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Abstract: Edible oils are recognised as essential nutrients in the human diet as they are one of the concentrated sources of energy that provide essential fatty acids, the building blocks for hormones needed to regulate body systems. The intense frying of oils causes thermal reactions, including hydrolysis, oxidation, polymerisation and isomerisation, resulting in thermal degradation of the oils. Heating stimulates the formation of peroxides, triacylglycerol and carbonyl compounds, which decrease the nutritional value of the oils. This leads to destructive diseases such as cardiovascular diseases, colon cancer, atherosclerosis and others. In the present study, palm and groundnut oils are subjected to four cycles of heating to frying temperature, and changes in their composition are studied using gas chromatography-mass spectrometry (GC-MS). The variation of the oil viscosity with heating time is also observed and is found to correlate with the composition of fatty acids in the oils.
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1.           INTRODUCTION

Oils are used for the frying of food in many countries around the world. The primary constituents of the oils are fatty acids, which play a vital role in determining the quality of food, and thus the health of people.1 Therefore, it is very important to analyse the chemical composition of the fatty acids in oils. The risk factors associated with coronary heart disease and cholesterol levels correlate to the amount of fatty acids such as linoleic acid and other saturated and polyunsaturated fatty acids.2–5

Gas chromatography-mass spectrometry (GC-MS) is the single most important tool and a highly compatible technique for the identification and quantification of volatile and semi-volatile organic compounds in complex mixtures. This technique is very useful for the determination of the molecular weights and elemental composition of such compounds.6 Gas chromatography and liquid chromatography instruments are widely preferred in the real-time analysis of fatty acids, especially in micro-scale research.7

The chromatograph is used in the separation of a variety of common fatty acids and their related compounds encountered in animal and plant tissues.8 It is also used in the quantification of pollutants in drinking water, wastewater and the atmosphere, quantification of drugs and their metabolites in blood and urine for both pharmacological and forensic applications, identification of unknown organic compounds in hazardous waste sites, identification of reaction products by synthetic organic chemists and analysis of industrial products for quality control.9 The creation of open-tube capillary columns provided a critical advancement in gas chromatographic isolation of acids.10 However, this method has the disadvantage of lower accuracy, which can be overcome by using fused silica capillary columns and liquid phases.11–14

In GC-MS, the sample is in the vapour phase, and both techniques utilise approximately the same amount of sample (typically <1 ng). Quantitative accuracy is controlled by calibration of the overall analytical method. Using isotopic internal standards, the reproducibility of the measured data using gas chromatography must be <1% relative standard deviation.15 In the case of edible oils, this can be achieved in practice.16,17 The GC-MS system is composed of two major components: the gas chromatograph and the mass spectrometer. As the name implies, GC-MS is the combination of two techniques to form a single method of analysing mixtures of chemicals. Gas chromatography, specifically gas-liquid chromatography, involves a sample being vaporised and injected onto the head of the chromatography column. The sample is transported through the column by the flow of an inert, gaseous mobile phase. The column itself contains a liquid stationary phase which is adsorbed onto the surface of an inert solid. The retention time (RT) parameter is defined as the time it takes for a compound to travel from the injection port to the detector.18

The calculation of rheological parameters provides valuable and predictive information regarding product attribute and flexibility. In order to measure the consistency and quality of a food product, viscosity is considered to be one of the key parameters in food industry. In the creation of products by the food industry, edible oils can act as one of the elementary components.1 Viscosity commonly refers to the resistance offered by one section of a fluid moving relative to another section. Hence, viscosity is closely associated with the structural parameters of fluid particles.10 The viscosity of oils is directly associated with a few chemical features of the liquids, which include the degree of unsaturation and the chain length of fatty acids comprising triglycerides.10

In the present work, GC-MS is used to identify and quantify the composition of oils before and after heating. This paper reports the investigation and analysis of the degradation of saturated, unsaturated and antioxidant compounds in oils by determining the compositional changes before and after four cycles of heating to frying temperature. Kinematic viscosity of oils is observed before and after heating to four cycles of frying temperature and is correlated with saturated and unsaturated fatty acid composition.

2.           EXPERIMENTAL

2.1            Frying of Oil

Refined and branded palm oil and groundnut oil, which are most commonly used for cooking in southern India, were purchased from a local source. 50 mm of the sample oil is placed in a copper beaker, heated by an electric heater, and stirred manually with a glass rod. A microcontroller-based temperature sensor has been designed and used to monitor the temperature of the sample oil. To mimic the oil oxidation processes during frying, the sample is heated to 210°C for five cycles.

2.2            GC-MS Instrument Setting

An Agilent gas chromatograph from Hewlett-Packard (Palo Alto, California, U.S.A), equipped with an HP 5971 MS detector, is used for the determination of fatty acid composition. Separations are carried out on an Agilent (Hewlett-Packard) HP-5 fused silica capillary column (30 m × 0.25 mm I.D.; 0.25 μm film thickness) (Folsom, California, U.S.A). The GC-MS interface temperature is maintained at 210°C. 1 μl of an unheated sample is injected manually in splitless mode with the injector port temperature at 200°C. The helium carrier gas flow rate is 1 ml min–1. The column temperature programme is as follows: 90°C, held for 1 min; 12°C min–1 to 150°C, held for 1 min; 2°C min–1 to 210°C, held for 3 min; and 10°C min–1 to 210°C, held for 25 min. The selective ion mode is used in the analysis. The retention time and abundance of confirmation ions relative to that of quantification ions are used as criteria for identification. The start button and the injection of a sample are synchronised to have consistent RT values. The mass-to-charge range is 50–500 amu. An oven temperature programme is used to maintain the temperature at 50°C–210°C. The spectra are recorded on an interfaced computer. The same procedure is repeated for each heated sample.


3.           RESULTS AND DISCUSSION

3.1            Palm Oil

Table 1 shows the composition and retention time of unheated and heated palm oil. Figures 1–6 show the mass spectra of the peaks in the chromatogram before and after heating palm oil to its smoke point. The unsaturated alkenes decadiene (20.55%), palmitic methyl ester (15.67%) and palmitic ethyl ester (13.91%) take part in thermal chemical reactions to increase the percentage of the saturated fatty acid palmitic acid to 77.28%.


Table 1:    Fatty acid composition of palm oil before and after heating.



	S. no.

	Peak name

	Unheated oil

	Heated oil




	RT

	% peak area

	RT

	% peak area




	1

	2,8-Decadiene – C10H18MW: 138
	2.18

	20.55

	_

	_




	2

	Palmitic acid, methyl ester – C17H34O2 MW: 270
	2.45

	15.67

	_

	_




	3

	Palmitic acid, ethyl ester – C18H36O2 MW: 284
	5.18

	13.91

	_

	_




	4

	Palmitic acid – C16H32O2 MW: 256
	6.83

	15.38

	5.87

	77.28




	5

	á-Sitosterol – C29H50O MW: 414
	7.60

	18.34

	_

	_




	6

	Linoleic acid – C18H32O2 MW: 280
	11.98

	10.65

	11.02

	5.73




	7

	β Carotene – C40H56 MW: 536
	14.37

	16.16

	14.37

	9.07
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Figure 1:      Mass spectrum of methyl ester.
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Figure 2:      Mass spectrum of ethyl ester.
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Figure 3:      Mass spectrum of palmitic acid.
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Figure 4:      Mass spectrum of α sitosterol.
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Figure 5:      Mass spectrum of carotene.
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Figure 6:      Mass spectrum of linoleic acid.



The antioxidant sitosterol (20.16%) is completely evaporated upon heating. Palm oil is naturally reddish in colour due to the presence of a large amount of β-carotene.19 Palm oil is considered to be the richest natural source of carotenoids (approximately 15 times greater than that in carrots). The human body uses carotenoids as a source of vitamin A, which enhances eye health. Carotenoids also play a potential important role by acting as biological antioxidants, thereby protecting cells and tissues from the damaging effect of free radicals.20 The antioxidant β-carotene is evaporated to some percentage due to heating. Frying conditions, however, cause the saturation of unsaturated fatty acids, and the ratio of saturated to unsaturated fatty acids will also change due to the degradation and polymerisation of the unsaturated fatty acids. For a diet containing heated trans fatty acids, the health effects would be unfavourable due to an increase in low-density lipoprotein (LDL) cholesterol and decrease in high-density lipoprotein (HDL) cholesterol. The increase in the percentage of palmitic acid upon heating increases the adverse effects on human health.21–23

3.2            Groundnut Oil

Groundnut oil is edible oil derived from peanuts that contains a large quantity of protein and antioxidants and is noted to have a slight aroma and the taste of its parent legume. It is often used in Chinese, south Asian and southeast Asian cuisine as much as olive oil is used in the Mediterranean. Peanut oil is appreciated for its high smoke point relative to many other cooking oils.24

Table 2 illustrates the composition and retention time of the components in unheated and heated groundnut oil. Caproic acid, caprylic acid, nonanoic acid are saturated fatty acids whose quantities have not changed upon heating, illustrating that they do not take part in any chemical reactions. The unsaturated fatty acids oleic acid and linoleic acid, as well as palmitic methyl ester, react strongly upon heating to increase the percentage of the saturated fatty acids stearic acid, arachidic acid and behenic acid. The antioxidant vitamin E is completely evaporated at a high temperature. It is observed that the quantity of the antioxidant vitamin B is reduced upon heating to one fifth of its unheated value. The highly potent, antioxidant polyphenolic acids are found to be stable upon heating and have not undergone many changes.


Table 2:    Fatty acid composition of groundnut oil before and after heating.



	S. no.

	Peak name

	Unheated oil

	Heated oil




	RT

	%P.A

	RT

	%P.A




	1

	Caproic acid – C6H12O2 MW: 100
	2.35

	1.47

	2.35

	1.46




	2

	Caprylic acid – C8H12O2MW: 144
	6.62

	0.38

	7.06

	0.37




	3

	Nonanoic – C9H18O MW: 142
	7.06

	0.16

	7.08

	0.19




	4

	Palmitic methyl ester – C17H34O2 MW: 270
	–

	–

	7.25

	5.47




	5

	Linoleic acid – C18H32O2 MW:280
	7.37

	24.88

	7.37

	12.03




	6

	Vitamin E – C29H50O2 MW: 430
	8.22

	4.06

	–

	–




	7

	Oleic Acid – C18H34O2 MW: 282
	9.13

	56.06

	9.13

	30.13




	8

	Vitamin B – C9H17NO5 MW: 153
	10.58

	5.64

	10.58

	1.34




	9

	Polyphenolic – C15H10O2 MW: 252
	17.04

	2.67

	16.98

	2.42




	10

	Stearic acid – C18H36O2 MW: 284
	–

	–

	13.28

	39.48




	11

	Arachidic acid – C20H40O2 MW: 313
	22.78

	2.48

	22.76

	4.36




	12

	Behenic acid – C22H44O2 MW: 341
	22.95

	1.41

	22.95

	3.10





Figures 7–15 show the mass spectra of the peaks in the corresponding chromatograms. Frying fat for a long time is discouraged for it causes excessive foaming of the hot oil, the fat tends to smoke excessively, or an undesirable flavour or dark colour develops.25–27 Any or all of these qualities associated with heating fat can decrease the quality of the fried food. Groundnut oil is widely used in southern India for cooking. Groundnut oil contains 56% and 25% monounsaturated fatty acids (MUFA) and polyunsaturated fatty acids (PUFA), respectively. An increase in the level of polar compounds (mono- and diglycerides, free fatty acids, and other polar transformation products) formed during frying/heating of foodstuffs in the oil is observed. The evaporation of antioxidants and the formation of saturated fatty acids illustrates that this oil is not suitable for multiple cycles of heating to frying temperature.25
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Figure 7:      Mass spectrum of caprylic acid.
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Figure 8:      Mass spectrum of nonanoic acid.



 


[image: art]

Figure 9:      Mass spectrum of palmitic methyl ester.
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Figure 10:    Mass spectrum of vitamin E.
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Figure 11:    Mass spectrum of oleic acid.
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Figure 12:    Mass spectrum of vitamin B.
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Figure 13:    Mass spectrum of arachidic acid.
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Figure 14:    Mass spectrum of behenic acid.



 


[image: art]

Figure 15:    Mass spectrum of stearic acid.



3.3            Variation of Viscosity with Time

A microcontroller-based redwood viscometer is used to measure viscosity at different times of heating.1 A study of the variation in viscosity with time of heating is carried out by heating the oil to the frying temperature (up to 210°C) for 0.5 h, 1 h, 1.5 h or 2 h. After heating for the desired time, viscosity is measured at 30°C. Figure 16 illustrates the variation of viscosity with time. The diagrams depict the abrupt increase in the variation of viscosity with frying time for palm oil compared to groundnut oil, which is due to oxidation, isomerisation and polymerisation reactions.10 Oxidation leads to the formation of hydrogen bonds that increase intermolecular forces, which causes the flux among molecules that increases viscosity. The increase in the viscosity of palm oil with frying time shows that, on successive heating, the polyunsaturated fatty acids have undergone molecular reactions to form saturated compounds such as triacylglyceride or triglycerides (addition of saturated fatty acids in glycerol whose molecular weight remains high and hard to be broken) as the antioxidants are evaporated. It is observed that a trivial change in viscosity for groundnut oil is due to a higher concentration of stable antioxidants. A correlation graph is drawn between viscosity and fatty acid composition of palm oil and groundnut oil is shown in Figure 17. It is observed that viscosity and fatty acid composition are highly correlated (R2 = 0.948) and that viscosity decreases with an increase in unsaturated fatty acids.
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Figure 16:    Variation of kinematic viscosity with time of heating.
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Figure 17:    Correlation between viscosity and fatty acid.



4.           CONCLUSION

The GC-MS analysis of palm oil shows the formation of linoleic and palmitic acid. The disappearance of sitosterol and the decrease in the percentage of β-carotene shows poor antioxidant stability in the oil. The formation of free fatty acids in the heated oil demonstrates thermal degradation of the components. The observation of a decrease in the concentration of unsaturated fatty acids in groundnut oil due to the evaporation of tocopherol (vitamin E) and the drastic reduction in vitamin B levels reveals the instability of these antioxidants, and therefore this oil is not suitable for multiple heating cycles. The high correlation between viscosity and fatty acid composition shows that viscosity depends on the fatty acid composition of the oil. The viscosity increases with an increase in saturated fatty acids and decreases with an increase in unsaturated fatty acids.
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ABSTRACT: Currently, most polymethyl methacrylate (PMMA) denture materials are radiolucent, and it is difficult to remove the fragments of dentures aspirated during accidents. The aim of this study was to investigate the possibility of using barium titanate (BaTiO3) as a radiopacifier in PMMA. The formulation used in this study was composed of PMMA, BaTiO3 (5,10, 15 and 20 wt%) and 0.5 wt% benzoyl peroxide (BPO) as an initiator, 90 wt% methyl methacrylate (MMA) as a monomer, and 10 wt% ethylene glycol dimethyl acrylate (EGDMA) as a cross-linking agent. The BaTiO3 was treated by a silane coupling agent, (γ-MPS) prior to incorporation into the solid components (PMMA, BPO). Curing was carried out using a water bath at 78°C for 1.5 h. The thermal properties of the PMMA composite were evaluated using differential scanning calorimetry (DSC) and dynamic mechanical analysis (DMA). It could be observed that the density of the PMMA composite increased slightly after the filler was incorporated. In addition, filled samples showed slightly lower Tg values than the Tg value of the pure PMMA sample. The sample containing 20 wt% filler showed a higher degradation temperature than did the sample containing 5 wt% filler, which indicates that the former was more thermally stable than the latter. The TGA curves demonstrated that the degradation ratio increased more rapidly above 300°C. The storage modulus, E’, was higher for the filled samples than for the pure PMMA sample.

Keywords: Poly(methyl methacrylate), barium titanate, thermal characterisation, denture base materials, storage modulus

1.           INTRODUCTION

Currently, the acrylic resin poly(methyl methacrylate) (PMMA) is used almost universally for denture base fabrication.1 The physical properties of the final polymer are important in the fabrication of polymeric denture bases as the cured polymer should be stiff enough to hold the teeth in occlusion during mastication and to minimise the uneven loading of the mucus. The denture material should not creep under masticatory loads if good occlusion is to be maintained. Not only does the material have to have sufficient strength and resilience to withstand normal masticatory forces but it must also be able to withstand the sudden shock caused by impact forces.

The application of PMMA as an ideal denture base material is still restricted by a few limitations. One of them is the difficulty in achieving intrinsic radiopacity in the material, which is due to the constituent elements of PMMA. Presently, most denture plastics are radiolucent, and concern exists about the difficulty of removing fragments of dentures aspirated during accidents. Radiopacity is often achieved by the addition of a contrast agent, such as barium sulphate (BaSO4). However, the presence of this radiopacifying filler affects both the mechanical and biological behaviour of PMMA composites at concentrations above 8%; moreover, samples require 29% BaSO4 to be easily identifiable radiographically.2,3

The incorporation of filler into a polymer matrix can bring about changes in the mechanical and thermal characteristics of the resulting composite. One benchmark used to compare the thermal behaviour of composites is the glass transition temperature (Tg). Changes in the Tg as a function of filler content have been reported for polymer composites containing a wide variety of filler and polymer materials. Many researchers have reported an increase in the Tg as a function of filler content.4 However, decreases in the Tg have also been reported.5 Utilising the TGA technique, changes in the weight of a known amount of material are monitored as a function of temperature (or time) while atmosphere of the sample chamber is purged with an inert gas, usually nitrogen or a nitrogen/air mixture. In other words, TGA can provide quantitative information resulting from any processes that might cause detectable weight changes during the controlled heating process.

Major factors affecting the thermal, physical and mechanical properties of particulate (i.e., filler) reinforced polymer composites include the polymer structure and molecular weight, the filler type and volume fraction, and the interfacial state between the filler and the polymer. Various attempts have been made to reinforce PMMA denture base resins with a range of fibre types, including glass, sapphire whisker, aramid, carbon, nylon and polyethylene fibres. However, these fibres disrupt the homogeneous matrix of acrylic resin due to the poor interface formed between the fibres and the resin, adversely affecting the mechanical properties of the composite.6 Other factors such as filler surface treatment and matrix modification also play an important role. Silane coupling agents contain two different reactive groups in their structure, one of which can be hydrolysed. These groups allow them to forge a strong interaction with polymer matrices and filler particles.7 Carrodeguas et al.8 reported that the silanation of BaTiO3 or SrTiO3 particles provides a formulation with improved mechanical properties and injectability with respect to those of particles obtained with the untreated fillers.

Silanes are commonly used in dentistry in different applications to provide the opportunity for chemical bonding. The effectiveness of silane coupling agents has been well established by other researchers to improve the bond between inorganic filler and organic polymer matrix materials.9–11 In addition, surprisingly, silanes do not exhibit intrinsic toxicity.12

Polymers used to construct a denture base ought to have a glass transition temperature (Tg) that is high enough to prevent softening and distortion during use. Although the normal temperature in the oral cavity varies from 32°C to 37°C, it should be considered that patients may sometimes drink hot beverages above this temperature and clean their dentures in very hot water despite being advised not to do.

A denture base is supposed to possess good dimensional stability to prevent the denture shape from changing over time. In addition to thermal softening, which may cause deformity, other factors such as the relief of internal stresses, continued polymerisation and water absorption may contribute to dimensional instability. The base material should ideally have a low specific gravity value as dentures should be as light as possible.

Barium titanate has already been investigated as a filler in bone cements,8 but its use as a denture base composite is relatively new.13 In general, our approach for enhancing the properties of denture base materials and their radiopacity is through the incorporation of BaTiO3 filler, which can act as a radiopacity agent due to the high atomic numbers of Ba and Ti as well as the biocompatibility of BaTiO3, which has already been demonstrated.14 The aim of incorporating this filler is to improve the ability of PMMA to absorb X-rays to achieve a sufficient level of radiopacity and evaluate the effect of filler content on the thermal properties of the final material. Thereby, the effects of BaTiO3 on the fracture toughness and performance of denture base materials were evaluated and published elsewhere.13,15 The current study focused on the thermal stability of the BaTiO3-filled PMMA, which is one of the prerequisites for dental materials. In the oral cavity, wide temperature fluctuations occur due to the ingestion of hot or cold food and drink. In addition, more localised temperature increases may occur due to the highly exothermic nature of the setting reaction for dental materials.


2.           EXPERIMENTAL

2.1            Materials

The solid components consisted of PMMA with a high molecular weight (i.e., 996,000 GPC, Aldrich, U.S.A) plus 0.5% benzoyl peroxide (BPO) (Merck Chemical, Germany). The liquid component consisted of methyl methacrylate (MMA) (Fluka, U.K.), stabilised with 0.0025% hydroquinone, plus the cross linking agent, (10%) ethylene glycol dimethacrylate (EGDMA) (Aldrich, U.S.A). Barium titanate (BaTiO3) in powder form (Across, U.S.A) with a particle size ranging from 0.4 μm and up to less than 1 μm was used as a filler. The silane coupling agent 3-(trimethoxysilyl) propyl methacrylate (γ-MPS) was supplied by Sigma-Aldrich. The function of the coupling agent was to enhance the interaction between the ceramic filler (BaTiO3) and the organic matrix PMMA. The coupling agent’s molecular formula is:

H2C=C (CH3) CO2 (CH2)3Si (OCH3)3

2.2            Filler Treatment

BaTiO3 treatment involved the use of 200 ml of toluene and 10 g of BaTiO3 powder and was performed according to the method described by Abboud et al.16 The procedure commenced with the dispersion of the powder in toluene. Then, 10 wt% silane was added, and the resulting solution was refluxed for 15 h. Next, the solution was filtered to collect the modified powder. Subsequently, the powder was washed with 200 ml of fresh toluene in a Soxhlet apparatus for 24 h. The final product was then dried at 110°C for 3 h under vacuum.

2.3            Sample Preparation

Four different ratios (i.e., 0, 5, 10, 15 and 20% by weight) of treated filler were used. With the exception of the 0% filler, the fillers were added to the matrix (PMMA and 0.5% BPO). The planetary ball milling technique was employed to mix the solid phase (PMMA, BPO and filler) for approximately 30 min. Milling was continued for 4 min, followed by pausing for 3 min to prevent overheating and premature polymerisation. This cycle was repeated four times. The ceramic jars and balls must be cleaned with sand several times for a certain period, e.g., 30 min, to reduce the contamination of the powder mixture.

Powder to liquid (P/L) mixing was performed according to standard dental laboratory usage. After reaching the dough stage, the mix was packed into a mould and was pressed under a pressure of 14 MPa at room temperature for 30 min. The final polymerisation (curing process) was carried out using a water bath at 78°C for 1.5 h. The mould was then left to cool slowly at room temperature. The samples were then removed and polished with fine sand paper. The procedures adopted in this study are consistent with those of the prescribed standard method for preparing conventional denture base material in dental laboratories.1

2.4            Methodology

2.4.1         Determination of composites density

The test specimen density was determined according to the ASTM D 792 water-displacement method (Method A) using the following equation:
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where W1 and W2 are the sample weights in air and water, respectively. The density of BaTiO3 filler, as quoted by the manufacturer, is 6.08 g m–3.

2.4.2         Weight and volume fraction determination

As some filler might be lost during processing, a polymer burn-off test or “ashing” was performed to determine the final weight fraction of the filler in the composite. Dumbbell-shaped specimens were randomly selected and burnt-off in a furnace at 600°C. The filler residue was weighed, and the corresponding weight fraction of the filler, Wf, was converted to the volume fraction of the filler, Vf. The following equation was used in the procedure:
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where ρc and ρf are the densities of the composite and the filler, respectively.

2.4.3         Thermal characterisation

2.4.3.1      Differential scanning calorimetry (DSC)

Thermal analysis was performed on composites to determine their glass transition temperature (Tg) using a Perkin Elmer DSC 7. Samples with a mass of approximately 10–15 mg were heated to 190°C at a rate of 10°C min–1. This temperature was maintained for 1 min before subsequently cooled to 30°C at 10°C min–1. The aim was to remove any processing history. The same steps were repeated for the second scan.

2.4.3.2      Thermogravimetric analysis (TGA)

Samples from all parts of a dumbbell specimen were collected and analysed using thermogravimetric analysis to confirm the filler content throughout the sample. This procedure was carried out with a Perkin-Elmer Pyris 6 TGA analyser at a heating rate of 20°C min–1 from 50°C to 550°C under nitrogen flowed at 50 ml min–1. The weight loss experienced by the samples as the temperature increased provided insight into the degradation rate and the filler content.

2.4.3.3      Dynamic mechanical analysis (DMA)

Samples were prepared from moulded plates and sectioned into rectangular beams measuring 3 mm × 13 mm × 60 mm (thickness × width × length) using a rotating band saw. The specimens were subsequently polished with sand paper and were then stored in sealed plastic bags and maintained at room temperature prior to analysis. Analyses were carried out with a Perkin Elmer DMA 7 analyser using the three-point bending mode.

3.           RESULTS AND DISCUSSION

3.1            Effect of Filler Content on Density of Composite

The effect of filler content on the density of the PMMA matrix is shown in Table 1. It can be observed that the density of the PMMA composite increased slightly after the filler was incorporated. The slight increase in density can be attributed to the small amount of filler present in the composite. Furthermore, any rise in density is to be expected as the density of BaTiO3 is higher than that of PMMA (i.e., 6.08 g cm–3). This result is consistent with the findings of Mohamed,11 who reported that the density of composites increased with the addition of hydroxyapatite (HA) filler to PMMA.


Table 1:    Filler content of various formulations and its effect on the density of the PMMA composite compare to that of the PMMA matrix.



	Formulations
	Density (ρc) (g cm–3)

	Measured Wf

	Calculated Vf




	PMMA matrix
	1.18

	0

	0



	PMMA + BaTiO3 5%
	1.25

	0.25

	0.05



	PMMA + BaTiO3 10%
	1.29

	0.48

	0.1



	PMMA + BaTiO3 15%
	1.32

	0.59

	0.13



	PMMA + BaTiO3 20%
	1.36

	0.89

	0.2




The material used to produce a denture base should have a low specific gravity as the denture base should be as light as possible. Therefore, high denture density is considered undesirable, especially for the upper denture base, because a heavy denture base would be unstable in the patient’s mouth and drop down during use.

3.2            Determination of Filler Content by Ashing

The exact filler content in the various formulations was determined by the weight of the remaining filler subsequent to the burning of the polymer component. The temperature was raised to 600°C to burn out the polymer phase. This temperature was maintained for 2 h before subsequently cooled to room temperature.

To determine the exact content, the filler was first cooled before weighing. The weight fraction (Wf) and composite density (ρc) were used to facilitate the calculation of the volume fraction (Vf) using Equation 2. The results of these calculations are listed in the table below.

3.3            Thermal Characterisation

The Tg and degradation temperature of the PMMA composites are compared to those of the PMMA matrix in Table 2. It can be observed that the Tg was slightly affected by the incorporation of the filler. The filled samples showed Tg values slightly lower than the Tg of the pure PMMA sample. This discrepancy may be attributed to the fact that there is no interaction between the filler particles and the polymer chains in the matrix. The interaction between polymer chains with the surface of particles can drastically alter the chain kinetics in the region immediately surrounding particles.5


Table 2:    Glass transition temperature (Tg) and degradation temperature of BaTiO3 filled PMMA composites compared to that of the PMMA matrix.



	Formulation
	Tg (°C)

	Temperature (°C) at 5% wt. loss

	Residual material at 450°C




	PMMA matrix
	99.9

	251.9

	0




	PMMA matrix + BaTiO3 5 wt%
	97.8

	257.3

	4.1




	PMMA matrix + BaTiO3 10 wt%
	95.98

	259.6

	7.6




	PMMA matrix + BaTiO3 15 wt%
	95.2

	277.8

	10




	PMMA matrix + BaTiO3 20 wt%
	94.8

	279.9

	12.9





As shown in Figure 1, the weight of the samples decreased up to a temperature of ≈ 95°C. This phenomenon is related to the evaporation of unreacted monomer.17 In DSC, the glass transition of polymers is observed as a step increase in the heat capacity of a sample during heating due to an enhancement of molecular motion in the polymer. The measurement of the Tg of polymers is an important practical application of thermal analysis.18
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Figure 1:      Typical DSC thermograms for PMMA matrix (first and second scans).



The DSC curves of the samples, for the first run, revealed a slight exothermic region occurring at ≈ 120°C (Figure 1). It can be postulated that this phenomenon is related to the evaporation of unreacted monomer at temperatures above the Tg of the MMA monomer. A similar observation was reported in the studies of the Tg of acrylic resin used in dentistry by utilising the DSC technique.11,19 The authors observed that the first scan showed an exothermic peak in the DSC thermogram, whereas the second scan showed no exothermic peak but only a glass transition pattern.

The TGA scans for various formulations of denture base materials are shown in Figure 2. It can be observed that little or no weight loss occurred up to a temperature of ≈ 250°C. However, immediately beyond this temperature, a sharp decrease in weight was observed, and at ≈ 450°C, almost complete weight loss was observed.

It is clearly evident that the samples exhibited different thermal degradation behaviours. It is interesting to note that the degradation temperature of the filled samples was slightly higher than that of the PMMA matrix. Moreover, the PMMA sample displayed no residual material formation at temperatures of up to 450°C. This behaviour is also indicative of the random chain scission processes the PMMA polymer undergoes during degradation.20
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Figure 2:      TGA curves illustrate the thermal degradation temperature of the PMMA composites compared to PMMA matrix.



All samples containing filler showed similar thermal behaviour. However, noticeable differences were observed with respect to certain characteristics. For instance, the sample with a filler ratio of 20 wt% showed a higher degradation temperature than that of the sample containing 5 wt% filler, which indicates that the former is more thermally stable than the latter. As indicated by the TGA curves, the degradation ratio increased rapidly above 300°C. Hu and Chen21 reported that there exist vinyl end groups in polymer chains of PMMA. These low-stability groups unzip the polymer chains radically through a chain transfer process. Compared to the polymer chain structure, the end groups exhibit weaker bonding and begin to degrade at approximately 220°C. As the temperature rises above 300°C, random scission constitutes the mechanism of degradation, and the depolymerisation rate increases due to main chain scission.

Figure 3 compares the DMA curves of the PMMA composites with that of pure PMMA. The storage modulus, E’, was higher for the filled samples than for the pure PMMA sample. The storage modulus refers to the capacity of a material’s elastic component to absorb and store energy. It is also associated with the rigidity and dimensional stability of a material under dynamic stress. The storage modulus curves were recorded at 1 Hz for the PMMA matrix and PMMA composites. As shown, the PMMA composites exhibited a higher level of rigidity than the PMMA matrix.
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Figure 3:      Variation of storage modulus with temperature for pure PMMA and PMMA composite with various formulations.



This rigidity increased as a function of the filler content. In all samples, it was observed that the storage modulus decreased as the temperature was increased. The curves show a general trend in which the storage modulus is much higher below the Tg of the polymer but falls steeply up to 105°C. This behaviour is due to the Tg of PMMA as well as MMA monomer evaporation. The difference observed could be explained by the fact that the filled system is imperfectly dispersed because some extent of particle agglomeration always exists. Below the Tg, the polymer can exert large forces on the agglomerates due to its high modulus; therefore, a large extent deal of particle-particle motion should take place. However, above the Tg, the forces may not be sufficiently great to overcome the friction at contact points and break up the agglomerates.22 A similar observation was reported by Kenny23 in studying the storage modulus of high-density polyethylene/ultra-high-molecular-weight polyethylene (HDPE/UHMWPE) blends. Kenny reported that the storage modulus decreased as the temperature increased.

4.           CONCLUSION

The density of the composites fabricated in this study was slightly increased by the incorporation of filler. However, the density of a denture base should be as low as possible to maintain the stability of removable prosthodontics, especially upper dentures, during use. It is interesting to note that the degradation temperature of filled samples was higher than that of the PMMA matrix. Moreover, increasing the filler content from 5 wt% to 20 wt% resulted in an increase in the degradation temperature and thermal stability of the resultant PMMA composites. Finally, the DMA test results clearly indicate that the rigidity of the materials rose as the filler ratio was elevated. On the other hand, the storage modulus decreased as the temperature was raised. Furthermore, a study on the effects of the curing cycle and those of time and temperature on the properties of similar composites, particularly their porosity, should be performed.
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ABSTRACT: A total of five compounds, namely lupeol (1), α-amyrin (2), stigmasterol (3), β-sitosterol (4) and 7,3’-dimethoxyluteolin (5) were isolated from a methanol extract of Albizia chinensis stem bark. The structures of the isolated compounds were established using nuclear magnetic resonance (NMR) spectroscopic studies, as well as using comparative thin layer chromatography (co-TLC) with standards. The methanol extract of the A. chinensis stem bark and its n-hexane-, carbon tetrachloride-, chloroform- and aqueous-soluble partitionates were evaluated for antioxidant activity with 1,1-diphenyl-2-picrylhydrazyl (DPPH), Folin-Ciocalteu reagent and phosphomolybdenum total antioxidant assays, where butylated hydroxytoluene (BHT) and ascorbic acid were used as standards. The carbon tetrachloride-soluble fraction contained a moderate amount of phenolic compounds (60.76 ± 0.45 mg of GAE/g of extract) and it exhibited significant free radical-scavenging activity (IC50 10.21 ± 0.84 μg ml–1). A positive correlation was observed between the total phenolic content and the total antioxidant capacity of A. chinensis. The general toxicity was determined using a brine shrimp lethality bioassay, where the carbon tetrachloride (LC50 0.608 ± 0.19 μg ml–1) and hexane (LC50 0.785 ± 0.26 μg ml–1) soluble partitionates had considerable bioactive properties. The crude extract and its chloroform- and aqueous-soluble fractions displayed significant antimicrobial activity against eighteen microorganisms with inhibition zones ranging from 7.0 mm to 26.0 mm.

Keywords: Albizia chinensis, lupeol, α-amyrin, stigmasterol, β-sitosterol, 7,3’-dimethoxyluteolin

1.           INTRODUCTION

Albizia chinensis (Osbeck.) Merr. (Synonyms: Acacia stipulata DC., Albizia marginata Lam. Merr.; Bengali: Chakua koroi), which belongs to the Fabaceae family, is a flowering tree that is native to south-eastern Asia but is invasive in Hawaii and Samoa. In Bangladesh, the plant is distributed throughout most districts. Traditionally, an infusion of the bark is used as a lotion for cuts, scabies and other skin diseases. The aqueous extract of the bark causes uterine contraction. The extract of the aerial parts has spasmogenic and diuretic activities in accordance to Medicinal Plants Database of Bangladesh. The aqueous extract of the A. chinensis plant demonstrates higher anti-proliferative activity than the standard anti-cancer drug, cisplatin.1 Previous phytochemical studies with A. chinensis revealed the presence of a number of cytotoxic triterpenes and flavonoids.2,3

As a part of our continuing investigation into the medicinal plants from Bangladesh,4,5 we studied the methanol extract of the A. chinensis stem bark, as well as its organic- and aqueous-soluble fractions, for the total phenolic content, total antioxidant capacity using the phosphomolybdenum assay, free radical-scavenging activity, antimicrobial screening and brine shrimp lethality for the first time. Furthermore, we also reported the isolation of lupeol (1), α-amyrin (2), stigmasterol (3), β-sitosterol (4) and 7,3’-dimethoxyluteolin (5) from the A. chinensis methanol extract.

2.           EXPERIMENTAL

2.1            General Experimental Procedures

Structural elucidation of the isolated compounds was carried out using nuclear magnetic resonance (NMR) spectroscopy. The 1H NMR spectra were recorded using a Bruker AMX-500 (500 MHz) instrument in CDCl3 and the δ values for the 1H data were referenced to the residual non-deuterated solvent signals. All solvents were of analytical grade. Preparative thin layer chromatography (PTLC)6 and thin layer chromatography (TLC) were carried out using Merck Si gel F254 pre-coated plates. Spots were visualised by spraying the plates with vanillin sulphuric acid followed by heating for 5 min at 110°C. All solvents used in this study were reagent grade.

2.2            Plant Materials

A. chinensis stem bark was collected in mid-2011 from the Dhaka University campus. A voucher specimen (DUSH-5386) has been deposited into the Dhaka University Salar Khan Herbarium.

2.3            Extraction, Fractionation and Purification

Collected plant materials were cleaned, chopped into small pieces, sun-dried and ground into a coarse powder. Approximately 600 g of the powdered material was soaked in 2.5 l of methanol at room temperature for several days. The extract was first filtered through a fresh cotton bed and then filtered through Whatman (#1) filter paper. The filtrate was then concentrated with a rotary evaporator at 40°C–50°C under reduced pressure to provide a crude methanol extract (20 g).

An aliquot (3 g) of the concentrated methanol extract was then subjected to vacuum liquid chromatography.7 The column was packed with silica gel (Kiesel gel 60H) under vacuum. After applying the sample to the column, compounds were eluted with n-hexane, followed by mixtures of n-hexane and ethyl acetate, and methanol mixtures in order of increasing polarity to provide 22–100 ml fractions. Compound 1 (6.0 mg) was isolated as a colourless crystalline mass from the vacuum liquid chromatography (VLC) fraction of the methanol extract eluted with 15% ethyl acetate in n-hexane. The fraction eluted with 30% ethyl acetate in n-hexane provided compound 2 (3.0 mg). Similar VLC fractions eluted with 20% ethyl acetate and 15% ethyl acetate in n-hexane, yielding compounds 3 (8.0 mg) and 4 (10.0 mg), respectively.

The VLC fraction eluted with 35% ethyl acetate in n-hexane was further subjected to Gel Permeation Chromatography (GPC)8 using lipophilic Sephadex (LH-20), which afforded compound 5 (3.0 mg) as a yellow amorphous powder.

Another aliquot (5.0 g) of the concentrated methanol extract was partitioned using the modified Kupchan method.9 The resultant partitionates were evaporated to dryness with a rotary evaporator to yield n-hexane- (HXSF, 1500 mg), carbon tetrachloride- (CTCSF, 1500 mg), chloroform- (CSF, 250 mg) and aqueous- (AQSF, 750 mg) soluble fractions. The residues were stored in a refrigerator until further use.

2.4            Properties of the Isolated Compounds

Lupeol (1): colourless crystals; 1H NMR (500 MHz, CDCl3): δ 4.68 (1H, br. s, Ha-29), 4.56 (1H, br. s, Hb-29), 3.17 (1H, dd, J = 11.2, 4.8 Hz, H-3), 1.65 (3H, s, H3-30), 1.03 (3H, s, H3-27), 0.96 (3H, s, H3-26), 0.95 (3H, s, H3-25), 0.83 (3H, s, H3-24), 0.79 (3H, s, H3-23) and 0.76 (3H, s, H3-28).

α-Amyrin (2): white amorphous powder; 1H NMR (CDCl3, 500 MHz): δ 5.34 (1H, t, J = 3.5 Hz, H-12), 3.19 (1H, dd, J = 11.0, 5.6 Hz, H-3), 1.03 (3H, s, H3-27), 1.02 (3H, s, H3-26), 0.96 (3H, s, H3-28), 0.93 (3H, s, H3-25), 0.90 (3H, bs, H3-30), 0.82 (3H, s, H3-23), 0.79 (3H, d, H3-29) and 0.78 (3H, s, H3-24).

Stigmasterol (3): white, needle-shaped crystals; 1H NMR (CDCl3, 500 MHz): δ 3.52 (1H, m, H-3α), 5.35 (1H, d, J = 8.2 Hz, H-6), 0.67 (3H, s, Me-18), 1.01 (3H, s, Me-19), 0.91 (3H, d, J = 6.8 Hz, Me-21), 5.27 (1H, dd, J = 8, 15.2 Hz, H-22), 5.18 (1H, dd, J = 7.2, 15.2 Hz, H-23), 0.85 (3H, d, J = 6 Hz, Me-26), 0.83 (3H, d, J = 6 Hz, Me-27) and 0.82 (3H, t, J = 6.5 Hz, Me-29).

β-sitosterol (4): colourless crystals; 1H NMR (CDCl3, 500 MHz): δ 3.52 (1H, m, H-3), 5.35 (1H, m, J = 6.0 Hz, H-6), 0.68 (3H, s, Me-18), 1.01 (3H, s, Me-19), 0.93 (3H, d, J = 6.4 Hz, Me-21), 0.83 (3H, d, J = 7.2 Hz, Me-26), 0.82 (3H, d, J = 7.2 Hz, Me-27) and 0.85 (3H, t, J = 8.0 Hz, Me-29).

7,3’-dimethoxyluteolin (5): yellow amorphous powder; 1H NMR (500 MHz, CDCl3): δ 12.96 (1H, s, OH), 7.47 (1H, d, J = 2.3, H-2’), 7.46 (1H, dd, J = 8.4, 2.3 Hz, H-6’), 7.03 (1H, d, J = 8.4, H-5’), 6.56 (1H, s, H-3), 6.48 (1H, d, J = 2.3, H-8) and 6.37 (1H, d, J = 2.3, H-6).

2.5            Biological Assays

2.5.1         Total phenolic content

The total phenolic content of the extracts was determined with the Folin-Ciocalteu reagent by using the method developed by Harbertson and Spayd.10

2.5.2         DPPH free radical scavenging assay

Following the method developed by Brand-Williams et al.,11 the antioxidant activity of the methanol extract and its sub-fractions was assessed by evaluating the scavenging activities of the stable 1,1-diphenyl-2-picrylhydrazyl (DPPH) free radical.

2.5.3         Phosphomolybdenum antioxidant assay

The total antioxidant activity of the extract was evaluated with the phosphomolybdenum assay method.12

2.5.4         Brine shrimp lethality bioassay

This technique was applied to determine the general toxic properties of the plant extract using the method of Meyer et al.13 and Artemia salina in a one-day in vivo assay. Vincristine sulphate was used as a positive control.

2.5.5         Antimicrobial screening

Anti-microbial screening was carried out following the method developed by Bauer et al.14


2.5.6         Statistical analysis

For all bioassays, three replicates of each sample were used for statistical analysis and the values are reported as the mean ± standard deviation.

3.           RESULTS AND DISCUSSION

3.1            Chromatographic Analysis

Repeated chromatographic separations and purification of the VLC fractions of a crude methanolic extract from A. chinensis stem bark provided a total of five compounds (1–5). The structures of the isolated compounds were determined to be lupeol (1),15 α-amyrin (2),16 stigmasterol (3),17 β-sitosterol (4)18 and 7,3’-dimethoxyluteolin (5)3 using extensive NMR spectral analysis, in comparison with published values and co-TLC with standards.
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Figure 1:      Structure of the compounds.




3.2            Total Phenolic Content, Free Radical-scavenging Activity and Total Antioxidant Capacity of A. chinensis

In the DPPH free radical-scavenging assay, the carbon tetrachloride-soluble fraction had maximum free radical-scavenging activity (IC50 = 10.21 ± 0.84 μg ml–1) when compared to ascorbic acid (IC50 = 5.8 ± 0.21 μg ml–1). This prominent free radical-scavenging property may be correlated to its high phenolic content (60.76 ± 0.45 mg of GAE/g of sample) or due to synergistic activity from various chemical entities present in the extract. A positive correlation was observed between total phenolic content and total antioxidant activity of A. chinensis (Table 1).

3.3            Brine Shrimp Lethality Bioassay

In the brine shrimp lethality bioassay, the lowest LC50 (0.608 ± 0.19 μg ml–1) value was obtained with the carbon tetrachloride-soluble fraction, whereas vincristine sulphate exhibited an LC50 value of 0.451 μg ml–1. The n-hexane-soluble fraction also revealed significant cytotoxic potential (LC50 = 0.785 ± 0.26 μg ml–1). This suggested the presence of potent bioactive components in the crude extract (Table 1). Previous investigations on the total phenolic content, free radical-scavenging and cytotoxic activities on other species of the same genus (Albizia) support the above findings.19, 20, 21


Table 1:    Total antioxidant capacity, total phenolic content, free radical-scavenging activity and cytotoxicity of A. chinensis.



	Sample
	Total phenolic content (mg of GAE/g of dried extract)

	Free radical-scavenging activity (IC50 μg ml–1)

	Total antioxidant capacity (mg of ascorbic acid/100 g of plant extract)

	Brine shrimp lethality bioassay LC50 (μg ml–1)




	Vincristine sulphate
	–

	–

	–

	0.451 ± 0.004




	BHT
	–

	27.5 ± 0.54

	–

	–




	Ascorbic acid
	–

	5.8 ± 0.21

	–

	–




	ME
	3.98 ± 0.22

	21.68 ± 0.21

	0.64 ± 0.61

	2.51 ± 0.41




	HXSF
	2.38 ± 0.56

	150.33 ± 0.45

	0.364 ± 0.52

	0.785 ± 0.26




	CTCSF
	60.76 ± 0.45

	10.21 ± 0.84

	0.79 ± 0.25

	0.608 ± 0.19




	CSF
	52.34 ± 0.64

	18.8 ± 0.73

	0.741 ± 0.45

	0.98 ± 0.39




	AQSF
	5.03 ± 0.22

	37.64 ± 0.15

	0.481 ± 0.15

	2.17 ± 0.22





ME = Methanol crude extract; HXSF = Hexane-soluble fraction; CTCSF = Carbon tetrachloride-soluble fraction; CSF = Chloroform-soluble fraction; AQSF = Aqueous-soluble fraction; BHT = Butylated hydroxytoluene.

3.4            Antimicrobial Activity of A. chinensis

Various A. chinensis extracts were evaluated for antimicrobial activity against five gram positive bacteria, eight gram negative bacteria and five fungi at 400 μg disc–1. Different test samples of A. chinensis demonstrated inhibition zones ranging from 7.0 mm to 26.0 mm (Table 2). The maximum inhibition zone at 26.0 mm was demonstrated against Sarcina lutea by chloroform- and aqueous-soluble fractions and the methanolic crude extract. The aqueous-soluble fraction also revealed a 25.0 mm inhibition zone against Salmonella typhi. In addition, the crude extract inhibited the growth of Aspergillus fumigatus by 18.0 mm (Table 2). Similar antimicrobial activity was demonstrated against Albizia adianthifolia and Albizia julibrissin, two species of the Fabaceae family.19,22


Table 2:    Antimicrobial activity of A. chinensis test samples (400 μg disc–1).
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ME = Methanol crude extract; HXSF = Hexane-soluble fraction; CTCSF = Carbon tetrachloride-soluble fraction; CSF = Chloroform-soluble fraction; AQSF = Aqueous-soluble fraction.

4.           CONCLUSION

In this study, the isolation and characterisation of lupeol (1), α-amyrin (2), stigmasterol (3), β-sitosterol (4) and 7,3’-dimethoxyluteolin (5) from the methanolic crude extract of A. chinensis have been reported. The crude extract and its partially purified fractions demonstrated strong DPPH free radical-scavenging activity, cytotoxicity in a brine shrimp lethality bioassay and antimicrobial activity. However, none of the isolated compounds could be tested for bioactivity due to sample scarcity. This plant may be used for further systematic chemical and biological studies to isolate the active components responsible for the potential bioactivity.
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ABSTRACT: The present work represents an attempt to prepare five ruthenium(II) or Ru(II) polypyridyl complexes (1a–1e) by a one-pot solvothermal synthesis in a manner that is greener than that in which the complexes are conventionally synthesised. Here, target compounds in very good yields have been achieved. The photochemical reduction of five different *[Ru(NN)3]2+ (triplet excited) species (where NN (a–e) = 2,2’-bipyridine, 4,4’-dimethyl-2,2’-bipyridine, 4,4’-di-tert-butyl-2,2’-bipyridine, 1,10-phenanthroline and 4,7-diphenyl-1,10-phenanthroline) with various aromatic thiolate anions (ArS–) with different electronic and steric properties was studied in aqueous and anionic micellar (sodium dodecyl sulphate, SDS) solutions by the luminescence-quenching technique. The quenching rate constants, kq, for each photoredox reaction were determined by Stern-Volmer analysis. The results exhibit an interesting trend for all the quenchers depending on the type of quencher and medium used. Although the incremental increase in the SDS concentration initially hampered the rate, further increasing SDS did not alter the quenching rate. In very few cases, micellar catalysis was observed, which may be attributed to the hydrophobic interaction that overcomes the electrostatic repulsion.

Keywords: One-pot synthesis, fluorescence-quenching studies, micellar catalysis, Stern-Volmer analysis, aromatic thiolate anions

1.           INTRODUCTION

Thiols play a key role in biological systems and are found in numerous peptides, proteins and low-molecular-weight compounds.1,2 Generally, alternation in the level of cellular thiols has been linked to a number of diseases, such as leucocyte loss, psoriasis, liver damage, cancer, AIDS,3,4 slow growth in children, hair depigmentation, oedema, lethargy, liver damage, loss of muscle and fat, skin lesions, weakness,5 Alzheimer’s disease, vitamin B12 deficiency6,7 and cardiovascular diseases (CVDs).8 On the other hand, thiols can be used as optical probes and in the realms of cell imaging, redox and ligand exchange reactions and nanochemistry, etc. Additionally, the photophysics and photochemistry of thiols are of great interest in various fields of science and technology9,10 because of thiols’ low ionisation potential and relatively weak S–H bond, and their role in radical repair and deactivation as well as in cellular redox processes.11,12 Thiols are often believed to act as protectors against ionising radiation via their radical scavenging activity. Thiyl radicals also cause biologically important chemical changes, such as the efficient cis-trans isomerisation of mono- and polyunsaturated fatty acid residues in model membranes via a catalytic action.13,14 Furthermore, these free radicals contribute to more than one hundred disorders in humans, including atherosclerosis, arthritis, ischaemia and reperfusion, the injury of many tissues, central nervous system injury and gastritis.15

Ruthenium(II) or Ru(II) complexes based on bipyridine ligands are highly interesting due to theirphotophysical and redox properties.16 The Ru(II) ion offers a series of advantages: (a) due to the ion’s octahedral complex geometry, specific ligands can be introduced in a controlled manner; (b) the photophysical, photochemical and the electrochemical properties of these complexes can be tuned in a predictable way; and (c) the ruthenium metal ion possesses stable and accessible oxidation states ranging from Ru(I) to Ru(III). Ru(II) forms kinetically stable bonds with bipyridine, making the synthesis of heteroleptic compounds possible.

The rate of electron transfer (ET) from a donor to an acceptor molecule is influenced by exothermicity, reorganisation energy and distance.17–20 Over the past three decades, numerous theoretical and experimental studies have been directed towards understanding the abovementioned factors that affect the rate of photoinduced ET reactions of Ru(II) complexes.21–27 To a large extent, the ligands of Ru(NN) (NN being the polypyridine ligand) and the type of quencher determine the distance over which ET occurs.28–30 The distance dependence of ET has become increasingly important as attempts have been made to unravel the complexities of ET reactions in biological systems and in natural and synthetic solar energy conversion systems.31,32

The photophysics and photochemistry of Ru(II) polypyridyl complexes are highly affected by the solvent used as well as the change in medium from homogeneous to microhetereogeneous.33,35 Dressick et al.34 performed a systematic investigation of the binding, partitioning and photosensitisation of these Ru(II) complexes in both ionic and nonionic surfactant media. The main aim of studying the photoredox reactions of Ru(II) polypyridyl complexes in microheterogeneous media is to develop photocatalytic systems, including those for solar energy conversion, by controlling the thermal back ET.31,32 Ionic Ru(II) polypyridyl complexes can be designed with hydrophobic ligands and thus provide an opportunity for binding to crucial interfacial regions in microheterogeneous systems. Aqueous micelle-bound catalytic systems of this type are attractive alternatives to toxic, expensive organic solvents and are precursors to future designs of surfactant assemblies that may mimic redox events in biological membranes. Again, a major focus emerging with respect to this self-assembly of monomeric units has been the observation of modified reactivity or properties of “guests” entrapped within or associated with these microphases. Furthermore, organised media such as micelles are well documented as novel environments for photochemical conversion because micellar systems can promote ET from electron donor to acceptor by concentrating them. In addition to the abovementioned advantages, micelles affect the lifetimes of photoexcited states and the efficiency of reverse ET by providing an appropriate microenvironment composed of a hydrophobic core, an aqueous phase and a charged interface.33

Reports on greener solvothermal one-pot synthesis and fluorescence-quenching studies of different metal complexes with various biologically important quenchers have already been published by our research group.36–41 To explore the key role of the electronic, steric as well as hydrophobic properties of acceptors (1a–1e) on the electron transfer reactions between donors (ArS–) and acceptors in the micellar medium, in the present study we examined five Ru(II) complexes with ligands of varying hydrophobicity. The oppositely charged nature of the probes (positive) and the environments (negative anionic surfactant, sodium dodecyl sulphate, SDS) ensure strong electrostatic attractive forces that will assist in binding.

In the case of Ru(II) complexes containing hydrophobic ligands, binding with micelles is favoured by hydrophobic forces.42 Although the negatively charged thiolate ions chosen in the present study as quenchers may face Coulombic repulsion from the anionic surfactant, the repulsive forces can be circumvented to some extent by introducing hydrophobic alkyl groups into the thiolate ion. Thus the study of the photoredox reactions of Ru(II) polypyridyl complexes with alkyl-substituted thiolate ions in ionic surfactants may be interesting, and both electrostatic and hydrophobic interactions will play an important role in these reactions.17 The results obtained for the photoinduced ET reactions of [Ru(NN)3]2+ with ArS– in the presence of SDS have been analysed in this report.

2.           EXPERIMENTAL

All chemicals, i.e., 2,2’-bipyridine (bpy), 4,4’-dimethyl-2,2’-bipyridine (dmbpy), 4,4’-di-tert-butyl-2,2’-bipyridine (dtbpy), 1,10-phenanthroline (phen), 4,7-diphenyl-1,10-phenanthroline (dpphen), and RuCl3.3H2O were purchased from Sigma Aldrich and used as received. The thiols used in this study were obtained from Fluka and Sigma Aldrich. Solvents were dried over appropriate drying agents, distilled and stored under dry nitrogen.

Absorption spectra were recorded using a JASCO V-530 UV-visible Spectrophotometer. Emission spectra were recorded using a JASCO FP-6200 Spectrofluorimeter. All sample solutions used for the emission measurements were deaerated for approximately 30 min by dry N2 purging by keeping the solution in cold water to ensure that there was no change in the volume of the solution. All measurements were performed at room temperature. Both absorption and emission titrations were carried out by keeping the concentration of the complexes constant (1 × 10–5 M) while varying the concentration of the thiols. Distilled/recrystallised samples of the thiols were dissolved in sodium hydroxide solution such that the pH was maintained at 12.5 in all cases.

The one-pot synthetic pathway for the formation of Ru(II) polypyridyl complexes (1a–1e) is shown in Figure 1. A suspension containing a mixture of 0.261 g RuCl3.3H2O (1.0 mmol) and α-diimine (3.2 mmol) in 10 ml of ethanol in a 15 ml Teflon flask was placed in a steel bomb. The bomb was placed in an oven maintained at 160°C for 48 h and then cooled to 30°C. Good-quality, red-orange-coloured crystals were separated by filtration and washed with hexane. Yield was 82%–86%. The 1H NMR spectra of the five Ru(II) complexes (1a–1e) show good agreement with the previously published data.17


[image: art]

Figure 1:      Formation of Ru(II) polypyridyl complexes.




3.           RESULTS AND DISCUSSION

It has been established that the introduction of microheterogeneous system stabilises the emitting 3MLCT states of Ru(II) polypyridyl complexes relative to the d-d state. To confirm this finding, the authors recorded both the absorption and the emission spectra of five Ru(II) complexes (1a–1e) in a water-acetonitrile mixture (Figure 2 and 3); the spectral data are shown in Table 1. It is interesting that there is a considerable red shift toward higher wavelengths (bathochromic shift) in λmax em in the presence of SDS compared with the position of λmax em in the absence of SDS with 1a, which is also indicated in Figure 3 and Table 1. This experimental observation clearly proves the earlier predictions that micelles lower the energy level of 3MLCT states, thereby stabilising them relative to the d-d state.
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Figure 2:      Overlay absorption spectrum of complexes (1a–1e) in water-acetonitrile (9:1 v/v) at 298K.
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Figure 3:      Overlay emission spectrum of complexes (1a–1e) (left); emission spectrum of 1a in the absence and in the presence of SDS (right) in water-acetonitrile (9:1 v/v) at 298K.




Table 1:    Photopysical analytical data for complexes (1a–1e) at 298K.

[image: art]

*τ= taken from the published report41

a recorded in water: CH3CN (9:1 v/v)

b recorded in water in the presence of 30 mM SDS

To study the quenching of these complexes by various thiophenolate ions, fluorescence-quenching titrations were carried out by converting the thiophenols to thiophenolate ions with sodium hydroxide and maintaining the pH at 12.5. The change in the luminescence intensity for the excited state of complexes 1a and 1e with 2-methoxythiophenolate in the absence and in the presence of SDS is shown in Figure 5, and change in the absorption is shown in Figure 4. The quenching rate constant, kq, values were determined from the Stern-Volmer equation.35,36,41

F0/F = 1+ KSV [Q] = 1+kq τ0 [Q]


where F0 and F are the steady-state fluorescence intensities in the absence and presence of a quencher, respectively, KSV is the Stern-Volmer quenching constant, [Q] is the total concentration of quencher, kq is the bimolecular quenching constant, and τ0 is the average lifetime of the complex in the absence of a quencher. The corresponding Stern-Volmer quenching rate constants kq are presented in Tables 2–5. All the Stern-Volmer plots represent a good linear relationship (Figure 6). As is known, linear Stern-Volmer plots represent a single quenching mechanism, either static or dynamic. It has also been proposed that in the case of non-linear Stern-Volmer plots, in addition to dynamic quenching, a second mechanism, static quenching, also prevails.41
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Figure 4:      Overlay absorption spectrum of 1a (1 × 10–5 M) with different concentration of thiophenolate ion (left); and 1d with different concentration of 2-methylthiophenolate ion (right) (0 to 13.3 × 10–5 M) in water: acetonitrile (9:1 v/v) at 298K.
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Figure 5:      Emission spectral changes of 1a (top), 1e (bottom) with 2-methoxythiophenolate in the absence of SDS (left); and in the presence of 30 mM of SDS (right) in water:acetonitrile (9:1 v/v) at 298K.
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Figure 6:      Stern-Volmer plot for quenching of complexes 1a (top) and 1e (bottom) with 2-methoxythiophenolate ion at 298K in the absence of SDS (left) and in the presence of 30 mM of SDS (right) in water:acetonitrile (9:1 v/v) at 298K.



The quenching rate constants for the excited state electron transfer reactions of [Ru(bpy)3]2+ with various thiolate ions in different SDS concentrations exhibited a similar trend: an initial decrease in the rate constant by one order of magnitude in going from an aqueous to an anionic micellar medium. This trend is expected as the quenching rate constant will decrease in the anionic micellar medium because the negatively charged quencher will approach the micelle-bound dipositive Ru(II) complex due to the negative charge of the anionic micelle. In general, further increasing the concentration of SDS did not cause the rate constant to vary appreciably. At very high concentrations of SDS, kq was greatly reduced by approximately two orders of magnitude in certain cases (such as for thiophenolate, 2-naphthalene thiophenolate) (Table 2). The electron-donating nature of the 2-methoxy thiophenolate ion caused an enormous decrease in the rate constant due to the additional stabilisation of the thiophenolate ion by the accumulation of negative charge on it, thereby increasing the electrostatic repulsion between the quencher and the anionic micellar medium. Thus, the system exhibited rate retardation.


Table 2:    Quenching rate constants kq (M–1 s–1) for the reaction of *[Ru(bpy)3]2+ with thiolate ions in different SDS concentration in in water:acetonitrile (9:1 v/v) at 298K.
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Note: SDS conc. = SDS concentration (mM), A = thiophenol, B = 2-methylthiophenol, C = 4-methylthiophenol, D = 2-methoxythiophenol, E = 2-napthalene thiol and F = 4-chlorothiophenol.

In the case of 2-methoxythiophenoate, 2-methylthiophenolate and 2-naphthalene-thiophenoate ions, the quenching rate constants with respect to [Ru(dmbpy)3]2+ exhibited the expected trend (Table 3). The kq values were much lower with most of the quenchers in this system. This trend was expected based on the increase in the electron transfer distance; indeed, quenching rate constants exhibit a direct correlation with electron transfer distance (Table 4).


Table 3:    Quenching rate constants kq (M–1 s–1) for the reaction of *[Ru(dmbpy)3]2+ with thiolate ions in various SDS concentration in water:acetonitrile (9:1 v/v) at 298K.
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Note: SDS conc. = SDS concentration (mM), A = thiophenol, B = 2-methylthiophenol, C = 4-methylthiophenol, D = 2-methoxythiophenol, E = 2-napthalene thiol and F = 4-chlorothiophenol.


Table 4:    Quenching rate constants kq (M–1 s–1) for the reaction of *[Ru(dtbpy)3]2+ with thiolate ions in various SDS concentration in water:acetonitrile (9:1 v/v) at 298K.
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Note: SDS conc. = SDS concentration (mM), A = thiophenol, B = 2-methylthiophenol, C = 4-methylthiophenol, D = 2-methoxythiophenol, E = 2-napthalene thiol and F = 4-chlorothiophenol.

Slight micellar catalysis occurred after the initial rate retardation with 2-methoxy and 4-chloro substituted thiophenlate ions. A novel observation was made with respect to the [Ru(phen)3]2+ complex (Table 5). We observed initial rate retardation up to the critical micellar concentration (SDS – cmc = 0.008 mole), followed by a gradual increase in the kq values, thereby causing micellar catalysis. This behaviour was pronounced for most of the quenchers used. Further studies are in progress to determine the possible reasons for this slight extent of micellar catalysis. The most probable reason may be that the pronounced hydrophobic nature of the phenanthroline ligand, along with the enhanced negative charge accumulation on the 2-methoxythiolate anion, causes the two oppositely charged species (complex and the quencher) to approach one another more closely, causing micellar catalysis. The enormous decrease in the kq values in the case of [Ru(dpphen)3]2+ with an increasing concentration of SDS was rather remarkable (Table 6). The pronounced decrease in the rate constant i.e., 2–3 orders of magnitude, with the increase in the concentration of SDS indicates that the anionic micelle was affected by almost all of the quenchers. Thus, electrostatic interaction plays a more significant role in this system than the richly hydrophobic ligands. Because most of the reaction takes place in aqueous medium, kq exhibits a decreasing trend. The Ru(II) polypyridyl ions become attached to the Stern layer, leaving the dpphen ligand buried in the micellar phase. Because the anionic quenchers are unable to come into close proximity with the Ru2+ ions in the Stern layer, there is a decreasing trend in the quenching rate constant.


Table 5:    Quenching rate constants kq (M–1 s–1) for the reaction of [Ru(phen)3]2+ with thiolate ions in various SDS concentration in water:acetonitrile (9:1 v/v) at 298K.
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Note: SDS conc. = SDS concentration (mM), A = thiophenol, B = 2-methylthiophenol, C = 4-methylthiophenol, D = 2-methoxythiophenol, E = 2-napthalene thiol and F = 4-chlorothiophenol.


Table 6:    Quenching rate constants kq (M–1 s–1) for the reaction of [Ru(dpphen)3]2+ with thiolate ions in various SDS concentration in water:acetonitrile (9:1 v/v) at 298K.
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Note: SDS conc. = SDS concentration (mM), A = thiophenol, B = 2-methylthiophenol, C = 4-methylthiophenol, D = 2-methoxythiophenol, E = 2-napthalene thiol and F = 4-chlorothiophenol.

4.           CONCLUSION

We prepared five Ru(II) polypyridyl complexes (1a–1e) using a new methodology, succeeding in achieving the target compounds in very good yields. Based on studies of the quenching of these complexes (1a–1e) by aromatic thiolate ions, we can conclude that, generally, an incremental increase in the SDS concentration does not alter the quenching rate after initial rate retardation. Electrostatic interaction plays a more significant role than the hydrophobic ligands in this system. In very few cases, micellar catalysis occurred, which may be attributed to hydrophobic interactions overcoming electrostatic repulsion. This behaviour was pronounced with the excited state electron transfer quenching of [Ru(phen)3]2+ with most of the quenchers used. Further studies are in progress to gain deeper insight into this micellar catalysis phenomenon.
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ABSTRACT: Composites of rice husk powder (RHP)-filled recycled polypropylene (rPP) as a function of crude palm oil (CPO) and trimethylolpropane triacrylate (TMPTA) were prepared. Composites containing various amounts of RHP, acrylic acid (AA), CPO and TMPTA were prepared, and the effects on the properties of the resulting composites were investigated. As a function of RHP loading, the tensile strength was enhanced to an optimum value at an rPP to RHP ratio of 7:3. The addition of CPO increased the tensile strength (TS), elongation at break (Eb) and melt flow index (MFI) of the composites. The biodegradation of rPP/AA/RHP bio-composites was also increased with the addition of both CPO and TMPTA.
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1.           INTRODUCTION

Currently, chemical and material products from renewable resources are important for sustainable development.1–4 The utilisation of renewable resources such as rice husk powder (RHP) as filler materials in polymers such as polypropylene (PP) is being actively pursued5–14 due to the resulting improvement to the properties of plastic composite materials. The use of RHP as a filler is not only intended to minimise the environmental problems caused by the excessive plastic waste but also to reduce the production cost of the plastic composites.15–22 Plastic products, especially those used for packaging applications, contribute to a large percentage of household waste. A majority of the waste comes from polypropylene-based mineral water cups, which cause environmental pollution upon disposal. Recycling of this waste product has been conducted extensively to reduce the environmental problems due to excessive land fillings by non-degradable polymeric materials. As an alternative to recycling, PP waste can also be transformed into other useful products by blending it with other materials to produce composite materials that have a higher economic value and a longer service life.6–8,12–13,20–22

Studies on recycled polypropylene (rPP) using its highly reactive methine functional groups, which are capable of reacting with the cellulose of rice husk powder (RHP) in the presence of acrylic acid (AA) as a coupling agent, have been reported.23–25 The cellulose of RHP contains three polar free hydroxyl groups and two glycosidic carbon groups, making it highly polar, whereas the methine group of rPP is non-polar in nature. The resulting polarity difference between RHP and rPP leads to lower binding and less interaction upon mixing. Modifiers and coupling agents have been widely used in such cases to introduce and improve the interfacial interaction between two phases of different polarity.17,19,21–28 Coupling agents such as AA, which contains a non-polar vinyl group and a reactive polar hydroxyl group, can be used to improve the binding between RHP and rPP. The methine groups of rPP react with the vinyl groups of AA, while the hydroxyl groups of RHP react with hydroxyl groups of AA, forming an ester linkage that bridges rPP and RHP.24–26 Further improvement of the interaction between rPP and RHP can be accomplished with the addition of trimethylolpropane triacrylate (TMPTA) as a compatibiliser.29,30 In addition, crude palm oil (CPO) can be used as a plasticiser to facilitate the mixing and processability.31,32

In this study, RHP was used as filler in rPP/AA blends, and the effects of RHP loading on the properties of rPP/AA/RHP composites were investigated. In addition, the effects of TMPTA compatibilisation and CPO plasticisation on the properties of rPP/AA/RHP composites were also studied. The tensile properties, i.e., tensile strength, elongation at break, Young’s modulus and the melt flow index (MFI) of all the prepared composites were measured. The degradation properties of the composites were determined via water absorption and soil burial tests. The functional groups present in the resulting composites were determined by Fourier transform infrared (FTIR) analysis to detect and demonstrate the chemical interactions between rPP and RHP in the presence of AA, TMPTA and CPO.


2.           EXPERIMENTAL

2.1            Materials

rPP cups were obtained from a plastic recycling centre in Surakarta, Indonesia. Rice husk (RH) was collected from a rice milling centre in Kartasura, Indonesia. CPO was purchased from P.T. Ramayana trading company in Surakarta and was used without any further purification. All raw materials, such as AA, TMPTA, benzoyl peroxide (BPO) and acetone, were obtained from the Aldrich Chemical Company (St. Louis, U.S.A) in pro-analysis grade, except where mentioned, and used as received without any further purification. The burial soils (mixture media of garbage dump soil and cattle waste [1:1, w/w]) were collected from Putri Cempo landfill in Surakarta, Indonesia.

2.2            Preparation of rPP and RHP

The rPP cups were washed with water and dried, then cut into small pieces with dimensions of approximately 2 mm × 2 mm. The RHP was cleaned with water, then washed with ethanol and dried in an oven at 40°C before grounded into 150 mesh sized particles.

2.3            Preparation of RHP-filled rPP Composites

rPP composites were prepared using a laboplastomill internal mixer from Toyo Seiki Japan at temperature 180°C and mixing time of 10 min. Five different weight ratios of rPP to RHP were used to prepare the composites: 10/0, 9/1, 8/2, 7/3 and 6/4 with respect to the rPP and RHP content. The compositions of the other materials were as follows: 0.03 phr of BPO initiator, 2 phr of CPO, AA (10% of RHP weight) and TMPTA (10% of AA weight). The resulting composites were prepared for testing by compression moulding using a hot press (Paul Weber Machinen-u-Aparatebau D-7064 Rhemshaldel-Brunbach) at 180°C for 5 min.

2.4            Composites Testing

The melt flow index of the composites was determined using an Atlas melt flow indexer, in accordance with the Standar Nasional Indonesia (SNI 06-0528-1989). Tensile strength (TS), elongation at break (Eb) and Young’s modulus (YM) were measured in accordance to ASTM D638 using a tensiometer (MPG SC-2 DE). Water absorption tests were carried out according to ASTM D570-95. Soil burial tests were carried out in cellulolytic bacteria-enriched landfill soil for four months to determine the biodegradability of the composites.3,25,27 FTIR analysis was conducted to characterise the functional groups present in the composites using a Shimadzhu FTIR-8201 PC FTIR analyser with potassium bromide (KBr) disks or films. Morphological observations of the exposed surfaces of the composites after soil burial tests were carried out using a scanning electron microscope (SEM) model JSM-35C.

3.           RESULTS AND DISCUSSION

3.1            FTIR Analysis of Raw Materials and rPP/TMPTA/AA/RHP/CPO Bio-composites

The FTIR spectra of the raw materials are shown in Figure 1. The characteristic peaks of rPP appeared at 2962 and 1373 cm–1, representing the –CH3 methyl groups. The absorption peak at 2723 cm–1 indicates >C–H methine stretching (typical of PP), while the absorption at 2890 cm–1 is due to –CH2– stretching, and the peaks at 1454 and 1165 cm–1 are attributed to –CH2– bending. The FTIR spectrum of AA in the neat liquid shows a broad absorption band at 3448 cm–1 due to –OH hydrogen bonding, and the absorption at 1728 cm–1 is from the carbonyl group of AA. The absorption peak at 2890 cm–1 is attributed to the >CH2 methylene vinyl group. The absorption peak at 1412 cm–1 indicates the presence of the acrylic >C=CH2 group.

The FTIR spectrum of RHP is also shown in Figure 1, which demonstrates a broad absorption band at 3448 cm–1 from the cellulose –OH hydrogen bonds, a band at 1651 cm–1 from the >C=C< aromatic lignin of RHP, and a peak at 1049 cm–1 representing the >C–O–C< stretching from the cellulose of RHP. The FTIR spectrum of CPO contains the following: an absorption band at 3458 cm–1 due to –OH hydrogen bonding; a peak at 2942 cm–1 from –CH2– stretching; and an absorption band at 1742 cm–1 indicating the presence of >C=O groups.25,26 The intensity of the absorption at 3458 cm–1 due to hydrogen bonding –O–H groups of CPO is lower compared to those from AA and RHP. Hydrogen bonding in CPO occurs only between free fatty acids (FFA), which are present at low concentrations in CPO. However, pure AA compounds are capable of forming hydrogen bonds with RHP, which has cellulose as its main component, and each of its constituent monomers have three hydroxyl groups and three alkoxy groups, which are capable of forming hydrogen bonds.

Figure 2 shows the FTIR spectra of the rPP/AA/RHP, rPP/TMPTA/AA/RHP and rPP/TMPTA/AA/RHP/CPO composites. The spectra reveal a shift of the absorption peak of the carbonyl group of AA from 1728 cm–1 to 1732 cm–1, which represents the absorption peak of the ester group resulting from the coupling of AA to both rPP and RHP. The absorption peak at 1747 cm–1 represents the carbonyl group of CPO. In addition, it can be observed that the absorption peak of the >C=CH2 acrylic double bond at 1412 cm–1 was eliminated due to the reaction between the vinyl double bond and the methine group of rPP.25,26 Hence, this result demonstrates that a reaction between rPP and RHP occurred in the presence of AA. The addition of 2 phr CPO as a plasticiser does not produce any significant changes in the hydrogen bonding intensity, as evidenced by the absorption of the hydroxyl group at 3458 cm–1, and in addition, the visible appearance of the absorption peak due to the triglyceride carbonyl groups of CPO at 1747 cm–1 are quite significant. The addition of TMPTA, which contains three acrylate ester carbonyl groups, increases the intensity of the absorption peak of the acrylic carbonyl ester group of AA-RHP at 1732 cm–1.
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Figure 1:      Raw material FTIR spectra of rPP, AA, RHP and CPO.
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Figure 2:      FTIR spectra of rPP/AA/RHP, rPP/TMPTA/AA/RHP and rPP/TMPTA/AA/RHP/CPO bio-composites at rPP/RHP weight ratio of 7/3.



3.2            Tensile Strength, Elongation at Break, Young’s Modulus and Melt Flow Index

The optimum composition of rPP to RHP was determined by evaluating properties of the composites, i.e., tensile strength (TS) and melt flow index (MFI), and identifying which composites had the highest values. Due to the polarity difference between rPP and RHP, multifunctional compatibilising materials such as AA and TMPTA were used to enhance the compatibility between rPP and RHP. The composites were prepared by varying the rPP to RHP weight ratio, with and without the addition of 2 phr CPO plasticiser. It was found that the optimum composition of rPP to RHP required to produce composites with optimum properties was a rPP/RHP weight ratio of 7/3. Composites with a rPP/RHP ratio of 7/3 exhibited MFI values in the thermoplastic region (Figure 3), and the highest TS value as shown in Figure 4. As shown in Figure 3, the MFI value of the rPP/TMPTA/AA/RHP/CPO composite is 43.7% higher than that of composites without CPO.
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Figure 3:      MFI of rPP/AA/RHP bio-composite as a function of TMPTA and CPO at various rPP/RHP ratios.
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Figure 4:      Tensile strength of rPP/AA/RHP bio-composite as a function of TMPTA and CPO at various rPP/RHP ratios.




It was also observed that the TS and elongation at break (Eb) of composites containing CPO was higher by 21.0% and 1.3%, respectively, compared to the composite without CPO, as shown by Figure 4 and 5, respectively. Furthermore, the Young’s Modulus (YM) of rPP/TMPTA/AA/RHP/CPO (Figure 6) was slightly lower, indicating increased plasticity compared to the composite without CPO. In the presence of CPO as a plasticiser, mixing and processing of the composite was facilitated, thereby allowing for more efficient dispersion and distribution of RHP particles, and promoting greater interaction and chemical binding between RHP and rPP. Addition of compatibiliser TMPTA and coupling agent AA subsequently improved the TS and Eb and reduced the YM of the rPP/RHP composite with CPO.
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Figure 5:      Elongation at break of rPP/AA/RHP bio-composite as a function of TMPTA and CPO at various rPP/RHP ratios.
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Figure 6:      Young’s modulus of rPP/AA/RHP bio-composite as a function of TMPTA and CPO at various rPP/RHP ratios.



3.3            Water Absorption Properties

The water absorption properties of raw rPP and rPP/AA/RHP composites as a function of TMPTA and CPO plasticiser content at a rPP/RHP ratio of 7/3 were studied to understand the behaviour of the composite. Thin films of each composite were compression moulded, and water absorption tests were conducted. The composite films were soaked in water for 24 h, and the percentage of water uptake by the films was determined by measuring the initial and final weights of the composite films. The presence of RHP (cellulose) improves the hydrophilicity of the rPP composite, allowing more water absorption due to ease of hydrogen bonding between RHP and water molecules. Figure 7 shows that rPP does not absorb water, while RHP-filled rPP composites absorb water depending on the amounts of the other materials added. At an rPP/RHP ratio of 7/3, the bio-composites absorb water with or without the addition of TMPTA or CPO.
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Figure 7:      Water absorption percentage of raw rPP and rPP/AA/RHP bio-composites as a function of TMPTA and CPO at rPP/RHP ratio of 7/3.



The water absorption capacity of rPP was increased with the addition of RHP in the presence of AA, followed by the further addition of TMPTA. rPP/AA/RHP composites containing CPO exhibit slightly higher water absorption compared to that of rPP/AA/RHP and rPP/AA/RHP/TMPTA composites. However, the rPP/AA/RHP composites containing both TMPTA and CPO had the highest water absorption capacity, approximately 2.8% higher than that of raw rPP. The presence of the compatibiliser TMPTA and the plasticiser CPO improved the dispersion and distribution of the RHP particles in the process. This composition also increased the number of chemical reactions between the raw materials: PP matrix, TMPTA compatibiliser, RHP enforcement, and multifunctional AA, which is reactively processed by the BPO initiator. The more efficient distribution of RHP particles throughout the composite allows the RHP to absorb more water.

3.4            Degradation Properties of the Composites

The biodegradation properties of rPP/AA/RHP composites were studied by soil burial tests in a mixed medium of landfill soil and cattle waste (1:1, w/w) for a period of 4 months. The weight loss of the specimens after a 4 month burial period was measured according to Suharty et al.3,24,25,27 which indicates the extent of bio-degradation experienced by the composites. As illustrated by Figure 8, raw rPP exhibited no reduction in weight after 4 months. However, other rPP composites containing RHP, TMPTA and CPO underwent weight loss, indicating the occurrence of degradation via microbial activities present in the soil burial medium.
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Figure 8:      Weight loss percentage of raw rPP and rPP/AA/RHP bio-composites as a function of TMPTA and CPO at rPP/RHP ratio of 7/3.



From Figure 8, it can be observed that the rPP/TMPTA/AA/RHP/CPO composite exhibited the greatest weight loss, followed by the rPP/TMPTA/AA/RHP composites. In addition, the rPP/AA/RHP composite exhibited the least amount of weight loss among the composites studied. The weight loss results of the composites revealed the extent of microbial attack and degradative reactions after exposure for 4 months, resulting in the breakdown of the PP molecular chains in the presence of RHP and other materials. This attribute would be beneficial for the disposal of rPP into landfills in the future. These data are in good agreement with and are supported by the water absorption observation in Figure 7.

3.5            SEM Morphological Observation

The SEM morphological study was performed on the composite specimens before and after soil burial tests to determine the extent of bio-degradation after exposure of the composites to degradation. The composites were transparent and white in colour with a smooth surface before degradation. After degradation, the specimens became grey in colour with a coarse surface. SEM images of the rPP/TMPTA/AA/RHP/CPO composite before and after degradation are shown in Figure 9. As shown, the specimen before degradation [Figure 9(a)] possesses a smoother surface, while the surface became brittle and rough with voids and cracks after degradation [Figure 9(b)]. The presence of water and cellulolytic bacteria in the mixed medium of landfill soil and cattle waste caused the bio-degradation of the composite.3,4,24,25,27
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Figure 9:      SEM images of rPP/TMPTA/AA/RHP/CPO bio-composite: (a) before and (b) after degradation (2,500 times magnification).



For the rPP/AA/RHP/CPO composite, the SEM morphological observations at a higher magnification factor of 20,000 appear similar to the composite in Figure 9. At a higher magnification, the number of cracks after degradation can be observed clearly, which indirectly demonstrates the lower density of the bio-composite after degradation. From Figure 10 (a) and (b), the number of cracks before and after degradation can be determined. It can be observed that before degradation, the rPP/AA/RHP/CPO composites without TMPTA had 16 crack sites with a total crack area of 10 × 104 nm2 [Figure 10 (a)]. However, the number of cracks increased after the degradation process, enlarging the total crack area by 450%, to 45 × 104 nm2.
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Figure 10:    SEM images of rPP/AA/RHP/CPO bio-composite: (a) before and (b) after degradation (20,000 times magnification).



Figure 11 shows SEM images of the rPP/TMPTA/AA/RHP/CPO composite with TMPTA. It can be observed that with the addition of TMPTA, the number of cracks at the specimen surface was less than that of the sample without TMPTA, at which 12 crack sites with a total crack area of 8 × 104 nm2 [Figure 11 (a)] were observed before degradation. This result indicates that the composite with TMPTA added is compact and has a high density. However, after the degradation process, the total crack area increased to 61 × 104 nm2 [Figure 11 (b)] with an increment of 763% after degradation, which was approximately 136% higher than that of composites without TMPTA.
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Figure 11:    SEM images of rPP/TMPTA/AA/RHP/CPO bio-composite: (a) before and (b) after degradation (20,000 times magnification).



4.           CONCLUSION

The optimum composition weight ratio of rPP/RHP to prepare the rPP/TMPTA/AA/RHP/CPO composite with optimum properties was 7/3. The tensile strength, elongation at break and MFI of the rPP/AA/RHP composites were improved with the addition of CPO. The water absorption of the composites with CPO was higher than that without CPO, which was further increased by the addition of TMPTA. The biodegradation of the rPP/AA/RHP composites, as determined by weight loss, was increased with the addition of TMPTA and CPO, but the greatest extent of degradation was observed with the rPP/TMPTA/AA/RHP/CPO composite.
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ABSTRACT: In Malaysia, there are presently 4.3 million hectares of oil palm plantation, which produce over 100 million tonnes of biomass, such as empty fruit bunches (EFB), kernel shells (oil palm shell or OPS) and pressed fruit fibres (PPF) from mills, as well as oil palm fronds (OPF) and oil palm trunks (OPT) from fields. In this work, proximate, ultimate, hydrolysis and heating value analyses were carried out on EFB, OPS and OPF. The results demonstrated that dried unwashed EFB, OPS and OPF have a moisture content of 7.01 mf wt%, 3.44 mf wt% and 8.01 mf wt%, respectively, with high volatile matter of approximately 75–82 mf wt% and ash content of approximately 4 mf wt%. The higher heating values (HHV) of the samples were determined using a bomb calorimeter technique. A simple water washing pre-treatment was also employed to study ash reduction in EFB, OPS and OPF. A high char yield was obtained by slow pyrolysis while minimising liquid and gas yields. It was determined that the carbon content was high for samples with low ash content. Furthermore, the washed and unwashed samples were analysed by thermogravimetric analysis to determine their thermal degradation behaviour.

Keywords: Oil palm wastes, water washing pretreatment, ash content, slow pyrolysis, empty fruit bunches

1.           INTRODUCTION

Presently, there are approximately 4.3 million hectares of oil palm plantation in Malaysia, which produce over 100 million tonnes of biomass, such as empty fruit bunches (EFB), kernel shells (oil palm shell [OPS]) and pressed fruit fibres (PPF) from mills, as well as oil palm fronds (OPF) and oil palm trunks (OPT) from fields.1 Large quantities of biomass are produced every day, and almost 80% can be used as fuel for boilers to generate heat and power.

Pyrolysis is the thermal degradation of waste material in the absence of oxygen and produces carbonaceous char, oils and combustible gases. Different proportions of the products (char, oils and gases) are produced depending on the pyrolysis technology used and the process parameters.


In this study, EFB, OPS and OPF were pyrolysed by slow pyrolysis. Slow pyrolysis, which has a heating rate of up to 100°C min–1 and a maximum temperature of 600°C, produces approximately equal yields of char, liquid and gas.2 However, biomass heated slowly at a relatively low temperature of approximately 400°C over an extended period of time will maximise char formation. Sukiran et al.3 have studied bio-char yields by varying the pyrolysis temperature. They determined that the highest bio-char yield (42%) was obtained at 300°C by using argon as a fluidising gas at a rate of 1.5 l min–1. However, the biochar yield significantly decreased as the pyrolysis temperature was raised from 300°C to 700°C, which could be due to the secondary decomposition of the biochar residues.

The properties of EFB, OPS and OPF were characterised by proximate, elemental and hydrolysis analyses, whereas the heating value was determined using the bomb calorimeter technique. The biomass properties, such as moisture, ash, elemental content (C, H, N, S and O) and volatile matter, will considerably influence the suitability of the biomass for yield production. Therefore, a simple washing pre-treatment was performed to improve the quality of biomass that has low ash content. The ash content of biomass has been found to influence the yield of organics, as indicated in prior research.4 The study demonstrated the impact of varying ash content in EFB through different water washing techniques. Lowering the ash content from 2.04 mf wt% to 1.03 mf wt% produced an increase in organics yield on a dry basis from 44.32% to 61.34%. Meanwhile, the yield for the unwashed EFB was approximately 34.71% under the same conditions.

Thermogravimetric analysis (TGA) was carried out on each sample to determine their hemicelluloses, cellulose and lignin content along with their thermal degradation behaviour. A study by Sulaiman and Abdullah5 on the thermal degradation behaviour of EFB used thermogravimetry (TG) and differential thermogravimetry (DTG) analyses. They determined that between 100°C and 200°C, weight loss mainly occurred through the evaporation of extractives. They also found a single peak in the DTG curve of the cellulose and hemicelluloses of EFB with the maximum rate of weight loss occurring at 354°C. These trends are in agreement with previous studies conducted by Ravendran et al.6 and Meszaros et al.7 for high mineral matter ligno-cellulosic feedstock.


2.           EXPERIMENTAL

2.1            Oil Palm Wastes Preparations

EFB, OPS and OPF were studied in this work. These oil palm wastes were obtained from a local palm oil mill in the northern region of the Peninsular Malaysia. EFB, OPS and OPF were dried in the oven until their moisture content was less than 10 mf wt% to prevent growth of fungus and microorganisms.5 In this study, EFB, OPS and OPF samples were cut into 2–3 cm pieces before washing pre-treatment and pyrolysis.

Proximate analysis for moisture, ash and volatile contents were completed according to ASTM E 871-82, E 872-82 and E 830-87, respectively, on each of the samples. The fixed carbon content for each sample was then calculated by determining the difference. Elements such as carbon, hydrogen, nitrogen and sulphur were analysed using a CHNS Analyser, Perkin Elmer 2400. Oxygen levels were determined by subtracting the summation of the other percentages from 100%. The higher heating value (HHV) for each sample was determined according to the ASTM E 711-87 standard test method, and the lower heating value (LHV) was calculated by Equation 1:8
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where H is the mass of hydrogen in wt% on a dry basis.

In addition, a TGA study was also performed on the samples to analyse their thermal characteristics using a Perkin Elmer Pyris 1 that was set at 0° to 600°C at a heating rate of 10°C min–1, utilising 100 ml min–1 of N2 purging. The ignition and peak temperature of pyrolysis were determined by the DTG curve.

As for the washing pre-treatment, approximately 100 g of each sample were soaked in 5 l of distilled water for 10 min and drained. These washed samples were then dried in the oven until their moisture content reached below 10 mf wt%.

2.2            Experimental Procedure

The slow pyrolysis experiments were performed on EFB, OPS and OPF. Samples were packed inside a cylindrical stainless steel pyrolyser with an internal diameter of 6.5 cm and a length of 15 cm. The pyrolyser was placed in a muffle furnace (Type F62700-33-80, Barnstead International) at a constant temperature of 300°C for two hours with a heating rate of 30°C min–1. Gas emission from the pyrolysis process was condensed using a liquid collecting system, as shown in Figure 1, which was adapted from Khor et al.9 The yields of char and liquid are calculated using Equation 2, as suggested by Abnisa et al.8 The gas product was then calculated by determining the difference.
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Figure 1:      Slow pyrolysis unit with a liquid collecting system.
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3.           RESULTS AND DISCUSSION

The proximate and elemental analyses along with the heating values of EFB, OPS and OPF are presented in Table 1. As a comparison, the properties of hardwood are also presented. Both EFB and OPF have higher volatile matter compared to that of OPS. High volatile matter may contribute to greater efficiency for burning during the combustion process.10 In this study, the carbon content in the unwashed EFB, OPS and OPF are approximately 43–46 wt%, but increased approximately 3%–5% after undergoing a water washing pre-treatment. The unwashed OPF has a higher hydrogen content of approximately 5.73 wt% compared to EFB and OPS. However, the hydrogen content of EFB and OPS decreased approximately 1% after being washed. This decrease is due to the leaching process, which removed dirt and other particulates that existed in the unwashed biomass, thus decreasing the overall weight. The washing process did not leach the carbon but may have leached some of the hydrogen content. Overall, the washed elemental components of OPF are quite similar to that of hardwood except for nitrogen.11 In addition, these analyses indicated that all samples are environmentally friendly, with the exception of nitrogen and sulphur, which were considerably low in amounts.


Table 1:    Characteristics of EFB, OPS and OPF.
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Generally, it can be assumed that biomass has three major components: cellulose, hemicelluloses and lignin. The TG and DTG profiles for the washed and unwashed samples are shown in Figure 2. A slight drop in the first weight loss of the samples occurred at 100°C due to moisture evaporation. However, this could be considered an insignificant change in weight loss at the early stage of devolatisation (0°C–200°C).12 Thermal degradation of raw samples occurs at approximately 200°C–400°C. It is well known that hemicellulose breaks down at a lower temperature compared to cellulose.13 This regime of weight loss was also explored by Khor et al.,9 where a lower temperature range (200°C–300°C) could be correlated with the decomposition of hemicelluloses. Meanwhile, cellulose decomposition occurred in the upper temperature range (300°C–400°C).
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Figure 2:      TG and DTG curves for (a) EFB, (b) OPS and (c) OPF




Two peaks observed at approximately 280°C and 320°C for both the washed and unwashed samples in the DTG curve could be the beginning of hemicelluloses and cellulose decomposition. A peak shifting to the right that occurred between the washed and unwashed samples was due to the reduction of ash content, which is more obvious in the EFB samples. Figure 2 shows that the peak maxima shifted to a higher temperature (i.e., shifted to the right) as ash content in the feedstock was reduced by washing. It is well known that ash containing minerals exerted a catalytic action during the thermal decomposition of polymer blocks and eased hemicellulose/cellulose decomposition to lower temperatures. As ash is reduced, the decomposition of hemicellulose/cellulose occurs at a higher temperature. As for the DTG peaks, the increases in the peaks of the washed samples are due to increased combustion of the biomass with less ash. The decomposition rates above 400°C for all samples were relatively slow, which was mainly due to the decomposition of lignin. At the end, the residues that were left were approximately 20% of the sample weight, which contributed to the high yield of char, especially in OPS.

The effectiveness of water washing pre-treatment can be determined from the percentage of ash reduction. The percentage of ash reduction in OPF was approximately 50.48%. The minerals taken up and retained by plants when growing are classified as ash, and the most common elements in ash are calcium, potassium and sodium. The ash, which is loosely bound to the cell, is easily removed using water. However, both the ash, which is bound to the cell walls, and the hemicellulose are not easy to remove. Therefore, removal may require more severe agents, such as acid, and more aggressive removal techniques. High ash reduction in OPF is most likely due to its structural surface, which makes the removal of sand, mineral and silica content easier. Ash may correspond to a reduction in organics yield due to its behaviour, as it is catalytically active and favours secondary reactions.16

In this study, all samples had lower HHV compared to hardwood (~18.8 MJ kg–1), as shown in Table 1. Jenkins et al.17 reported that a 1% increase in ash yields a significant decrease in the heating value (approximately 0.2 MJ kg–1). This decrease occurs because ash does not substantially contribute to the overall heat released by combustion, although elements in ash might be catalytic to the thermal decomposition. The washing pre-treatment applied to samples may contribute to low ash content but increase their heating value.

The yield percentage obtained from EFB, OPS and OPF is shown in Figure 3. At 300°C, the yield percentage of char produced was higher compared to the liquid and gas yields. The char yield obtained from the unwashed EFB, OPS and OPF were 52.58%, 60.67% and 50.86%, respectively. The large ratio weight of OPS to the volume of cylindrical pyrolyser (approximately 0.276 g cm–3) most likely contributed to these significant results. The high density of OPS inside the pyrolyser made the combustion process more comprehensive due to its compactness. The char yield increased for all washed samples most likely due to the decreased amount of volatile matter in the samples. According to these results, the volatility of the unwashed samples was better than that of the washed samples. The burning of volatiles is generally quite rapid and follows as soon as volatiles are released; the oxidation of the char occurs much more slowly.17 Accordingly, the samples combusted well and produced higher char yields.

From experimental observations, a greater amount of gas emissions occurred in OPF compared to other samples. More vapour was produced in maximising liquid yield during the condensation process in the liquid collecting system. The high cellulose component in OPF was most likely causing high differences in the gaseous products. Atnaw et al.15 found cellulose to be the most preferable chemical component in biomass gasification. The product gas composition in cellulose is reported to have higher carbon monoxide composition compared to the hemicellulose and lignin components.
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Figure 3:      Yield percentage of (a) EFB, (b) OPS and (c) OPF.




Highly condensable gas from OPF contributed to the high yield in liquid production. Non-homogeneous liquid has only been observed in unwashed EFB as two fractions, one fraction consisting of insoluble tar and the other of a less oily aqueous fraction. Meanwhile, other samples were observed to be quite homogeneous. Moisture content in the sample most likely distinguished the homogeneity of the liquid.18 However, there are methods to remove the water content in the pyrolytic liquid such as a hydrotreating-hydrocracking process to make the liquid suitable to be used as fuel.8 Lower gas yields were obtained from the total pyrolysis yield at this temperature for all samples. Most gaseous products were condensed to liquid in the liquid collecting system, which also had an outlet for non-condensable gas to escape.

The HHV of the raw samples and the char products for EFB, OPS and OPF are shown in Table 2. The char derived from washed EFB yielded the highest HHV (28.73 MJ kg–1). There were significant increases in HHV (approximately 10–15 MJ kg–1) for each sample in the char product. The effectiveness of the washing pre-treatment could also be distinguished, especially in EFB. In this work, the char product from the washed samples has better HHV compared to the unwashed samples. In addition to ash, the elemental composition of each sample contributed to any differences in the heating values.

In this study, a high carbon content (approximately 60–65 mf wt%) was obtained from each sample. The washed samples have higher carbon content compared to the unwashed samples in this work. This relationship showed that the carbon content in biomass can be influenced by water washing pre-treatment. It was reported that carbon concentration could also be correlated with heating values.17 Each increment of 1% carbon content produced an increase in the heating value of approximately 0.39 MJ kg–1. High carbon content contained in char product could characterise it as high quality fuel. Heating values are proportional to the carbon content and hydrogen content present in the biomass. Biomass with a higher proportion of carbon content compared to hydrogen and oxygen may have increased energy value. Furthermore, hydrogen is also one of the parameters that has a high influence on gross calorific value, as shown in Equation 1. In this study, the char products from EFB, OPS and OPF can be categorised as carbon rich with high amounts of HHV that have high potential as solid fuels.


Table 2:    HHV comparison between the raw sample and both the char product and the char product elemental composition of EFB, OPS and OPF.
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4.           CONCLUSION

The pyrolytic products of washed and unwashed oil palm wastes via a slow pyrolysis process were studied in this paper. It was determined that the carbon content in the unwashed EFB, OPS and OPF increased approximately 3%–5%, while the hydrogen content of EFB and OPS decreased approximately 1% after undergoing a water washing pre-treatment. A peak shifting to the right of the DTG curve occurred between a washed and an unwashed sample, which was due to the reduction of ash content. All samples had lower HHV compared to hardwood. The volatility of the unwashed samples was better than that of the washed samples. Only non-homogeneous liquid has been observed in unwashed EFB; meanwhile, other samples were observed to be quite homogeneous. The char product from the washed samples has better HHV compared to the unwashed samples. The washed samples have higher carbon content compared to the unwashed samples, demonstrating that the carbon content in biomass can be influenced by water washing pre-treatment. The high carbon content contained in char product is a sign of high quality solid fuel; therefore, char products from EFB, OPS and OPF can be categorised as carbon rich with high amounts of HHV and have high potential for use as solid fuels.
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ABSTRACT: The conversion of solar light into electricity was successfully accomplished by using hibiscus as a dye sensitiser. A solar energy conversion efficiency of η = 0.11% was obtained with a short circuit current of up to Jsc = 0.96 mA cm–2, an open circuit voltage of Voc = 0.268 V and a fill factor of 0.43. This paper presents an interesting preliminary study for alternative energy development using the rich biodiversity of Malaysia to promote sustainable energy sources. In this paper, the methodology and its limitations are reported and discussed with the roles of the different TiO2 structures.
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1.           INTRODUCTION

Increasing energy demands and a growing awareness of environmental issues are the driving force in the search for cleaner, sustainable and renewable energy. As the most abundant clean source of energy, solar energy has a large potential to become the next energy source to rival fossil fuel. Solar cells, which are also called photovoltaic cells (PV), can be used to harvest solar energy. However, this process only becomes feasible if it has a low cost, long lifespan and reasonable efficiency.1

Generally, three basic generations of solar cells are considered. The first generation of photovoltaic cells, which are also known as silicon wafer-based solar cells, have a low efficiency (~6%–10%), and are labour intensive and expensive to manufacture.2 The second generation of solar cells such as amorphous Silicon (a-Si)-based photovoltaic cells have been dominant in recent commercial production. Silicon is obtained from the silica (SiO2) in sand, which is abundant. However, pure silicon production is a very high-energy process. Therefore, this research addresses thin-film solar cells.3 Thin-film solar cells, such as thin-film dye-sensitised solar cells (DSSCs), are easy to fabricate under ambient conditions. DSSCs are made of purely organic components or of a mixture of organic and inorganic components, and they do not require severe purity measures to reduce production costs.4

Natural dyes that are responsible for several colours are found in anthocyanins, with different plants having different sensitising performances.5 Numerous efforts have been made by several research groups around the world to utilise natural dyes from various plant components as sensitisers for solar cells.6–10 According to Wong et al., the red flower of Hibiscus rosa-sinensis contains high concentrations of anthocyanins that are potential natural dyes for solar cells.10 However, research regarding the performance of hibiscus dye-sensitised solar cells is still lacking.

In this study, DSSCs were prepared using hibiscus dye extracted from Hibiscus rosa-sinensis flowers. Two types of TiO2 aeroxides, P25 and R-5566, were used to prepare thin uniform layer films, and their efficiencies were discussed. This discussion would be useful for the production of dyes for DSSCs. Additionally, the absorption spectra of the hibiscus are also reported.

2.           EXPERIMENTAL

A TiO2 suspension was prepared according to Chopra et al.,1 with only minor modifications. Initially, 6 g of titanium dioxide powder was measured and placed in a mortar. Next, 9 ml of nitric acid was pipetted into the mortar before grinding the mixture with a pestle until the mixture was homogenous. Then, the suspension was stored in a small plastic capped bottle and allowed to equilibrate for 15 min. Next, the resultant suspension was spread over a glass plate to prepare a thin uniform film. Finally, the film was dried and heated in an oven at 150°C for 30 min before cooling to room temperature.

The natural dye sensitiser used in this research was prepared by extracting anthocyanins from hibiscus petals. The extraction was performed as described by Chang et al.,11 with only minor adjustments. First, 10 g of Hibiscus rosa-sinensis flower petals were cut into small pieces and crushed using a mortar and pestle. Next, the crushed petals were mixed with 200 ml of a 95% ethanol solution and maintained at room temperature. Then, the extract was stored in a dark container (away from direct sunlight) overnight. The next, day, a slurry paste of the natural dye was prepared by concentrating the dye on a hot plate at 40°C.

The DSSC was assembled by preparing two slides, a dye-stained slide (electrode) and a graphite-coated slide (counter electrode). To prepare the dye-stained slide, the TiO2 coated slides were immersed in the dye for an hour. During this stage, the colour of the TiO2 layer changed from white to slightly purple. Subsequently, the stained film was rinsed in water and ethanol. Next, the dye-stained slide was gently blotted dry with tissue paper.12

To prepare the graphite-coated slide, the conductive side of the glass plate was coated with carbon by gently sweeping the surface with a graphite stick (2B pencil). Next, the carbon-coated glass plate was coated with black by holding the carbon-coated side of the glass plate above a candle flame. Then, the carbon coated glass plate was heated on a hot plate at 150°C for 15 min before allowing it to cool at room temperature.13

Next, the cell device was assembled by placing the graphite-coated slide face down on top of the stained titanium dioxide coated side. The two opposing slides were placed on top of each other with a slight offset to ensure that all of the stained titanium dioxide was covered by the counter electrode and that a space was available for connecting the crocodile clips. Next two binder clips were used on opposite edges to gently hold the slides together.14 Then, two drops of the iodide/iodine electrolyte solution were placed at the edges of the plates. The complete cell is shown in Figure 1. Subsequently, the two binder clips were alternately opened and closed to promote the uniform dispersion of the iodide/iodine electrolyte between the slides. Then, the alligator clips that were attached to the overhanging edges were connected to the multi-meter. The negative and positive terminals were attached to the stained titanium dioxide (electrode) and graphite stained (counter electrode) slides, respectively.14

The electrical output and cell performance were measured using a 500 Ω potentiometer as the variable load. Point by point current and voltage data were gathered at each incremental resistance value and were plotted on graph paper.15 The sample morphologies were measured using a scanning electron microscope (SEM) (EVO 50, Zeiss Inc.). The absorption spectra of the dye were measured on a Jasco 650 UV-Vis spectrophotometer using a 1 × 1 cm plastic cuvette.
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Figure 1:      (A) Assembled solar cell; (B) Schematic diagram of DSSC with Cb = Conduction band, Vb = Valance band, LUMO = Lowest Occupied Molecular Orbital; HOMO = Highest Occupied Molecular Orbital; hv = Photon, S = Dye and S* = Excited dye.




3.           RESULTS AND DISCUSSION

3.1            Optical Properties of the Dye Solution

Figure 2 shows the UV–Vis absorption spectra of the hibiscus dye extract between 400 to 780 nm. The absorption peak of the hibiscus dye occurred at approximately 516 nm. The absorption spectrum was slightly different from those reported by Fernando and Senadeera16 for Hibiscus rosa-sinensis dye that was extracted using acidified ethanol, which resulted in an absorption peak at 540 nm. The difference in the absorption characteristics resulted from the different types of functional groups on the anthocyanins and the colours of the extracts.
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Figure 2:      Absorption spectra of Hibiscus rosa-sinensis extract.



In addition, the presence of some impurities or particles potentially caused the differences observed in our results. Ideal dye sensitisers are determined according to the amount of light that they absorb from the visible light region of the spectrum. Thus, all light should be absorbed below a threshold wavelength of approximately 920 nm. Wider absorbed spectrum ranges correspond with the conversion of more energy to electricity.17 As observed from the absorption spectra of the hibiscus extract, the range of the spectrum was from 400 to 800 nm.


3.2            SEM Analysis

The SEM images of the TiO2 film may not be consistent because the morphology was destroyed when the TiO2 film was scratched. Alternative methods, such as coating the TiO2 film, are recommended for future studies. In addition, the uniformity of the film is very important for obtaining better analysis results.

Figure 3(a) shows the SEM image of TiO2 R-5566, which consists of a wide particle size distribution and several agglomerates. The particles size varied from 20 to 100 μm. In addition, the SEM image of the TiO2 aeroxide P25 powder is shown in Figure 3(b). Here, the TiO2 particles were uniformly dispersed with a narrow particle size range. However, this result was not proven in any of the analyses conducted in this study. The crystallite particle sizes were approximately 20 nm. By visually observing and comparing the SEM images shown in Figures 3(a) and 3(b), it was deduced that the TiO2 Aeroxide P25 powder had a more porous structure than the TiO2 R-5566.

Figure 3(c) shows the SEM image of the Aeroxide P25 TiO2 film after gentle scratching to disrupt the surface layer. From the SEM image, the film thickness was estimated to be approximately 30–60 μm. Furthermore, Weerasinghe et al.18 reported that a large contact area and strong bonding between the individual TiO2 particles are important for producing sufficient connectivity in the TiO2 particle network. Sufficient connectivity is likely to result in good electrical conductivity in the particle network and the efficient conversion of photons to electrons.

The SEM images of the TiO2 films may not be consistent due to the morphology that was destroyed when the TiO2 film was scratched. Alternative methods, such as coating the TiO2 film, are recommended for future studies. In addition, the film uniformity is very important for obtaining better analysis results.
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Figure 3:      SEM images of (a) TiO2 R-5566 TiO2, (b) Aeroxide P25 and (c) cross-section of the TiO2 layer.




3.3            Solar Cell Analysis

To obtain a more realistic cell efficiency, outdoor measurements (on a cloud-free day at 1:00 PM in Kota Kinabalu, Sabah, Malaysia) were performed. The Aeroxide P25 TiO2 coated solar cell showed better results than the R-5566 TiO2. For the DSSC using R-5566 TiO2, a voltage of 0.040 V and an electric current of 0.04 mA were recorded when using direct sunlight. The voltage that was produced by using an overhead projector (OHP) was much lower (approximately 0.020 V). The R-5566 TiO2 coated DSSC produced an unstable I-V output (the I-V curve is not shown in this paper).

Figure 4 shows the I-V curve of the outdoor measurements using the Aeroxide P25 TiO2. The recorded open circuit voltage was 0.268 V and the recorded short circuit current was 0.96 mA cm–2. These characteristics exhibited a fill factor of 0.43 and a deduced efficiency of 0.11% (See Table 1). The higher performance of the Aeroxide P25 TiO2 resulted from the smaller particle size of the Aeroxide P25 TiO2. The nanoparticles of the Aeroxide P25 TiO2 are potentially packed more efficiently onto the substrate surface because the voids among the particles decrease with decreasing particle size. The small size of the TiO2 nanoparticles results in a large surface area that allows for maximum adsorption of the dye sensitiser on the semiconductor. In addition, this structure could offer the desired directionality for electron transport in the TiO2 electrode, which could result in a faster photo-response and higher electron collection efficiencies.19

Furthermore, the Aeroxide P25 TiO2, which is more porous than the R-5566 TiO2, results in a higher electrolyte penetration. A greater number of pores in the TiO2 film enhance the regeneration of the oxidised dye and the charge transport. Xu et al. reported an increase in the redox mediator transport rate in the higher porosity TiO2 film, where it was found that the cell efficiency was greatly enhanced in the porous structure.20

The measured efficiencies of the conversion of sunlight to electricity were low in this study relative to the published efficiencies that were obtained using similar materials and methods.16 Although the values obtained were small, they demonstrate the applicability of hibiscus dye for photovoltaic energy conversion. One potential reason for the small efficiencies is the TiO2 film thickness with the presence of discrepancies in the layer.21–23 The uniformity of the TiO2 film thickness affects the conversion efficiency of the solar cell module. Furthermore, if the film thickness is not uniform, charge recombination can occur and the energy conversion efficiency of the DSSC will be reduced.24
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Figure 4:      Current-Voltage curve under illumination for DSSC coated with P25 TiO2.



The TiO2 film thickness in this study was approximately 30–60 μm, which was too thick for efficient electron transportation and resulted in poor cell performance. Hamadanian et al. found that the efficiency of the TiO2 films increased with thickness up to 15 μm due to increased dye adsorption. Further increase in the thickness of the TiO2 thin films stabilised and nearly decreased the efficiency. This result occurred because the thicker film increased the electron transport path. Moreover, the recombination of the electrons with the electrolyte ions is possible during electron transport over a long pathway. Thus, the DSSC performance largely depends on the TiO2 film thickness. Changing the film thickness changes the dye adsorption, current density and efficiency.21–23

The electrolyte used in this cell was composed of an I–/I3– redox couple in an organic solvent. This electrolyte suffers from leakage and vaporisation, which results in poor long-term stability. The corrosiveness of the electrolyte damages the metals that are used. To increase the efficiency, these problems should be avoided and a high conductivity should be maintained by ensuring good interfacial contacts between the porous TiO2 layer and the counter electrode.

The combined defects of the fabricated hibiscus extract DSSC potentially contributed to the low efficiency that was observed in this study. However, this study was the first to use hibiscus extract from a local Borneon species as a dye sensitiser. This study analysed the use of local Borneon products in dye-sensitised solar cells. In addition, hibiscus dye, which is the cheapest anthocyanin source, can be used to create low cost and environmental friendly DSSCs.

4.           CONCLUSION

In this study, DSSCs were prepared using dye that was extracted from the flowers of Hibiscus rosa-sinensis. The dye exhibited a UV-Vis absorption peak at 540 nm. Two types of semiconductor electrodes, TiO2 aeroxide P25 TiO2 and R-5566 TiO2, were used in the fabrication of the DSSCs. The DSSC with Aeroxide P25 TiO2 (smaller particle size) had a better I-V output than the DSSC with the R-5566 TiO2 thin film (larger particle size). The DSSCs with Aeroxide P25 TiO2 obtained a voltage of 0.268 V, an electric current of 0.96 mA cm–2, a fill factor of 0.43 and an efficiency of 0.11%. However, the efficiency of the DSSC with the R-5566 TiO2 thin film was not obtained from the I-V curve due to the instability of its I-V output. In direct sunlight, the voltage was 0.040 V and the electric current was 0.04 mA cm–2.
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ABSTRACT: The objective of this study was to investigate the influence of the ash content of oil palm empty fruit bunch (EFB) feedstock on the biochar yield percentage produced by slow pyrolysis experiments. The characteristics of the biochar produced were also investigated. Proximate analysis, elemental analysis and lignocellulosic analysis of EFB feedstock were performed. High heating values (HHVs) were determined using a bomb calorimeter. The ash content of the EFB feedstock was varied by washing. The properties of the washed and unwashed EFBs were analysed via thermogravimetric analysis (TGA) for thermal degradation behaviour. EFB feedstocks in the range of 1.60 to 5.29 mf wt% ash content were pyrolysed at 550°C with 1 h residence time. The heating rate was set at 5°C min–1. The biochars produced by slow pyrolysis experiments were analysed by proximate, elemental, scanning electron microscopy (SEM) and Brunauer-Emmett-Teller (BET) surface area analyses. The EFB feedstock with the lowest ash content (1.60 mf wt%) produced the lowest biochar yield percentage (23.05 wt %) with the highest fixed carbon percentage (88.34 mf wt%). Reduction of the EFB feedstock ash content from 5.29 to 1.60 mf wt% produced significant changes in the morphological structure of the resulting biochar. The maximum BET surface area of the EFB biochar, obtained from the EFB feedstock with 2.21 mf wt% ash content, was found to be 11.1200 m2 g–1.

Keywords: Biochar, empty fruit bunches, slow pyrolysis, washing method, ash content

1.           INTRODUCTION

Biomass is one of the renewable energy resources. Generally, biomass refers to non-fossilised and biodegradable organic material originating from plants, animals or microorganisms.1 Biomass resources include various natural and derived materials, such as woody and herbaceous species, wood wastes, bagasse, agricultural and industrial residues, waste paper, municipal solid waste, sawdust, biosolids, grass, waste from food processing, animal wastes, aquatic plants and algae.2 The utilisation of biomass as an energy source offers a way to reduce carbon dioxide (CO2) from the atmosphere and help to mitigate climate change by reducing greenhouse gases.


Oil palm wastes are high-potential biomass energy resources available in Malaysia because the country is the second largest producer and exporter of oil palm products in the world. In 2011, the oil palm planted area reached approximately 5 million hectares, and production mills generate a large amount of solid wastes such as extracted oil palm fibres, palm shells, palm stones and empty fruit bunches (EFB).3,4 Most of these wastes, including EFBs, are dumped in the mill area due to their high production rate, together with their currently limited utilisation and application.5 Therefore, the utilisation of oil palm EFBs as biomass feedstock is a good way to reduce waste management problems and decrease the emission of methane (CH4) and nitrous oxide (N2O) from the degradation of dumped EFBs.

Biochar is a product of thermal decomposition processes such as the slow pyrolysis process for organic materials, e.g., biomass, in the total absence or limited supply of oxygen (O2) and at a relatively low temperature (< 700°C).6,7 Biochar has been produced with the intent of being applied to soil. The application of biochar to soil improves soil productivity, reduces the emission of N2O from soil, increases water holding capacity and has the potential to become a long-term carbon sink due to its high chemical stability, high carbon content and potential to reside in the soil for a long time.7–9 The types and properties of biochar and soil determine the effectiveness of the use of biochar for soil treatment. The properties, composition and yield percentage of biochar depends on many factors. The initial state and type of biomass feedstock used (chemical composition, ash composition and size), pre-treatment process (drying, washing or crushing) and pyrolysis parameters (temperature, heating rate and residence hour) are among the major factors that influence the characteristics of the biochar produced.10,11 Thus, the investigation and study of the characteristics of biochar is important so that it may be coordinated with the requirements of its application.

In this study, the influence of the ash content of EFB feedstock on biochar production from slow pyrolysis experiments was investigated. The characteristics of the raw EFBs used and the biochar produced were identified.

2.           EXPERIMENTAL

2.1            Feedstock Preparation

EFB samples used in this study were collected from Malpom Industry Sdn. Bhd., Nibong Tebal, Pulau Pinang, Malaysia. The EFBs were received in the wet condition and weighed 2.2 kg. Normally, the EFBs took more than 24 h of drying to reduce their moisture content until it was less than 10 mf wt%.12 To avoid the growth of orange fungus and grey mould, the bunches were dried in a conventional oven at 105°C for 48 h. The abbreviation “mf wt%” refers to the moisture free weight percentage, which is similar to the dry basis concept. Random portions of the dried bunch were selected and grounded for moisture determination according to ASTM 871 to ensure that their moisture was less than 10 mf wt%. The moisture content was calculated using the following equation:
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where (initial weight of sample–final weight of sample) is equal to weight of water in the sample.

Then, the bunch was manually chopped into smaller sizes of approximately 5–10 cm and stored in an air-tight container prior to the pyrolysis process.

2.2            Feedstock Analysis

Preliminary analysis was conducted to investigate the characteristics of EFB samples. Proximate analysis, elemental analysis, calorific value determination, lignocellulosic percentage determination and thermogravimetric analysis (TGA) were performed. Proximate analysis was performed via ASTM E871 for moisture content,13 ASTM E872 for volatile matter14 and ASTM E1755-01 for ash content determination.15 Fixed carbon was calculated by subtracting the sum of the ash content and volatile matter from 100%. This result was expressed in moisture-free weight percentage (mf wt%). Elemental analysis was performed using a Perkin Elmer 2400 analyser. The high heating value (HHV) was determined using a Nenken-type adiabatic bomb calorimeter. In addition, low heating values (LHVs) were determined using the following equation:
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where M is the wet basis moisture content of feedstock expressed as a decimal mass fraction.16

The lignocellulosic components of EFB feedstock (lignin, cellulose and hemicelluloses) were analysed according to the method of the Technical Association of the Pulp and Paper Industry (TAPPI). The determination of holocellulose, cellulose and lignin was performed following standard methods for TAPPI T6m-59 for extraction,17 TAPPI T9m-54 for holocellulose and cellulose (Cross-Beran cellulose analysis)18 and TAPPI T13m-54 for lignin (Klason lignin analysis).19 For hemicelluloses, different percentages of holocellulose and cellulose were determined.

TGA was performed using a Perkin Elmer Thermogravimetric Analyzer TGA7 with unwashed and washed EFB feedstock samples.

2.3            Washing Procedure

A washing treatment was performed to produce feedstock with different ash contents. Four different washing methods were applied to the EFB samples. Each method was distinguished by the amount of water used per 100 g sample, residence time of the washing treatment (in hours), washing method and water temperature. The EFB size was fixed at approximately 5–8 cm, and distilled water was used for all washing procedures. The washing procedure is summarised in Table 1. The washed EFB samples were dried in a conventional oven until the moisture content percentage was less than 10 mf wt%.


Table 1:    Summary of washing procedure of EFB feedstock.



	EFB sample

	Washing method




	1

	The feedstock was not subjected to any washing treatment



	2

	Stir by manual 100 g of EFB feedstock in 5 l distilled water for 1 min at ambient temperature



	3

	Soak 100 g of EFB feedstock in 5 l distilled water for 10 min at ambient temperature



	4

	Soak 100 g of EFB feedstock in 5 l distilled water for 20 min at ambient temperature



	5

	Soak 100 g of EFB feedstock in 7 l distilled water for 120 min at 90°C




2.4            Experimental Setup

The slow pyrolysis experiment was performed using a lab-scale pyrolysis system (Figure 1). This system consists of a Thermolyne F600 Ashing Furnace, a cylindrical sample holder made of steel (pyrolyser), an L-shape iron pipe and a condensing system. The condensing system consists of two ice-cooled spherical flasks and condenser tubes.
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Figure 1:      Lab-scale pyrolysis system.



2.5            Pyrolysis Experiment

For every slow pyrolysis experiment run, approximately 100 g of EFB samples were tightly packed by compression into the pyrolyser. Then, the pyrolyser was placed in a furnace and connected to a condensing system with an L-tube iron pipe. The terminal temperature, heating rate and residence time were set at 550°C, 5°C min–1 and 1 h, respectively.20 The experiment was started with unwashed EFB feedstock (EFB Sample 1) followed by EFB Sample 2, EFB Sample 3, EFB Sample 4 and EFB Sample 5, which were obtained from various washing treatments as listed in Table 1. The experiment was repeated three times for each sample. During the pyrolysis experiment, white volatiles were emitted from the pyrolyser and passed through the L-tube iron pipe to the condensing system. The condensate was accumulated in spherical flasks. In addition non-condensable gases escaped into the fume cupboard.

When the slow pyrolysis experiment reached the fixed residence time, the pyrolyser was removed from the furnace and allowed to cool for approximately 2 h. The pyrolyser was weighed to determine the percentage of biochar yield using the following equation:
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The biochar obtained from the slow pyrolysis experiment was stored in desiccators to avoid moisture absorption.

2.6            Biochar Analysis

In addition to calculating the yield percentage of biochar products, analysis procedures were conducted on the EFB biochar itself. The EFB biochar was ground and stored in airtight bottles prior to these analyses. Proximate analysis was performed to determine the moisture content, volatile matter, ash content and fixed carbon content of EFB biochar. This analysis was conducted according to ASTM D1762 (Procedure for chemical analysis for wood charcoal)21 with some modifications, as suggested by Hugh McLaughlin.22 The temperature ranges and heating period for this study were modified with the intention to apply the biochar into soil rather than use it in the thermal energy furnace. Proximate analysis of EFB biochar first involved determining the moisture content. Biochar samples were dried in an oven until they reached 200°C. Then, the biochar samples were halved. Each half was used for the determination of ash content and volatile matter. One-half of the samples was subjected to 525°C for 6 h for the ashing process. The other half was subjected to 450°C for 30 min for volatile matter determination. In addition, elemental analysis of the EFB biochar was performed using a Perkin Elmer 2400 analyser. The percentages of carbon, hydrogen, nitrogen, sulphur and oxygen in biochar were determined by this analysis.

A surface morphology study was performed on the EFB biochar to observe the effects of various EFB feedstock ash contents on the physical characteristics of EFB biochar. Scanning electron microscopy (SEM) analysis was performed to observe structural changes in EFB biochar. High-resolution images of EFB biochar were obtained using a JEOL JSM 6400 LV model scanning electron microscope, which was operated at 15 kV. A Quantachrome Autosorb-1 Surface Analyzer was used to determine the BET surface area of the EFB biochar.

3.           RESULTS AND DISCUSSIONS

3.1            Characterisation of Raw Material


Table 2 shows the properties of the raw EFBs. From proximate analysis, it can be observed that EFB feedstock contains a large percentage of volatile matter, 77.46 mf wt%, a moderate percentage of ash content, 5.29 mf wt%, and a small percentage of fixed carbon content, 17.25 mf wt%. Thus, EFB is suitable feedstock for slow pyrolysis due to its high volatile content. The low percentage of nitrogen and sulphur in EFB obtained from elemental analysis results, which is less than 1%, indicate the environmentally friendly behaviour of this feedstock.


Table 2:    Properties of EFB feedstock.



	Proximate analysis (mf wt%)

	Ultimate analysis (%)

	Heating value (MJ kg–1)




	Moisture content
	1.33
	Carbon
	47.14
	HHV
	20.61



	Volatile matter
	77.46
	Hydrogen
	6.03
	LHV
	20.34



	Ash content
	5.29
	Nitrogen
	<0.1
	
	



	Fixed carbona
	17.25
	Sulfur
	0.84
	
	



	
	
	Oxygena
	45.99
	
	




a: calculated by difference

It was found that cellulose is a main component of EFB. Table 3 shows the percentages of lignin (22.8%), cellulose (57.8%) and hemicellulose (21.2%) in EFB feedstock. The percentages obtained by Hamzah et al.23 and Kelly Yong et al.24 are also presented in Table 3 for comparison.


Table 3:    Lignocellulosic component of EFB.



	Component
	Measured values (%)

	Literature values (%)

	References




	Cellulose
	57.8

	44.2, 38.3

	23, 24




	Hemicellulose
	21.2

	33.5, 35.3

	23, 24




	Lignin
	22.8

	20.4, 22.1

	23, 24





The thermal degradation characteristics of washed and unwashed EFB are presented in the TG and derivative (DTG) curves shown in Figures 2 and 3, respectively. The TG curves in Figure 2 indicate the fractional weight loss of the various ash content samples as a function of temperature. In addition, the DTG curves in Figure 3 are plotted to show the rate of mass change, dM/dt, versus temperature.

In Figure 2, it can be observed that the thermal degradation for all feedstock samples began at approximately 200°C. Below this temperature, the weight loss for washed and unwashed EFB exhibited no significant change; this behaviour is due to moisture reduction in the samples during the analysis. When the temperature was greater than 200°C, the percent weight suddenly decreased. The weight loss for all feedstock samples was most prominent between 220°C–400°C, possibly due to the thermal degradation of polymer blocks within the biomass (such as hemicellulose, cellulose and lignin).25 After the temperature reached 400°C, no obvious weight loss was observed. It is also apparent that when the temperature was greater than 370°C, the degradation rate for EFB with a higher ash content (5.29 mf wt%) was slower than that of washed EFB with a lower ash content (1.60 mf wt%).
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Figure 2:      TG curves of EFB feedstock.
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Figure 3:      DTG curves of EFB feedstock.




The removal of ash content via washing had a significant influence on DTG curves. Generally, the peak of a DTG curve represents moisture reduction for temperatures < 220°C, hemicellulose degradation (220°C–300°C), cellulose degradation (300°C–340°C) and lignin degradation (> 340°C).26

In Figure 3, the lower peaks observed in the temperature range of 30°C to 120°C occur due to moisture reduction in the EFB feedstock. Thus, no peak shifts were observed within this temperature range. In addition, the lower peaks did not shift because the decomposition process of the EFB feedstock has not started.

In addition, at approximately 200°C–400°C, it can be observed that the peak value (mass loss rate) of the EFB samples shifted to a higher temperature within the range of 9°C–43°C after the ash was reduced from 5.29 to 1.60 mf wt% by washing treatment. This result shows that EFB samples with higher ash contents were degraded at lower temperatures. The peak shift for washed and unwashed EFBs occurs due to a reduction or loss of alkali metal content and inorganic materials during water washing. This phenomenon may be explained by the fact that the presence of ash in the EFB samples, which contain minerals, triggers a catalytic action during the thermal decomposition of the polymer blocks, thus facilitating hemicellulose and cellulose decomposition at lower temperatures.25

Figure 3 also shows that the peak values changed as ash was removed by washing. The peak value of EFB Sample 5, which has the lowest ash content (1.60 mf wt%), increased compared to the unwashed EFB sample with an ash content of 5.29 mf wt%. These data indicate that the highest volatile matter was released and resulted in an increase in liquid product,27 which led to a decrease in biochar yield.

3.2            Washing Treatment of EFB Feedstock

EFB samples with different ash contents were obtained via washing, as listed in Table 1. The ash content percentages of the washed EFBs are listed in Table 4. The lowest percentage EFB ash content was 1.60 mf wt%. The highest percentage of EFB ash content was 5.29 mf wt%, which corresponded to a sample that was not subjected to washing.


Table 4:    Ash content of EFB feedstock.



	EFB sample

	Washing method

	Ash content (mf wt%)




	1

	The feedstock was not subjected to any washing treatment
	5.29




	2

	Stir by manual 100 g of EFB feedstock in 5 l distilled water for 1 min at ambient temperature
	4.65




	3

	Soak 100 g of EFB feedstock in 5 l distilled water for 10 min at ambient temperature
	3.28




	4

	Soak 100 g of EFB feedstock in 5 l distilled water for 20 min at ambient temperature
	2.21




	5

	Soak 100 g of EFB feedstock in 7 l distilled water for 120 min at 90°C
	1.60





For the washing method applied, it can be observed that the EFB feedstock ash content decreased as the residence time was prolonged. The increase in temperature and water volume used for washing also contributed to the reduction in EFB feedstock ash content.

3.3            Product (Biochar Yield)

Biochar is the main product of the slow pyrolysis process. Using Equation 3, the biochar percentage yield was calculated and presented in Figure 4.
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Figure 4:      Effect of ash content on biochar yield.



Figure 4 shows that the biochar yield obtained from unwashed feedstock with an ash content of 5.29 mf wt% was 25.47 wt%. It also can be observed that for the washed EFB feedstock, the biochar yield decreased as the feedstock ash content decreased. The highest biochar yield, 27.02 wt%, was obtained from the slow pyrolysis of EFB with an ash content of 4.65 mf wt%. In addition, the slow pyrolysis of EFB with the lowest ash content, 1.60 mf wt%, produced the lowest biochar percentage yield, 23.05 wt%. As expected, ash removal by washing caused a reduction in the biochar yield percentage. This result may attribute to secondary reactions among the primary pyrolysis products, which generate tars, char and gases and are slowed by the removal of the ash that generally promotes the reaction.25

3.4            Characterisation of Biochar

The proximate and elemental analysis results for biochar are provided in Table 5 and Table 6. The results of the proximate analysis of biochar are also presented in moisture-free weight percentage, mf wt%. According to the proximate analysis results for biochar shown in Table 5, it can be observed that as the ash content of EFB feedstock decreased from 5.29 to 1.60 mf wt%, the biochar moisture content decreased from 5.15 to 1.07 mf wt%. The volatile matter of biochar also decreased from 7.20 to 4.11 mf wt%. The ash content of the biochar produced also experienced a decrease from 19.86 to 7.55 mf wt%. In addition, the fixed carbons in the biochar increased from 72.94 to 88.34 mf wt%. The percentage of biochar carbons determined by elemental analysis also increased as the ash content of the EFB feedstock decreased. The fixed carbon obtained by proximate analysis differed from that obtained by elemental analysis. The fixed carbons in proximate analysis do not include the carbons in the volatile matter.28 In addition, a fixed carbon is one of the important elements that determine the quality of biochar as a soil amendment. Good biochar should have a high fixed carbon content.


Table 5:    Proximate analysis results of biochar.



	Biochar

	Ash content of EFB feedstock (mf wt%)

	Proximate analysis (mf wt%)




	Moisture content

	Volatile matter

	Ash content

	Fixed carbona




	1

	5.29

	5.15

	7.20

	19.86

	72.94




	2

	4.65

	2.42

	6.68

	16.53

	76.79




	3

	3.28

	2.05

	5.46

	13.75

	80.79




	4

	2.21

	1.15

	4.81

	10.16

	85.03




	5

	1.60

	1.07

	4.11

	7.55

	88.34





a: Calculated by difference


Table 6:    Elemental analysis results of biochar.

[image: art]

a: Calculated by difference

EFB biochars obtained from slow pyrolysis experiments have a lower percentage of volatile matter compared to EFB feedstock because volatile matter is released during the slow pyrolysis process. In addition, the percentages of fixed carbons and EFB biochar ash content are higher than that of the EFB feedstock. The increase in the ash content percentage may be due to the mineral matter that forms ash and remains in biochar after the slow pyrolysis process.29

SEM images of biochars produced by EFB feedstock with various ash contents are shown in Figure 5. All of the images were magnified 2,500 times. In Figure 5(a) it can be observed that the morphological structure of biochar produced from unwashed feedstock is more dense and lumpy compared with biochar produced from washed feedstock [Figure 5(b)]. In Figure 5(e), cell wall breakdown can be clearly observed for biochar produced from the lowest ash content (1.6 mf wt%).

The BET surface area of biochar was determined and shown in Table 7. The surface area of biochar is dependent on the ash content of the EFB feedstock. The results in Table 7 show that as the ash content of the EFB feedstock decreased from 5.29 to 2.21 mf wt%, the surface area increased from 0.1301 to 11.1200 m2 g–1. In general, the BET surface area of biochar increased as the ash content of raw EFB decreased. Table 7 also shows that the ash content of biochar produced from pyrolysis experiments decreases as the ash content of the EFB feedstock decreases. Thus, the low surface area of biochar produced from the EFB feedstock with higher ash content may be due to the plugging of pores by inorganic compounds in the ash present in biochar.30,31 However, the BET surface area of biochar produced from the lowest ash content (1.6 mf wt%) was found to be reduced to 7.9890 m2 g–1, which may be due to the breakdown of cell walls, as can be observed in Figure 5(e).
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Figure 5:      Biochars from different ash content of EFB feedstock.




Table 7:    BET surface area of biochar from various ash content of EFB feedstock.



	Biochar

	Ash content of raw EFB (mf wt%)

	Ash content of the biochar (mf wt%)

	Biochar BET surface area (m2 g–1)




	1

	5.29

	19.86

	0.1301




	2

	4.65

	16.53

	0.3843




	3

	3.28

	13.75

	9.2480




	4

	2.21

	10.16

	11.1200




	5

	1.60

	7.55

	7.9890





4.           CONCLUSION

EFB is suitable for utilisation as a feedstock in the production of biochar via slow pyrolysis. Washing treatment of the EFB feedstock reduces its ash content. As the ash content of raw EFB feedstock decreases, the biochar yield percentage is reduced, and the fixed carbon percentage of biochar increases. Biochar with a high fixed carbon content of 88.34 mf wt% was produced from the pyrolysis of raw EFB with 1.60 mf wt% ash content. SEM images show significant changes in the morphological structure of biochar as the ash content of EFB was reduced. A maximum value of 11.1200 m2 g–1 BET biochar surface area was obtained from raw EFB feedstock with a 2.21 mf wt% ash content.
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(a) Biochar 1 from EFB (unwashed feedstock)  (b) Biochar 2 from EFB (washed feedstock) of
of 5.29 mf wt% ash content. 4.65 mf wt% ash content.

(©) Biochar 3 from EFB (washed feedstock) of (d) Biochar 4 from EFB (washed feedstock) of
3.28 mf wt% ash content. 221 mf wt% ash content.
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