible region around 900 nm usually appeared during the doping process of thin films and was ascribed to formation of alloys subgap state. The thin film exhibited contrasting yellow colour within 0 and 800 mV potential ranges.
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Figure  10:    Spectroelectrochemical behaviour of CuSe thin film at various applied potential from –800 mV to 800 mV at: (a) wavelength 200–400 nm; and (b) wavelength 400–1100 nm.



The importance in electrochromic devices based on thin film is due to their good optical contrast and stability. The CuSe thin film was stepped between its reduced and oxidised states. While the film was switched, the percentage transmittance at λmax (300 nm) was monitored as a function of time. The contrast is given as the difference between the reduced and oxidised states and reported as Δ%T. The results are presented in Table 1. The controlled potential coulometry was employed to evaluate the coloration efficiency and response time. Figure 11 represents the electrochromic behaviour of CuSe (a) before oxidation; and (b) complete oxidation.

Table  1:      Electrochromic parameters of CuSe thin films.



	Parameters


	Wavelength (nm)


	Thin films





	Coloration efficiency (cm2/C), η
	λ300


	620





	Response time (s), τ
	λ300


	Colouring


	18





	Bleaching


	21





	Optical contrast (Δ%T)
	λ300


	81
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Figure  11:    Electrochromic behaviour of CuSe (a) before oxidation (b) complete oxidation.



4.          CONCLUSION

The cyclic voltammogram of 0.1 M of CuSO4 and 0.05 M selenium dioxide at potential range from –0.8 to 0.8 V vs. Ag/AgCl in pH 1.0 formed yellowish red colour CuSe thin film on ITO surface. Formed thin film possesses good adherent nature on electrode surface, good electroactivity and stability. The transmittance and absorption of thin films was analysed through UV-Vis spectra. An energy gap of 1.78 eV is obtained for electrochemically synthesised CuSe thin films. X-ray diffraction patterns revealed that the deposited films possess cubic structure with lattice constant a = 80.892 Å. Surface morphology of thin film shows uniform granular mixed texture like structure. The sizes of the grains are found to be in the range between 53.33 nm and 93.33 nm. CuSe thin film exhibits dual colour chromic behaviour from contrasting yellowish red to contrasting yellow. The electrochromic device shows good optical contrast, coloration efficiency and response time.
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Abstract:  This study uses building blocks as a shield for gamma energy source of 662 KeV from Cs-137. The attenuation from the block is compared with those obtained when conventional shields like iron, lead and concrete are used as shield for Cs-137. This was done with the aim of finding out the level of shielding and the thickness of building block needed to confer same level of shielding as the already mentioned conventional shields. The results obtained using a gamma spectrometer with a NaI(Tl) detector showed that the Half Value Thickness (HVT) of building block, concrete, iron and lead were 5.1420 cm, 3.8043 cm, 1.1908 cm, and 0.5581 cm respectively. With the results from this work, a shield of 37 cm building block (though bulky in size) will attenuate the source and can be used as a substitute for lead which would require a 4.4 cm thickness.

Keywords: Half Value Thickness, radiation, shielding, attenuation, gamma energy

1.          INTRODUCTION

As resources become more and more limited, the cost and availability of materials for radiation shielding is an issue, especially for new institutions planning to harness atomic energy for socio-economic advancement in developing countries. Hence, it is imperative and proactive to research into other effective means of shielding, which could provide certain level of protection at minimal cost.

Lead has been used as a traditional shielding material in many nuclear installations worldwide. Its high physical density and high atomic number has made it a choice material where small space is required and low energy X-rays are to be shielded. Lead has recently been recognised as a source of environmental pollution, including the lead used for radiation shielding in radiotherapy facilities.1 Other non-lead materials have been suggested for radiation shielding and interventional radiology. The use of tungsten and hydrogenated styrene-butadiene-styrene copolymer has been suggested as shielding materials.1,2 However, the demonstrated experimental usage is limited to radiotherapy alone.

A relatively cheaper alternative to lead is high-density concrete. Research has shown that material composition and thickness of the concrete commonly used for shielding has made the idea of concrete relatively expensive for developing countries.3 A closely related research to this work is the work of Mann et al.,4 where the shielding properties for gamma rays of a few low Z materials were investigated. Their work details how the values of the mass attenuation coefficient, equivalent atomic number, effective atomic number, exposure build-up factor and energy absorption build-up factor were calculated and used to estimate the shielding effectiveness of some building material samples. They verified good shielding behaviour in the investigated building material samples for photon with energy region of 0.015–0.30 MeV and of dolomite in 3–15 MeV.

Also, a similar effort was made by Sharaf et al.,5 where they investigated the mass attenuation coefficients of some Jordanian building material interaction with 50–3000 keV gamma-ray energy range photon. However, none of these referenced works made a useful comparison between the investigated materials and conventional shielding materials nor did they detail the peculiar attenuation properties of the commonly used building materials in developing countries.

This work investigates the possibility of using conventional building blocks and the level of thickness or bulkiness which would offer same shielding properties as lead or concrete, thus providing a cheaper alternative to institutions in developing countries. This is done by obtaining the Half Value Thickness (HVT) of building blocks and comparing the values with those of standard shielding materials, in order to obtain the corresponding thickness of building blocks that will offer the same level of shielding with concrete, lead and steel.

2.          EXPERIMENTAL

Commercially available sharp sand, cement and the appropriate water ratio used in making conventional building blocks were used in this work. The materials were used to prepare four samples, with a cement-sand ratio of 1:5. The composition of the samples prepared was:

	Sharp sand: SiO2 and minor organic debris

	Portland Cement: Elephant Ordinary Portland Cement a commercial cement brand sold in Nigeria was used having a composition of SiO2 (19.2 ± 1.76%), Al2O3 (5.2 ± 1.48%), Fe2O3 (3.2 ± 0.60%), CaO (62.0 ± 0.09%), MgO (1.48 ± 0.72%) and SO3 (2.34 ± 0.04%)

	Water: Natural water

Cylindrical samples were fabricated using a suitable mould. The sample diameter was 5 cm, 0.5 cm above the required thickness per sample (to create allowance for smoothening of the samples and removing any rough edge before placing in the sample holder bearing the detector). The wet sample was poured into four different moulds, with a steadily increasing height of 1 cm. This sample was then dried and smoothened. After removing the rough edges, the measured sample diameter was 4.5 cm and the height of the four samples was from 1 cm to 4 cm.

2.1        Experimental Setup

A 661.66 KeV-energy Cs-137 with half-life of 30.20 years and activity of 12.49 mCi was used as the radiation source for this work. The elemental analysis was done using gamma ray spectrometry. Thallium drifted Sodium Iodide detector (NaI(Tl)) of dimension 7.62 cm × 7.62 cm was used to detect the radiation emitted from the source. Adequate lead shielding which reduced background radiation by a factor of about 95% was also in place.

Figure 1 shows the schematic of the gamma ray attenuation experimental setup. The set up was arranged such that the Cs-137 source was placed on a source holder, made of lead having a perforation of about 2 mm. This source holder also serves as a collimator. Underneath the source are the samples, serving as absorbers, each with various thicknesses, placed in lead sample holder. The lead sample holder underneath the absorbers also has a 2 mm perforation and opens directly to the detector. Hence a source, absorber and detector are on the same straight line with each other and well collimated to ensure a good geometry. The entire set up was placed within lead blocks serving as shield to prevent stray gamma rays from escaping, thus protecting the operator and surrounding equipment. The lead shield was then supported on a steel stand which also holds the detector (in perfect alignment with the source above and the absorber in between them) under the lead shield.


[image: art]

Figure  1:      Schematics used for the gamma attenuation experiment.



The two radionuclides used for calibrating the NaI(Tl) detector are Na-22 and Co-60 each has two energy peaks and corresponding channel numbers. In order to properly identify various peaks in a spectrum, the NaI(TI) detector was calibrated in terms of absolute gamma ray energy because spectrometers often show nonlinearity of a channel or two over a full range of several thousand channels, it is therefore useful to have multiple calibration peaks at various points along the measured energy range to account for these nonlinearities.

Standard sources with known gamma-ray energies and activities that are widely different from those to be measured in the unknown spectrum but within the suspected range of the unknown sample are used, these sources are prepared by the Isotope Product Laboratories, Burbank California, USA were used for the energy calibration of the NaI(Tl) detector system used in this work.

The system was calibrated with standard calibration sources of Cs-137, Na-22 and Co-60 with a total of five energies. The calibration sources were counted long enough to obtain a well-defined photopeak while the gain of the system was adjusted so that the photopeak of Cs-137 was about one-third the full scale. This ensured that the range of all the radionuclides of interest was covered. The channel number that corresponds to the centroid of each full energy peak (FEP) on the MCA was recorded and the slope and intercept calculations were obtained.

It is also useful to express the exponential attenuation of photons in terms of a half-value thickness. The half-value thickness (HVT) is the thickness of the absorber required to decrease the intensity of a beam of photons to half its original value. HVT is expressed mathematically as:6
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where

I(x) = the photon intensity after passing through the material of thickness “x”

I0 = the initial intensity of the photon

x = the thickness of the material

µ = is the attenuation coefficient

3.          RESULTS AND DISCUSSION

3.1        Obtaining Attenuation Coefficient of Building Blocks

Figure 2 shows the plot of ln(I0/I) against block thickness (x) to obtain attenuation Coefficient for building blocks. “I0” represents the intensity or counts per second when there is no absorber between the source and detector, whereas “I” corresponds to the intensities or count after successively increasing thickness of absorber has been added.
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Figure  2:      Plot of ln (I0/I) against block thickness to obtain attenuation coefficient for building blocks.



From Figure 2, Absorption Coefficient = 0.1254 cm–1.

The slope of [image: art] against x gives the attenuation or absorption coefficient for a material.

Hence, the HVT is given by:
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Table 1 shows that the attenuation coefficient for building blocks was found to be lower than those for concrete, iron or lead, due to lower density and structural strength of the blocks. The table also shows that the HVT of the absorbers studied decreased with increase in density of absorber. That is, lead being the most dense of the absorbers studied, had the lowest HVT. Also for a Cs-137 source with 662 keV photon energy, a lead block of 0.55 cm (about half of a cm) would be able to reduce the intensity of the gamma ray by half while for the same energy and source, building block would have to be about 5.5 cm thick to reduce the transmitted gamma ray by half of its original intensity.

Table  1:      Attenuation coefficients of the materials and calculated HVT.



	Materials studied


	Attenuation coef. (µ)


	HVT (ln2/µ) cm





	Building blocks


	0.1254


	5.5275





	Concrete


	0.1822


	3.8043





	Iron


	0.5821


	1.1908





	Lead


	1.2419


	0.5581






3.2        Photon Attenuation Pattern of Materials Studied with Increasing Thickness

Figure 3, 4, 5 and 6 show graphical patterns (using a log-lin scale) that describe how the photon was attenuated in the materials studied.
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Figure  3:      Attenuation of Cs-137 gamma rays as they pass through building blocks.



Figure 3 above shows the pattern of attenuation for building block and a relatively gradual decrease of the photon as the thickness increases to 32 cm. Also the curve closely approaches zero on the X-axis as the thickness approaches 37 cm.
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Figure  4:      Attenuation of Cs-137 gamma rays as they pass through ordinary concrete.



Figure 4 gives the attenuation pattern through ordinary concrete, it is relatively similar to the attenuation pattern of building blocks as shown in Figure 3 but it is slightly steeper due to its higher attenuation coefficient. Also the curve approaches zero as the thickness gets towards 28 cm.
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Figure  5:      Attenuation of Cs-137 gamma rays as they pass through iron.



Iron with a density of 7.87 g cm–3 is about three times as dense as either building blocks or concrete. This accounts for the steeper nature of the curve in Figure 5. Here, the curve approaches zero as the thickness of iron approaches 10 cm. Iron in form of steel is obviously a better shield than concrete or building blocks though it is expensive to maintain.
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Figure  6:      Attenuation of Cs-137 gamma rays as they pass through lead.



Figure 6 gives credence to the reason lead is a favourite choice for shielding, with the curve approaching zero at a thickness less than 5 cm. It was observed that the transmission intensity of the gamma ray from the Cs-137 decreased as it passed through increasing thickness of lead absorber as seen in Figure 6. The slope was very steep and closer to the Y-axis than any of the other attenuation patter, suggesting that very minimal increase in thickness (less than 5 cm) is required to absorb the intensity of the transmitted gamma. Building blocks attenuation pattern (Figure 3) also showed that to obtain the same level of attenuation seen in lead, more thickness of absorber would be required (about 35 cm). But as earlier stated if cost of installation and maintenance pose a challenge and were space is not a constraint an entrepreneur or scientist would rather get a substitute that can offer same level of shielding.

For clarity, Figure 7 is the graphical representations of the comparison between the attenuation coefficient obtained for building blocks with those of concrete, iron and lead.
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Figure  7:      Attenuation of Cs-137 gamma rays as they pass through the various absorbers studied.



Another practical comparison was made by studying the thickness of the shielding walls of the 1.4 MV Tandem Accelerator at the Center for Energy Research and Development (CERD), Ile-Ife, Nigeria. Here, due to radiations involved when the accelerator is in operation, a wall of one meter concrete was constructed to protect people and environment from fast-moving radiations like gamma ray and proton particles. Using the HVT of building blocks and concrete as found in this study (5.5275 cm and 3.8043 cm for building blocks and concrete respectively) and following simple proportion, it can be seen that if the concrete wall at the CERD Accelerator facility was replaced with building block material, we would need a wall of about 1.5 m as against 1 m of concrete. This may be slightly bulky but it offers a cheaper solution compared to concrete.

4.          CONCLUSION

This work shows that among the materials studied, lead is the best absorber material for the attenuation of the gamma source, thus confirming already accepted convention on its use as a shield. However, the use of lead comes with its many disadvantages which cannot be ignored. Paramount among its disadvantages is its cost of installation, maintenance and recently discovered health implications. Moreover, from the socio-economic perspective, one would rather consider cheaper alternative in using building blocks especially if space is not a constraint. This is because the use of building blocks with density of 1.56 g cm–3 would require a larger thickness than what would have been if lead having density of 11.35 g cm–3 were used. The results of this experiment shows that, by extrapolation, a building block shield of 37 cm will attenuate the radiation coming from Cs-137 source to a safe level and can conveniently be used to replace lead which would require a 4.4 cm thickness and costs a fortune. This could save research institutes in developing countries a lot of money that would have been needed to construct or import lead shield, especially for institutions where space constraints is not an issue.
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Abstract: Chitosan (CS) has high potential applications in packaging, agriculture and food. However, the cost associated with CS application is high. Therefore, the addition of agriculture waste such as empty fruit bunch (EFB) in CS has been studied in order to reduce the cost of CS. The CS/EFB biofilms are prepared through solvent casting method. This paper studies the effect of phthalic anhydride (PA) crosslinking agent on tensile, morphological and thermal properties of CS/EFB biofilms. The results indicated that the tensile strength and elongation at break of uncrosslinked CS/EFB biofilms decreases. However, the modulus of elasticity increases with the increasing EFB content. In addition, the glass transition temperature (Tg) of CS/EFB biofilms increased with EFB content. The crosslinked CS/EFB biofilm with PA showed higher tensile properties (i.e., tensile strength, elongation at break and modulus of elasticity) in comparison with uncrosslinked biofilms. The Tg of crosslinked CS/EFB biofilms, meanwhile, was higher than the uncrosslinked biofilms due to formation of amide linkages. The formation of amide bonds between CS and PA was analysed using the Fourier transform infrared (FTIR) spectroscopy. The better filler dispersion and filler-matrix adhesion were proven by scanning electron microscopy (SEM). It was further observed that the percentage gel fraction of both uncrosslinked and crosslinked CS/EFB biofilms increased with increasing of EFB content. On the other hand, the crosslinked CS/EFB biofilms exhibited higher gel fraction than uncrosslinked biofilms due to the formation of amide crosslinkages in crosslinked biofilms.

Keywords: Chitosan, empty fruit bunch, crosslinking, phthalic anhydride, biofilms

1.          INTRODUCTION

In recent years, the environmental impact caused by non-biodegradable plastic wastes has become an increasing concern globally. A lot of research has been done to develop renewable and environmental friendly bio-based polymeric materials as potential replacement for non-biodegradable plastic materials.1 Normally, these materials are made from renewable or natural resources such as wheat proteins, corn zein, gelatin, whey proteins, cellulose derivatives and chitosan (CS) are which non-toxic, biodegradable and edible.2 Moreover, these biopolymers generally exhibit high biocompatibility, biodegradability and renewability.3

CS is a natural polymer which can be obtained through deacetylation of chitin. CS is a renewable source and is abundantly available.4,5 The CS films are generally non-toxic, biocompatible and possess antimicrobial properties.6 Furthermore, CS films are tough, long lasting, flexible, and show good tear resistance.7 Because of these properties, CS is suitable material for designing packaging application.8,9

Natural fibres today are considered as a potentially genuine alternative to glass fibres as reinforcement in composite materials. Advantages of natural fibres over glass fibres include low cost, low density, resistance to breakage during processing, high strength-to-weight ratio, low energy content and recyclability.10,11 Oil palm empty fruit bunch fibres (EFBs) are available in abundance, in addition to being renewable, nontoxic, and less costly.12 In Malaysia, the palm oil industry is a major producer and exporter.13 For instance, in 2009, 85.71 million tons of fresh fruit bunches (FFBs) were produced, and an estimated amount of 6.76 million tons of dried EFBs were generated from oil palm mills.14 Therefore, the EFBs have a potential to yield up to 73% of fibres to be used as natural fillers in biocomposites.15,16

Due to poor tensile properties of uncrosslinked CS/EFB biofilms, the crosslinking agent was used in order to improve the properties of biofilms. It has been reported in our previous study that the utilisation of different crosslinking agent17–19 and addition of modifier4 in CS biocomposite films improved the tensile and thermal properties of biocomposite films.

To date, the study of EFB filled CS biofilms is not yet reported. Therefore, this paper focuses on the preparation of EFB/CS biofilms. In this study, the phthalic anhydride was used as crosslinking agent to enhance the tensile, thermal and morphological properties of EFB/CS biofilms.

2.          EXPERIMENTAL

2.1        Materials

CS was purchased from Hunza Nutriceutical Sdn. Bhd. with average particle size and degree of deacetylation of 80 µm and 90%, respectively. EFB was collected from Malaysia Palm Oil Board, Bangi, Selangor, Malaysia. The EFB was cleaned, crushed and ground into powder form with the particle size of 38 µm. Acetic acid and phthalic anhydride (PA) were supplied by Sigma-Aldrich, Penang, Malaysia.

2.2        Preparation of Uncrosslinked and Crosslinked CS/EFB Biofilms

First, the CS powder was dispersed into acetic acid (1 v/v %) and then stirred for 30 min. The EFB powder was then added into CS solution (1.5 w/v %) and stirred for 15 min. For crosslinked CS/EFB biocomposite films with PA, the PA powder was first dissolved in ethanol to produce 1 w/v % of PA solution. Then, 1% of PA solution was mixed with CS solution and stirred for 30 min and then the EFB was added. These uncrosslinked and crosslinked CS/EFB solutions were poured into plastic acrylic mold and dried in an oven at temperature 40°C for 24 h. Table 1 listed the formulations of uncrosslinked and crosslinked CS/EFB biofilms with PA.

Table  1:      Formulations of uncrosslinked and crosslinked CS/EFB biofilms with PA.



	Materials
	Uncrosslinked CS/EFB biofilms
	Crosslinked CS/EFB biofilms



	CS (wt%)
	100, 90, 80, 70, 60
	100, 90, 80, 70, 60



	EFB (wt%)
	0, 10, 20, 30, 40
	10, 20, 30, 40



	PA (%)
	–
	1




2.3        Tensile Properties

The tensile test of CS/EFB biofilms was carried out using an Instron Universal Testing machine, Model 5569, following the ASTM D 882. The specimens were cut into rectangular shape in the size of 100 × 15 mm. Besides, the testing was performed at 25 ± 3°C with the cross-head speed of 15 mm min–1. Ten specimens were tested for each sample and the average were calculated.

2.4        Fourier Transform Infrared (FTIR) Analysis

The FTIR analysis was done using Perkin-Elmer, Model L1280044 instrument. The attenuated total reflectance (ATR) method was used with a spectrum resolution of 4 cm–1. The 16 scans in the wavelength range from 4000 to 600 cm–1 were recorded.

2.5        Gel Fraction

The gel fraction of each biocomposite film was determined according to the method by Ramaprasad et al.20 The specimens were swell in 1% of acetic acid for 24 h. After that, the crosslinked portion (gel) was remains insoluble. Then, the gel was filtered and dried in oven at 50°C for 24 hours. The percentage of gel fraction can be calculated using equation below:
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where,

%GF = percentage of gel fraction,

w = weight of gel, and

ws= weight of specimen before swelling

2.6        Differential Scanning Calorimetry (DSC)

The DSC was performed using a DSC Q 10 research instrument. The CS/EFB biofilms were cut into small pieces and weight in range of 7 ± 2 mg. The two runs of heating and cooling scan was employed, which is first heating scanned from 30°C to 200°C and cooling scanned from 200°C to 30°C; second heating from 30°C to 200°C, with a heating rate of 10°C min–1 in nitrogen environment. The glass transition temperature (Tg) of CS/EFB biofilms were determined from DSC data.

2.7        Scanning Electron Microscopy (SEM)

The tensile fracture surface of CS/EFB biofilms was evaluated by using a scanning electron microscope (SEM) Model JSM-6460LA. The fracture ends of specimens were sputter coated with a thin layer of palladium to avoid electrostatic charging during examination.

3.          RESULTS AND DISCUSSION

3.1        Tensile Properties

Figure 1 exhibits the tensile strength of uncrosslinked and crosslinked CS/EFB biofilms with PA at EFB content from 10 to 40 wt%. The tensile strength of uncrosslinked CS/EFB biofilms decreased with increasing of EFB content due to poor filler-matrix interaction and poor dispersion of EFB filler. Besides, it was found that at similar EFB content, the tensile strength of crosslinked CS/EFB biofilms with PA is higher than uncrosslinked biofilms. Moreover, at 10 wt% of EFB content of crosslinked CS/EFB biofilms showed higher tensile strength than neat CS film. This is due to the formation of amide linkages between PA and CS in crosslinked biofilm.
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Figure  1:      Tensile strength of uncrosslinked and crosslinked CS/EFB biofilms with PA.



The formation of crosslinkages in crosslinked biofilms cause the biofilms more shrinks than uncrosslinked biofilms, providing a compressive force as the CS matrix clamp down around the EFB fillers and consequently enhanced the filler-matrix interaction. These crosslinkages improved the filler-matrix interfacial interaction, and thus improved the tensile strength of CS/EFB biofilms. Besides, the chemical modification of CS/EFB biofilms with PA has also enhanced filler dispersion in CS/EFB biofilms. The average tensile strength of crosslinked CS/EFB biofilms with PA is 34.86% higher than uncrosslinked biofilms. Similar results have been reported by Yeng et al.,17 who studied the effect of corn cob content and glutaraldehyde as a crosslinking agent on CS/corn cob biocomposite films.

Figure 2 shows the influence of EFB content on the elongation at break of CS/EFB biofilms. The elongation at break of CS/EFB decreased with increasing EFB content due to the presence of natural filler, which reduced the chain mobility of CS polymer and increased the rigidity of CS/EFB biocomposite films.4,5,19 As the EFB content increased, the weak of interfacial region between filler surface and CS matrix were formed. These occurred because cracks travel more easily through the weaker interfacial region, resulting in lower elongation with the increasing EFB content. Interestingly, the elongation at break of crosslinked biofilms was higher than the uncrosslinked biofilms. This is attributed to the fact that chemical modification of biofilms with PA improved filler dispersion and thus increased the plasticisation effect of the crosslinked CS/EFB biocomposite films. Accordingly, Dearmitt21 noted that the better dispersant help to prevent agglomeration, decrease the effective particle size and thus help maintaining good elongation at break.
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Figure  2:      Elongation at break of uncrosslinked and crosslinked CS/EFB biofilms with PA.



Increase in EFB content resulted in a higher modulus of elasticity of CS/EFB biofilms, as shown in Figure 3. This result indicates that the introduction of EFB fillers decreased the flexibility of CS chain, resulting in higher stiffness of biocomposite films. Generally, the modulus of the filler is higher than the polymer matrix; thus, one of the functions of filler is to enhance the modulus of biocomposites.22 Consequently, the increment on elasticity modulus is a usually consistent behaviour in filler particle studies. As can be seen, at a similar EFB content, crosslinked CS/EFB biofilms exhibited higher modulus of elasticity than uncrosslinked biofilms due to formation of amide crosslinkages in biocomposite films. The crosslinked CS/EFB biofilms with PA showed around 9.92% improvement in modulus of elasticity as compared to uncrosslinked biofilms. In short, the presence of amide crosslinkages gives a better improvement in tensile properties of CS/EFB biofilms.
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Figure  3:      Modulus of elasticity of uncrosslinked and crosslinked CS/EFB biofilms with PA.



3.2        FTIR Analysis

Figure 4 presents the FTIR spectra of uncrosslinked and crosslinked CS/EFB biofilms with PA. Table 2 summarises the major functional groups of uncrosslinked and crosslinked CS/EFB biofilms with PA. From Figure 4, it can be observed that the band at 3323 cm–1 and 2910 cm–1 correspond to –OH and –CH groups, respectively, whereas the peaks at 1644 cm–1 and 1550 cm–1 correspond to amide I and amide II. Moreover, the peak at 1407 cm–1 is attributed to –CH2 deformation from cellulose or –CH group deformation from lignin. The C–N amino and C–H group deformations were attributed by 1327 cm–1 and 1265 cm–1. The peaks of C–O–C and C–O groups were in the range of 1000 cm–1 to 1150 cm–1. However, the spectrum of the crosslinked CS/EFB biofilm with PA shows lower intensity peak at 3343 cm–1 compared to the uncrosslinked biofilm. This indicates that the inclusion of the PA crosslinking agent reduced the hydrophilicity of CS/EFB biofilms.
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Figure  4:      FTIR analysis of uncrosslinked and crosslinked CS/EFB biofilms with PA.



Table  2:      The major functional groups of uncrosslinked and crosslinked CS/EFB biofilms with PA.



	Biofilm


	Frequency (cm–1)


	Functional groups


	Intensity (%)





	Uncrosslinked CS/EFB biofilm
	3323


	–OH stretching
	



	2910


	–CH stretching
	



	1644


	Amide I
	



	1550


	Amide II
	



	1407


	–CH2 bond
	–




	1327


	C–N stretching (amino group)
	



	1265


	–CH stretching
	



	1000–1150


	C–O–C, C–O bonds
	



	3343


	–OH stretching
	Decreased (3.2)



	Crosslinked CS/EFB biofilm with PA
	1776


	C=O stretching (from anhydride)
	New peak



	1702


	C=O stretching (carboxylic groups)
	New peak



	1550


	C–N (amide bond)
	Increased (2.0)




Two new peaks at 1702 cm–1 and 1776 cm–1 appeared, which are ascribed to the carboxylic groups (hydrolysis products of intermediated imide) and C=O groups from anhydride, respectively. Besides, the intensity peak at 1550 cm–1 increased due to the presence of amide crosslinkages between CS and PA overlapped with free primary amines. Similar finding was reported by Tangpasuthadol et al.23, who studied the surface modification of CS films by anhydride crosslinker to improve the properties of CS films. The FTIR results show a new absorption peak at 1710 cm–1 and 1770 cm–1 attributed to the C=O stretching vibration of carboxyl groups. The proposed schematic crosslinking reaction between CS and PA is illustrated in Figure 5.
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Figure  5:      Proposed schematic crosslinking reaction between chitosan and phthalic anhydride.



3.3        Gel Fraction

In general, the gel fraction determination can be investigated the presence of crosslinkages in polymer.24 The gel fraction of uncrosslinked and crosslinked CS/EFB biofilms with PA is tabulated in Table 3. The gel fraction of CS/EFB biofilms increased with the increasing EFB content from 10 wt% to 40 wt% because the EFB natural filler would not dissolved in acetic acid. Nevertheless, the neat CS film was partially dissolved in acetic acid during swelling process as the CS formed a semi crystalline structure in solid state. This crystal structure hardly dissolves in acetic solution.25 On the other hand, the crosslinked CS/EFB biofilms with PA exhibited higher gel fraction in comparison with uncrosslinked biofilms. This is due to the presence of amide linkages in biofilms.

Table  3:      Gel fraction of uncrosslinked and crosslinked CS/EFB biofilms.



	Biofilms
	Gel fraction (%)





	Neat CS
	46.12





	Uncrosslinked CS/EFB (80:20)
	52.14





	Uncrosslinked CS/EFB (60:40)
	58.41





	Crosslinked CS/EFB (80:20)
	72.56





	Crosslinked CS/EFB (60:40)
	76.87






3.4        Differential Scanning Calorimetry (DSC)

The DSC curve of uncrosslinked and crosslinked CS/EFB biofilms is illustrated in Figure 6. The DSC data of CS/EFB biofilms is summarised in Table 4. CS biofilms easily absorbed moisture. Thus, to eliminate the moisturising effect, two cycles of heating and cooling were introduced. Similar finding was reported by a few studies.26,27 The glass transition temperature (Tg) of neat CS film occurred at approximately 169°C, as shown in Table 4. As the EFB content increased, the Tg shifted to a higher temperature due to the reduction of plasticity of the CS matrix. The presence of EFB restricted the chain mobility resulting in a higher Tg of CS/EFB biofilms. Nevertheless, the crosslinked CS/EFB biofilms with PA at 20 wt% and 40 wt% of EFB content showed higher Tg than uncrosslinked CS/EFB biofilms. This was due to the presence of new inters amide linkages, which become rigid and resist deforming. This observation is in line with modulus of elasticity results which was explained earlier.
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Figure  6:      DSC curve of neat CS film, uncrosslinked and crosslinked CS/EFB biofilms with PA.



Table  4:      DSC data of CS/EFB uncrosslinked and crosslinked biofilms.



	Biofilms
	Tg (°C)





	CS
	169





	Uncrosslinked CS/EFB (80/20)
	156





	Uncrosslinked CS/EFB (60/40)
	165





	Crosslinked CS/EFB (80/20)
	164





	Crosslinked CS/EFB (60/40)
	185






3.5        Morphology Study

Figure 7 shows the SEM micrograph of homogenous surface and matrix tearing of neat CS film. Figures 8 (a) and (b) illustrate the SEM micrograph of tensile fractured surface for uncrosslinked and crosslinked CS/EFB biofilms at 40 wt% EFB content, respectively. Figure 8(a) shows the rough surface with the addition high content of EFB. Additionally, the micrograph from Figure 8(a) exhibits some detachment of EFB from the CS, agglomeration and poor dispersion. This indicates poor interaction between EFB and CS matrix. This result is in line with the finding that the tensile strength of biocomposite films decreased with increasing EFB content, as discussed earlier. The SEM micrograph of crosslinked biofilm as demonstrated in Figure 8(b) shows less EFB filler detachment, less agglomeration, some embedding of EFB filler, and better dispersion in CS matrix. It can be seen that the surface is smoother as compared to without the addition of phthalic anhydride. This indicates that the presence of phthalic anhydride enhanced the filler-matrix interfacial adhesion and filler dispersion.
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Figure  7:      SEM micrograph of neat CS film.
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Figure  8:      SEM micrograph of (a) uncrosslinked CS/EFB biofilm; and (b) crosslinked CS/EFB biofilm at 40 wt% of EFB content, respectively.



4.          CONCLUSION

In summary, changes in EFB content and chemical modification with PA had effects on tensile and thermal properties of EFB/CS biofilms. It has been found that the tensile strength and elongation at break decreased, but modulus of elasticity increased with the increasing EFB content. However, the PA improved the tensile properties of EFB/CS biofilms due to formation of amide crosslinkages and better filler-matrix adhesion. The Tg of biocomposite films shifted to a higher temperature with the increasing amount of EFB. After chemical modification with PA, a higher Tg was observed as compared to neat CS film and uncrosslinked EFB/CS biofilms. The gel fraction of uncrosslinked and crosslinked CS/EFB biofilms increased with the increasing EFB content. Crosslinked CS/EFB biofilms exhibited higher gel fraction than uncrosslinked biofilms due to the presence of amide bonds in biofilms.
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Abstract: The compound, 2-methyl-N-((4-methylpyridin-2-yl)carbamothioyl)benzamide was derived from ortho-toluylchloride and 2-amino-4-picoline. It was fully crystallised and characterised on the basis of elemental analysis, X-ray crystallography and spectroscopic techniques namely infra-red, Uv-Vis and nuclear magnetic resonance. The melting point was in the range of 164.9°C–165.8°C. The Fourier transform infrared (FTIR) analysis shows the following vibrational frequencies for ν(N-H), ν(C=O), ν(C-N) and ν(C=S) at 3237 cm–1, 1683 cm–1, 1329 cm–1 and 1154 cm–1 respectively. 1H NMR results showed chemical shifts at 9.140 ppm and 12.983 ppm for the two N-H protons. Single crystal X-ray diffraction studies on the compound showed it to be a rigid molecule due to the presence of internal hydrogen bonding. The compound shows antibacterial activity towards gram positive and gram negative bacteria.

Keywords: Synthesis, thiourea moiety, anti-bacterial study, benzamide, diffraction studies

1.          INTRODUCTION

For the past few decades, thiourea derivatives have attracted great attention as versatile ligands in numerous applications.1 This is due to its unique properties which enable it to coordinate with various transition metal ions as monodentate or bidentate ligands.2–5 Thiourea derivatives for instance obtained as substituted benzoylthiourea or phenylthiourea derivatives are attractive model compounds for studies in solid-state chemistry due to their tendency for the formation of intra- and intermolecular hydrogen bonds of the N–H proton-donor groups to sulphur and carbonyl oxygen atoms.6,7 To date, these derivatives are widely used in numerous applications such as in pharmaceutical industry as potential therapeutic agents, antibacterial,8,9 anti-HIV,10 anticancer drugs11 and antidepressants,12 as well as antihyperlipidemic, antiallergic, antiparasitic, platelet antiaggregating and antiproliferative activities.13 Previous studies have reported that the compounds containing thiourea moieties have been used extensively and commercially as herbicides, fungicides and insecticides agents in the agrochemical industries.14 The new para cleavage of C–Cl bond of the benzoyl chloride by nitrogen atom of the bidentate thiocyanate produces carbonyl isothiocyanate. This mechanism is shown in Figure 1.
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Figure  1:      Mechanism of reaction of ammonium thiocyanate with benzoyl chloride forming thiourea benzamide derivatives.



Several studies have revealed that thiourea derivatives have not only been used in the medical and agriculture applications, but they also play a major contribution in the environmental and industrial applications. In the case of 1-benzoyl-3-propylthiourea, it has been used as an effective adsorbent for removal of mercury ions from aqueous solutions.15 Additionally, thiourea and its derivatives can serve as useful host materials or inclusion compounds exhibiting a wide range of applications in the development of electronics and optoelectronics devices.16 Thiourea and its derivatives have also been found to be an effective agent of corrosion inhibitors because sulphur atom is easily protonated in acidic solution.17

This communication focuses on the synthesis of a new compound from carbonyl thiourea. The chemical structure was confirmed by several spectroscopic methods namely IR, 1H and 13 C NMR spectroscopy and single crystal X-ray diffraction structural analysis. The compound was tested for antimicrobial activity and toxicity. This paper in part addresses the world’s concern with seeking new antimicrobial agents with maximum efficacy and low toxicity, especially strains resistant to current antibiotics.

2.          EXPERIMENTAL

2.1        Raw Materials

Acetone (System, 99.5%), ethyl alcohol (HmbG Chemical, 99.74%), ortho-benzoyl chloride (Merck, 99.5%), ammonium thiocyanate (Merck, 99.5%), 2-amine-4-methylpyridine (C8H8N2; Merck, 99.5%) and deuterium oxide (Aldrich, 99.9%) were used as received. All other chemicals used were AR grade or of high purity and used directly without further purification.

2.2        Physical Measurements

All reactions were carried out under an ambient atmosphere and no special precautions were taken to exclude air or moisture during work-up. All chemicals were purchased from Sigma Aldrich or Merck and used as received without further purification. Infrared spectra of the synthesised compounds were recorded from KBr pellets using FTIR Perkin Elmer 100 Spectrophotometer in the spectral range of 4000–400 cm–1. The 1H and 13C NMR were recorded using Bruker Avance III 300 MHz spectrometer in acetone-d6. Room temperature diffraction data for 2a was collected on a Bruker SMART APEX 4 K CCD diffractometer (Mo K a radiation, k = 0.71073 Å). The structure was solved and refined by using SHELX suit. All nonhydrogen atoms were refined anisotropically. The perspective view of the molecule was obtained using ORTEP-32 for Windows. The crystallographic data was collected by SMART software, while cell refinement data was analysed by using SAINT software. Data reduction, structure, molecular graphic and value of hydrogen bonding were calculated by SHELXTL and PLATON.

2.3        Preparation of 2-methyl-N-((4-methylpyridin-2-yl)carbamothioyl) benzamide

Freshly prepared substituted o-benzoyl chloride (2.0 g, 13 mmol) was added dropwise to a stirred acetone solution (30 ml) of ammonium thiocyanate (0.98 g, 13 mmol). The mixture was stirred for 10 min. A solution of 2-amino-4-picoline in acetone was added and the reaction mixture was refluxed for 3 h, after which the solution was poured into a beaker containing some ice cubes. The resulting precipitate was collected by filtration, washed several times with a cold ethanol/water mixture followed by recrystallisation from methanol to afford the title compound as colourless single crystalline solids (2.65 g, 66%).

2.4        Antibacterial Test

2.4.1        Preparation of samples, positive control and negative control

The compounds were obtained after a few weeks of synthesis which is 2-methyl-N-((4-methylpyridin-2yl)carbamothioyl)benzamide. The crystal compounds were ground to obtain powdered form. The powdered form were then dissolved using 25% mixture of ethanol and methanol and then were used in the bacterial assay. The working stock concentrations for all the compounds were 15 mg ml–1. Chloramphenicol (+) at the concentration of 30 μg ml–1 was used as positive control in this study. Chloramphenicol (Sigma-Aldrich) was prepared by dissolving 0.3 mg of Chloramphenicol into 0.3 ml of 25% methanol. The negative control used is 25% methanol (–).

2.4.2        Bacterial strains

Four American Type Culture Collection (ATCC) pathogenic strains provided by School of Biological Sciences, Universiti Sains Malaysia were used in this study. The bacteria used for the antibacterial studies are Escherichia Coli ATCC 2592, Pseudomonas aeruginosa ATCC 2785, Bacillus subtilis (CDR) and Staphylococcus aureus ATCC 25923. Prior to be used in the bacterial assay, the bacteria were grown on both Mueller Hinton (MH) broth and agar are placed in an incubator at 37°C and observed for confluency of its growth.

2.4.3        Agar disc diffusion assay

The disc diffusion (Kirby-Baurer) technique, based on the recommended standards of the National Committee for Clinical Laboratory Standards (NCCLS), was used for antibacterial test. An overnight suspension culture of the four bacterial strains was prepared on Mueler Hinton Agar (MHA) media by adding 100 μl of the suspension culture onto the middle of the plate and spreading it evenly on the plate using L-rod. Sterile discs were prepared (diameter = 6 mm) and placed on the culture spread agar media. The discs were impregnated with 20 μl of the working stock of each of the compounds. Chloramphenicol (+) was used as positive control to check the sensitivity of the strains. 25% of mixture of methanol and ethanol (–) was used as negative control. The inoculated plates were incubated at 37°C for 24 h. The antibacterial activity was evaluated by measuring diameter of the inhibition zone around the disc.

2.4.4        Statistical analysis

Each set of experiment were done in six replicates. Means in the experiment were analysed using uni-variate analysis of variance and differential with Duncan’s test.

3.          RESULTS AND DISCUSSION

2-methyl-N-((4-methylpyridin-2-yl)carbamothioyl)benzamide was synthesised in excellent yields following the method described by Douglass et al.,18 which involved the reaction of ortho-toluylchloride with potassium thiocyanate in acetone followed by condensation of the resulting ortho-carbonyl isothiocyanate with the appropriate primary amine. All spectroscopic methods and elemental analyses confirmed the proposed structures of the new compound. The characteristic IR bands of the compound are shown in Figure 2.
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Figure  2:      IR spectra for 2-methyl-N-((4-methylpyridin-2-yl)carbamothioyl)benzamide.



The compound showed two bands at 3433 cm–1 and 3233 cm–1 which was ascribed to the N-H stretching vibrations. This difference between the νNH and 3237–3040 cm–1 stretching vibration frequencies was due to an intramolecular hydrogen bond (X-ray single-crystal diffraction data), where the carbonyl group was connected to the imine group. The band at 1683 cm–1 was due to the C=O stretching vibration. The strong band at 1547 cm–1 was attributed to the vC=C stretching vibration. The strong band at 1329 cm–1 was due to νC-N stretching, whereas the band at 1154 cm–1 was due to the thiocarbonyl (C=S) group stretching vibration. The elemental analysis for this compound agrees with the expected structure of the molecules. However the percentages of C atom and N for the ligand are slightly larger than the theoretical value. The calculated and experimental (in bracket) values for the CHN analysis are as follows: C = 58.95% (59.58%), H = 5.25% (5.28%), N = 14.72% (14.60%).

Figure 3 shows the UV-Vis spectrum of 2-methyl-N-((4-methylpyridin-2-yl)carbamothioyl)benzamide. The first sharp peak is due to the solvent methanol peaks, The carbonyl group in 2-methyl-N-((4-methylpyridin-2-yl)carbamothioyl)benzamide undergo n–п* and п–п* transitions appear at λ, 280 nm to 290 nm.19 The UV-Vis spectrum of 2-methyl-N-((4-methylpyridin-2-yl)carbamothioyl)benzamide showed the synthesised compounds have bands which represent carbonyl chromophores and thiol chromophores. The carbonyl peak was observed at λ max 277.4 nm with strong band. The weak bands (or shoulder) emitted by carbonyl chromophores were attributed to the highly conjugated system in the synthesised compounds.20 For the thiol chromophores of the synthesised compounds, the absorption observed at λ max 347.6 nm with strong adsorption band. The spectra appeared as broad absorption bands, because each electronic level is associated with multiple vibrational and rotational energy levels.
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Figure  3:      The Uv-vis spectrum of 2-methyl-N-((4-methylpyridin-2-yl)carbamothioyl) benzamide.



Figure 4 shows the 1H NMR spectrum of 2-methyl-N-((4-methylpyridin-2-yl)carbamothioyl)benzamide. Dimethyl sulfoxide was used as the deuterated solvent at the chemical shift of 2.5 ppm. Corresponding to the literature, the 1HNMR spectrum of 2-methyl-N-((4-methylpyridin-2-yl)carbamothioyl) benzamide indicates that the NH resonance appear at 13.16 ppm and 11.64 ppm, but the resonance vary with different parameters, such as the substituted groups on the rings, which release and withdraw electron density in each ring, their positions and intra- and intermolecular hydrogen bonding.
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Figure  4:      1H NMR for 2-methyl-N-((4-methylpyridin-2-yl)carbamothioyl) benzamide.



In most compounds with aromatic substituent at N1, the hydrogen bonded proton N1-H6 has a higher proton chemical shift, i.e., between 11 and 12 ppm. 1H NMR studied in chloroform show that the proton of N1-H6 chemical shift was found at about δ 12.983 ppm (s, 1H) for the hydrogen bonded proton N2-H6 appeared in downfield. The chemical shift of proton (H7) is about δ 9.140 ppm (s, 1H). The chemical shift of proton H5, δ = (2.514 ppm) (singlet, 3H) appeared downfield compared to proton H9, δ = (2.369 ppm) (singlet, 3H). The proton H8 was a singlet at δ = 8.624 ppm (1H). The proton H11 and H2 were found at δ = 7.534–7.510 ppm (d, 1H) and δ = 8.262–8.246 ppm (d, 1H) respectively. Whereas the proton H3 and H4 appeared at δ = (7.282–7.237 ppm) (unequal multiplet, 2H) respectively. While proton at H1 and H10 is at the chemical shift of δ = (7.428–7.372 ppm) (t, 1H) and δ = (6.980–6.950 ppm) (d, 1H) respectively. The splitting pattern, chemical shift and J coupling of protons are shown in Table 1.

Table  1:      The splitting pattern, chemical shift and J coupling of protons.



	Protons
	Chemical shifts (ppm)

	Splitting pattern

	J (Hz)




	H3, H4
	7.282–7.237

	Unequal multiplet (2H)

	–




	H1
	7.428–7.372

	triplet (1H)

	4.5




	H6
	12.983

	singlet (1H)

	–




	H7
	9.140

	singlet (1H)

	–




	H8
	8.624

	singlet (1H)

	–




	H2
	8.262–8.246

	doublet (1H)

	5.0




	H10
	6.980–6.580

	doublet (1H)

	7.5




	H11
	7.534–7.510

	doublet (1H)

	3.5




	H5
	2.514

	singlet (3H)

	–




	H9
	2.369

	singlet (3H)

	–





Figure 5 shows the 13C NMR spectrum of 2-methyl-N-((4-methylpyridin-2-yl)carbamothioyl)benzamide. Acetone was used as the deuterated solvent at the chemical shift of 30.06 and 206.33 ppm. The most de-shielded 13C NMR signals correspond to C=O and C=S groups. The carbon atom of thiocarbonyl group δ178.54 ppm shows the highest values, due to the lower excitation energy n–п*.21 The 13C NMR signals of carbonyl group appearing at п 171.29 ppm are more deshielded in the NMR spectra, due to the existence of the intra-molecular hydrogen bond related to the carbonyl oxygen atom. Meanwhile, the aromatic carbon resonance can be found in between δc 116.79–152.73 ppm which is corresponding to the benzene rings and pyridine ring in the compound. The methyl (CH3) (C5 and C13) group attached to the benzene ring and pyridine ring could be determine at the most upfield region which is δc 19.97 and 21.41 and ppm respectively. Otherwise, the summarisation of the chemical shift of the carbon for this compound was shown in Table 2.
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Figure  5:      13C NMR for 2-methyl-N-((4-methylpyridin-2-yl)carbamothioyl)benzamide.



Table  2:      The chemical shift of the carbon.



	Carbon

	Chemical shift (ppm)




	C1

	128.72




	C2

	132.24




	C3

	134.80




	C4

	137.74




	C5

	19.97




	C6

	126.66




	C7

	134.80




	C8

	171.29




	C9

	178.54




	C10

	152.74




	C11

	116.79




	C12

	149.14




	C13

	21.41




	C14

	123.22




	C15

	149.14





3.1        X-ray Crystallographic Analysis

The crystal data were collected using x–2h scan techniques on an Agilent SuperNova (single source at offset and Eos CCD detec-tor) diffractometer with SuperNova (Mo) X-ray Source (Mo-Ka, k = 0.71073 Å). The CrysAlisPro software program was used for data collection, cell refinement and data reduction. Using Olex2, the structure was solved by ShelS22 structure solution program using direct methods and refined with the ShelXL23 refinement package using least squares minimisation. To prepare material for publication Mercury 3.0 were used. All H atoms were refined using a riding model.

The structure of 2-methyl-N-((4-methylpyridin-2-yl)carbamothioyl)benzamide was confirmed by the result of a single crystal X-ray structure determination as shown in the Figure 6. Experimental details for data collection and structure refinement are summarised in Table 3 while Table 4 shows the intra and inter molecular interactions.
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Figure  6:      X-ray analysis of 2-methyl-N-((4-methylpyridin-2-l)carbamothioyl)benzamide.



Table  3:      Crystal data, data collection and structure refinement parameters of 2-methyl-N-((4-methylpyridin-2-yl)carbamothioyl)benzamide.



	Complex

	2-methyl-N-((4-methylpyridin-2-yl) carbamothioyl)benzamide (1)




	Chemical formula

	C15H15N3OS




	Formula weight

	285.36




	Temperature

	100(2) K




	Wavelength

	0.71073 Å




	Crystal size

	0.090 × 0.120 × 0.250 mm




	Crystal system

	monoclinic




	Space group

	P 1 21/c 1




	Unit cell dimensions:

	



	a = 11.730(2) Å

	α = 90°




	b = 6.2343(12) Å

	β = 95.361(4)°




	c = 19.527(4) Å

	γ = 90°




	Density (calculated)

	1.333 g cm–3




	Volume

	1421.7(5) Å3




	Z

	4




	Absorption coefficient

	0.227 mm–1




	F(000)

	600




	Theta range for data collection

	2.10 to 28.77°




	Goodness-of-fit on F2

	1.039




	Δ/σmax

	0.001




	Final R indices:

	



	3083 data; I>2σ(I)

	R1 = 0.0342, wR2 = 0.0861




	all data

	R1 = 0.0441, wR2 = 0.0912





Table  4:      Hydrogen bonding distances and angles of 2-methyl-N-((4-methylpyridin 2yl)carbamothioyl)benzamide (1).



	D–H···A distance (Å)

	D–H···A distance (Å)

	D–H···A distance (Å)

	D–H···A distance (Å)

	D–H···A distance (Å)




	C11–H11…S1

	0.95

	2.54

	3.2051(13)

	127.5




	N1–H1…S1

	0.88

	2.58

	3.4038(12)

	156.1




	N2–H2…O1

	0.88

	1.89

	2.6372(14)

	142.2





D = Donor atom, A =Acceptor Atom

In 2-methyl-N-((4-methylpyridin-2-yl)carbamothioyl)benzamide the bond lengths and angles are generally normal in the N-alkyl-N-benzoylthiourea compounds. The structure of 2-methyl-N-((4-methylpyridin 2yl)carbamothioyl) benzamide) as shown in Figure 7 was confirmed by the result of a single crystal X-ray structure determination. It adopted a monoclinic structure. There are two types of bonding exist in the compound, which is intramolecular and intermolecular hydrogen bond. The selected bond length and angles are presented in Table 5.
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Figure  7:      Inhibition zone value for each bacterium strain.



Table  5:      Selected bond lengths (Å) and bond angles (º) of 2-methyl-N-((4-methylpyridine-2yl) carbamothioyl) benzamide.



	Bond lengths
	(Å)




	C7-C8
	1.4944(17)



	C8-N1
	1.3930(16)



	C9-N1
	1.3915(16)



	C10-N3
	1.3411(16)



	C10-N2
	1.4157(16)



	C11-H11
	0.95



	N1-H1
	0.88



	C8-O1
	1.2229(15)



	C9-N2
	1.3392(15)



	C9-S1
	1.6755(13)



	C10-C11
	1.3929(18)



	C14-N3
	1.3383(18)



	N2-H2
	0.88



	Bond angles
	(º)




	N1-C8-C7
	114.49(10)



	N2-C9-S1
	127.06(10)



	N3-C10-C11
	123.99(12)



	C11-C10-N2
	125.99(11)



	C10-C11-H11
	120.7



	C9-N2-C10
	132.02(11)



	N2-C9-N1
	114.81(11)



	N1-C9-S1
	118.13(9)



	N3-C10-N2
	110.00(11)



	C9-N1-C8
	128.54(10)




In 2-methyl-N-((4-methylpyridin-2-yl)carbamothioyl)benzamide, the bond lengths and angles are generally normal in the N-alkyl-N’-benzoylthiourea compounds. The bond length of the carbonyl (C8-O1 = 1.229(15) Ǻ) group of the compound have typical double bond character. However, the thiocarbonyl group (C9–S1 = 1.6755(13) Ǻ) is longer than the typical C=S of 1.660(2) Ǻ13. The C-N bond lengths for the investigated compound are all shorter than the average single C-N bond length of 1.472(5) Ǻ, being C8-N1 = 1.3930(16) Ǻ, C9-N1 = 1.3915(16) Ǻ, C10-N3 = 1.3411(16) Ǻ, C10-N2 = 1.4157(16) Ǻ thus showing varying degrees of single bond character.

Figure 8 shows the intramolecular and intermolecular hydrogen bonding of the compound. There are two intramolecular hydrogen bonds from C11-H11---S1 and N2-H2---O1 which have lengths of 3.2051(13) Ǻ and 2.6372(14) Ǻ respectively. Meanwhile, the other two intermolecular hydrogen bonds form from N1-H1---S1 with length of 3.4028(12) Ǻ. All of them are in the range of typical hydrogen bond length between 2.6 Ǻ and 3.5 Ǻ. Bond characters of the structure are presumed as a result of the intra-molecular H-bond “locking” the molecule into a pseudo-planar six-membered ring structure. These results are in agreement with the expected delocalisation in the compound and confirmed by C9-N2-C10 = 132.02(11)Ǻ and C9-N1-C8 = 128.54(10)Ǻ angles showing a sp2 hybridisation on the N1 and N2 atoms as shown in Table 5.
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Figure  8:      Hydrogen bonding of 2-methyl-N-((4-methylpyridin-2-yl) carbamothioyl) benzamide.



According to the structure, the molecule was too rigid that the N(2)-C(10) and N(1)-C(8) sigma bond cannot make rotations so that the C=O and C=S align at the same side in order for O and S atom to donate their electron simultaneously to the metal. Figure 9 shows the crystal packing of 2-methyl-N-((4-methylpyridin-2-yl)carbamothioyl)benzamide viewed along b-axis in one unit cell.
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Figure  9:      Packing diagram of 2-methyl-N-((4-methylpyridin-2-yl) carbamothioyl) benzamide.



The crystal structure was deposited at the Cambridge Crystallographic Data Centre. The data have been assigned the following deposition numbers: CCDC 974439.

3.2        Antimicrobial Test

Four pathogenic strains namely Escherichia coli ATCC 25922, Pseudomonas aeruginosa ATCC 27853, Staphylococcus aureus ATCC 25923 and one generally regarded as safe (GRAS) bacteria Bacillus subtilis were used in this study. Escherichia coli ATCC 25922 are rod shaped gram-negative bacteria that causes diarrheal illness worldwide, with over 2 million deaths taking place each year.24 Pseudomonas aeruginosa ATCC 27853 a gram-negative rod is the most common pathogen that causes acute respiratory infections in ventilated or immunocompromised humans and chronic respiratory infections in cystic fibrosis patients.25,26 Gram-positive bacteria Staphylococcus aureus ATCC 25923 is a facultative anaerob and the staphylococcal infections remains partly understood.27 Bacillus subtilis is a gram-positive bacterium and has been granted the generally recognised as safe (GRAS) status.28

The susceptibility of bacteria to the tested compound was evaluated by the formation of zone of inhibition after 18 h of incubation at 36°C. Each set of experiment was done in six replicates. Figure 7 reports the inhibition zones of each bacteria strain against the compound. The inhibition zones ranged from 8 mm, 9 mm, 10 mm and 8 mm for E. coli ATCC 25922, Pseudomonas Aeruginosa ATCC 27853, Bacillus Subtilis and Staphylococcus Aureus ATCC 25923 respectively. The difference between gram-negative and gram-positive bacteria is due to cell wall peptidoglycan layer.29 Gram positive bacteria have a thicker peptidoglycan layer compared to gram negative bacteria.30 In this study, although gram positive bacteria were more resistant, the compound could still penetrate and resulting in inhibition zones. From the overall results, antibacterial activity of this compound show mild activity (8 to 10 mm) and indicate that this compound has antimicrobial properties and has a potential as an antibacterial agent.

4.          CONCLUSION

A thiourea benzamide derivative, 2-methyl-N-((4-methylpyridin-2-yl)carbamothioyl)benzamide with electronegative atom, S and O in trans-configuration has been successfully synthesised with moderate yield. The chemical structures elucidated by CHN elemental analysis, single crystal X-ray analysis, FTIR, 1H NMR, 13C NMR and UV-visible spectroscopy proved the expected compound. The mechanism for the formation of the compound consists of two parts. The first part was the nucleophilic attack of partially positive carbonyl carbon by thiocyanate group forming isothiocyanate. The leaving chloride ion formed ammonium chloride. In the second part, the carbon of isothiocyanate was then attacked by the electron pair of nitrogen atom. It then underwent proton transfer to form 2-methyl-N-((4-methylpyridine-2-yl)carbamothiol)benzamide. Thus, this result can be used as fundamental information in creating antibacterial medicines. Further analysis can be carried out to determine the minimum inhibitory concentration (MIC) value in future studies.
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Abstract: Ultrasound-assisted extraction (UAE) of oil from Calophyllum inophyllum Linn seeds was studied and the effects of four factors (extraction time, ultrasound power, extraction temperature, and liquid to solid (L/S) ratio) on the oil yield were optimised by using a statistical tool. Specifically, the optimisation was carried out by employing a Box-Behnken statistical experimental design. The experimental data were fitted to a quadratic model using multiple regression analysis giving high determination coefficient value (R2) of 0.984. The predicted oil yield was optimum (56.2%) when the extraction were conducted for 21 min, 210 W ultrasound power, 42°C extraction temperature and 21 ml/g L/S ratio. Based on the model summary statistics, the experimental values agreed closely with the predicted values, indicating an excellent fit of the model used. The results indicated that Response Surface Methodology (RSM) was effective for optimising the UAE conditions of oil from C. inophyllum seeds.

Keywords: Calophyllum inophyllum, ultrasound, seed oil, Box-Behnken design, optimisation

1.          INTRODUCTION

Calophyllum inophyllum Linn is an oilseed ornamental evergreen tree, commonly known as Penaga Laut in Malaysia. It belongs to the Clusiaceae family having average height of 8–20 m with a broad spreading crown of irregular branches. C. inophyllum are also known as Alexandrian laurel, Tamanu, Bintangor, Nyamplung and Kamani.1–3 A number of medicinal and therapeutic properties have been described to various parts of Calophyllum multipurpose tree, including the treatment of rheumatism, varicose veins, hemorrhoids and chronic ulcers.4

The seeds of C. inophyllum have a very high oil content and most of them are unsaturated oleic and linoleic acid.5 The oil does not only possess anti-inflammatory, antimicrobial and antiaging properties, but it can be used to treat diabetic sores, anal fissures, sunburn, dry skin, blisters and sore throat.4,6 The pain relieving properties of C. inophyllum oil has been used traditionally to relieve neuralgin, rheumatism and sciatica.6

Traditional techniques of extraction, such as heating, boiling or refluxing, used for the solvent extraction of natural products are associated with longer extraction times and lower yields, use of large amount of organic solvents, and poor extraction efficiency.7 Thus, developing an optimised novel extraction technology is necessary in pharmaceutical, food and cosmetic industries.

Recently, ultrasound-assisted extraction (UAE) has been developed as a novel technique to extract oil from plants. UAE is being used widely in extraction of oil from various types of seeds including pomegranate, papaya, tobacco, grape, hemp and black seed.8–13 This technique has been considered as a desirable method of extraction offering many advantages. Such advantages include less extraction time, low extraction temperature, and high extraction efficiency.14 In addition, it is inexpensive, environment friendly and simple to operate.15,16 The mechanism of ultrasonic enhancement is mainly attributed to behaviour of cavitation bubbles upon propagation of acoustic waves. The collapsing of these bubbles can produce chemical, physical and mechanical effects which result in disruption of material matrix, facilitating release of extractable compounds and enhancing mass transfer of solvent into the sample thus increasing the release of target compounds from matrix into the solvent.17

Response surface methodology (RSM) is a collection of mathematical and statistical techniques for designing experiments, building models, evaluating the effects of several factors, and obtaining optimum condition of factors for desirable responses. RSM provides the relationship between one or more measured dependent responses and a number of input factors.18 The optimisation process involves studying the response of the statistically designed combinations, estimating the coefficients by fitting it in a mathematical model that fits best the experimental conditions, predicting the response of the fitted model, and checking the adequacy of the model.19

Box-Behnken design (BBD) is one of the most common RSM tools, which has been widely used by researchers for optimisation of experimental trials. It is more efficient to conduct experiments using a BBD over traditional methods because it simplifies the complexity of the experimental trials needed to evaluate multiple variables and their interactions.20 BBD is not only capable in determining the accurate optimum values of experimental parameters but also provides the possibility to evaluate the interaction between variables with a reduced number of experiments.21 BBD does not contain combinations for which all factors are simultaneous at their highest or lowest levels. It is also useful in avoiding experiments performed under extreme conditions, for which unsatisfactory results are often obtained.22 Its other advantages including the following: less number of experiments involved; suitability for multiple variables, which can reveal possible interactions between variable; relativity search between multiple variables; and finding the most suitable correlation and forecast response.18

Even though UAE technique offers many advantages, the feasibility of using UAE for the extraction of C. inophyllum seed oil has not yet been explored in the literature. Furthermore, to our best knowledge, reports on optimisation of extraction conditions on C. inophyllum oil using RSM are very limited. Hence, the objectives of our study is to investigate and optimise the effect of UAE process variables such as extraction time, ultrasonic power, extraction temperature and liquid to solid (L/S) ratio on the yield of C. inophyllum oil using Box-Behnken response surface design. The optimised controlled conditions determined in this study should offer important reference values for any subsequent studies.

2.          EXPERIMENTAL

2.1        Material

C. inophyllum fruits were collected from Taman Kerian, Parit Buntar, Perak, Malaysia. The species was identified by Dr. Rahmad Zakaria (USM Herbarium 11565) from the School of Biological Sciences, Universiti Sains Malaysia. Prior to extraction, the fruits were slightly crushed to obtain the seeds. Then, the cleaned seeds were ground in a laboratory mill and sieved using a 10-mesh (pore size 2 mm) sieve. Analytical grade n-hexane (Merck) was used as extraction solvent.

2.2        Moisture Content of the Seeds

The moisture content of the seeds was determined by oven drying method at 105 ± 1°C for 24 h.23 The moisture content (wet basis) was calculated as:
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where mi and md is the initial and final mass of the seed (g), respectively.24

2.3        Ultrasound-assisted Extraction

The extraction was performed using an ultrasonic water bath (Transsonic Digital S Model T 840DH), with internal tank dimension 327 mm × 300 mm × 200 mm, volume 18 l, having a power consumption of 1100 W and a fixed operating frequency of 40 kHz. It is equipped with adjustable power output from 70 to 250 W. The ultrasonic bath was filled with water approximately 2/3 of its volume. The seed sample (5 g) and the extracting solvent, n-hexane was placed in an Erlenmayer flask (250 ml) covered with aluminium foil. Then, the flask was immersed into the centre position of the ultrasonic bath and this position was kept constant throughout the experiments. During extraction, the temperature was controlled and maintained at the desired level by water circulating from a water bath. After extraction, the liquid extract was separated from the seed residue by using a centrifuge at 4000 rpm for 20 min. The solvent was then removed by using a rotary evaporator and the oil obtained were dried until a constant weight was reached. The extracted oil was collected in a pre-weighed 50 ml beaker for the yield calculation.

2.4        Determination of C. inophyllum Oil Yield

Extraction yield of C. inophyllum oil was calculated using Equation (2):
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whereY is the extraction yield of C. inophyllum oil (%), M1 is the mass of C. inophyllum oil extracted from the sample (g) and M0 is the mass of the sample used (g).25 The mass of C. inophyllum oil extracted from the sample, M1 was calculated by the difference between the mass of beaker containing the oil and the mass of the empty beaker used.

2.5        Experimental Design

A four-factor, three-level BBD was employed to determine the optimal conditions for UAE of C. inophyllum oil. In order to evaluate the effect of process variables, 29 experiments including five replicates at the central point were performed randomly. Four independent variables involved in this study were extraction time (X1), ultrasonic power (X2), extraction temperature (X3) and liquid to solid ratio (X4), while the dependent variable was the yield of C. inophyllum oil (Y). The ranges of the independent variables were chosen based on the results of preliminary experiments. All independent variables and their respective levels used in BBD were shown in Table 1.

Table  1:      Independent variables and their respective coded levels employed in BBD.



	Independent variables
	Levels




	–1

	0

	+1




	Extraction time, X1 (min)
	15

	20

	25




	Ultrasonic power, X2 (W)
	190

	210

	230




	Extraction temperature, X3 (°C)
	35

	40

	45




	Liquid to solid ratio, X4 (ml/g)
	15

	20

	25





Each of these independent variables were coded at three levels between –1, 0 and +1. The coding of the variables was done according to the following equation:26
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Where xi is the dimensionless value of an independent variable, Xi is the real value of an independent variable, XZ is the real value of an independent variable at the centre point, and Δxi is the step change of the real value of the variable i corresponding to a variation of a unit for the dimensionless value of the variable i. The experimental data were analysed by multiple regressions to fit the following quadratic polynomial model:
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Where Y is the predicted response and βo is an intercept. Bi, βii and βij are regression coefficients for linear, quadratic, and interactive terms, respectively. Xi and Xj are the coded independent variables.27

2.6        Statistical Method

The statistical analysis was carried out using Design Expert (Version 6.0.6, Stat-Ease Inc., Minneapolis, Minnesota, USA). Modeling of data started with a quadratic model including linear, squared and interaction terms. The adequacy of the model was determined by evaluating the coefficient of determination (R2), the lack of fit, adequate precision and the F-test value obtained from the analysis of variance (ANOVA) that was generated. The regression coefficients obtained from the model were then used for the statistical calculations to generate response surface plots.28 Additional confirmation experiments were subsequently conducted to verify the validity of the statistical model.

3.          RESULTS AND DISCUSSION

3.1        Statistical Analysis and Model Fitting

The C. inophyllum seeds used in this study have a moisture content of 9.45%. The extraction parameters involved in the UAE of C. inophyllum oil were optimised using the BBD. The experimental design matrices with their respective response of the C. inophyllum oil yield are shown in Table 2.

Table  2:      Box-Behnken experimental design and results for extraction yield of C. inophyllum oil.
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X1 = Extraction time, X2 = Ultrasonic power (W), X3 = Extraction temperature, X4 = liquid to solid ratio (ml/g)

The resulting oil yield ranged between 52.08% and 56.28% where the maximum oil yield was obtained under the following extraction conditions: 20 min extraction time, 210 W ultrasonic power, 40°C extraction temperature and 20 ml/g L/S ratio. By applying multiple regression analysis on the experimental data, the predicted response variable and the independent variables were found to correlate by a second-order polynomial equation. The equation was expressed in terms of coded factors, described as follows:
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The coefficients with single factor represent the effect of that particular factor towards the C. inophyllum oil yield, while those with second-order terms and two different factors represent the quadratic and interactive effects, respectively. Analysis of variance (ANOVA) were used to test the adequacy and fitness of the models. Table 3 provides the regression coefficient values of equation obtained from the statistical analysis results.

Table  4:      ANOVA of the regression quadratic model for the prediction of the C. inophyllum oil yield.



	Source
	Sum of squares

	Degrees of freedom

	Mean square

	F value

	p-value




	Model
	31.93

	14

	2.28

	61.54

	< 0.0001




	Residual
	0.52

	14

	0.04

	
	



	Lack of fit
	0.21

	10

	0.02

	0.27

	0.9566




	Pure error
	0.31

	4

	0.08

	
	



	Cor total
	32.45

	28

	
	
	




R2 = 0.9840; R2= [image: art] = 0.9680; = [image: art] 0.9478; C.V.% = 0.35; Adeq precision = 27.66

The regression model of C. inophyllum oil yield was considered highly significant owing to the values of both F value and p-value, which were 61.54 and < 0.0001, respectively. Meanwhile, the p-value for the lack of fit (0.9566) was higher than 0.05. This shows that it was not significant relative to the pure error and indicates that the fitting model is adequate to describe the experimental data. These two values confirmed the goodness-of-fit and suitability of the regression model. The adequacy of the model was further tested by evaluating the determination coefficient (R2). The determination coefficient (R2 = 0.9840) indicates that only 1.6% of the total variation are not explained by the model. The value of adjusted determination coefficient ([image: art] = 0.9680) also confirmed that the model was highly significant. At the same time, a relatively low value of coefficient of variation (C.V.% = 0.35) clearly proves that the experimental values of regression model were precise and reliable. Adequate precision is a measure of the range in predicted response relative to its associated error and a value greater than four indicate that the model can be used within the region of operation.29 In this study, an adequate precision value of 27.66 indicated that the model has an adequate signal. In conclusion, the established model is adequate for prediction in the range of experimental variables. The significance of each coefficient measured using F-value and p-value is listed in Table 4. For each terms in the model, a large F-value and a small P-value would imply a more significant effect on the respective response variable.30 All regression coefficients were significant (P < 0.05) towards the response variable except for two interactive coefficients, which were the interaction between extraction time and ultrasonic power (X1X2) as well as ultrasonic power and extraction temperature (X2X3).

Table  5:      Estimated coefficients and significance test for linear, quadratic and interactive factors of the regression model.



	Source

	Coefficient estimate

	Standard error

	F value

	p-value

	Significance




	X1

	0.41

	0.06

	54.43

	< 0.0001

	S




	X2

	0.20

	0.06

	13.50

	0.0025

	S




	X3

	0.81

	0.06

	210.68

	< 0.0001

	S




	X4

	0.39

	0.06

	49.88

	< 0.0001

	S




	X12

	–0.90

	0.08

	143.26

	< 0.0001

	S




	X22

	–1.05

	0.08

	192.40

	< 0.0001

	S




	X32

	–1.14

	0.08

	226.35

	< 0.0001

	S




	X42

	–0.94

	0.08

	153.33

	< 0.0001

	S




	X1X2

	–0.01

	0.10

	0.02

	0.8985

	N-S




	X1X3

	–0.26

	0.10

	7.16

	0.0181

	S




	X1X4

	–0.45

	0.10

	21.85

	0.0004

	S




	X2X3

	–0.15

	0.10

	2.43

	0.1415

	N-S




	X2X4

	0.28

	0.10

	8.16

	0.0127

	S




	X3X4

	–0.56

	0.10

	33.54

	< 0.0001

	S





S = Significant, N-S = Non-significant

3.2        Comparison of Experimental and Predicted C. inophyllum Oil Yield

A regression model provides the ability to predict future observations on the response (C. inophyllum oil yield) corresponding to particular values of the variables. However, verification of the model is essential to ensure that adequate approximation to the actual values is done. Proceeding without proper analysis and optimisation of the fitted response surface would probably cause disingenuous results.28 Therefore, diagnostic plots such as the experimental versus predicted values shown in Figure 1 were used to judge the model adequacy and display the correlation between experimental and predicted values. Each of the experimental value is compared to the predicted ones computed from the model. The data points on this plot are positioned close to the straight line and signify that there is sufficient agreement between the actual data and the model data. This result implies that the regression model used in this extraction process were able to predict optimum operating conditions for C. inophyllum oil extraction.
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Figure  1:      Comparison between predicted and experimental oil yield.



3.3        Response Surface Optimisation of the C. inophyllum Oil Extraction Conditions

Three-dimensional response surface and two-dimensional contour plots generated by the Design Expert software version 6.0.6 were used to visualise the relationship between independent and dependent variables and the interactions between two variables. Different shapes of the contour plots indicate whether mutual interactions between the independent variables are significant or not. The circular contour plots indicate the negligible interactions between the corresponding variables, while an elliptical contour plots indicate the significant interactions between the corresponding variables.31 The three-dimensional representations of the response surfaces generated by the model are shown in Figure 2, 3, 4 and 5. Among these four variables studied, two variables were kept constant at their respective zero level, when the other two variables within the experimental range were depicted in the three-dimensional surface plots.


[image: art]

Figure  2:      Response surface plot showing the effects of extraction time and extraction temperature on the yield of C. inophyllum oil. The ultrasonic power and L/S ratio were at 210 W and 20 ml g–1, respectively.



Figure 2 illustrates the effects of extraction time and extraction temperature on C. inophyllum oil yield at an ultrasonic power of 210 W and L/S ratio of 20 ml g–1. Increases in extraction time from 15 min to 20 min and extraction temperature from 35°C to 40°C gradually increased the oil yield and then it began to level off and decrease slightly at elevated temperatures (> 40°C) and longer extraction time (> 20 min). The initial sharp increase in the extraction yield was due to the large oil concentration gradient between the extracting solvent and the seeds and also due to easier extraction of oil from the most outer part of the seeds. As the extraction time proceeded, the concentration gradient decreased; as the mass transfer was increased with continuous exposure to ultrasound, the extraction became difficult due to interior part of the seeds. The continuous increase in the release of the oil resulted in a saturated solvent, leading to a negligible mass transfer and extraction.32

According to Jovanovic-Malinovska et al.,33 this observation can be well explained by Fick’s second law of diffusion, which stated that the final equilibrium between the solute concentrations in the solid matrix (seeds) and in the bulk solution (solvent) will be achieved after certain time. Hence, an excessive extraction time did not lead to enhanced oil yield. Therefore, the final equilibrium between the oil concentration within the seeds and in the n-hexane was achieved at approximately 20 min of extraction time. This result was in agreement with the findings reported by Zhang et al.34 on the UAE of epimedin A, B, C and icariin from Herba Epimedii. The increasing trend of the oil yield along the increasing temperature (35°C to 40°C) is probably due to the improvement of the mass transfer resulting from the increased solubility of C. inophyllum oil and the decreased viscosity of the solvent.35 On the other hand, the reverse trend could be explained by a combination of acoustic cavitation and thermal effect. The temperature displayed a positive effect on vapour pressure. Therefore, high temperature led to the increase in the vapour pressure of solvent molecules within cavitation micro-bubbles, causing the damping of the bubble collapse and decrease in cavitation intensity.36 Sun et al.37 reported the same trend in their research on all-trans-β-carotene extraction from citrus peels by using ultrasound treatment.
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Figure  3:      Response surface plot showing the effects of extraction time and L/S ratio on the yield of C. inophyllum oil. The ultrasonic power and extraction temperature were at 210 W and 40°C, respectively.



Figure 3 shows the effects of extraction time and L/S ratio on C. inophyllum oil yield when the ultrasonic power and extraction temperature were maintained at 210 W and 40°C. The oil yield increased significantly at a lower range of extraction time (15 to 20 min) and L/S ratio (15 to 20 ml g–1). In contrast, when extraction time and L/S ratio were raised to a higher level, the oil yield did not show any remarkable improvement. A high ratio of liquid to solid material implied greater concentration difference between the interior plant cells and the exterior solvent, and the diffusion of oil occurred more quickly. In this case, increasing L/S ratio from 15 to 20 ml g–1 created a larger concentration difference between the interior seeds and exterior solvent, thus enhancing the oil yield. The oil yield did not improve further when L/S ratio was increased higher from 20 to 35 ml g–1 due to the prolonged distance of diffusion towards the interior tissues.38 Fu et al.39 studied UAE of oleanolic and ursolic acids from pomegranate (Punica granatum L.) flowers and they found out that solvent to material ratio of 20 ml g–1 was the best condition for the extraction and a larger ratio did not increase the extraction yield.
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Figure  4:      Response surface plot showing the effects of ultrasonic power and L/S ratio on the yield of C. inophyllum oil. The extraction time and extraction temperature were at 20 min and 40°C, respectively.



Figure 4 illustrates the response surface plot for the effects of ultrasonic power and L/S ratio on C. inophyllum oil yield when the extraction time and extraction temperature were held constant at 20 min and 40°C respectively. It can be seen that higher oil yield was reached at an ultrasonic power between 190 W and 210 W and L/S ratio between 15 ml g–1 and 20 ml g–1. An increase in ultrasound power promotes a more vigorous destruction of the seed’s cell walls. The higher the ultrasound power, the more solvent could enter the interior of the cells and the more oil will be released into the solvent, hence improving the extraction efficiency.40 However, beyond 210 W and 20 ml g–1, the oil yield started to reduce. This observation can be explained by the increase of acoustic intensity with the increasing of ultrasonic power. In this case more bubbles were formed which hampers the propagation of shock waves and the bubbles may coalesce to form bigger ones and implode weakly. Therefore, the extraction efficiency would decrease.41 Sun et al.42 in their study on the UAE of five isoflavones from Iris tectorum Maxim reported the same trend where the highest extraction yield for all isoflavones were achieved at an ultrasound power of 150 W. The extraction yield decreased when the power was above 150 W.
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Figure  5:      Response surface plot showing the effects of extraction temperature and L/S ratio on the yield of C. inophyllum oil. The extraction time and ultrasonic power were at 20 min and 210 W, respectively.



Figure 5 shows the effects of extraction temperature and L/S ratio on C. inophyllum oil yield whereas the extraction time and ultrasonic power were set constant at their respective centre values of 20 min and 210 W. The oil yield increased as the extraction temperature and L/S ratio increases in the range between 35°C to 40°C and 15 to 20 ml g–1 respectively. The highest oil yield was obtained at approximately 40°C with L/S ratio of 20 ml g–1. Further variation in the temperature (40°C to 45°C) and L/S ratio (20 to 25 ml g–1) however caused a slight decrease in the oil yield.

3.4        Validation of the Predictive Model

The regression model proposed by BBD predicts optimum conditions which gives the highest C. inophyllum oil yield. Optimum conditions identified were as follows: extraction time 20.8 min, ultrasonic power 211.74 W, extraction temperature 41.54°C and L/S ratio of 20.5 ml g–1. The combination of these extraction conditions were expected to obtain maximum oil yield of 56.2%. For operational convenience, the optimum conditions were 21 min, 210 W, 42°C and 21 ml g–1 for extraction time, ultrasonic power, extraction temperature and L/S ratio, respectively. However, validation of the predicted optimum conditions is required to determine the adequacy and reliability of the model equation. Therefore, five sets of confirmatory experiments were conducted at the suggested optimum extraction conditions. As tabulated in Table 5, the experimental oil yield was 56.03% and it was close to the predicted value (56.2%). Additionally, the percentage error differences between the experimental and predicted values were in the range of 0.30–3.75% (< 5%), thus indicating that the predicted conditions and response were verified for optimising UAE of C. inophyllum oil. As a result, the model developed by BBD was suitable and could be effectively used to optimise the extraction parameters of C. inophyllum oil extraction.

Table  5:      Experimental and predicted C. inophyllum oil yield under optimum conditions.
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X1 = Extraction time; X2 = Ultrasonic power; X3 = Extraction temperature; X4 = L/S ratio

The efficiency of UAE technique in extracting oil from C. inophyllum seeds was compared to a study reported by Jahirul et al.43 They have conducted the extraction of C. inophyllum seed oil by using a conventional solvent (hexane) extraction technique. The highest oil yield obtained was approximately 51% after 8 h of extraction. In addition, they also used mechanical extraction technique (screw press) in order to obtain the oil. However, this technique was less efficient as it took over an hour to process just one sample and the oil yield was low (approximately 25%). In contrast, UAE technique in the present study only required 21 min to give a maximum oil yield of 56%. This shows that the application of ultrasound have successfully reduced the extraction time needed, thus making UAE a more effective and promising technique compared to the conventional extraction technique.

4.          CONCLUSION

The Box–Behnken response surface design was successfully employed to optimise the UAE of oil from C. inophyllum seeds. Four independent variables such as extraction time, ultrasound power, extraction temperature and L/S ratio significantly affect the C. inophyllum oil yield. The developed model gave a high determination coefficient value (R2) of 0.984, implying a satisfactory fit to the experimental data. The optimum conditions were found to be as follows: extraction time 21 min, ultrasound power 210 W, extraction temperature of 42°C and L/S ratio 21 ml g–1. Under these optimised conditions, the maximum oil yield observed was 56.03% and it was in good agreement with those predicted by the regression model.
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Abstract: The aim of this study is to investigate the characteristic of corn cob as a biomass feedstock for slow pyrolysis process. This was achieved by using proximate, elemental and thermogravimetric (TG) analysis as well as heating value, pH and lignocellulosic determination. Proximate analysis was performed using ASTM E1756-01, ASTM E1755-01 and ASTM E872-82. Proximate analysis showed that the corn cob feedstock contained 87.76 mf wt% of volatile matter, 1.05 mf wt% of ash content and 11.09 mf wt% of fixed carbon. The elemental analysis revealed that corn cob feedstock contain less than 1 mf wt% of nitrogen and sulfur. The percentages of cellulose, hemicelluloses and lignin of corn cob feedstock are 45.88%, 39.40% and 11.32% respectively. The weight loss of corn cob feedstock was prominent in the temperature range of 250°C–350°C. Two distinct peaks of derivative thermogravimetric (DTG) curve indicate the difficulty of corn cob feedstock to degrade due to its high fixed carbon content. The overall findings showed that corn cob is suitable to be used as the feedstock for slow pyrolysis because of its high volatile matter and low percentages of nitrogen and sulfur. Its high fixed carbon makes it a potential feedstock for the slow pyrolysis of biomass.

Keywords: Biomass, corn cob, characteristics, slow pyrolysis, feedstock

1.          INTRODUCTION

Pyrolysis is the thermal decomposition of biomass to produce a mixture of condensable liquids (bio-oil), gases and solid residue (biochar) in the absence of oxygen.1 The pyrolysis process can be classified into three main classes, namely slow pyrolysis, fast pyrolysis and flash pyrolysis.1–4 Each class can be differentiated by their operating conditions such as temperature, heating rate and holding time. The reaction temperature range is between 300°C–700°C for slow pyrolysis, 400°C–650°C for flash pyrolysis and 550°C and above for fast pyrolysis.4–6 Slow pyrolysis is performed at slow heating rate of between 10°C min–1 and 20°C min–1. Meanwhile, fast pyrolysis takes place at much higher heating rates than slow pyrolysis.3,5 Slow pyrolysis requires long holding time of at least 30 min to several hours for the feedstock to fully pyrolyse while fast pyrolysis is complete in as little as two seconds.4,7 Flash pyrolysis requires shorter holding times than fast pyrolysis.3 Slow pyrolysis gives maximum yield of biochar and gas but produce less liquid, while fast and flash pyrolysis produce higher liquid yields.2,3

The different parameters of the pyrolysis process influence the yield percentage and also the properties of the product. Besides, the properties of the feedstock used for the pyrolysis also will influence the percentage yield and properties of the product.8 Various types of biomass have been used as the feedstock for slow pyrolysis process in different product applications. Oil palm wastes such as empty fruit bunches,9,10 oil palm shell11,12 and pressed fruit fibers,13 cassava wastes,14 rice husk,15 rubber wood sawdust16 and wheat straw17 are among the common feedstocks used for the slow pyrolysis process. In Malaysia, corn residues are an abundant waste which are easily available throughout the year. In 2012, the production of corn in Malaysia was 52,481 tons, and in the subsequent year, it increased by about 5% to 55,000 tons. In 2013, Malaysia ranked 113 out of 165 corn producing countries.18 Planted corn in the state of Kedah is 526 hectares while the area of the District Kubang Pasu is 187 hectares. For one hectare of land, 40,000 corns can be grown and the cost of planting one hectare of corn is RM 5,600.19 District Kubang Pasu has been voted as the Best Group National Corn in 2011.19 For every 1 kg of dry corn grains produced, about 0.15 kg of cobs, 0.22 kg of leaves and 0.50 kg of stalks are produced.20 Usually, the corn wastes such as corn cob and corn stovers are left on the ground of the farm or found littering the streets of the stall or market.21

Liu et al.22 used corncob in their study as the feedstock of biochar production at pyrolysis temperatures ranging from 300°C to 600°C. In the feedstock characterisation, they found that corn cob has higher volatile matter and fixed carbon; 69.5 wt% and 15.9 wt% respectively compared to cornstalk; 65.3 wt% and 15.6 wt% respectively. But, the corn cob contained much lower ash content, 2.9 wt% than the corn stalk, 11.7 wt%. For the lignocellulosic component, it was observed that the corn cob feedstock contained higher hemicellulose of 39.3% and lower cellulose and lignin, 28.75% and 19.6% respectively. However, Demirbas23 and Medic et al.24 found that cellulose is the main lignocellulosic component in the corn cob; 52 daf wt% and 45.2 wt% respectively.

The percentage of C, H, N, S and O are determined from the elemental analysis. From the literature of corn cob characterisation, it could be observed that carbon is the major element in the corn cob feedstock. The percentage of carbon in the corn cob feedstock ranges from 47 wt% to 49 wt%.23,25,26 The corn cob feedstock has low percentage of sulfur and nitrogen, usually below 1.0 wt%. However, Liu et al.22 reported 1.89 wt% of nitrogen for the corn cob feedstock. The low percentage of nitrogen and sulfur in the feedstock could contribute towards sustainable environment as lower percentage of nitrogen oxide and sulfur oxide will be released during the pyrolysis process.14

The percentage of carbon content and ash content in the feedstock also could influence the heating value of the biomass feedstock. According to Motghare et al.,27 heating value is the amount of heat generated when a substance or biomass feedstock undergoes complete combustion. The biomass produces water and carbon dioxide when it is completely combusted and the generated water and water vapors contain latent heat which is given off upon condensation.27 High heating value (HHV) is the heating value which includes latent heat. In a study involving seven different types of biomass, Llorente and García28 found that five of them show that calorific values are directly proportional to the carbon content, and inversely proportional to the ash content. Literatures reported that the high heating value of the corn cob is in the range of 16.15 MJ kg–1 to 19.28 MJ kg–1.21,24

Corn cob is a convenient source of biomass in Malaysia which can be used as feedstock for the production of biochar via slow pyrolysis process. Biochar produced from slow pyrolysis process can be used as soil enhancer to improve soil fertility. The application of biochar as a mitigation tool for sequestering recalcitrant carbon into agriculture soils also has been discussed recently.29 The physical and chemical properties of corn cob will greatly influence the quality of pyrolysis products as well as the yield percentage of products such as char, oil and gas. Therefore, a full understanding of the corn cob properties is essential to produce high quality biochar with high fixed carbon content. The main objective of this study is to investigate the properties of corn cob as a potential feedstock for the slow pyrolysis process.

2.          EXPERIMENTAL

2.1        Sample Collection and Pre-treatment

The corn cobs originated from a farm in the District of Gurun, state of Kedah. As collected, the corn cobs were wet with a moisture content of 12.8 mf wt%. The samples were dried in the sun for a few days to remove the moisture content so as to avoid the growth of orange fungus and grey mould. The corn cobs were dried again in the conventional oven at 105°C till their moisture content achieved less than 10 mf wt% of moisture content. Then, the corn cobs were ground to powder and stored in air tight containers prior to the analysis.

2.2        Feedstock Analysis

The values of moisture content, ash content and volatile matter of corn cob were determined according to American Society for Testing and Materials, ASTM E1756-01, ASTM E1755-01 and ASTM E872-82, respectively.30–32 The average results from the proximate were presented in moisture free weight percentage (mf wt%). The percentage of fixed carbon was calculated using Equation 1:
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where,

VM = volatile matter, and AC = ash content.

The elemental analysis was performed in a Perkin Elmer 2400 analyser to determine the percentage of carbon, hydrogen, nitrogen and sulphur in the corn cob. The percentage of oxygen was obtained from Equation 2:
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where,

C = carbon, H = hydrogen, N = nitrogen, and S = sulfur.

The powdered corn cob sample was burned in a commercial Parr Adiabatic Bomb Calorimeter to determine its HHV. The lower heating value (LHV) was calculated by using Equation 3.33
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where,

H = weight percentage of hydrogen on dry basis.

The value of pH of corn cob feedstock was measured using a Jenway 3015 pH meter at room temperature. The 0.5 g of feedstock was dissolved in 50 ml de-ionised water in a conical flask and covered with foil for about 30 h while stirring occasionally. To determine the lignocellulosic content, firstly, the ground sample was extracted with ethanol–benzene according to ASTM D1107-96.34 The percentage of lignin was determined using the extractive free sample with 72% sulfuric acid as described by ASTM D1106-96.35 The percentage of hemicelluloses was then determined from the difference between holocellulose and alpha-cellulose percentage as described by ASTM D1103-60.36

Scanning Electron Microscope (SEM) JEOL 6460 L V model was used to analyse the feedstock structure and surface topography of the feedstock. The coupled energy dispersive X-ray (EDX) analyser was used to detect the elements like silica, potassium and magnesium in the sample. The SEM was operated at 15 kV. The image was magnified around 50–5000 times. Before viewing the image, the corn cob feedstock was attached to an aluminum stub. The stub was then placed in a sputter coater to coat the sample with gold thus providing a conductive layer. The coating was performed in vacuum condition at 0.1 mbar for 3 min and current 35 mA. The stub was then placed in the sample holder of SEM. The image was thus displayed on the connecting monitor.

Thermogravimetric (TG) analysis was performed using Mettler Toledo SDTA851 TG Analyzer. The corn cob feedstock was loaded in a high purity alumina pan with approximately 5 mg weight of the powdered sample. Nitrogen was used as a carrier gas for creating the inert environment. The heating rate was set at 5°C min–1 and the temperature range is between 30°C to 900°C. This analysis produced two types of curves, TG curve and derivative thermogravimetric (DTG) curve. TG curve represents the change in weight of the sample as a function of temperature. The DTG curve indicates the rate of weight change, dW/dt versus temperature.

3.          RESULTS AND DISCUSSION

The result of proximate and elemental analysis of the corn cob is as shown in Table 1. The moisture content, ash content and volatile matter of corn cob were found to be 7.14 mf wt%, 1.05 mf wt% and 87.76 mf wt%, respectively. Due to the high volatile content in corn cob, it is suggested that corn cob is a suitable feedstock for the thermochemical conversion process such as pyrolysis.14 The high volatile matter content also makes biomass feedstock a highly reactive fuel with a faster combustion rate during devolatisation phase than other fuels such as coal.37

From Equation 1, the fixed carbon value of the corn cob is 11.19 mf wt%. From the elemental analysis, it was observed that the corn cob feedstock consists of 43.81 mf wt% of carbon, 6.54 mf wt% of hydrogen, 0.77 mf wt% of nitrogen, 0.69 mf wt% of sulfur and 48.19 mf wt% of oxygen. Elemental composition obtained from elemental analysis of the corn cob feedstock reveals that they are environmentally friendly when used as feedstock for pyrolysis process since they have low percentage of nitrogen and sulfur. The corn cobs feedstock will give off low rates of nitrogen oxide and sulphur oxide when during biochar production.14 The results from this study are also compared with the results from other literature in Table 1.

Table  1:      Proximate and elemental analysis of corn cob.
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a Dry basis; b Dry ash free basis

It could be observed that the ash content of the corn cob is quite low which ranges from 1.0 wt% to 2.9 wt%. The low ash content in the biomass feedstock could reduce slagging and fouling in the furnace for thermochemical conversion process which caused by the alkali content in the high-ash biomass.38 For the elemental analysis, the carbon percentage is the lowest while the oxygen content in the corn cob is the highest compared to other literature values in Table 1. These variations could be due to a few factors such as different species of corn used, different weather conditions under which the corn is grown and different soil type on which corn has been cultivated. The corn cob feedstock used for this study has been grown under tropical climate. Meanwhile, from Table 1, it could be observed that the elemental properties of corn cob reported by Demirbas23 and Demiral et al.25 are almost similar. The Mediterranean climate of Black Sea region and Marmara region in Turkey is most likely to have contributed to the similarities of the elemental properties of corn cob reported by Demirbas23 and Demiral et al.25

The results of lignocellulosic percentage, heating values and pH value of corn cob feedstock are presented in Table 2. The lignin, cellulose and hemicellulose were found to be 11.32%, 45.88% and 39.40%, respectively. It was found that cellulose is the main component of corn cob feedstock. The cellulose, lignin and hemicelluloses will contribute to the thermal decomposition of corn cob feedstock and released of the volatiles.39–41 These three components played significant roles in determining the pyrolysis process of biomass under a given operating condition.40 Lignin is the main component responsible for the production of char.40 The feedstock with high lignin content could produce higher char yield during the pyrolysis process.

Table  2:      Characteristics of corn cob.
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a Dry ash free basis; bDry, ash and extractive free

The results of lignocellulosic content of corn cob from this study is consistent with the findings reported by Demirbas23 and Medic et al.24 as presented in Table 2 where the cellulose is the main component of corn cob feedstock. The different locations of sample collection may result in slight variation of the chemical properties due to their diverse origin and species.

The pH value obtained for corn cob is 5.44 which is slightly acidic. This observation is agreement with the result by Ogunjobi et al.21 Heating value is determined to indicate the energy chemically bound in the feedstock and it is one of important property of a the feedstock which is used as fuel.42 The HHV of corn cob feedstock is 16.46 MJ kg–1 and the lower heating value was found to be 15.03 MJ kg–1. The result of HHV from this study is almost similar to the result reported by Ogunjobi et. al.21 The heating value of white corn cob and yellow corn cob reported by Ogunjobi et al.21 are 16.54 MJ kg–1 and 16.15 MJ kg–1 respectively. However, it could be observed that the result reported by Medic et al.24 is slightly higher, i.e., 19.28 MJ kg–1. The difference in HHV value could be due to the different percentages of carbon, hydrogen and oxygen percentage in the feedstock. Carbon and hydrogen contributes positively to the heating value, while the oxygen content influence negatively.43 The corn cob feedstock reported by Medic et al.24 has higher carbon content (47.15 wt%) and lower oxygen content (46.41 wt%) than the finding from this study.

The Dulong formula could be used to provide an estimate of the higher heating value from ultimate analysis of wastes.44 According to Dulong’s formula, the heat of combustion of a sample equals the heat of combustion of its elements regardless of whether it passes through one or more oxidation states.45
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where,

C = mass percent of carbon , H = mass percent of hydrogen, O = mass percent of oxygen, S = mass percent of sulfur in the coal, and Q = higher heating value (kJ kg–1).

By using Equation 4, the energy content obtained from the elemental composition of corn cob feedstock using Dulong’s formula was 14.88 MJ kg–1 while the HHV obtained from bomb calorimeter was 16.46 MJ kg–1. It can be observed that the HHV obtained from bomb calorimeter is slightly higher than the value calculated by Dulong formula. This might be due to the fact that Dulong formula is derived from elemental composition of pure molecules, where the calculated values are more prone to error. Whereas the measurements of “actual” heats of combustion by use of an oxygen bomb calorimeter are mainly the errors of the calorimeter and the corn cob feedstock moisture.46 The heating value relates to the amount of oxygen needed for complete combustion.

Figure 1 shows the SEM images of the corn cob structure for 2000 times magnification. Some irregularities can be observed. The corn cob is clearly seen to have no pores. It can also be observed that the corn cob displays cellular texture which does not have a well-defined pore structure. The corn cob could not retain water due to its less porous characteristic.47 The formation of some pores can be developed and further enhanced during the pyrolysis.48
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Figure  1:      SEM of corn cob with 2000 times magnification.



EDX analysis was performed on corn cob. The results of EDX analysis in Table 3 shows that the composition of corn cob consists of 53.02% carbon (C), 45.85% oxygen (O) and 1.13% silicon (Si). The high value of carbon is good to produce high value of energy.14 Corn cob is carbohydrate in structure. Carbohydrates are imperative energy source derived by oxidation which is needed for different metabolic activities. Therefore, corn cob feedstock contained a high percentage of oxygen with respect to conventional fossil fuels including hydrocarbon (HC) liquids and char.49

Table  3:      The functional groups on the corn cob surface from EDX.



	Element

	wt%




	C

	53.02




	O

	45.85




	Si

	1.13




	Total

	100





The result of TG analysis of the corn cob was shown in Figure 2. From the TG curve, it can be seen the loss of weight in corn cob begin at temperature as low as 30°C. Below 250°C, the rate of weight loss is lower compared to that rate of weight loss that occur above 250°C and less than 350°C. Lignin thermal decomposition occurs throughout the temperature range of TG analysis greater than 350°C. From the DTG curve of Figure 3, the lowest peak is observed in the temperature range of 30°C to 120°C, which occurrs due to moisture reduction in the corn cob feedstock. In fact, at 120°C, all the moisture has been removed.

In the temperature range of 100°C–180°C, no obvious weight loss is observed. The DTG curve shows that the corn cob has a flat tail and two distinct peaks occurring at temperature ranges of 180°C–320°C and 320°C–350°C. The first peak corresponds to the thermal decomposition of hemicelluloses and the second peak corresponds to the decomposition of cellulose.40,50,51 Hemicellulose started its decomposition easily with a maximum mass loss rate (0.12 wt% min–1) at 285°C. Cellulose pyrolysis occurred at a higher temperature range between 320°C–350°C with the maximum weight loss rate of 0.12 wt% min–1 attained at 322°C.50 Lignin was the most difficult to decompose. Its decomposition happened slowly at a very low mass rate.51
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Figure  2:      TG-DTG curves of the corn cob.



This study is parallel with the work by Yang et. al. who have shown that the decomposition of hemicellulose, cellulose and lignin occurred in the range of 220°C–300°C, 300°C–340°C and greater than 340°C respectively.40 The first moisture peak from DTG curve occurred at the temperature below 220°C.43 Yang et al. reported that empty fruit bunches had a high volatiles content of 79.67 wt% and low fixed carbon content of 8.65 wt%. The release of volatiles potentially caused an earlier degradation of carbon resulting in one big peak.40 However, corn cob feedstock is difficult to degrade due to the high value of fixed carbon content of 11.19 mf wt%, hence resulting in two separated peaks.40 The two distinct peaks also represented the release of volatiles and the degradation of carbon that exist in the corn cob feedstock, respectively.40

Reactivity is the rate at which the char reacts in an oxidising or reducing atmosphere, while devolatilisation describes the easiness of char reacting with the gasification agent.52 The reactivity of the corn cob feedstock is reflective in the DTG curves. It is represented by the DTG peak height which is directly proportional to its reactivity. The temperature corresponding to the peak height is inversely proportional to the reactivity.43,53 From Figure 2, corn cob feedstock was reactive because it possess a faster pyrolysis rate with double peaks starting at a lower temperature range of 180°C–320°C. High volatile content was also released. Vamvuka et al.53 reported that biomass such as olive kernel exhibits a simple peak with less pronounced shoulder and a more profound sloping base line was less reactive.

4.          CONCLUSION

The abundance of corn waste in Malaysia lead to the utilisation of corn cob as the feedstock for pyrolysis process. This study has revealed the properties of corn cob. The moisture content, ash content and volatile matter of corn cob were found to be 7.14 mf wt%, 1.05 mf wt% and 87.76 mf wt%, respectively. From the elemental analysis, the corn cob feedstock contained the highest oxygen content of 48.19 mf wt%. The percentages of hydrogen, nitrogen, carbon and sulfur composition are 6.54 mf wt%, 0.77 mf wt%, 43.81 mf wt% and 0.69 mf wt%, respectively. The pH value is slightly acidic at 5.5. The value of lignin, hemicellulose and cellulose of corn cob were found to be 11.32%, 39.4% and 45.88% respectively. From the SEM analysis, the structure of corn cob appeared to be compact with no pores could be observed. The TG analysis showed that the corn cob samples started to degrade at 250°C and the weight loss was prominent in between 250°C and 350°C. The DTG curve consist of two distinct peaks between temperature range of 180°C–320°C and 320°C–350°C, which correspond to the thermal decomposition of hemicelluloses and cellulose respectively. This study found that the corn cob is suitable to be used as the feedstock for slow pyrolysis because of its high volatile matter and low percentages of nitrogen and sulfur. The high fixed carbon makes it a potential feedstock for the production of high quality biochar via slow pyrolysis process.
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Abstract: Shilajit is considered as one of the wonder medicines of Ayurveda. It is an important drug of the ancient Hindu medication and until present day it is being used extensively for a variety of diseases. However, there are a number of reports which have associated metal poisoning with traditional use of herbal medicine including Shilajit. This study aims to determine the prevalence and concentration of heavy metals in Shilajit obtained from natural valleys of Gilgit (sample A) and Chellas (sample B) which are commonly used in Pakistan. Determination of heavy metals was carried out using atomic absorption spectrophotometry. Iron, zinc, chromium, manganese, cobalt and lead were detected in both samples. The percentages of these metals in sample A were 0.19680%, 0.08705%, 0.01138%, 0.0026%, 0.00051% and 0.00008%, respectively, while sample B contains these metals in the following percentages: 0.03210%, 0.00213%, 0.00154%, 0.00147%, 0.00055% and 0.00023%. Our data indicated that the metal concentration in both tested samples are within permissible level as prescribed by World Health Organization (WHO) and are not associated with detrimental health effects.

Keywords: Shilajit, toxicity and metal concentration, metal profile, herbal medicine, atomic absorption spectrophotometry

1.          INTRODUCTION

Shilajit is a blackish-brown exudation, from steep rocks of different formations, commonly found in the Himalayas at altitudes around 1000–5000 m, from Arunachal Pradesh in the East to Kashmir in the West. It is also found in Afghanistan (Hindukush), Bhutan, China, Nepal, Pakistan, Tibet (Himalayan belt) and the USSR (Ural-Tien-Shan). Shilajit is believed to slow down aging and produce rejuvenation.1

Literature suggests that there are six types of Shilajit based on the corresponding six types of metal from which it exudes: gold, silver, copper, iron, tin and lead. Each type has the same taste and potency as the metal to whose essence it owes its origin. Shilajit derived from tin, lead, iron, copper, silver and gold are progressively more efficacious in their nature.2 The black form of Shilajit is the most commonly used medicinal form.3 The general appearance of Shilajit is that of a compact mass of vegetable organic matter composed of a dark-red gummy matrix interspersed with vegetable fibres, sand and earthy matter. The gummy substance dissolves in water and when washed away leaves an earthy matter, vegetable fibres and a black round button-like masses (1/8 inches in diameter) resembling pea size.4

Chemical analysis shows that Shilajit contains gums, albuminoids, traces of resin and fatty acid, a large quantity of benzoic, as well as hippuric acids and their salts. From the medicinal point of view, the chief active substances are benzoic acid and benzoates.5 Shilajit has long been regarded as a bitumen (asphalt) or mineral resin, or as a plant fossil exposed by elevation of the Himalayas. Chemical investigations have shown that it contains significant quantities of organic compounds, including bioactive oxygenated dibenzo-alpha-pyrones, tirucallane triterpenes, phenolic lipids and small tannoids. Shilajit, obtained from different sources, has now been standardised on the basis of its major organic constituents.5 Shilajit is essentially constituted of fresh and modified remnants of humus (10%–70% of the water-soluble fraction of Shilajit), admixed with plant and microbial metabolites occurring in the rock rhizosphere of its natural habitat.6

Traditionally, Shilajit is used in dermatological, gastrointestinal, haematological, lymphatic, immunology, cancer and infectious diseases.2,7 While modern indications suggest that Shilajit can also reduce blood sugar.8 But despite its growing use since 1978, a number of cases of heavy metal intoxication associated with ayurvedic herbal medicine products (HMPs) in adults and children have been reported worldwide.9 Heavy metal estimation is therefore mandatory to avoid metal intoxication. However, in the literature there is scarcity of data about heavy metals estimation in traditional medicine, i.e., Shilajit in Pakistan. For this purpose, we determined heavy metal content in Shilajit samples obtained from two popular valleys of Pakistan i.e., Gilgit and Chellas.

2.          RESULTS AND DISCUSSION

Two samples of Shilajit were studied from Gilgit and Chellas. Sample obtained from Gilgit was coded “A” and that from Chellas coded “B” for identification. Atomic absorption spectrophotometer (700 Perkin Elmer) was used in the experiment. Analytical grade chemicals with purity of 99.9% (Merck Darmstadt, Germany) were used during experimental analysis. Standard solutions of each metal were prepared by dilution of 1000 µg ml–1 certified standard solutions (Fluka Kamica Busch, Switzerland) of the respective metals. The known amount of Shilajit (1.0000 ± 0.0005 g) was dissolved in de-ionised water and diluted up to 100 ml. The amount of Fe, Zn, Cr, Mn, Co and Pb was found to be 1.968 mg g–1, 0.8705 mg g–1, 0.1138 mg g–1, 0.0260 mg g–1, 0.0051 mg g–1 and 0.0008 mg g–1 respectively in sample A, On the other hand, the corresponding compounds in sample B recorded 0.321 mg g–1, 0.0213 mg g–1, 0.0154 mg g–1, 0.0147 mg g–1, 0.0055 mg g–1 and 0.0023 mg g–1 respectively. These results are tabulated in Figure 1. Nickel and copper were not detected in both samples while physic-chemical properties of shilajit samples have been shown in Table 1.
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Figure  1:      Concentration of heavy metals in Shilajit samples.



Table  1:      Physical properties of Shilajit samples collected from Gilgit and Chellas.



	S/No
	Parameters
	Results



	1

	Colour
	Colour of both samples is same, pale-brown to blackish



	2

	Odour
	Smells like stale cow urine, both A and B



	3

	Physical state
	Sample A is semi solid, while B is in solid state



	4

	pH
	Water solutions (2 g/50 mL) of both are neutral (using pH-Meter and pH-paper)



	5

	Moisture
	Sample A contains 25% moisture while B contains 10%



	6

	Flame test
	Sample A and B are inflammable, burn with smoky flame



	7

	Solubility
	Both samples are soluble in water




The results show that the shilajit sample collected from Gilgit (sample A) contains higher percentage of Fe, Zn, Mn, and Co than Shilajit from Chellas (sample B) which contains higher percentage of Cr and Pb. The percentages of Fe, Zn, Cr, Mn, Co and Pb were found to be 0.1968%, 0.08705%, 0.01138%, 0.0026%, 0.00051% and 0.00008% respectively, in sample A as shown in Figure 2 while, 0.0321%, 0.00213%, 0.00154%, 0.00147%, 0.00055% and 0.00023% respectively, in sample B as shown in Figure 3.
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Figure  2:      Percentage of heavy metals in Shilajit sample A.
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Figure  3:      Percentage of heavy metals in Shilajit sample B.



The data is in strong contradiction with studies of Ayurvedic HMPs sold outside the United States and herbal remedies from other indigenous healing traditions which reported risk factors associated with high metal concentrations. In England, 30% of Ayurvedic HMPs samples contained lead, mercury and/or arsenic.10 In 22 out of 28 Ayurvedic HMPs purchased in India, 64% contained lead and mercury, and 41% contained arsenic.11 Traditional medicines from China,12 Malaysia,13 Mexico,14 Africa15 and the Middle East16 have also been shown to contain heavy metals.

This study indicates that the Shilajit samples contain heavy metals in such a ratio, which is not harmful to human body and may be used as a safe herbal remedy in numerous diseases. Concentration of metals in Shilajit samples will provide baseline data and there is a need for intensive sampling of the same for quantification of the results. Soil, plant and water quality monitoring, is a prerequisite in order to stop potential health hazards attached with its use.
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