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ABSTRACT: Seed-based oil has been identified as a viable alternative insulating fluid and a number of vegetable oils has been studied for that purpose. Among the seed-based oils studied is Jatropha oil which was reported to have suitable breakdown strength for high voltage application. However, most of the reports did not study the ageing characteristics of the oil and its compatibility with cellulose insulation. In this present study, the properties and ageing behaviour of a freshly prepared Jatropha oil and its compatibility with cellulose insulation paper were evaluated. The oil was purified through modified Dijkstra and Opstal purification method. The thermo-physical and dielectric studies of the oil was performed and thermal ageing of Kraft paper in the prepared ester fluid was performed. Thermally accelerated ageing was performed with an open beaker containing ageing catalysts, thermally upgraded insulation paper, and the fluid at 140°C for 120, 240, 360 and 480 h. Jatropha oil is a high temperature fluid with high specific heat capacity of 2.59 kJ kg−1 K and low dielectric loss of 0.009. The oil became polymerised with ageing in open cup. This may be due to thermo-oxidative degradation of the oil that progressed with ageing time. This is an indication that the oil is not suitable for use in free breathing power equipment.
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1.          INTRODUCTION

The idea of using natural ester fluid for electrical insulation in oil-filled electric equipment was conceived as far back as 1892. The development suffered a setback because the thermo-oxidative stability of the oil was inferior compared with conventional mineral oil-based transformer fluid.1 Mineral-based dielectric liquid is commonly used in power transformers as they have good insulating and cooling properties. However, they are known to be poorly-biodegradable and toxic.2 In a quest for alternative insulating fluids to mineral oil, a number of other fluids has been considered. They could not serve as better alternatives either because they could not meet the health and safety conditions, and are also more costly. Further efforts on the quest for alternative insulating fluids in the 90s show that vegetable oil with its environmental, safety and health benefits can still serve as a viable alternative insulating fluid.2

Although recent reports show that natural ester insulating fluid performs very well as an insulant and coolant, its high viscosity has posed a design challenge and its poor thermo-oxidative property has limited its application.3–5 Seed-based oils have two opposing properties: pour point and oxidative stability. These properties are dependent on the content of unsaturated fatty acids in the oil. The thermal and oxidative instability of the oil increase as the fatty acids in oil progresses from saturation to mono-unsaturation and poly-unsaturation. The higher the unsaturated fatty acid content, the higher the oxidative instability of the oil and poor oxidative stability is not desirable in insulating fluids.4 Conversely, the melting and pour points of the oil decrease with increase in the percentage of unsaturated fatty acid content.

The unsaturated fatty acids generally have lower melting and pour points than the saturated fatty acids. The high pour point of saturated fatty acid results from its uniform molecular shape, which enables the molecules to pack efficiently as it solidifies. Crystal formation is difficult in unsaturated fatty acids because of the bends and kinks introduced by the carbon-carbon double bonds.6 This limits the ability of the fatty acids to be closely packed. As a result, the more the unsaturation, the harder it becomes for the molecules to crystallise. This will have the consequence of lowering the pour point of the oil and low pour point is a desirable property of insulating fluids.7

Seed oil with higher percentage of unsaturated fatty acids has lower melting and pour points but poor stability to thermo-oxidation, while the seed oils with higher percentage of saturated fatty acids have better oxidative stability but higher melting and pour points. A number of vegetable oils has been studied for electrical insulation and there are commercially available natural ester dielectric fluids in the market such as Environtemp FR3 fluid produced from sunflower oil and Midel eN fluid produced from rapeseed oil.3,8–11 Most of the popular works on Jatropha oil were on its performance as biodiesel but there were also few works on its suitability as electrical insulating fluid. The oil was reported to possess properties that made it suitable for electrical insulation.12


It was reported that refined Jatropha oil has breakdown voltage of 35.8 kV in a spherical electrode with 2.5 mm gap.13 This is within the specified breakdown voltage for fluid for high voltage insulation. However, the ageing behaviour of the oil was not reported. A number of non-edible seed-based oil including Jatropha oil is known to be available in Nigeria and an earlier attempt was made to study the viability of developing insulating fluid from Nigerian palm kernel oil.14 These oils are easily biodegradable with chemical structure that makes possible its modification to improve the thermal properties and oxidative stability. This paper therefore presents a study on the dielectric and thermal study of Jatropha oil, its ageing behaviour and its compatibility with insulation paper.

2.          EXPERIMENTAL

2.1           Sample Preparation

A modified Dijkstra and Opstal purification method was adopted for the purification of the sample to obtain the purified Jatropha oil (PJOF) sample. A 200 ml solution of crude Jatropha oil (CJO) sample was heated in a 500 ml conical flask to 70°C and 8 vol% of 64 vol% aqueous citric acid solution was added gently and mixed thoroughly with a magnetic stirrer for 15 min.15 An amount of 4 ml of 8 vol% NaOH solution was gently added and the mixture stirred at 400 rpm for 15 min. The mixture was then dried in vacuum oven at 85°C for 30 min to reduce the water content. An amount of 2 g of silica gel was added to the mixture at 70°C and agitated for 30 min at 300 rpm to prevent it from settling out. Fuller’s earth was then added and continuously stirred for 30 min at 8 wt%. The sample was then filtered with filter paper in vacuum oven at 85°C.

2.2           Thermal Properties

To determine the cloud and pour points, the oil sample was placed in cylindrical test tube placed in an ice/salt bath. It was inspected at interval temperature and the temperature at which a distinct cloudiness appeared at the bottom of the test tube was recorded as the cloud point of the sample. The sample was then allowed to cool below 0°C. The sample was tilted on the clamp at interval of 2°C. The lowest temperature at which there was a movement of the oil was recorded as the pour point.16

The specific heat capacity of the oil can be determined by heating a sample of the oil in a beaker in vacuum to a certain temperature. The sample was quickly transferred into a lagged copper calorimeter with a copper stirrer. It was stirred for 5 min and the final temperature was measured. The specific heat capacity of the oil sample was calculated from the formula:17
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where mc is mass of calorimeter, mc is mass of stirrer, m1 is mass of calorimeter plus oil sample, cc is specific heat capacity of copper, cs is specific heat capacity of stirrer, c0 is specific heat capacity of oil sample, θ1 is initial temperature of oil sample, θ2 is temperature of boiling oil sample, θ3 is final temperature of oil sample, calorimeter and stirrer.

2.3           Rheology

The density and specific gravity of oil samples were measured using specific gravity bottle at room temperature. The dynamic viscosity of a liquid is directly related to the heat transfer coefficient of the oil, and the viscosity is dependent on temperature change in the oil. The viscosity of the liquid samples was measured using Brookfield Viscometer with the appropriate spindle. The sample container was placed in water bath heated on a thermostatically controlled hot plate to vary the temperature of the sample within accuracy of ±0.1°C. Temperature sensor was immersed in the water bath to monitor the temperature. Each measurement was taken three times and the average calculated for accuracy.

2.4           Dielectric Properties

The conduction property of the liquid samples was studied using HM8118 LCR Bridge within frequency of 20 to 200 kHz. The liquid was placed in a parallel plate test cell. The dielectric constant and dissipation factor was measured from the bridge at ambient temperature of 30°C. The study under frequency spectrum is to understand the loss mechanism that result in conduction in the liquid. The dissipation factor which is also referred to as loss tangent or tan δ is obtained from the ratio of the leakage current density to the capacitive current density.

2.5           Compatibility with Insulation Paper Test

Insulations in transformers are composite systems. They include oil, Kraft papers of different thicknesses, and pressboard of different thicknesses. The test for the compatibility of the solid insulation in the natural ester is very important. An ageing experiment was set up to test the ageing behaviour of Jatropha oil and its compatibility with insulating paper. A 250 ml solution of Jatropha oil was first filtered using a medium fast filter paper with pore size of 125 mm. The oil sample in a vessel was placed in vacuum oven and dried at a temperature of 70°C for 24 h. The vacuum oven was then allowed to cool to ambient temperature for 24 h and the oil sample was transferred to the ageing vessel.

The thermally upgraded insulating paper with thickness 0.255 mm and 15 g weight was vacuum dried in vacuum oven at 85°C for 24 h. The paper was then impregnated with Jatropha oil in vacuum for impregnation using the capillary method. The ageing vessel containing the oil sample, 15 g of 0.255 mm thick Kraft paper, galvanised steel strip (3.5 cm × 3.5 cm), copper strip (3.5 cm × 4.5 cm), aluminium strip (4 cm × 4 cm), and mild steel was placed in vacuum oven at room temperature. The galvanised steel represents the core of a transformer, while the copper and aluminium strip represents the conducting coils.17 The Kraft insulation paper samples were packed together and placed in between the metals sheets. The vessel was thermally aged at 150°C for 480 h. Samples of aged cellulose papers were taken out of the vessel for analysis.

3.          RESULTS AND DISCUSSIONS

Figure 1 shows the Jatropha oil samples under study. Table 1 shows the measured values of the density, dynamic viscosity, cloud point, pour point, flash point and specific heat capacity of the CJO sample, PJOF and compared with that of mineral oil.
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Figure 1:    Samples of CJO (left) and PJOF (right).



PJOF was found to have a density and dynamic viscosity of 890 kg m−3 and 35.6 mPas respectively at 30°C. The viscosity is higher compared with mineral oil but comparable to that of ester-based insulating fluids. The pour point of Jatropha oil was determined to be −6°C. It can be further improved with the addition of pour point depressant. The flash point of the oil sample was determined to be 195°C; the flash point is higher than the minimum specification for mineral oil based insulating fluid.18 The specific heat capacity of the oil was determined to be 2.59 kJ kg−1 K which is much higher compared with mineral oil with specific heat capacity of 1.67 kJ kg−1 K.

Table 1:    Experimental results of Jatropha oil in comparison with mineral oil.



	Properties
	CJO

	PJOF

	Mineral oil




	Density at 30°C (kg m−3)
	891

	890

	880




	Dynamic viscosity at 30°C (mPa.s)
	38.5

	35.6

	12.3




	Cloud point (°C)
	6

	7

	−10




	Pour point (°C)
	−5

	−5

	−34




	Flash point (°C)
	196

	195

	149




	Specific heat capacity (kJ kg−1 K)
	2.54

	2.59

	1.67





Dielectric constants of the oil samples were obtained from the measured capacitance with programmable LCR Bridge. The dielectric constant of the samples was plotted against frequency as shown in Figure 2. The response of dielectric constant of crude and purified samples to frequency change have similar pattern. The dielectric constant of CJO at 100 Hz is 3.7 while that of PJOF is 3.8 at the same frequency as shown in Table 2.
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Figure 2:    Variation of the dielectric constant of Jatropha oil with logarithm of frequency.
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Figure 3:    Variation of the loss tangent of Jatropha oil with logarithm of frequency.



The semi-log plot of loss tangent measure with the LCR bridge as a function of frequency for the oil samples is shown in Figure 3. The measurement was within the frequency range of 20 Hz to 200 kHz. The measured tan δ (dielectric loss) for PJOF from 900 Hz to 60 kHz was below detection limit of the measurement instrument. It was observed from the graph that tan δ values of the sample reduced after purification at low frequencies. This suggests that purification has a significant influence on the loss factor of the oil sample. Tan δ for crude and refined oil were 0.08 and 0.009 respectively as shown in Table 2. Refining process reduced the loss tangent by a factor of 10−1. This is an indication that the purification process with fuller’s earth may have been adsorb some conducting impurities in the oil samples. This resulted in improved dielectric loss characteristics of the oil.

The AC conductivity, which is sometimes considered the effective electrical conductivity of a dielectric material since it includes all the loss factors in the dielectric, is a function of the measured dielectric constant and dissipation factor. An effective AC conductivity may be defined as the ratio of the leakage current density to the magnitude of the field at a given frequency arising from conduction and dipole orientation losses. The AC conductivity of the samples was evaluated using the equation:19
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where σ is the electrical conductivity, ε′(ω) is the real component of the relative permittivity of the liquid, tan δ (ω) is the loss tangent which measures the energy dissipated by the dielectric liquid, ε′(ω) and tan δ (ω) are function of angular frequency, ω, [image: art] is the loss current density, and [image: art] is the electric field. The electrical conductivity of PJOF as shown in Table 2 falls within insulating material category but is about 2 order of magnitude higher than mineral insulating oil.

Table 2:    Measured parameters at 30°C.



	Properties
	CJO

	PJOF

	Mineral oil




	Dielectric constant
	3.7

	3.8

	2.1




	Loss tangent at 30°C
	0.08

	0.009

	0.0002




	AC conductivity (S m−1)
	2.98 × 10−9

	3.44 × 10−10

	1.40 × 10−12





The motion of the charged particles responsible for conduction in the liquid may have resulted from the dissociation of ionic and solid impurities in the liquid. Besides causing conduction current, they give rise to polarisation of the dielectric material. If the total loss in the liquid is considered as a combination of DC conductivity and loss due to polarisation, the measured dielectric loss can be express as:
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where σ0 is the DC conductivity, ωε0ε″ is loss due to polarisation, and ε″ is the relative permittivity. Polarisation of charged particles in CJO and PJOF may be responsible for the decrease in the effective conductivity of the oil samples. The lower conductivity of the purified sample compared with the crude sample is an indication that the purification process was able to eliminate some of the conducting impurities.

The relative permittivity and tan δ of the dried and degassed insulating paper, unaged oil-impregnated paper and aged oil-impregnated paper at various ageing time is plotted over a frequency range of 101–105 Hz in Figures 4 and 5. Impregnation of the dried paper with the freshly prepared ester sample shows an increase in the permittivity and tan δ of the composite material. The increase in permittivity is expected as oil impregnation makes it possible for the composite material to store more charges. The increase in dielectric loss after oil impregnation may have resulted from electrical conduction through the oil that fill the pores between the fibres of the insulating paper. The oil provides a channel for the transport of ionic impurities in the composite material.
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Figure 4:    Graph of the permittivity for Jatropha oil.
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Figure 5:    Graph of the loss tangent for Jatropha oil.




Ageing for 120 h shows a decrease in magnitude of relative permittivity and tan δ of the composite material. Ageing up till 360 h did not seem to have more impact on the magnitude of relative permittivity. However, further ageing for 480 h shows a significant decrease in relative permittivity. The values were lower than that of the dried paper. The decreasing tan δ value with ageing is an indication that the dielectric loss of the sample decrease with ageing of the impregnated paper within the studied ageing time. This may have resulted from the polymerisation of the oil in the paper, making the composite system to behave more like a polymer than oil-impregnated paper.

The plot of real and imaginary (denoted with “imag” in figure) parts of the relative permittivity is shown in Figure 6. A close observation of the plot shows a logarithmic shift in both magnitude and frequency of the response towards low frequency with ageing.
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Figure 6:    Real and imaginary relative permittivity of aged oil impregnated papers at 30°C.



It is known that the weak polar nature of natural ester makes it possess strong affinity for water.20 This may have caused water to move from the Kraft paper insulation into the natural ester fluid in larger quantities. The generated water during pyrolysis process is absorbed by the ester. This cumulative equilibrium shift of water effectively dries the paper and reduces ageing due to thermo-hydrolytic degradation. The paper is protected from ageing through the water scavenging and steric hindrance of the cellulosic hydrolytic reaction by natural esters.21–23 The drying of the paper may have been responsible for the observed decrease in the dielectric constant and dielectric loss of the impregnated paper. The water is then consumed by hydrolysis of the natural ester, producing free fatty acids. This may react with the cellulose backbone via transesterification during thermal ageing thereby protecting the cellulose from hydrolysis.24

Oil-impregnated Kraft paper is an insulating paper whose voids between the paper fibres are filled with oil to improve the insulation strength. Ageing of ester-impregnated paper has been reported to be slower compared with mineral oil-impregnated paper.25 Ester impregnated paper behaves like a material with cavities filled with the impregnated oil and all its content. The cavities can also be referred to as clusters.

Two different contributions can be observed from the dielectric response of the oil-impregnated paper on the application of electric field to the composite material when placed between two electrodes as shown in Figure 6. There is a frequency independent real part of the permittivity at the high frequency end of the spectra. This response includes dielectric relaxations taking place in the void at frequencies higher than 104 Hz, together with atomic and electronic polarisations from quantum resonances. This is referred to as intra-cluster interaction as the dipoles interact within the voids. At lower frequencies, there is a dispersion in the relative permittivity. Within this region, there are inter-cluster interactions between the voids and the charges in one void are able to drift into another void.

The real and imaginary parts were observed to cross over where the real and imaginary parts of the relative permittivity have the same values. This is the frequency where the interactions of the negative and positive charge carriers in the composite material changed from intra-cluster to inter-cluster interactions and it will be referred to as the cross-over frequency in this work. Below the cross-over frequency, the imaginary part has higher value compared with the real part and after the cross-over frequency, the reverse is the case. There appears to be links between the two processes before and after the cross-over frequency as earlier reported by Abdelmalik et al.26 Dissado-Hill cluster model was used to explain the interaction.27 Before the cross-over frequency, there is the intra-cluster interaction of the negative and positive charge carriers that are bound together as a dipole. Below the cross-over frequency, the negative and positive charge carriers become independent carriers that will result in quasi-dc (q-dc) process at much lower frequencies. This can also be called inter-cluster interaction. The cross-over frequency can be said to correspond to the onset time (inverse of cross over frequency) for the separation of ionic charges across the width of the oil filled cavity. This feature of the dielectric response of oil-paper insulation was observed to change with ageing. The cross-over frequency was observed to be shifting towards the low frequency end with ageing.

A plot of the onset of frequency of separation of ionic charges with ageing time is shown in Figure 7. The freshly impregnated oil-paper has a cross-over frequency of 150 Hz (1.11 × 10−3 s) and after ageing of 120 h, the frequency reduced to 90 Hz (1.77 × 10−3 s). The frequency did not seem to have much variation for ageing from 120 h to 360 h. After 480 h of ageing, the frequency reduced to 10 Hz (1.59 × 10−2 s).
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Figure 7:    A plot of frequency of separation of ionic charges with aged time.



The plot shows that the separation frequency did not follow a simple relation. Dielectric response of the aged ester-paper is dependent on various factors which includes the ageing characteristic of both the oil and the paper.26 This makes the analysis of dielectric response of ester-paper system complex. It can be observed from the relationship in Figure 7 that the ageing behaviour of Jatropha oil-paper system may be difficult to predict from the cross over frequency. At 480 h of ageing for example, the oil sample was observed to have undergone significant polymerisation. The by-products of the process may have also contributed to the dielectric response of the oil-paper, thereby influencing the separation frequency. Ageing may have resulted in small modification of the morphology of the fibres of the paper leading to frequency shift of the dielectric response. A decrease in the magnitude at the separation frequency in the ester-paper system may be an indication of a decrease in the amount of ionic species contributing to the loss processes as the material aged with time.
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Figure 8:    Polymerised aged sample after 480 h.



The ageing took place in an oven that allowed free circulation of air. The oil was observed to have undergone changes with ageing. The colour turned dark and after 480 h, the oil turned to a gel-like substance as shown in Figure 8. The FTIR spectra analysis of the aged oil samples reveal a peak within the fingerprint region. The spectra show that the aged samples exhibit a peak at 960 cm−1. The magnitude of the peak increased with ageing. This may have been due to thermal polymerisation of the oil. Jatropha oil is 86% unsaturated fatty acid. A search on FTIR database revealed that the peak corresponds to cyclic carboxylic functional group.28 The carbon-carbon double bond (−C=C−) in the triglyceride has a strong sigma bond and a weak π bond. At high temperature, the π bond in the carbon-carbon double bond of the oil may have been modified in the presence of air and cause cross-linking of the fatty acid chains. They may have resulted in the formation of cyclic carboxyl group. The metal catalyst in the ageing setup may have also contributed to the acceleration of the thermal degradation of the oil. The increasing magnitude is an indication that the thermal polymerisation process progressed with time. This is an indication that even though the property of freshly prepared Jatropha oil suggests that it is suitable for high voltage insulation, it may only be useful in hermetically sealed system but not in free-breathing power equipment. Its use in a system open to air may require further modification to improve its oxidative stability.

4.          CONCLUSION

The properties of freshly prepared Jatropha oil sample seem to be very interesting in agreement with earlier reports. Jatropha oil is a high temperature liquid when compared with mineral oil judging from its flash point.18 It has viscosity that is comparable to the market available natural ester dielectric fluids. They share similar dielectric constant, low loss and pour point less than 0°C. It also has a low dielectric loss. Impregnated cellulose paper with the prepared ester fluid (PJOF fluid) shows a dielectric loss that decreased with ageing contrary to most report of oil-impregnated paper ageing with increase in dielectric loss. This is thought to be due the greater affinity of natural ester fluid for moisture, combined with hydrolysis, which caused water to move from the Kraft paper insulation into the fluid in larger quantities. This cumulative equilibrium shift of water effectively dries the paper, thereby reducing ageing rate due to thermo-hydrolytic degradation. However, the aged ester fluid at 140°C in air atmosphere was polymerised and the thermal polymerisation process progressed with ageing time 480 h. This is an indication that the oil may only be useful in hermetically sealed system but not in free-breathing power equipment. Modifying the oil by converting the double bond site to an epoxy group which is more resistive to thermal degradation may improve the thermo-oxidative properties of the oil. Such modification can make it an all-purpose industrial fluid.
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ABSTRACT: With the global primary energy consumption and carbon dioxide emissions elevating at 2% and 1.7% annually, it is critical to install energy recovery systems in buildings for better energy conservation. Due to limited research on the energy recovery system in the tropical climate, this study presents the development and performance investigation of an energy recovery system in the tropical climate region. The hydrophilic polymeric membrane of the heat exchanger core was developed and organised in a cross-flow manner. Performance investigation was carried out for several operating parameters, temperature, relative humidity and air velocity. It was found that there were negative relationships between air velocity and efficiency, temperature and humidity ratio differences with increasing residence time. Ranges of latent and sensible efficiencies were 42%–74% and 45%–78%, respectively. The highest sensible energy recovered was 18 kW at the temperature intake of 40°C. One-way ANOVA showed that the air velocity significantly affects sensible and latent efficiencies at different temperature intakes.

Keywords: Efficiency, energy recovery system, recovered energy, statistical analysis, hot-humid climate

1.          INTRODUCTION

The global primary energy consumption has elevated from 75% in 1980 to 85% in 2012, with an average annual increase of 2%.1 A study in Malaysia indicates that about 19% of the total energy consumed was from residential buildings. The increasing use of air conditioners further raises energy consumption.2 Concerns have been raised over the potential supply difficulties, depletion energy resources and expedited negative environmental impacts due to this increasing energy demand. Thus, one of the priorities of the global energy policy makers is to enhance energy efficiency in buildings.3

Energy recovery system is widely employed in buildings to improve energy efficiency and ventilation. Energy recovery system reclaims sensible and latent energies from the stale exhaust air via heat exchangers using the induced fresh air from the ventilation processes.4 Numerous research works have been done on the application of energy recovery systems in the heating, ventilation and air conditioning (HVAC) system.5–8 However, research on the performance of the stand-alone energy recovery system should be emphasised to increase the efficiency of the integrated energy recovery system with the HVAC system.

Numerous studies using simulation tools have been conducted to assess energy recovery, but these studies were purely theoretical with little experimental validation. Wu et al. used transient systems simulation tool (TRNSYS) to evaluate energy recovery in an office building in Chingqing, China during the cool and hot seasons.9 Fouih et al. modelled a heat recovery ventilator using the software TRNSYS and characterised its annual performance when integrated into residential and commercial low-energy buildings in France.10 They found that the adequacy of using a heat recovery ventilation (HRV) system depends on the building type, the heating load and ventilation device. Fan and Ito analysed the energy conservation performance of a real office space with an energy recovery ventilator (ERV) and an air-conditioning system in Japan.11 They applied a computational fluid dynamics software with the building energy simulation software, which provided a more complete and accurate information of the air flow distribution and thermal performance in an office space.

Various investigations have been carried out on the energy recovery system in the cold climate, which were mostly in the summer and winter seasons. Liu et al. investigated the performance of quasi-counter-flow membrane energy exchanger by developing an analytical model to predict heat and moisture transfers for low operating temperatures in cold climates.12 Yang et al. conducted the performance and energy saving analyses of an energy recovery ventilator with an air-conditioning system in both cold and hot seasons in China.5 Fan et al. carried out a field study on the thermal performance of integrated ERV packaged with air-conditioners in Japan.13

In contrast, limited research on the energy recovery system in the tropical climate has been conducted. The few research works available are given in the following. Nasif et al. carried out performance testing and energy analysis on a Z-type enthalpy heat exchanger in an air-conditioning system using the software HPRate.6 Masitah et al. performed heat transfer and effectiveness analyses for a cross-flow heat exchanger.14 Zafirah and Mardiana studied the performance of an energy recovery system with changing operating parameters.15 Yau and Ahmadzadehtalatapeh applied a heat pipe heat exchanger (HPHX) to study the effects of the inside-design temperature and the coil-face velocity on energy recovery.7 Zhang and Zhang found that over 80% of the energy during the operational hours of an air conditioning system can be reduced by applying the HPHX in the air handler.16

A large research gap exists between research result and experimental validations. Little is also known about the effectiveness of the energy recovery system in the hot tropical climate. Thus, this study focuses on the development and performance investigation of an energy recovery system in the tropical climate zone, where hot and humid climate conditions warrant the use of energy recovery systems. This research applies a cross-flow heat exchanger with a series of parallel equilateral triangular ducts (i.e., the energy recovery system) to increase the recovery efficiency of sensible and latent energies. Therefore, the primary objective of this research is to determine the efficiencies and recovered energies of the energy recovery system at different operating parameters in the tropical climate region.

2.          EXPERIMENTAL

2.1           Experimental Setup

An energy recovery system (or the heat exchanger) prototype has been set up in an insulated test room (dimensions of 2 m in width, 2 m in height and 2 m in length constructed using 0.045-m polyurethane foam sandwich panels) as shown in Figure 1. Two centrifugal fans were installed in the supply and exhaust ducts of the energy recovery system for an even distribution of air velocity. Heaters and humidifiers were installed at the inlet duct to create heat and moisture differences across the heat exchanger. A portable air-conditioner unit was applied to control the temperature intake for the cold air stream.

2.2           Development of Energy Recovery System

Figure 2 shows the development of the energy recovery system. The 0.001-m thick aluminium plates and the 0.025-m thick polystyrene sandwich panels covered the heat exchanger core, which has the dimensions of 0.25 m in length, 0.25 m in width and 0.1 m in height with two separate air ducts of diameters 0.185 m. The core consists of layers of the hydrophilic polymeric membrane for the absorption of moisture. The layers are arranged in a cross-flow manner (Figure 1). This configuration has the capability to transfer heat and moisture simultaneously. It is made of cellulose paper with corrugated structures with several internal channels to increase the surface area (Figure 3).
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Figure 1:    Experimental setup.
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Figure 2:    Development of the energy recovery system.
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Figure 3:    Corrugated structure of the plate fin channels.




2.3           Experimental Instrumentation

The operating parameters (temperature, relative humidity and air velocity) of the hot and cold air streams were measured to determine the performance of the energy recovery system. Temperature and relative humidity were measured using the HD9817T1 temperature and humidity transmitters with a temperature accuracy of ± 0.21°C and a humidity accuracy of ± 2.5%. To ensure even air velocities across the heat exchanger core, Digi-Sense 20250-16 hot-wire thermoanemometer with an accuracy of ± 0.05 m s−1 was used. Data were recorded for 2 h, using the datataker DT80 with the DtUsb software. To ensure that measurements were only made during steady-state conditions, data were recorded after 20 min of operation. Inlet air conditions were controlled at the temperatures of 28°C, 31°C, 34°C and 40°C with the air velocities of 1 m s−1, 2 m s−1 and 3 m s−1. These conditions are similar to the study by Zafirah and Mardiana as well as Mardiana-Idayu and Riffat.15,17 These conditions were chosen because they are the common monthly-averaged dry bulb temperatures for several cities in the hot-humid climate zone.18,19

2.4           Performance Investigation

Temperature and relative humidity profiles were analysed to evaluate the performance of the energy recovery system. The efficiency and recovered energy were also calculated. Statistical analysis was conducted to assess the effects of temperature, relative humidity and air velocity to the efficiency of energy recovery system.

2.4.1        Temperature and relative humidity profile

The temperature difference between the intake and supply air were calculated using Equation 1. The temperature difference was used to determine the energy transfer efficiency:
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where,



	ΔT
	=
	temperature difference



	Th,in
	=
	temperature of intake air in the hot air stream (°C)



	Th,sup
	=
	temperature of supply air in the hot air stream (°C)




Relative humidity difference between the intake and supply air was calculated using Equation 2 and was used to determine the mass transfer efficiency:
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where,



	Δω
	=
	humidity ratio difference



	ωh,in
	=
	humidity ratio of intake air in the hot air stream (g kg−1)



	ωh,sup
	=
	humidity ratio of supply air in the hot air stream (g kg−1)




2.4.2        Efficiency

According to the American Society of Heating, Refrigerating and Air-conditioning Engineers (ASHRAE) standard, sensible efficiency is determined by the temperature difference between supply air and intake air in the hot air stream to the temperature difference between the intake air in the cold and hot air streams.16 The sensible efficiency was calculated using Equation 3:

[image: art]

where,
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	=
	sensible efficiency (%)



	Tc,in
	=
	temperature of intake air in cold air stream (°C)




Latent efficiency was determined using the moisture difference between the supply air and the intake air in the hot air stream and the moisture difference of the intake air in the cold and hot air streams. Latent efficiency was calculated using Equation 4:
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where,
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	=
	latent efficiency (%)



	ωc,in
	=
	humidity ratio of intake air in the cold air stream (g kg−1)




2.4.3        Recovered energy

Sensible recovered energy was calculated using Equation 5 without considering heat conduction and energy transfer through the heat exchanger case:

[image: art]

where,



	qs
	=
	sensible recovered energy (kW)



	ma
	=
	mass flow rate of air (kg s−1)



	Cpa
	=
	specific heat of air (kJ kg−1 K−1)





Latent recovered energy was determined by the change of the humidity content of the air by using Equation 6:
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where,



	qL
	=
	latent recovered energy (kW)



	hfg
	=
	enthalpy of evaporation (kJ kg−1)




2.5           Statistical Analysis

One-way analysis of variance (ANOVA) was applied using the software IBM SPSS Statistics version 20. It was used to determine if there are statistically significant differences between the means of two or more independent groups of air velocities. Assumptions of ANOVA were tested before running the statistical analysis using test of homogeneity of variance, Levene’s test and test of normality.

3.          RESULTS AND DISCUSSION

3.1           Temperature and Relative Humidity Profile

Figure 4 depicts the variation of temperature and humidity ratio differences with temperature intake. There are positive relationships between temperature intake as well as temperature and humidity ratio differences. The high-temperature intake (40°C) caused larger temperature and humidity ratio differences than the low-temperature intake (28°C). The temperature intake of 40°C at the air velocity of 1 m s−1 produced the highest temperature and humidity ratio differences of 12°C and 20 g kg−1. As the temperature intake increased, the humidity ratio and temperature differences increased. Due to the increase in moisture transfer resistance, the humidity ratio increased with the high-temperature intake.17

Figure 4 shows that the largest temperature and humidity ratio difference reported at 12°C and 20 g kg−1 at 40°C at 1 m s−1. The smallest temperature and humidity ratio differences were 2°C and 3 g kg−1 at 28°C at 3 m s−1. The low air velocity of 1 m s−1 were more efficient than the high air velocity of 3 m s−1 due to the prolonged residence time.17 Hence, heat and mass transfers are enhanced at low air velocities.

3.2           Efficiency

Figure 5 and Figure 6 show the variations of the average latent and sensible efficiencies with temperature intake. An uptrend of efficiency can be seen when temperature intake increased. Average sensible efficiency increased from 67% at 28°C to 78% at 40°C whereas average latent efficiency increased from 61% at 28°C to 75% at 40°C. Both average latent and sensible efficiencies increased with raised temperature intake. Due to the high humidity ratio, latent efficiencies increased with temperature intake.20
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Figure 4:    Temperature intake with temperature difference and humidity ratio difference.
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Figure 5:    Variation of average latent efficiency with temperature intake.






[image: art]

Figure 6:    Variation of average sensible efficiency with temperature intake.




Average latent and sensible efficiencies with air velocity are presented in Figure 7 and Figure 8. Both latent and sensible efficiencies exhibited the same uptrend characteristics with temperature intake. Maximum average latent and sensible efficiencies were recorded at 74% and 78% of the temperature intake 40°C at the air velocity 1 m s−1. Temperature intake of 28°C resulted in the lowest average latent and sensible efficiencies of 42% and 45%, respectively, at the air velocity 3 m s−1. In comparison with Zafirah and Mardiana, they applied a 0.2 m by 0.2 m by 0.1 m fixed-plate heat exchanger to achieve the highest efficiency of 84.6% at the temperature intake of 40°C and the air velocity of 1 m s−1. They reported the lowest efficiency of 57.8% at the temperature intake of 31°C at the air velocity 3 m s−1.15 Mardiana-Idayu and Riffat noted the highest sensible and latent effectiveness of 66% and 58% at 1 m s−1 and lowest sensible and latent effectiveness of 48% and 26% at 3 m s−1 using a diamond-shaped fixed-plate enthalpy recovery core.17 Hence, the results show that as air velocity increases, sensible and latent efficiencies diminish accordingly. As latent efficiency involves heat and mass recoveries, they are lower than sensible efficiency. However, both sensible and latent efficiencies drop when air velocity rises. This decrease is due to the small transfer units that occur at high air velocity.21
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Figure 7:    Average latent efficiency of energy recovery system with temperature intake.
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Figure 8:    Average sensible efficiency of energy recovery system with temperature intake.




3.3           Recovered Energy

Figure 9 and Figure 10 display the average recovered energy with temperature intake. Increased air velocity results in greater recovered energy. It is found that the highest latent and sensible recovered energy were 3 kW and 17 kW at the air velocity 3 m s−1. The lowest latent and sensible energies recovered were 0.3 kW and 6 kW at the air velocity 1 m s−1. Recovered latent energy was less than recovered sensible energy with air velocity as a result of mass and heat transfers.

3.4           Statistical Analysis

One-way ANOVA is used to determine the statistically significant differences between the means of efficiencies caused by changing air velocities. Table 1 lists the one-way ANOVA results for air velocity at various temperature intakes. It can be seen that the p-values for the temperature intake were smaller than 0.05. Thus, air velocity significantly affects sensible and latent efficiencies with temperature intake.
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Figure 9:    Average latent recovered energy with temperature intake.
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Figure 10:  Average sensible recovered energy with temperature intake.



Table 1:    Results from one-way ANOVA – air velocity with various temperature intakes.
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Notes: df = degrees of freedom, SS = sum of squares, MS = mean of squares, F = statistical test, P = statistical value


4.          CONCLUSION

The performance of the energy recovery system was investigated at different operating parameters of temperature, relative humidity and air velocity. It was found that the average sensible and latent efficiencies reduced from 78% to 45% and 74% to 42%, respectively, with increased air velocity. The highest sensible energy recovered was 18 kW at the temperature intake of 40°C. One-way ANOVA revealed that the air velocity significantly affects both sensible and latent efficiencies at different temperature intakes. To extend the application of the energy recovery system to buildings, a thorough study of fresh air flow rate, life span and thermal performance should be considered.
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ABSTRACT: Novel Cu/nanoclay composites with antibacterial activity were synthesised by molten salt ion exchange method at two temperatures and at different times. The produced composites were characterised using X-ray diffraction (XRD), diffuse reflectance spectroscopy (DRS), X-ray fluorescence (XRF) and scanning electron microscopy (SEM). The antibacterial activity of these composites was assayed by the disc inhibition method. XRD patterns indicate that nanoclay has a d-spacing (1.44 nm), higher than Cu/nanoclay composites (1.34–1.37 nm). This result implies that copper nanoparticles could exist in microspores of nanoclay. On the other hand, the UV-Vis findings confirm that no copper in the form of sulfate existed in the obtained composites. The antibacterial activity of Cu/nanoclay nanocomposites against Escherichia coli and Staphylococcus aureus showed efficient bactericidal effect. On the other hand, results demonstrate that the antibacterial activity of the resultant composites does not depend on ion exchange time and temperature. Thus, the resultant composites show high stability that can last for a long time. The produced composites by this novel method can be used to synthesise nanoclay composite with antibacterial activity for various applications such as water treatment and biodegradable composites.

Keywords: Cu/nanoclay composites, antibacterial, molten salt ion exchange, Cu diffusion, disc inhibition

1.          INTRODUCTION

Many millions of people worldwide affected by infectious diseases each year face risks of death, disability, and social and economic disturbance. Antibiotic resistance and poor progress in the development of new antibacterial agents compound these circumstances. Scientists seeking other research methods have recognised that metals, essential to life, could be useful in new developmental pathways in the antibacterial war. Metals can function as abiotic microbicides, affecting microorganisms’ growth, morphology and biochemical activities. Compounds of metals, especially those with silver, copper and zinc, can be formed into the metal-based nanoparticles.1–8 Such metal ions or metal compounds are utilised in biomedical and environmental applications, including microbicides for preventing or fighting infections. Inorganic antimicrobial agents also display safety and stability, important characteristics not found in organic antimicrobial agents.9

Copper and its complexes are widely used in sterilising liquids and textiles, and have been factors in human tissues for centuries. Copper nanoparticles are attractive for their characteristics: stability, robustness and longer shelf life compared with organic antimicrobial agents. Therefore, copper is sometimes utilised in water purification and in inactivation of some microorganisms and bacteria. Interestingly, human tissues are barely responsive to copper, but microorganisms show high copper sensitivities.1,10 It is thought that the antimicrobial action of these nanoparticles comes from their scale, which is small and thus has high surface area to volume ratio. Consequently, it reacts to bacterial membranes, instead of the interaction related uniquely to the metal ions’ discharge. Through Fenton and Haber-Weiss reactions, copper ions catalyse reactions that generate hydroxyl radicals and ultimately cause oxidative damage to lipids, proteins and DNA.11,12

However, there are limitations to the therapeutic use of copper nanoparticles, which are unstable in air and cytotoxic in high concentrations. One solution is to create a platform of minerals layered like clay for the nanoparticles.13–16 This protects the particles from oxidation, and ensures slow release, leading to greater efficacy. Furthermore, biocompatibility is enhanced, since clays and nanoparticles-clay composites are inherently nontoxic to the environment.6,8,17 Consequently, clay minerals are an economical, complementary therapeutic solution for topical bacterial infections. Clay minerals possess a net negative charge, facilitating exchange of positively charged ions on their surface. Clay minerals’ physical properties are a component in many therapeutic products, serving as a carrier of antibacterial agents or as a means of eliminating toxic substances from the body.3 Clay-based antimicrobials exist as drugs, small organic molecules and nanoparticles. Higher protection and efficacy are obtainable provided the nanoparticles are introduced into the clay mineral’s layer and are also adsorbed on the outer places. Embedded nanoparticles resist agglomeration better and have enhanced protection compared with surface absorbed particles.17 To date, Cu/clay composites have been usually produced by sol gel coating and ion exchange treatment.10,16–20 Ion exchange treatment has some benefits over other methods, as a result of its straightforward procedure and lesser expense. Consequently, research on antibacterial clay minerals has been conducted mostly on ion-exchanged clays.13,15–19

In this study, our team introduces another approach in ion exchange, namely, molten salt ion exchange. This is a diffusion method; alkali ions of clay (primarily sodium or calcium) are replaced by copper ions present in molten salt. As a result, copper enters the clay structure as Cu+ ions. To the best of our knowledge, the present report is the first to describe molten salt ion exchange of copper with nanoclay.

2.          EXPERIMENTAL

2.1           Materials

Nanoclay montmorillonite, k10, used as a solid support for copper, was obtained from Sigma-Aldrich (Tehran, Iran). Nutrient agar was purchased from Merck (Tehran, Iran). The bacterial strains used for the antibacterial activity were gram-negative E. coli (PTCC 1270) and gram-positive S. aureus (PTCC 1112), obtained from the Iranian Research Organization for Science and Technology (Tehran, Iran). All reagents were analytical grade and used without further refinement.

2.2           Molten Salt Ion Exchange with Copper

The molten salt ion exchange process began with immersion of nanoclay into CuSO4.5H2O at 450°C and 550°C for 1, 2, 3 and 5 min. This step was conducted using 1 g of nanoclay and 1 g of CuSO4.5H2O. After ion exchange, the nanoclay was adequately washed with distilled water and sonication. After filtration, the composites were dried in an oven at 25°C.

2.3           Characterisation Methods

2.3.1        SEM

The morphology of samples was observed with a scanning electron microscope (SEM) (LEO 1430VP, Germany).

2.3.2        XRD

X-ray diffraction (XRD) patterns were recorded using a Philips PW 1050 diffractometer (Netherlands). Samples in powder form were pressed in a rotational holder. Reflection mode was used for all measurements.


2.3.3        DR UV-Vis

UV-Vis diffuse reflectance spectroscopy (DR UV-Vis) was used for a qualitative description of the differences in absorbance depending on the amount of ZnO in the studied composites. DR UV-Vis of the powder samples was conducted in a 5.0 mm quartz cell registered in the wavelength range of 200–800 nm using a spectrophotometer (Scinco S4100, South Korea).

2.4           Leaching Tests

In order to evaluate the stability of the composites, leaching tests were performed. For each composite material, 0.2 g was immersed in 10 ml of distilled water and vigorous shaken in a shaking water bath (30°C, 200 rpm) for 24 h. Supernatants from each test tube were collected by centrifugation at 4000 rpm for 10 min. Copper ions released from composites were qualitatively determined by atomic absorption spectroscopy analysis (Varian/AAS, 20BQ, USA).

2.5           Antibacterial Activity

The antibacterial activity of the Cu/nanoclay composites against both E. coli (gram-negative) and S. aureus (gram-positive) was tested by agar diffusion test. Samples were exposed to bacteria in solid media (nutrient agar), and the inhibition zone around each sample was measured and recorded as the antibacterial effect of copper nanoparticles. Agar plates were inoculated with 100 μl suspensions of bacteria. Composites were placed on 0.5 cm diameter agar disks and incubated at 37°C for 24 h. The inhibition zone for bacterial growth was detected visually (shown later in Figures 5 and 6).

3.          RESULTS AND DISCUSSION

3.1           Ion Exchange Treatment of Nanoclay

Immersing the nanoclays in the molten CuSO4 causes the replacing of Cu2+ in the molten salt with the cations in the nanoclay. Therefore, the nanoclays’ interlayer spaces can serve as a support for transition metal-nanoparticle synthesis and as an adsorptive layer for cation diffusion. The parent nanoclay subjected to this ion exchange was cream-coloured. As shown in Figure 1, after alkaline ion exchange the colour of nanoclay changed to russet. Obviously, increments of temperature and processing time created this colour change. Ueda et al. investigated molten salt ion exchange of Tl ions into glass at 753 K during lengths of time.21 They stated that the spread of Ti ions from the outer to inner layers of glass limits the process of the ion exchange.21 Therefore, this colour variance is related to the loading amount of copper ions into the clays’ structure.
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Figure 1:    Photographs of ion-exchanged nanoclays at 450°C for 1 min (a), 2 min (b), 3 min (c) and 5 min (d); and at 550°C for 1 min (e), 2 min (f), 3 min (g) and 5 min (h).



3.2           SEM Analysis

The SEM graph of the parent nanoclay (Figure 2a) displays the typical flat structure. The ion-exchanged samples have a layered structure with several nano-sized flake particles with layer morphology. Obviously, this process increased the porosity. On the other hand, pore sizes tend to be enhanced by increasing temperature and processing time. This is due to an increase in the interplanar spacing of nanoclays, with some copper ions intercalated into the layers, comprising a significant fraction of pore spaces.1,6,7

3.3           XRD Analysis

XRD patterns of the parent nanoclays and nanocomposites prepared by the alkaline ion exchange method at 450°C and 550°C in the 2θ range of 4°–60° are shown in Figure 3. The XRD pattern of the natural clay determined a montmorillonite with a (001) interlayer spacing of 1.44 nm. After ion exchange, the original d spacing in the montmorillonite clay decreased to 1.34 nm for 1 min at 450°C due to the water lost in the interlayers. Also, the diffractograms showed more differences.
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Figure 2:    SEM images of parent nanoclays (a); ion-exchanged nanoclays at 450°C for 1 min (b), 2 min (c), 3 min (d) and 5 min (e); and at 550°C for 1 min (f), 3 min (g) and 5 min (h).
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Figure 3:    The XRD patterns of Cu/nanoclay composites.




By enhancing the temperature and time, the d-spacing of interlayers increased and reached 1.37 nm for 5 min at 550°C. The SEM images also show the expanded layers. It has been also reported that high temperature affected the interlayer structure.22 Therefore, interplanar spacing of nanoclays support more places for aggregation the exchanged ions. On the other hand, the peaks of montmorillonite and Quartz in ion-exchange samples became broader and less intense. The existence of intercalated Cu2+ was identified by changing in the d-spacing position and shape differences of the (001) reflection.10,17 Furthermore, no peaks belonging to the impurities were observed, indicating the high purity of the produced samples.

3.4           UV-Vis Spectra

The UV-Vis diffuse reflectance spectra of nanoclay matrix and Cu/nanoclay are shown in Figure 4. The traces show two broad peaks located at 313 and 438 nm. These bands correspond to a charge transfer transition of interlayer tetrahedral and octahedral atoms. Furthermore, copper sulfate powder spectra show two absorption peaks at 305 and 245 nm. These peaks disappeared clearly after ion exchange. This confirms that no copper in the form of sulfate existed in the obtained composites. The absorption spectra for Cu/nanoclay composites show absorption peaks at 355 and 430 nm with an absorption edge at 316 nm. The maximum absorbance of nanocomposites around 355 nm was slightly blue shifted by increasing the time and temperature of process. Consequently, the band gap related to these samples was slightly elevated. This may be attributed to quantum confinement effects, the changes in composite structure and also the connection form of loaded copper ions.23
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Figure 4:    Diffuse reflectance spectra of samples.




3.5           Copper Ion Release Assay

The results showed that increasing the time and temperature of ion exchange did not affect reasonably on the concentration of copper in the solution (Table 1). The release of copper ions occurred in a range between 3.7–6.2 ppm. The source of the released Cu2+ might be from absorbed nanoparticles on the clay surface, or they may have come from the suspended ions in the solution after desorption.

Table 1:    Copper concentration in water at different contact times between Cu/nanoclay nanocomposite and aqueous media.



	Ion exchange temperature (°C)

	Ion exchange time (min)

	Copper concentration (ppm)




	450

	1

	3. 71 ± 0. 7




	
	3

	4. 50 ± 1. 1




	
	5

	6. 21 ± 1. 7




	550

	1

	5. 59 ± 0. 4




	
	3

	4. 29 ± 1. 1




	
	5

	5. 15 ± 1. 5





3.6           Antibacterial Assay

The antibacterial properties of Cu/nanoclay composites were tested comparatively against gram-negative E. coli and gram-positive S. aureus bacteria by disk diffusion test. The inhibition zone for bacterial growth under and around the tested samples was detected visually (Figure 6). The data were listed in Table 2. The results of the antibacterial activity tests indicate that nanoclay is ineffective against both E. coli and S. aureus. However, the antibacterial activity of Cu/nanoclay tested on E. coli and S. aureus showed positive results. The results showed that the antibacterial efficiency of the composites was not influenced by the time or temperature of ion exchange process. This can be validated by diffusion theory, which states that the surface sodium ions of nanoclay were the first ions exchanged with copper ions. These copper ions are responsible for the antibacterial activity of composites. With longer processing time for exchange, the sodium of the nanoclay inner layer starts exchanging with copper ions. These copper ions have no effect on the antibacterial activity of composites. Thus, it can be concluded that after 1 min, the surface of nanoclay was saturated with copper ions, and that this amount of time is sufficient for obtaining the maximum antibacterial effect.

Antibacterial activity is affected by bacterial type. In Cu/nanoclay, E. coli was found to be more influenced to growth inhibition than S. aureus. The antibacterial properties of copper ions were well studied, as was the mechanism of their actions. The function of this property was generally stated and the mixture of some types of interactions, such as membrane perforation, DNA damage and protein denaturation, were reported. However, not all microorganisms display equal antibacterial activity through these interactions. Researchers have documented that the kind and size of nanoparticles, the strain and concentration of bacterial as well as the nature of growth media affected bacterial sensitivity of nanoparticles.17
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Figure 5:    Inhibition zone of parent nanoclay (a); ion-exchanged nanoclay at 450°C for 1 min (b) and 3 min (c); and at 550°C for 1 min (d) and 3 min (e) against E. coli.
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Figure 6:    Inhibition zone of parent nanoclay (a); ion-exchanged nanoclay at 450°C for 1 min (b) and 3 min (c); and at 550°C for 1 min (d) and 3 min (e) against S. aureus.



Table 2:    The diameter of inhibition zone for different samples.



	Temperature (°C)

	Time (min)

	Inhibition zone (mm)




	E. coli

	S. aureus




	450

	1

	7. 74 ± 1. 9

	4. 52 ± 1. 5




	
	2

	7. 33 ± 1. 5

	5. 6 ± 1. 6




	
	3

	8. 09 ± 1. 6

	4. 9 ± 1. 7




	
	5

	7. 90 ± 1. 7

	4. 86 ± 2. 2




	550

	1

	8. 14 ± 1. 3

	5. 3 ± 2. 3




	
	2

	9. 26 ± 2. 3

	4. 7 ± 1. 6




	
	3

	9. 46 ± 1. 6

	5. 3 ± 2. 5




	
	5

	8. 26 ± 2. 2

	5. 2 ± 1. 9






The presence of carboxylates as functional groups in the cell walls of viable bacteria is usually negatively charged. Given the electrostatic force, bacteria are enticed to Cu2+-montmorillonite and immobilised on the surface. Furthermore, Cu ions can also disconnect and discharge its antimicrobial effect, which influences the dispersed bacteria.

On the other hand, direct contact of the coated Cu2+ on the surface with bacterial membrane may also prevent bacterial action. Hence, the antibacterial activity of Cu2+-montmorillonite was supported significantly by the montmorillonite clay matrix as a stable carrier for the nanoparticles. However, the frequent contact with the bacterial membrane enhanced. Further Cu2+ released from the composite may also independently restrict the bacterial cells. As the results showed the amount of the released Cu ions in the medium is much less than its density on the montmorillonite surface (recall the results of the release tests), so, the antimicrobial capability of the doped Cu2+ might dominate compared to the discharged Cu2+ cations into the medium.10,16,17 Our results are in line with the findings stated by Malachova et al. using framework structures in which Ag, Cu and Zn were exchanged with Na-montmorillonite interchanged with silver and copper and zinc.22

4.          CONCLUSION

In the present work, bactericidal activity of copper ions exchanged with the interlayer of nanoclay was investigated against E. coli and S. aureus. Lattice parameters, diffuse reflectance spectroscopy and antibacterial activity of nanocomposites were examined using a variety of characterisation techniques. XRD patterns indicate that copper nanoparticles could exist in microspores of nanoclay. The antibacterial activity of Cu/nanoclay nanocomposites against E. coli showed efficient bactericidal effect. On the other hand, the results demonstrate that the antibacterial activity of the resultant composites does not depend on ion exchange time and temperature. Furthermore, the resultant composites show high stability that can last for a long time. These novel composites have a wide range of applications in production of nanoclay-based materials in which their antibacterial activity is important.
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ABSTRACT: Enhanced mechanical and barrier properties are of special interest in food packaging industries, in which uniform dispersion of nanoparticles in polymers confers considerable improvement in these properties. In this study, maleic anhydride grafted polyethylene (MAPE) and ethylene vinyl acetate (EVA) compatibilised low density polyethylene/montmorillonite (LDPE/MMT) nanocomposite films were prepared with different concentrations of the compatibilisers by melt mixing technique. The delamination of MMT layers was evidenced from X-ray diffraction results that suggested an increase in the interlayer distance with the addition of compatibilisers, where MAPE is the better compatibiliser in delaminating MMT platelets in LDPE/MMT nanocomposites compared to EVA. The mechanical and barrier properties of compatibilised LDPE/MMT nanocomposites were better than uncompatibilised nanocomposites. The best improvement in tensile strength, tear strength and oxygen barrier were observed for LDPE/MMT/MAPE nanocomposites. However, the best improvements in elongation at break were seen for the LDPE/MMT nanocomposites compatibilised with EVA. Conclusively, MAPE compatibiliser is more effective in delaminating MMT platelets in LDPE/MMT nanocomposites, enhancing the mechanical and barrier properties of the nanocomposites. Results revealed that the optimum content of MAPE in terms of mechanical and barrier properties is 3 phc. The enhanced tensile and barrier properties of LDPE/MMT films with the incorporation of MAPE suggest a great potential of these nanocomposite films in food packaging.

Keywords: Compatibilisers, comparison, nanocomposites, tensile properties, oxygen barrier properties.


1.          INTRODUCTION

Polyethylene films are used in many applications, including food stuff and goods packaging, agriculture and merchandising. Their popularity in the plastic industry is due to their low production cost and product cost, easy processability, high flexibility, impact toughness and high resistant to moisture.1,2 These films have been used for food packaging, but fall short in providing an enhanced shelf life for oxygen and moisture sensitive foods due to their low barrier. This higher permeability to oxygen and water vapour may lead to loss of flavour components and vitamins through oxidation. It is well documented that one of the most important requirements for the use of plastics in food packaging is impermeability to oxygen and water vapour. Generally, multilayer structures are used for improved barrier properties, however, the recycling of multilayer films is still an important problem.3,4

Recently, a class of new materials represented by nanocomposites has proven to be a promising option to improve the mechanical and barrier properties. Polymer/clay nanocomposites (PCNs), where impermeable lamellar fillers having at least one dimension in the nanometre range are incorporated into polymer matrix, become a promising strategy for fabricating high barrier films, since they may lead to enhanced barrier properties with far less filler content than conventional composite films.5 The concept of PCNs was developed after the first successful application of polyamide-6/montmorillonite (MMT) nanocomposite material developed by the Toyota Corporation in 1986.6 However, studies on the development of PCN-based food packaging materials have been published only since the late 1990s.7 Several nanoparticles have been recognised as possible additives to enhance polymer performance. Among all the potential nanofillers, the prototypical clay utilised in food contact applications is MMT.7 To realise the large filler aspect ratio and to take full advantage of the reinforcement and/or tortuosity clay particles can provide to the nanocomposites, they must be exfoliated into single platelets, distributed homogeneously and oriented in the appropriate direction into the continuous phase. The main issue in the preparation of PCNs is the intercalation of polymer chains between the layers of clay; high level of dispersion and ultimately full exfoliation of clay platelets within the polymer matrix. Non-polar polymers like polyethylene face difficulty in establishing a well bonded structure and intercalation of polymer chains in the galleries of clay layers. Therefore, most successful research works of high barrier nanocomposites are based on hydrophilic polymer matrix, such as nylon.5 On the other hand, the nanometer level exfoliation and uniform dispersion of the clay particles in hydrophobic matrix is still a key issue to be resolved.


The clay in a nanocomposite may be intercalated or exfoliated or have a mixed morphology, depending on the strength of the interfacial interactions between matrix and clay particles, which ultimately affects the degree of dispersion of clay platelets.8 Many research works have been focused to improve the dispersion and exfoliation of clays in polyolefin matrices and the use of compatibilisers having compatibility with both, the matrix and reinforcement is a popular choice. For instance, Hong and Rhim studied the tensile and barrier properties of linear low density polyethylene (LLDPE)/MMT nanocomposite blown films and reported slightly intercalated nanocomposites with decrease in tensile and water vapour barrier properties.9 They suggested the use of maleic anhydride grafted PE and ethylene vinyl acetate to enhance compatibility between LLDPE and MMT that will lead to improved properties.

Pereira de Abreu et al. investigated the effect of incorporating polypropylene grafted maleic anhydride (MAPP) as compatibiliser into polypropylene (PP)/MMT system and polyethylene grafted maleic anhydride (MAPE) into LDPE/MMT system.10 The compatibilisers have been found to improve the compatibility between the matrix and the filler. A significant improvement was observed in tensile modulus of the nanocomposite polypropylene as compared to neat polypropylene with the tensile strength of both remained nearly same. In the case of permeability of both nanocomposite films, 29% reduction in oxygen transmission rate was observed for PP nanocomposite film while a 15% in the case of LDPE film. Chiu et al. studied the effect of two different compatibilisers, MAPP and MAPE on the properties of PP/high density polyethylene (HDPE) blend based MMT nanocomposites.11 The authors reported improved dispersion in the presence of compatibilisers and the dispersion was better in the presence of MAPE. Minkova and Filippi prepared the nanocomposites based on blends of HDPE/HDPE-g-MA, LDPE/LDPE-g-MA and LLDPE/LLDPE-g-MA and investigated the influence of maleated compatibiliser.12 They concluded that the MMT peaks in XRD disappeared only at higher content of the compatibiliser. To observe MMT delamination at lower content of compatibiliser, the concentration of MMT also has to reduce.

Ethylene vinyl acetate (EVA) is the copolymer of ethylene and vinyl acetate parts formed via free radical polymerisation with properties of high impact strength, good ageing resistance, high moisture absorption and low tensile strength.13 There are reports of well dispersed MMT in polyethylene with the addition of EVA as compatibiliser. For example, Dadfar et al. investigated the influence of EVA compatibiliser of the tensile and barrier properties of LDPE/MMT nanocomposite films and reported that the incorporation of the EVA resulted in significant increase in the d-spacing of MMT in the nanocomposites.14 Further, the oxygen barrier properties of the LDPE/EVA/nanoclay film were found much better than those of the LDPE/nanoclay film without EVA. Marini et al. studied the compatibilisation effect of EVA for HDPE/MMT system and reported decreased tensile and barrier properties in comparison to the neat HDPE.15 In another study to evaluate the effectiveness of EVA as compatibiliser on the oxygen permeability and the mechanical and thermal properties of LDPE/MMT system, the authors reported a significant increase in the interlayer spacing of MMT with the addition of EVA.16 The LDPE/EVA/MMT films had significantly lower permeability and the tensile properties were better than those without EVA.

The use of MAPE and EVA as compatibilisers for MMT filled polyethylene nanocomposites have been reported previously.11,12,16,17 In the present study, the effects of MAPE and EVA content on the mechanical and barrier properties of LDPE/MMT nanocomposite films were investigated and compared. To the best of our knowledge, no similar study has been reported in the open literature.

2.          EXPERIMENTAL

2.1           Materials

Extrusion grade of LDPE (LDF200GG) was chosen as matrix material and natural MMT (Nanomer® 1.44P) modified with quaternary ammonium salt with mean dry particle size of 15−20 μm were chosen as reinforcing filler to prepare mechanically stronger and high barrier LDPE/MMT nanocomposite films. No further details of the clay preparation and modification were disclosed by the manufacturer. MAPE (OREVAC®18365) and EVA copolymer (COSMOTHENE® H-2181) were chosen as compatibilisers for LDPE/MMT nanocomposites. Characteristic properties and manufacturer/supplier of the materials (obtained from manufacturers) used in this study are summarised in Table 1.

2.2           Preparation of Nanocomposite Films

MAPE and EVA compatibilised LDPE/MMT nanocomposites were prepared using a co-rotating Brabander twin extruder. The compositions of different LDPE nanocomposites have been prepared are shown in Table 2. Contents of MAPE and EVA were varied from 0 to 5 phc and 0 to 20 phc, respectively based on the previous studies to obtain optimum results.10,14,16,18–21 The operating temperature of the extruder barrel was maintained at 160°C–170°C–170°C–180°C progressing from feeder to die zone with a screw speed of 50 rpm. The extruded strands were air-dried and pelletised using a pelletiser. The pellets were stored in sealed bags with appropriate markings to produce extrusion blown films. Blown film extrusion machine, Tai King (model: TK/HD, Tai King Machinery Factory Co. Ltd., Taiwan) was used to prepare LDPE and premixed LDPE/MMT blown films of around 50 μm thickness. During the film blowing process, the temperature of the barrel was maintained at 130°C–140°C–160°C–170°C–160°C–140°C from feeder to die zone with a screw speed of 300 rpm.

Table 1:    Characteristics of the materials.



	Material
	Specification
	Manufacturer/supplier



	LDPE
	MFI = 2 g/10 min
Density = 0.922 g cm−3
Vicat softening point = 95°C
Melting temperature = 160°C–180°C
	Titan Chemicals, Malaysia



	MAPE

	MFI = 2.5 g/10 min
Density = 0.916 g cm−3
Vicat softening point = 90°C
Melting temperature = 120°C

	Arkema, France




	EVA

	MFI = 2 g/10 min
Density = 0.94 g cm−3
Vicat softening point = 63°C
Vinyl acetate content = 18 wt%

	The Polyolefin Company, Singapore




	MMT

	Modified with quarternary ammonium salt
Average particle size = 15−20 μm

	Nanocor, United States





Table 2:    LDPE/MMT nanocomposite formulations.



	Sample designation
	LDPE (wt%)

	MMT (wt%)

	MAPE (phc)*

	EVA (phc)*




	LDPE
	100

	0

	0

	0




	MAPE
	0

	0

	100

	0




	EVA
	0

	0

	0

	100




	PEN-0
	96

	4

	0

	0




	PENM-1
	96

	4

	1

	0




	PENM-2
	96

	4

	2

	0




	PENM-3
	96

	4

	3

	0




	PENM-4
	96

	4

	4

	0




	PENM-5
	96

	4

	5

	0




	PENE-1
	96

	4

	0

	4




	PENE-2
	96

	4

	0

	8




	PENE-3
	96

	4

	0

	12




	PENE-4
	96

	4

	0

	16




	PENE-5
	96

	4

	0

	20





* parts per hundred parts of composite


2.3           Experimental Techniques

2.3.1        XRD

X-ray diffraction (XRD) analysis was used to study the intercalation of LDPE chains into the MMT layers and their degree of delamination. A Bruker D8 Advance diffractometer was used to measure the d-spacing of the hybrid filler-filled nanocomposite films. The diffraction patterns were obtained at room temperature in the range 2°<2θ<10° by step of 0.02°. The X-ray beam Cu Kα radiation (λ = 0.154 nm) was operated at 30 kV and 10 mA. The MMT interlayer distance (d-spacing) were quantified using the following equation:
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where D001 is interlayer distance between clay layers, λ is wavelength of the X-ray beam, and θ is half of the diffraction angle at the first peak.

2.3.2        Mechanical measurements

The neat LDPE and the nanocomposite blown films were cut into rectangular shaped specimen (102 × 15 mm) along their longitudinal direction. Micrometre (Mitutoyo, Japan) with precision ±0.001 mm was used to measure thickness of the film samples. The mechanical measurements (tensile and tear properties) were carried out by using Lloyd’s universal testing machine following the procedures described in ASTM D882 and D1938 standards, respectively. At least seven different samples were tested for each sample composition and the mean values were reported.

2.3.3        Oxygen barrier analysis

The oxygen (O2) permeability coefficient measurements for the films were carried out at room temperature in a constant pressure/variable volume type permeation cell designed according to ASTM D1434-82 (Reapproved 2009). Circular film samples of uniform thickness and 4.4 cm diameter were used to study oxygen transmission rate (OTR, ml/m2/24h). Micrometre (Mitutoyo, Japan) with precision ±0.001 mm was used to measure film sample thickness and permeability coefficient was calculated by using the relation given below:
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where P is permeability coefficient (ml-mm/m2/24h/atm), t is the film thickness (mm), and Δp is O2 partial pressure difference across two sides of the film (atm).


3.          RESULTS AND DISCUSSION

3.1           XRD

XRD patterns exhibit the formation of intercalated or semi exfoliated composites with the help of movement of the diffraction peak while the disappearances of this diffraction peak indicate possible exfoliation of clay platelets in the polymer matrix. The XRD diffractograms of MMT and the representative nanocomposite films having varying content of MAPE and EVA compatibiliser are shown in Figures 1(a) and (b), respectively. The figures compare influence of adding compatibiliser on the diffraction peak intensity and position of diffraction peak in general, and the effectiveness of individual compatibiliser in delaminating the MMT layers in LDPE/MMT system in particular. Neat MMT shows an XRD diffraction peak centred at about 3.45° 2θ, corresponding to interlayer spacing of 2.56 nm.

For uncompatibilised nanocomposite films (PEN-0), the corresponding peak moved slightly toward lower 2θ (3.36° 2θ, corresponding to interlayer spacing of 2.63 nm), indicative of poor compatibility between MMT and LDPE.14,22 For compatibilised nanocomposite film, the comparison of diffraction peak location reveals that peak position moved toward lower 2θ and continued to move as the MAPE and EVA content increased. Adding 3 phc MAPE or 12 phc EVA into LDPE/MMT uncompatibilised system resulted in 32% and 25% improvement in interlayer distances of the MMT. With further increase in the concentration of compatibilisers, MMT interlayer spacing increased further. For instance, the interlayer spacing increased to 3.66 and 3.42 nm in case of PENM-5 and PENE-5 and the interlayer distance increased to 39% and 30% respectively, when compared to uncompatibilised nanocomposite films.

Previous studies have also shown that no intercalation of polymer chains in the galleries of MMT is obtained by compounding polyethylene with MMT in the absence of compatibiliser, and the nanoclay exfoliation level in the polymer composites increases by increasing the number of polar groups.9,14,23 Comparing the effectiveness of two different compatibilisers, it is observed that MAPE is more effective in delaminating the MMT platelets. Concerning the changes in diffraction peak intensities, the XRD diffractograms depict that neat MMT have higher diffraction peak intensity than any of the prepared nanocomposite film. This decrease in peak intensity indicates an increased disordering of MMT platelets in the nanocomposite. The decrease in the diffraction peak intensity especially with the lower content of MMT was also reported by Ataeefard and Moradian while studying the effect of MMT concentration on the polypropylene based nanocomposites.24 From the above observation, we can conclude that a significant amount of compatibiliser is necessary to intercalate LDPE chains in MMT interlayer galleries and to delaminate the MMT platelets for dispersion on the matrix.
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Figure 1:    XRD diffractograms of neat MMT and LDPE/MMT nanocomposites with different content of (a) MAPE and (b) EVA compatibilisers.



3.2           Mechanical Properties

Tensile and tear properties including tensile strength, elongation at break, Young’s modulus and tear strength were measured to investigate the influence of two of the compatibilisers on the aforementioned properties. Table 3 presents a comparison of MAPE and EVA compatibiliser by analysing their influence on the tensile and tear properties of LDPE/MMT nanocomposite films as a function of compatibiliser content. Tensile strength, elongation at break and Young’s modulus of neat LDPE are 14.6 MPa, 220% and 163.4 MPa, respectively, as shown in Table 3. It was observed that adding MMT into the LDPE matrix without any compatibiliser decreased tensile strength and elongation at break drastically compared to the neat LDPE. This decrease in tensile strength and elongation at break can be associated with incompatibility and lack of favourable interactions between LDPE and MMT. The decrease in elongation at break can also be attributed to the restriction in mobility of polymer chains owing to MMT content. Contrary to this decrease in tensile strength and elongation at break with the addition of MMT, Young’s modulus increased remarkably. The modulus increased from 163.4 to 197.3 MPa when compared with neat LDPE. These findings reveal that MMT reinforcing effect in LDPE/MMT nanocomposites mainly apply to the modulus. Similar results have also been reported by Swain and Isayev and Pegoretti et al. for uncompatibilised HDPE/MMT system.25,26


Table 3:    Tensile and tear properties of LDPE based nanocomposites.



	Sample designation
	Tensile strength (MPa)

	Elongation at break (%)

	Young’s modulus (MPa)

	Tear strength (MPa)




	LDPE
	14.6 ± 1.1

	220 ± 12

	163.4 ± 14.2

	138.4 ± 6.4




	MAPE
	15.1 ± 1.3

	232 ± 17

	159.7 ± 11.5

	137.5 ± 4.7




	EVA
	15.8 ± 1.0

	447 ± 37

	121.8 ± 8.6

	143.2 ± 4.1




	PEN-0
	11.2 ± 1.4

	139 ± 8

	197.3 ± 11.9

	121.5 ± 11.3




	PENM-1
	12.8 ± 0.9

	151 ± 11

	201.7 ± 16.2

	129.2 ± 9.8




	PENM-2
	13.9 ± 1.2

	169 ± 7

	207.2 ± 14.4

	137.3 ± 7.7




	PENM-3
	15.2 ± 1.1

	177 ± 10

	215.1 ± 15.7

	138.7 ± 8.3




	PENM-4
	15.5 ± 0.7

	179 ± 8

	217.5 ± 13.3

	146.5 ± 9.4




	PENM-5
	15.6 ± 1.2

	185 ± 11

	216.1 ± 15.1

	142.3 ± 8.3




	PENE-1
	11.7 ± 0.7

	155 ± 13

	201.5 ± 14.3

	124.5 ± 4.8




	PENE-2
	12.4 ± 0.4

	171 ± 9

	204.4 ± 16.4

	131.8 ± 6.7




	PENE-3
	13.3 ± 0.9

	185 ± 13

	195.6 ± 19.0

	136.6 ± 7.1




	PENE-4
	13.2 (1.1)

	204 ± 14

	187.3 ± 18.1

	137.2 ± 10.2




	PENE-5
	13.4 (0.8)

	227 ± 10

	173.4 ± 14.7

	135.6 ± 9.0





In order to enhance the interfacial adhesion between LDPE/MMT system, MAPE and EVA compatibilising agents were used and their amounts were varied to investigate their loading influence on the properties. From Table 3, it is clear that adding compatibiliser to the uncompatibilised nanocomposite system resulted in significant increase in the tensile properties. Tensile strength and elongation at break of the nanocomposite films compatibilised with both of the compatibilisers continued to increase as the compatibiliser concentration increased. The values of tensile strength for LDPE/MMT nanocomposite films compatibilised 3 phc MAPE and 12 phc EVA increased by 36% and 19% respectively, when compared with uncompatibilised films. Concerning Young’s modulus, the value started increasing gradually for increasing MAPE content from 0 to 3 phc. Interestingly, expected improvement in modulus owing to elevated amounts of MAPE compatibiliser (3–5 wt%) that resulted in better interfacial adhesion is not happen, and an optimal amount of MAPE can be found at 3 wt%. Further, the modulus of EVA compatibilised nanocomposite films remained practically unchanged with up to 8 wt% content and started decreasing with further EVA content. This decrease can be attributed to plasticising effect of EVA. Dadfar et al. and Behradfar et al. have also reported a similar trend for EVA compatibilised LDPE/MMT system.14,27 On the contrary, Hosseinkhanli et al. observed an increase in all the tensile properties for LDPE/MMT system compatibilised with 20% EVA when compared with uncompatibilised system.16


Tear strength is the resistance to the growth of a cut or nick in a specimen when tension is applied, and is another important property for high capacity pouches, bags and other industrial applications. Table 3 displays the tear propagation strength for the studied samples. Results revealed that for uncompatibilised nanocomposite films, the tear propagation strength decreases with MMT addition versus virgin LDPE. However, adding MAPE compatibiliser increased the strength and recovered to the neat LDPE value at 3 phc MAPE. It increased further with increasing the compatibiliser concentration and 6% improvement in comparison to neat LDPE was observed, with the addition of 4 phc MAPE. Adding EVA compatibiliser to the uncompatibilised LDPE/MMT increased the tear strength as well and continued to increase proportionally to EVA content. Comparatively, the influence of MAPE compatibiliser is more significant in enhancing tear strength than EVA, as do the tensile strength. The increased tear strength with the incorporation of compatibiliser can be attributed to improved interfacial adhesion that impedes tear propagation.

3.3           Oxygen Barrier Properties

Oxygen (O2) deleterious effect on the quality of a wide variety of food products is well documented in literature.28,29 It is responsible for lipid oxidation, microorganism growth, enzymatic browning and vitamin loss. Thus, the development of packaging materials that can reduce/retard the food oxidation is necessary not only to maintain quality but also to prolong the shelf life. Oxygen permeability of neat LDPE, MAPE and EVA are 224, 215 and 578 ml-mm/m2-d-atm, respectively. These results suggest that the permeability of LDPE and MAPE are quite comparable, whereas there is a big difference between that of LDPE and EVA, as well as MAPE and EVA. Similar observations have also been reported by other researchers.30,31 Adding MMT into the LDPE matrix without any compatibiliser increased the oxygen barrier compared to the neat LDPE as shown in Figure 2. It is believed that MMT layers are impermeable obstacles in the path of diffusing molecules. Thus, this increase in barrier can be associated with decrease in free volume fraction as a result of substituting an impermeable MMT layers with a fraction of a permeable polymer. Adding MAPE into LDPE/MMT nanocomposite system resulted in further increase in barrier and this progressive increase continued with increasing MAPE content (Figure 2). It is also worth mentioning that the increase in barrier with the addition of MAPE is more prominent at lower content than beyond 3 phc. Of note is PENM-3 where 3 phc MAPE addition resulted in almost 39% improvement in oxygen barrier when compared to neat LDPE. Oxygen permeability reduced further with increasing MAPE concentration however, reduction is not as significant as in the case of PENM-3. The permeability reduced to 44% and 46% with the addition of 4 and 5 phc MAPE compatibiliser, respectively. This reduction in permeability is due to the delamination and distribution of impermeable clay platelets that act as obstacles in the path of the diffusing molecules. These impermeable obstacles force the diffusing molecules to follow a tortuous path, which in turn, retards/reduce the gas molecule diffusion.32 Furthermore, increasing the MAPE concentration improves the interfacial adhesion of clay platelets with the matrix material that leads to the improved barrier properties. These findings are consistent with our XRD observations and mechanical measurements. Decrease in permeability and increase in oxygen barrier for LDPE/MMT nanocomposite films compatibilised with MAPE compatibiliser is also reported by other researchers.18,33


[image: art]

Figure 2:    Oxygen permeability of LDPE/MMT nanocomposites with different contents of MAPE and EVA compatibilisers.



Concerning EVA compatibilised nanocomposite films, adding EVA resulted in decrease in oxygen permeability. This decrease in oxygen permeability of LDPE/MMT is not a linear function of EVA content and the permeability is minimum at 12 phc EVA (PENE-3). Decrease in permeability arises from the longer diffusive path that the penetrants must travel in the presence of impermeable obstacles.34 Increasing the EVA content beyond 12 phc resulted in deteriorating the oxygen barrier of LDPE/MMT nanocomposite films (PENE-4 and PENE-5). This is conflicting with our XRD observation where diffraction peak moved toward lower 2θ (indicative of intercalation of polymer chains in the galleries of MMT) and continued to with increasing the EVA content. The large side groups of EVA affect the structure of PE crystal units, contributing to a lower oxygen barrier with the presence of EVA.14 Also EVA is more permeable than LDPE and this increase in permeability may be because of higher content of high permeable material.35 Dadfar et al. have also reported the increase in oxygen permeability with increasing EVA concentration in HDPE/EVA/MMT system.36

4.          CONCLUSION

Food packaging with enhanced mechanical and barrier properties is constantly sought in response to the consumer concerns for health consciousness, food safety and market globalisation. In this study, MAPE and EVA compatibilisers were used in different concentrations to evaluate their role in delaminating MMT platelets in LDPE matrix and helping their uniform dispersion in the matrix. X-ray diffractograms showed no intercalation of LDPE chains in the galleries of MMT for uncompatibilised system. On the other hand, compatibilised nanocomposites illustrate that upon incorporation of MAPE and EVA, the diffraction peak shifts to smaller 2θ value, indicating an increase in the d-spacing. For instance, incorporation of 3 phc MAPE and 12 phc EVA into LDPE/MMT nanocomposite led to 32% and 25% improvement in interlayer distances of the MMT, respectively. Increase in interlayer spacing suggest the delamination/disordering of MMT platelets and their ultimate dispersion in the polymer matrix. In addition, the tensile and tear properties of MAPE and EVA compatibilised LDPE/MMT nanocomposites are better than those of uncompatibilised ones. The optimum contents of MAPE and EVA in LDPE/MMT nanocomposites based on mechanical and permeability results are 3 and 12 phc, respectively.

As comparison, LDPE/MMT/MAPE nanocomposites showed better mechanical and barrier properties than those of LDPE/MMT/EVA nanocomposites. Furthermore, incorporation of MAPE into LDPE/MMT nanocomposites resulted in significant increase in oxygen barrier which increased with increasing MAPE content. It is also observed that the reduction in permeability due to delamination of MMT platelets as a result of MAPE addition is quite significant at 3 phc MAPE addition while a slight reduction beyond 3 phc is observed. The addition of EVA also resulted in decrease in oxygen permeability and the permeability is minimum at 12 phc EVA. The minimum permeability values for MAPE and EVA compatibilised nanocomposite films are 121 and 169 ml-mm/m2-d-atm, respectively.
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ABSTRACT: The aim of this study is to evaluate the physical, mechanical and flame retardant properties of particleboard made from oil palm trunk (OPT) with the addition of magnesium oxide as flame retardant. The physical and mechanical properties of the particleboard were evaluated based on Japanese Industrial Standard (JIS A 5908) and the flame retardant properties were determined according to International Standards Organization (ISO 4589). The particleboard was manufactured to a target density 0.80 g cm−3 with addition of magnesium oxide (0%, 10% and 20%). The results showed the thickness swelling and water absorption of treated particleboard decreased as the percentage of magnesium oxide increased. The untreated OPT particleboard without any flame retardant showed better mechanical strength. For thermogravimetric analysis (TGA), the treated OPT particleboard showed better thermal stability compared with the untreated OPT particleboard. The OPT particleboard treated with 20% magnesium oxide showed better flame retardant properties compared to the control and 10% magnesium oxide sample that satisfied the ISO 4589 standard requirement.

Keywords: Physical properties, mechanical properties, flame retardant, oil palm trunk, magnesium oxide

1.          INTRODUCTION

Particleboard is one of the engineered panels invented in the 19th century, but started to be commercialised in 1940s as a replacement for plywood due to shortage of lumber in plywood manufacturing.1 It is usually made from a mixture of particles bonded together with binder resin and some of the additives and then mechanically pressed into sheet form.2 Due to the high demand of particleboards, it is necessary to manufacture ones that are more cost effective. Due to the material’s abundance in quantity, relatively more cost effective than wood, and lower manufacturing cost, agricultural crop byproducts are a wise choice to manufacture particleboard.3

Malaysia is one of the world’s largest producers and exporters of palm oil, with 5.64 million hectares of oil palm plantation recorded in 2015.4,5 Besides producing a large amount of palm oil, it also produces a large amount of agricultural wastes such as oil palm fronds (OPF), empty fruit bunches (EFB), oil palm trunk (OPT), palm pressed fibres (PPF), palm oil mill effluent (POME) and palm shells.6 If these wastes are not disposed well, the consequence will negatively impact the environment. To overcome this problem, the utilisation of oil palm tree to produce a variety of valuable products has been done in numerous studies. The productions of nanocrystalline cellulose (NCC), microcrystalline cellulose (MCC) and bio char proved that besides oil, oil palm tree also can be used as the main raw materials to produce other products for different applications.7–10

The production of particleboard with fire resistant properties is very important to ensure that occupants may safely evacuate, loss of property may be minimised, and firemen may extinguish the fire effectively. Yet, so far no wood material is completely fireproof; only limited fire resistance can be achieved in wood.11 Flame retardants are chemical substances that are added to materials in order to inhibit or delay the spread of fire as well as to stop the polymer combustion process.4 There are many types of flame retardant chemicals such as halogen-based, halogen-free and metal oxide-hydroxide minerals.12 Table 1 shows the previous studies that investigated the effectiveness of flame retardant treatments on wood composites.

All these factors are reasons for the selection of raw materials and fire retardant. Previous study by Chin showed that different types of urea formaldehyde (UF) resin will give different effect especially on the physical and mechanical properties of the particleboard.1 However, there is no study on the effect of OPT particleboard bonded with UF resin and magnesium oxide as additive. Although some commercial panel products such as XinLongBoard and RockMax use magnesium oxide filled with palm fibre as filler to produced fire retardant panels, the main different between these commercial products with the one produced in this study is magnesium oxide was added to reinforced and improved the flame retardant properties of OPT particleboard.11,12


Table 1:    Flame retardants of various wood composites.



	Board

	Materials

	Adhesives

	Additives

	Authors




	Particleboard
	Oak (Quercus spp.), lauan (Shorea spp.)
	Polymeric 4,4′-methylenediphenyl isocyanate (PMDI), Phenol formaldehyde (PF)
	FR1: Mixture of ammonium phosphate, diammonium phosphate, ammonium sulphate, borax, boric acid, ammonium bromide
FR2: Mixture of chloride, inflammable emulsion resin, phosphide, titan white, and other volatile components
	Wang et al. (2008)



	Medium density fibreboard
	Rubberwood fibres
	UF
	Sodium aluminate, zinc borate, aluminium trihydrate (ATH)
	Hashim et al. (2009)



	Particleboard
	Kenaf
	UF
	Diammonium phosphate (DAP)
	Kamal et al. (2009)



	Particleboard
	Kenaf
	UF
	Monoammonium phosphate (MAP)
	Thinnizir et al. (2009)



	Particleboard
	Kenaf
	UF
	Mixture of boric acid (BA), guanylurea phosphate, and phosphoric acid
	Izran et al. (2010)



	Particleboard
	Engkabang, acacia mangium
	UF
	Zinc borate, monoammonium phosphate
	Kamal et al. (2010)



	Particleboard
	Rubberwood
	UF
	Combine phosphoric acid and BA
	Izran et al. (2011)



	Particleboard
	Saw dust fibres
	UF
	BA, borax (BX)
	Nagieb et al. (2011)



	Particleboard
	White birch
	UF
	BA
	Pedieu et al. (2012)



	Natural fibre-reinforced composite
	EFB, kenaf
	Polylactic acid (PLA), polystyrene (PS), epoxy resin
	ATH
	Tshai et al. (2014)




*FR: Flame retardant

In this study, the OPT particles were used as the main material while the commercial panels are using the palm fibre as filler. In addition, the commercial panels as previously mentioned are using magnesium oxide as the main material to form the matrix of the panels. In this study, the physical, mechanical and thermal properties of the flame retardant oil palm trunk particleboard were investigated.


2.          EXPERIMENTAL

2.1           Particleboard Manufacturing

OPT particles were used as raw material and were obtained from Encore Agricultural Industries Sdn. Bhd., Pahang, Malaysia. The UF resin used as binder for this study was obtained from Asta Chemicals located in Perai, Penang, Malaysia. Flame retardant additive used in this research was magnesium oxide (MgO) powder whereas ammonium chloride (NH4Cl) was used as hardener.

Initially, the OPT particles were dried in an oven at 103 ± 2°C for 2 h to ensure that the moisture content of the particles was between 4% and 6%. The particleboard was produced to a target density of 0.80 g cm−3 with 6 replicates of particleboards for each set to ensure the collected data is more accurate. About 10% of UF, magnesium oxide (10% and 20%) and 1% of ammonium chloride based on oven dried weight of OPT particles were mixed manually with hand and stirred with 20 ml of distilled water. The addition of distilled water is to ensure that the UF resin is uniformly distributed within the particles since only 10% of UF resin was added into the mixture. The mixture was then placed into a mold with dimensions of 21.0 cm × 21.0 cm × 0.5 cm, followed by a pre-pressing using a cold press machine to form a mat. The mat was then hot pressed at a temperature of 160°C with a pressure of 40.0 MPa for 8 min. The particleboard was cooled and conditioned in a room with surrounding temperature of 25 ± 2°C and a relative humidity of 65 ± 2% for 2 days. Particleboard prepared without the addition of magnesium oxide was used as control particleboard to determine the effect of magnesium oxide on the particleboard properties.

2.2           Determination of pH of Oil Palm Trunk Particles

The pH of oil palm particles was determined according to the method described by Lebow and Winandy.15 Approximately 1 g of samples was mixed with 20 ml of distilled water and soaked at room temperature overnight. The pH meter (Mettler Toledo) was used to measure the pH values of untreated and treated particles.

2.3           Evaluation of Physical and Mechanical Properties

The physical and mechanical tests were carried out according to Japanese Industrial Standard (JIS A 5908).16 The physical tests consist of density, moisture content, water absorption and thickness swelling. For mechanical testing, the modulus of rupture (MOR), modulus of elasticity (MOE) and internal bond (IB) were carried out using an Instron Tensile Machine Model 5582.


2.4           Characterisation of Particleboard

2.4.1        FTIR analysis

The Fourier transform infrared (FTIR) spectroscopy was used to identify any major difference in presence of functional groups between control sample and samples with magnesium oxide additive of particleboard. In this test, Nicolet Avatar 360 ESP FTIR spectrophotometer was used to analyse each material.

2.4.2        SEM analysis

Scanning electron microscopy (SEM) was used to observe morphological properties and bonding quality of raw material and UF resin with different concentration of magnesium oxide on panels produced. The samples were examined using SEM microscope LEO Model Supra 50 Vp, Carl Ziess SMT, Germany with an accelerating voltage of 15 kV.

2.4.3        EDX analysis

The samples used for SEM analysis was then further extended to determine the elemental composition of raw materials by energy dispersive X-ray (EDX) analysis. The instrument used was Oxford INCA 400 energy dispersive X-ray microanalysis system (Oxford Instruments Analytical, Bucks, UK).

2.4.4        XRD analysis

The X-ray diffractometry (XRD) was used to determine the percentage of crystalline structure. The instrument used in this test was a Kristal-loflexD-5000 X-ray diffraction system (Siemens, Germany). The X-rays (Cu) were generated with an opening voltage of 40 kV and a current of 30 mA for the step scan measurement. The scanning process was then carried out at a 2θ diffraction angle in the range of 10−40 with 0.02 and 2 min−1 scanning speed. The crystallinity index of each sample was determined using the same formula used by Segal et al.17 as shown in Equation 1:
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where



	I200
	=
	peak intensity of crystalline fraction



	Iam
	=
	peak intensity of amorphous fraction





2.5           Thermal Analysis and Flame-retardant Properties of Particleboard

2.5.1        TGA

Thermogravimetric analysis (TGA) was used to determine properties of materials such as mass changes as they change with temperature and study thermal degradation reactions of materials.17 In this test, a Mettler Toledo TGA/SDTA85 thermogravimeter (Mettle Toledo Corp., Switzerland) with STA software (version 9.20) was used to characterise all 3 samples.18 Each sample was subjected to the increased heat with 20°C min−1 heating rate starts from 30 ± 2°C up to 800 ± 2°C.

2.5.2        LOI

Limiting oxygen index (LOI) was used to determine the flammability of materials treated with flame retardant chemicals. For this test, 5 replicates with 8 cm × 1 cm dimensions from each condition was analysed according to the ISO 4589 with the Fire Testing Technology LOI instrument.19

3.          RESULTS AND DISCUSSION

3.1           pH Value of Oil Palm Trunk Particles

The pH values of particles before and after treatments ranged between 6.33 and 10.20. OPT particles had the pH value of 6.33 which is considered as weak acid. The board treated with 10% magnesium oxide showed high alkalinity with 10.12 while 10.20 for particleboard treated with 20% magnesium oxide respectively. This is because magnesium oxide is a basic oxide that will give alkali properties to the produced board. The pH of the particles basically will affect the physical and mechanical properties of the particleboard produced.20 Previous study by Yusoff et al. showed that the properties of fibre used in the production of particleboard decreased after the fibre was treated with sodium hydroxide, NaOH which is an alkaline base.21

3.2           Physical Properties

The physical properties of particleboards were shown in Table 2. The average density value for all particleboards produced was not much different with a target density of 0.80 g cm−3. This is because same mould was used to produce each of particleboard in the laboratory. All of the OPT particleboards produced also had met the standard requirement stated in the Japanese Industrial Standard (JIS A 5908)16 which was in the range of 0.40 g cm−3 to 0.90 g cm−3. Moisture content for the particleboards produced showed decreasing trend as the percentage of magnesium oxide increased and ranged at 3%–6%. For thickness swelling after 24 h, the OPT particleboard treated with 20% magnesium oxide showed the lowest thickness swell compared to untreated and particleboard treated with 10% magnesium oxide. The results for water absorption correspond well with thickness swelling. As the loading of flame retardant increased, water absorption and thickness swelling decreased. During the production of particleboard, some fire retardant additives were probably able to penetrate into the oil palm trunk particles in order to hinder water absorption of the samples. This can be seen in Figure 1 showing crystals of flame retardant additives on cell wall of particles.

Table 2:    The physical (a) and mechanical (b) properties of control sample and particleboard added with magnesium oxide.
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Notes:

MOR = Bending strength, MOE = Bending modulus, IBS = Internal bond strength

*10% MgO: Particleboard mixed with 10% magnesium oxide

*20% MgO: Particleboard mixed with 20% magnesium oxide

*Values in parentheses represent the standard deviation

3.3           Mechanical Properties

The results of mechanical properties for all the particleboards produced were shown in Table 2. Based on Table 2, the collected data for mechanical properties showed similar trend as the physical properties. It shows the decreasing trend for MOR, MOE and IBS of OPT particleboards as the percentage of flame retardant additive increased. The control samples which are free from any flame retardant showed the highest average reading for all three mechanical tests. The OPT particleboard added with 20% magnesium oxide gives the lowest average reading MOR, MOE as well as IBS. This might be due to the presence of flame retardant additives deposited on the particles of OPT particleboards as indicated by the SEM analysis (Figure 2). The deposited of flame retardant in particleboard probably will interfere the inter-particle bonding between the particles that will weaken the mechanical strength of the particleboard.
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Figure 1:    FTIR spectrum for control sample and particleboards treated with different loading of magnesium oxide.



3.4           Characterisation of Particleboard

3.4.1        FTIR analysis

This analysis was conducted to obtain a clear view of OPT particleboard before and after treated with magnesium oxide and to determine the existence of any new functional groups. The results of FTIR are shown in Figure 1. There was not much difference in spectra for all the particleboards produced. The significant different was at the peak around 4000–3500 cm−1 for all the OPT particleboards produced. It was obvious that only OPT particleboard treated with 10% and 20% magnesium oxide had the peak which was 3698.31 cm−1 and 3700.67 cm−1 respectively. This may be caused by the presence of stretching O-H groups that form after the reaction between magnesium oxide and water during particleboard making.21

3.4.2        SEM analysis

This analysis was carried out to observe the distribution of adhesive and additive in the OPT particleboard produced. Figure 2 (a) and (b) with 500X and 1000X magnification showed that UF resin are well mixed with particles on both samples. With larger 1000X magnification for Figure 2(a), the clear view of silica was observed in untreated OPT particleboard sample which is similar to the previous finding by Darmawan et al.22 The natural presence of silica in OPT particles could help to improve the flame retardant properties but at the same time may decrease the physical and mechanical properties of the prepared particleboard.23 In Figure 2(b) with 1000X magnification, the presence of round shape magnesium oxide was observed scattered on the particles surface. The magnesium oxide observed in this study is supported by Tamilselvi et al. finding where it showed similar shape of magnesium oxide.24
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Figure 2:    SEM micrograph of cross sectional view of (a) untreated OPT particleboard, and (b) OPT particleboard treated with 20% magnesium oxide (magnification = 500X and 1000X).



3.4.3        EDX analysis

EDX was used to analyse the elemental composition of flame retardant OPT particleboard compared to control sample. The results obtained in EDX (Figure 3) can be used to prove the results obtained in SEM analysis. From Figure 3, it can be seen that control sample contained carbon (C), silica (Si) and oxygen (O). The highest percentage of element detected in control sample is oxygen with 72.29% followed by carbon with 26.71%. About 1% of silica was recorded in this sample and it is supported by previous SEM analysis that the presence of crystal-like structure in control sample. This 1% of silica is natural silica from the OPT particle that could help to improve the flame retardant properties of the particleboard.25 In the OPT particleboard treated with 20% magnesium oxide, about 60.14% of oxygen, 22.96% of magnesium and 16.90% of carbon was recorded. High percentages of magnesium in this sample is due to high amount of flame retardant.

The percentage of carbon and oxygen decreased as the percentage of magnesium oxide increased as indicated in Figure 3. High loading of magnesium oxide added is the main reason that lead to the increase of magnesium (22.96%). Furthermore, high percentage of magnesium oxide detected in this analysis also indicates that the OPT particles are well mixed with the flame retardant.

3.4.4        XRD analysis

This analysis was conducted to determine the crystallinity of crystal structure and lattice constant of OPT particles before and after the particleboard making. As presented in Figure 4, there are no major differences in crystallinity index before and after the production of particleboard. However, there is a slight change detected in the OPT particleboard treated with 10% magnesium oxide with 58.7% compared to the OPT particles with 58.0%. The control sample which is free from addition of flame retardant gives 54.9%. Moreover, the crystallinity index of control OPT particleboard showed lower reading than the treated particleboard with 54.9%. This is due to the addition of magnesium oxide that deposited on the particles. In addition, the effect of treated OPT particleboard is supported by the SEM and EDX analysis as previously discussed.

3.5           Thermal Analysis and Flame Retardant Properties

3.5.1        TGA analysis

This analysis is to study thermal degradation and to determine properties of materials as the temperature changes.26,27 In this study, the decomposition of OPT particleboard with three different conditions was evaluated. The control sample was used as relative to the effectiveness of the OPT particleboard treated with magnesium oxide.28 Based on Figure 5(a), three stages of weight loss were observed on each sample.
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Figure 3:    SEM micrograph and EDX spectrum of OPT particleboard of (a) untreated OPT particleboard, (b) OPT particleboard treated with 20% magnesium oxide.
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Figure 4:    XRD of OPT particle and particleboard prepared.
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Figure 5:    Illustrations of (a) TG and (b) DTG curves of OPT particleboards treated with different percentage of magnesium oxide compared to control sample.




The initial weight loss took place due to the drying and evaporation of moisture and other volatile materials from 50°C to 150°C. The second stage of weight loss is caused by the degradation of non-celluloses materials such as hemicelluloses ranging from 150°C to 300°C. In addition, it also represents the breakage of glycosidic bond in the sample. In second stage, the percentage of weight residue for the particleboard treated with magnesium oxide showed almost similar results with 73.21% for 10% magnesium oxide treated particleboard and 73.40% for particleboard treated with 20% magnesium oxide whereas, the control particleboard sample gives the lowest residue with 68.95%. The third stage or final stage of weight loss for all sample occurred in the range 300°C to 380°C. The degradation and depolymerisation of α-celluloses in the samples took placed in this stage.29 At the end of this analysis, the highest percentage of residue was observed in particleboard treated with 20% magnesium oxide with 43.08% followed with the 10% treated particleboard with 27.90% and control sample with 21.34%.

From this analysis, it is proven that the addition of magnesium oxide successfully improved the thermal stability of the sample. An increase in the percentage of flame retardant showed higher percentage of residue. This is because magnesium oxide acts as a good insulating barrier capable of resisting the heat.30 Although the control OPT particleboard samples contain silica, it is not good enough to overcome the high temperature exposed on it producing low residue than other samples. The magnesium oxide provides a protective region in the particleboard that enables it to prevent thermal degradation of the sample. Previous study by Tay et al. stated that as the amount of flame retardant increase, the degradation temperature increase, and the mass residue will also increase.31

From the results obtained, it has been confirmed that magnesium oxide has the potential to be used for flame retardant applications. According to DTG graph as shown in Figure 5(b), the control particleboard sample had the fastest rate of degradation followed by 10% and 20% magnesium oxide. This is because as the loading of magnesium oxide increases, the higher temperature is required to degrade the sample. The control sample needed more time and temperature to degrade the components in sample, resulting in the most weight loss.

3.5.2        LOI

This analysis was conducted to calculate the minimum percentage oxygen index needed to maintain flaming combustion of flame retardant OPT particleboard under specified laboratory conditions.32 Table 3 shows the results of LOI obtained for all the particleboards produced. Based on the findings of a previous study, it had been understood that the greater the amount of oxygen required to burn the samples, the greater the flame resistance of the substance.1 It also proved that any materials with LOI value greater than 26% were considered to be flame retarded and the LOI value of at least 28% would indicate that the materials had good fire resistance capability.1,15

Table 3:    LOI for all the particleboards produced.



	Particleboard
	LOI (%)




	Control sample
	25.65




	10% magnesium oxide
	29.27




	20% magnesium oxide
	30.81





From Table 3, the OPT particleboard treated with 20% magnesium oxide had the highest LOI value with 30.81% followed by particleboard treated with 10% magnesium oxide with 29.27% and control sample with 25.65%. It shows that a small amount of magnesium oxide could significantly improve the flame retardant properties of particleboard. All of these might be due to the distribution of flame retardant added and the matrix of particleboard that may affect the mechanism of flame retardant. As the loading of flame retardant increased, the higher oxygen concentrations required to ignite the particleboard.

4.          CONCLUSION

The physical properties of the oil palm trunk particleboard were not affected by the increased of flame retardant except for thickness swelling, and water absorption which slightly decreased as the percentage of magnesium oxide increased. The mechanical properties of the particleboard decreased as the percentage of flame retardant increased since the deposited magnesium oxide will hinder the interparticle bonding among the particles and the dispersion of urea formaldehyde resin. The addition of magnesium oxide successfully improves the thermal stability and the flame retardant properties of the oil palm trunk particleboard. Based on the findings in this study, the potential of magnesium oxide as flame retarder in OPT particleboard were evaluated.
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ABSTRACT: The corrosion inhibition behaviour of ethyl acetate extract from mature arecanut seed (EEMAS) and water extract from mature arecanut seed (WEMAS) on aluminium in 0.5 M hydrochloric acid (HCl) environment was thoroughly investigated by employing gravimetric (weight loss), electrochemical (Tafel plot and AC impedance) and surface probe (SEM and AFM) techniques. From the gravimetric technique, it was observed that, the superior inhibition property was ensured at the concentration of 12 g l−1 of plant extracts. The chemical or physical nature of the film formed by plant extracts (both EEMAS and WEMAS) was further inspected based on kinetic and thermodynamic parameters. According to Tafel plot studies, the corrosion current value decreases appreciably with an increase in the plant product concentration, which is an indication of the reduction in the corrosion rate. An increase in the charge transfer resistance values with the addition of plant extract constituents to the corrosive medium was clearly observed from AC impedance spectroscopy technique. Surface characterisation of target metals by scanning electron microscopy (SEM) and atomic force microscopy (AFM) techniques as a function of contact time in a corrosive medium (0.5 M HCl) noticeably gives clue about the protective role of plant extracts on the metal (aluminium) surface. The order of protection efficiency obtained from all techniques was found to be WEMAS > EEMAS.

Keywords: Mature arecanut seed, weight loss, Tafel plot, AC impedance spectroscopy, scanning electron microscopy


1.          INTRODUCTION

Aggressive acid solutions, including hydrochloric acid (HCl), are widely used for elimination of unnecessary rust and scales in chemical, engineering and industrial processes. Due to the aggressive nature of acid solutions, particularly HCl, these processes habitually lead to the ample dissolution of the central aluminium metal. Prevention of dissolution rate of aluminium material is a major tasks for chemical and other industries. For this reason, inhibitors are generally used to control the acid consumption and aluminium metal dissolution.1–7

Corrosion inhibitors are substances that appreciably suppress the rate of corrosion of reactive metals via surface modification by adsorption mode. In practice, copious organic, non-organic and polymeric species were used as effective corrosion inhibitors in defending aluminium metal surfaces against HCl environment. The performance of these species as a corrosion inhibitor is mainly related to their molecular, chemical structure, and greater affinity to be adsorbed on the surface of the metals. But, majority of synthesised species (organic, non-organic and polymeric) are costly and lethal in nature, which hinder their utilisation for corrosion inhibition process. This has necessitated the seek for alternative corrosion inhibitors that are relatively inexpensive and environmentally friendly. Therefore, corrosion scientists focused on plant-based products due to their ecological and environment-friendly characteristics. In addition, they are easily available, biodegradable, cost effective, and bear adsorption centre elements such as nitrogen, sulphur, phosphorus and oxygen in their alkaloids and polyphenols moieties. Hence, many parts of plant products such as husk, leaf and seed extract constituents are broadly used as effective anti-corrosive agents in corrosive systems with less or zero environmental effect. Therefore, these constituents are called green corrosion inhibitors.8–15

Mature arecanut seed is one of the greenest products possessing hetero-atoms in their alkaloids, fibre, polysaccharides, fat and polyphenols contents. It is known that different types of arecanut contain different chemicals with different concentrations. Mature arecanut seed contains a high concentration of polyphenols when compared to dry arecanut seed (low compared with tender arecanut seed) and low concentration of alkaloids when compared to dry arecanut seed (high compared with tender arecanut seed). The major polyphenolic compounds present in the mature arecanut seed are leucocyanidin, rutin, catechin, procyanidin B1, epicatechin and gallic acid. The main constituents of alkaloids are arecoline, guvacoline, guvacine, arecaidine, arecolidine and isoguvacine.16–22 To our best knowledge, literature on the EEMAS and WEMAS constituents as corrosion inhibitors for aluminium metal in 0.5 M HCl environment is scant. Therefore, the intention of the current study is to scrutinise the inhibiting behaviour of EEMAS and WEMAS constituents for the corrosion of aluminium metal in 100 ml of 0.5 M HCL environment. Further, morphology of electrode surfaces was analysed by SEM and atomic force microscopy (AFM) techniques.

2.          EXPERIMENTAL

2.1           Materials

Material used for the present study is aluminium (A-63400), its nominal composition in weight percentage is clearly presented in Table 1.23

Table 1:    Chemical composition of A-63400 type aluminium specimen.
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2.2           Test Solution Preparation

An amount of 0.5 M HCl solution was prepared by dilution of an analytical grade HCL, purchased from Merck, using doubly distilled water.

2.3           Preparation of Inhibitors

EEMAS and WEMAS inhibitors were prepared by boiling 200 g of fresh mature arecanut seeds in a Soxhlet apparatus for 5 h in 400 ml of ethyl acetate and water separately. Resulting solutions were filtered and stored in refrigerator to avoid the side chemical, physical and biological reactions. Four different concentrations namely, 2 g l−1, 4 g l−1, 8 g l−1 and 12 g l−1 were prepared to study their influence on the metal surface.

2.4           Weight Loss Method

The wiped metal (aluminium) was immersed in 100 ml of 0.5 M HCl solution without and with EEMAS and WEMAS at laboratory temperature (303 K). The working electrodes (aluminium metals) were removed from the corrosive system after 1, 2, 3, 4, 5 and 10 h duration. The removed metals were washed with tap water, rinsed with distilled water, then washed with acetone and finally dried. The discrepancy in the weight was taken as loss of weight of metal. The procedure was repeated until the constant value was obtained. Tests were also performed at 308 K, 313 K, 318 K and 323 K temperatures. From this method, protection efficiency (ηw) and corrosion rate (ʋcorr) were determined as described earlier.24,25


2.5           Electrochemical Studies

Tafel plot and AC impedance spectroscopy studies were performed using CHI660C workstation. Potentiodynamic polarisation (Tafel plot) measurements were carried out with three electrodes: platinum rod as auxiliary electrode, aluminium metal pieces as working electrode, and saturated calomel rod as a reference electrode. Tafel curves without and with of plant extracts in 0.5 M HCl solution was obtained by applying potential from −200 mV to +200 mV vs. open circuit potential (OCP) with scan rate 0.01 V s−1. Impedance measurements were carried out in the frequency range from 1,00,000 Hz to 1 Hz with an amplitude of 0.01 (V) peak-to-peak using AC signals at open circuit potential. The impedance diagrams obtained were presented as Nyquist plots.

2.6           FTIR Characterisation

The presence of functional groups in EEMAS and WEMAS responsible for corrosion inhibition process was confirmed by Fourier transform infrared (FTIR) spectroscopy technique (wave number range: 4000–400 cm−1).

2.7           Surface Screening

Surface morphologies of the unprotected and protected (with the addition of plant extracts) aluminium metal surface in 0.5 M HCl solution for effective 2 h of duration were examined using SEM and AFM techniques.

3.          RESULTS AND DISCUSSION

3.1           Weight Loss (Gravimetric) Studies

Weight loss method is a useful technique for determination of protection efficiency and corrosion rate values. Corrosion behaviour of aluminium in 0.5 M HCl environment in the absence and presence of plant extracts was studied in detail by using this technique. The parameters obtained by this technique were presented in Tables 2 and 3. Inspection of Tables 2 and 3 reveals that the rate of corrosion of metal (aluminium) was highly hindered with the introduction of plant extracts to the corrosive system as compared with bare solution, which indicates that plant extract constituents exerting inhibiting action on the metals by strongly adsorbing molecules on the surface of the metal. However, dissolution enhanced gradually with increasing temperature of the system is an indication of desorption of plant molecules from the active metal sites. As a result, greater active metal surface area is exposed to aqueous HCl solution causing enhanced corrosion rate. When the studies were carried out with different time intervals, it was observed that, corrosion inhibition efficiency decreases with increase in time from 1 h to 10 h, which is due to high consumption of inhibitor molecules in the aggressive hydrochloric acid system with a longer immersion period.

Table 2:    Gravimetric parameters at laboratory temperature (303 K).
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Table 3:    Gravimetric parameters for 1 h immersion time at different temperatures.
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Activation energy was calculated from the Arrhenius relation, i.e., plot of ln υcorr vs 1000/T (Figure 1).26 Both activation entropy and enthalpy (ΔS* and ΔH*) were determined from transition state diagram (Figure 2),27 i.e., plot of ln υcorr vs 1000/T.

Table 4 shows that the values for corrosion inhibition process are higher compared to 0.5 M HCl solution, which indicates that the energy barrier influencing the corrosion process enhances in the presence of plant extracts. Positive sign of ΔH* values without and with the addition of the plant extracts showed the endothermic nature of the aluminium corrosion process. Values of ΔS* in the positive side are an indication of enhancement in disorderness of the system.
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Figure 1:    Arrhenius plots of experiment (a) without and with of EEMAS, (b) without and with of WEMAS.
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Figure 2:    Transition state plots of experiment (a) without and with of EEMAS, (b) without and with of WEMAS.




Table 4:    Activation parameters.



	Inhibitor

	Concentration (g l−1)

	Ea* (kJ mol−1)

	ΔH* (kJ mol−1)

	ΔS* (J mol−1 K−1)




	EEMAS
	Blank
	16.830

	14.230

	−313.901




	
	2
	31.562

	28.962

	−275.385




	
	4
	36.545

	33.944

	−260.641




	
	8
	43.574

	40.974

	−239.580




	
	12
	54.478

	51.878

	−206.490




	WEMAS

	Blank

	16.830

	14.230

	−313.901




	
	2
	28.084

	25.483

	−289.036




	
	4
	34.250

	31.650

	−270.954




	
	8
	44.194

	41.593

	−241.253




	
	12
	63.926

	61.325

	−181.159





Thermodynamic parameters of interaction between the surface of the metal and constituents of plant products can be represented by adsorption isotherm models and in the present study, weight loss technique data were fitted into different adsorption models in order to understand the nature of adsorption process. The best fit was observed in the Langmuir adsorption model, i.e., plot of C/θ against C, shown in Figure 3.28

In addition, Kads values were also calculated from this plot and the resulting values were used in the determination of free energy of adsorption [image: art] by employing the following equation:

[image: art]

where [image: art] is the water concentration in solution, which equals to 1000 g l−1. All calculated parameters are shortened in Table 5. Kads is a binding capacity factor, with higher Kads values indicating strong adsorption of plant molecules on active metal sites. These strongly adsorbed molecules block the direct contact of aqueous acid solution on the metal surfaces as a result corrosion rate of the metals decreases. This means that high protection efficiency is observed under existing conditions. The [image: art] values around −20 kJ mol−1 signify that the inhibitor (plant extract) molecules work by being physically adsorbed on the active metal surface. On the other hand, values around −40 kJ mol−1 indicate that the inhibitor molecules work by being chemically adsorbed on the active metal surface. Hence, in all cases, the obtained values are around −35 to −38 kJ mol−1, which indicates that the comprehensive adsorption of plant extract molecules on metal surfaces and negative sign confirms the spontaneous adsorption of plant extracts constituents on the metal surface.
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Figure 3:    Langmuir adsorption model of experiment (a) without and with of EEMAS, (b) without and with of WEMAS.




Table 5:    Thermodynamic parameters.



	Inhibitor
	Temp. (K)

	Kads (l g−1)

	ΔG°ads (kJ mol−1)




	EEMAS
	303

	1288.925

	−35.449




	
	308

	1160.025

	−35.764




	
	313

	1203.224

	−36.439




	
	318

	1198.207

	−37.010




	
	323

	1246.416

	−37.698




	WEMAS

	303

	1470.609

	−35.781




	
	308

	1497.768

	−36.418




	
	313

	1529.683

	−37.064




	
	318

	1667.611

	−37.885




	
	323

	1704.797

	−38.539





3.2           Tafel Studies

Tafel studies were carried out for the present system and the cathodic and anodic polarisation curves (Tafel plots) for blank and four different concentrations of plant extracts in acid medium were presented in Figure 4. The percentage inhibition efficiency (ηp) was calculated from corrosion current density (icorr) values using the following relationship:

[image: art]

where i′corr = corrosion current densities in the presence of inhibitor, and icorr = corrosion current densities in the absence of inhibitor.

Various Tafel parameters were determined and the resulting parameters were listed in Table 6. The introduction of plant extracts to the corrosive medium significantly hinders both the anodic and cathodic reaction at active metal surface sites when compared with blank solution (decreases in icorr values with an increase in the plant extracts amount are an indication of a decrease in corrosion rate), indicating a high degree of protection to the aluminium metal surface by constituents of plant extracts. As a result, the corrosion protection efficiency enhanced gradually and the aluminium corrosion rate (in mpy) decreased more rapidly, with the maximum corrosion protection efficiency is achieved at the highest concentration (12 g l−1) of plant extracts. Plant inhibitors can be classified as an anodic or a cathodic type if the variation in the Ecorr values is more than 85 mV.29,30 In the present case, the maximum shift in Ecorr were 22 mV (for EEMAS extract) and 78 mV (WEMAS extract), which implies that the inhibitors work through a mixed mode of inhibition by retarding both anodic dissolution and cathodic evolution reactions at active aluminium metal sites. In addition, increasing plant extract concentration in the examined solution did not notably modify either the anodic or cathodic Tafel slope values in any particular direction, indicating that the presence of inhibitors in test solution does not alter the corrosion process mechanism, but acts as an adsorption inhibitor which reduces the excessive metal dissolution in corrosive system.
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Figure 4:    Tafel plots of experiment (a) without and with of EEMAS, (b) without and with of WEMAS.




Table 6:    Tafel parameters.
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3.3           AC Impedance Spectroscopy Analysis

Impedance technique is one of the widely used techniques for corrosion monitoring, as it offers more information on the capacitive and resistive behaviour of the aluminium/acid interface. The corrosion behaviour of aluminium in acid medium, without and with different concentrations of plant extracts, was investigated using this technique. The Nyquist plots are shown in Figure 5. One can observe many similarities between different plots indicating that the addition of inhibitor reduced the corrosion rate without altering the other electrochemical characteristics of the test solution. The Z software (model; ZSimpwin 3.20) was used to determine the impedance parameters.

The electrical equivalent circuit [R (QR (QR))] fixed the superlative impedance records. From this circuit, charge transfer resistance (Rct), frequency (fmax), chi squared value (χ2), double layer capacitance (Cdl) and CPE exponent (n) values were determined. Protection efficiency (ηz) values were determined using the following relation:
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Figure 5:    Nyquist plots of experiment (a) without and with of EEMAS, (b) without and with of WEMAS.
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where Rct(inh) and Rct are the resistance in the presence of plant extract and resistance in the absence of plant extract, respectively.

The parameters obtained from impedance spectra are listed in Table 7. The charge transfer resistance (Rct) values appeared to be enhanced with the introduction of plant extracts, indicating the formation of a tenacious layer on the surface of aluminium metal which makes a barrier for mass and charge-transfer, while, the lower Cdl values in the presence of plant extracts indicate the existence of an efficient passive layer on aluminium surface, and become stronger with increasing plant extract concentration, which in turn hinder aluminium metal active surface area that is accessible for the direct acid attack. The obtained χ2 (indicates the quality of electrical circuit fit) values signify a better fitting to the proposed circuit.

Table 7:    Electrochemical impedance parameters.

[image: art]

3.4           FTIR Spectroscopy

Figure 6 shows the broad bands around 3232 cm−1 for WEMAS and 3252 cm−1 for EEMAS, which confirms that the hydroxyl groups present in the plant extracts molecules. The presence of C=O groups in the extract molecules was confirmed by the existence of bands in the region of 1602 cm−1 for WEMAS and 1613 cm−1 for EEMAS. Further, the presence of C-H stretching was also confirmed from the spectrum (2894 cm−1,1438 cm−1 and 1366 cm−1 for WEMAS, and 2925 cm−1, 1449 cm−1 and 1357 cm−1 for EEMAS). Appearance of bands at 1100 cm−1 in both extracts confirms the existence of a C-O bond. Bands around 2381 cm−1 (for WEMAS) and 2351 cm−1 (for EEMAS) indicates the presence of O-C=O groups in extracts.
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Figure 6:    FTIR spectrum of (a) EEMAS and (b) WEMAS.




3.5           Surface Studies

3.5.1        SEM results

The surface morphology of the aluminium specimen submerged in 0.5 M HCl solution without and with of plant extracts was analysed using SEM and resulted morphology are shown in Figure 7. From these figures, it is clear that multiple scratches on the aluminium metal surface in inhibiting free solution are due to a direct attack of chlorine ions from aggressive systems to active aluminium metal sites. Whereas, smooth surface on the aluminium metal surface in inhibiting solution is due to adsorption of plant constituents on the aluminium metal surface, which prevents the attack of Cl− ions on the active sites of metal. Therefore, more surface area is occupied by plant constituents that are responsible for aluminium corrosion inhibition process.
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Figure 7:    SEM images without and with plant product.




3.5.2        AFM results

The decrease in roughness value (Table 8, Figure 8) in the presence of the inhibitors is evidence of corrosion inhibition action of inhibitory species on metal (aluminium) surface in a corrosive solution (0.5 M HCl). A greater decrease in roughness value (both average and root mean square roughness) in the presence of WEMAS is an indication of superior inhibitory activity over other inhibitor EEMAS. AFM results obey the chemical and electrochemical results.

Table 8:    AFM results.



	Inhibitor
	Concentration (g l−1)

	Average roughness (Sa)

	Root mean square roughness (Sq)




	EEMAS
	0

	473.1 nm

	614.31 nm




	
	12

	276.39 nm

	379.2 nm




	WEMAS

	0

	666.68 nm

	18.66 nm




	
	12

	100.8 nm

	132.4 nm
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Figure 8:    AFM images of (a) without EEMAS, (b) with EEMAS, (c) without WEMAS, and (d) with WEMAS






4.          CONCLUSION

The present study shows the corrosion inhibition behaviour of mature arecanut seed extracts on the aluminium metal surface in 0.5 M HCl environment. The results obtained from mass loss (gravimetric) technique confirmed that the inhibition process takes place through adsorption of plant extracts constituents on the electrode surface, which were perfectively fitted to Langmuir adsorption mode. Tafel studies clearly indicated the mixed mode inhibition behaviour of plant extracts. AC impedance spectroscopy studies revealed that the inhibition of aluminium corrosion by plant extracts may be due to the presence of active thin passive layer. Further, SEM surface images fully support the results of weight loss and electrochemical studies. Among the EEMAS and WEMAS inhibitors, in all cases WEMAS showed better inhibition property over EEMAS due to its high electron density, this favours the higher adsorption of plant constituents on metal surfaces which effectively blocks the movement of Cl− ions towards active metal sites. The lower electron density in EEMAS constituents justified the lesser inhibition performance for aluminium metal in the aggressive HCl environment as compared to WEMAS. Ethyl acetate is less polar compared to water and water will extract more polar molecules from mature arecanut seed compared to ethyl acetate. Hence, more molecules present in the water extract adsorb on metal surface forms a strong protective film that is responsible for the blocking the movement of corrosive ions on metal surface. Therefore, water extract gives high protection efficiency compared to extraction with ethyl acetate. Further, AFM results greatly support the high corrosion inhibition activity of WEMAS compared to EEMAS.
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ABSTRACT: Continuous progress in the methods of preparation of new materials for sensing of toxic gases has attracted considerable interest due to environmental problems. In the present investigation, poly(methylmethacrylate)/polyaniline (PMMA/PANI) blend nanofibres were prepared by electrospinning and dip-coating polymerisation techniques. The semiconducting behaviour of PMMA/PANI blend was found to be highly sensitive for toxic gases like NH3 and HCl at room temperature suggesting the PMMA/PANI blends as a potential material for effective gas sensing in the environmental monitoring safety systems, chemical industry, automotive industry and medical application areas. Fourier transform infrared (FTIR) spectra clearly show the characteristic peaks indicating the presence of quinoid and benzenoid rings of PANI confirming the formation of PMMA/PANI blend. Clusters of PANI on the uniform fibres of PMMA can be seen in the SEM images. Good thermal stability of PMMA/PANI nanofibres showed to be highly sensitive with fast response and recovery on exposure to NH3 and HCl gases. The phenomenon of increase in sensitivity with the increase in concentration of NH3 and HCl gases was found to be adsorption dominated indicating that the PMMA/PANI blend nanofibres are more sensitive to the surrounding due to their increased porosity and high aspect ratio. The sensing mechanism of PMMA/PANI blend nanofibres on account of more protonation and de-protonation due to exposing towards HCl and NH3 gases respectively is systematically explained in the present investigation.

Keywords: Polyaniline, poly(methyl methacrylate), nanofibres, electrospinning, gas sensing


1.          INTRODUCTION

Toxic gases are a major concern for the environmentalists due to the possibility of accidental leakage of gases in chemical storage. Due to increased human safety concerns and environmental monitoring requirements, there is a considerable attention in recent years on sensors based on advanced materials for toxic gases.1,2 NH3 and HCl gases are not only hazardous to humans but also harm the aquatic life on a large scale since both gases are soluble in water. The widespread use of ammonia in farms and industrial locations makes humans vulnerable to its exposure. Ammonia gas forms the very caustic ammonium hydroxide in contact with the available moisture in skin, eyes, oral cavity and respiratory tract. Similarly, the colourless, with a pungent odour of HCl gas forms hydrochloric acid on contact with the moisture. Exposure to HCl gas may occur by inhalation, ingestion, or eye or skin contact. Skin contact causes burns and ulcers in case of exposure to higher concentrations of HCl gas.

In order to save human and aquatic life from the unwanted harmful effects of these toxic gases, it is necessary to detect them at possible sites of more than warranted exposure at room temperature. Higher levels of HCl and ammonia gases are easily detected since both gases have pungent and penetrating odour. However, it may be extremely necessary to detect and quantify the low concentrations of these gases in specific application areas since the human nose fails at such lower concentrations. For example, in a chemical industry where several processes may be carried out at temperatures as high as 500°C, leakage alarms are required to be installed to detect ammonia leakages in the range of 20 ppm to less than 1000 ppm within minutes of leakage. At present, much of the research work has been carried out for the detection of ammonia gases.3,4 Several gas sensors have been developed in the past suitable for the specific application purpose.5 A gas sensor is a chemical sensor that transforms chemical information such as the concentration of a specific gas component into a useful analytical signal. As compared to the commercially available gas sensors mostly based on metal oxides and operated at high temperatures, the sensors fabricated from conducting polymers have added advantages.6–8 They have relatively high sensitivity and short response time, which makes them attractive commercially, especially when these features are ensured at or near room temperature. Since the nanostructure materials prepared in the form of thin films have large surface area to volume ratio, a porous surface morphology which allows for larger adsorption of gas molecules, nanoscale conducting polymers may be the right candidates for sensing application with high sensitivity, less response time at room temperature. The nanofibres (1D) of conducting polymers have superior mechanical characteristics such as higher stiffness and tensile strength as well as flexibility in surface functionalities.9 Therefore these materials are most suitable for gas as well as bio-chemical sensing as compared to thin films made of nanoparticle (0D) or nanofilm (2D) or nanocrystal (3D) materials.

In recent years, a number of processing techniques has been used to prepare conducting polymer nanofibres such as hard templates, soft templates, phase separation, self-assembly, seeding, interfacial polymerisation, rapidly mixing and electrospinning.10,11 Although there are various methods to fabricate nanofibres of the conducting polymers, electrospinning is the most simple, cost effective, convenient, and versatile process to produce fibres with a very large aspect ratio in mass scale.12 Polyaniline is one of the most extensively studied conducting polymers because it can be easily synthesised and exhibits moderately high conductivity on doping. Moreover, electronic structure and electrical properties of polyaniline can be reversibly controlled by oxidation as well as protonation.

The polymer chains of conducting polyaniline are short to be electrospun into long fine fibres. Therefore, another polymer with sufficiently long chain length is required to blend with polyaniline for electrospinning. Polymers such as polyethylene (PEO), polymethyl methacrylate (PMMA), polyvinyl alcohol (PVA), polyvinyl pyrrolidine (PVP), polyacrylonytrile (PAN), polystyrene (PS), etc., can be used not only as carrier polymer for electrospinning to get sufficient viscosity of the polymer solution. Blends of conducting and nonconducting polymers are prepared to extract the desirable properties of the individual constituents which may be otherwise absent in them. The sensing materials used in sensors largely influence the performance parameters such as stability, response time, reliability, sensitivity, performance temperature, lifetime, accuracy, etc. Many kinds of materials such as metal oxides, semiconductors, polymers, carbon, graphite and organic/inorganic composites and blends have been used as sensing materials to detect the targeted gases using several sensing principles and techniques.13,14

It would be noteworthy here that the sensitivity of chemical gas sensors is strongly determined by the specific surface area of sensing material exposed to the gases. A higher specific surface of the sensing material will lead to higher sensitivity of the sensor. The nanofibres not only offer higher surface area to volume ratio but also inherent large aspect ratio which makes it a quick sensor as compared to the thin films. A very low concentration of chemical vapours is sufficient to change the electrical properties of the sensing elements made of nanofibres.

In the present study, PMMA/PANI blend nanofibres have been synthesised through electrospinning and dip-coating polymerisation. The novelties of this work are the blend nanofibre preparation and its application for toxic gases. The coating of conducting PANI on PMMA nanofibres ensures a change in the conductivity on exposure to HCl as well as ammonia gas thus enabling the use of prepared blend as a chemical gas sensor. A decrease in the conduction (or increase in resistance) confirms the presence of NH3 whereas an increase in the conduction (or decrease in the resistance) confirms the presence of HCl. Keeping in view the fact that exposure to high HCl and NH3 concentration is dangerous for human beings, PMMA/PANI blend nanofibres were explored for the sensing of HCl and NH3 gas at room temperature.

2.          EXPERIMENTAL

2.1           Materials

Aniline (C6H5NH2, mol.wt. 93.13 g mol−1, purity 99%) was obtained from Fisher Scientific. Ammonium peroxydisulphate (APS (NH4)2S2O8, mol.wt. 228.19 g mol−1, purity 99%) and poly (methyl methacrylate) (PMMA (C5O2H8)n, mol.wt. 350,000) were procured from Sigma Aldrich. Hydrochloric acid (HCl, mol.wt. 36.46 g mol−1) and N, N-Dimethyl Formamide (DMF, C3H7ON, mol.wt. 73.09 g mol−1, purity 99.5%) were procured from Hi-media. All chemicals were of analytical grade and used as received except aniline which was purified and kept below 5°C before being used. Deionised water was used in all syntheses.

2.2           Synthesis of PMMA/PANI Blend Nanofibres

Firstly, 2.2 g PMMA was dissolved in 15 ml DMF and magnetically stirred for 1 h to get homogeneous solution. PMMA solution was then loaded into a 5 ml disposable plastic syringe with the metallic needle of 0.5 mm diameter for electrospinning. During the electrospinning process at room temperature in air, the solution was fed to the tip using a computer-controlled syringe pump at a flow rate of 0.2 ml h−1. A positive voltage of 20 kV was applied to the needle of the syringe containing solution and the metallic plate wrapped with aluminium foil was grounded and kept at a distance of 15 cm from the needle of the syringe. The electrospun nanofibres were collected on the conducting foil (aluminium). After electrospinning, the nonwoven membrane of PMMA nanofibres was dried at 60°C.15 Further, as-prepared PMMA nanofibres were used for coating polyaniline to form PMMA/PANI blend nanofibres by using dip-coating in-situ chemical oxidative polymerisation process.16,17

In the typical process of polymerisation, 0.4 M aniline solution was prepared with 50 ml of 1 M HCl in double distilled water. A solution of 0.45 M ammonium peroxydisulphate (APS) was prepared with 50 ml of 1 M HCl in double distilled water and mixed to aniline solution drop wise at 5°C while stirring for 5 h. As-prepared PMMA nanofibres were inserted into the solution during polymerisation using dip-coating technique. PANI grew on PMMA nanofibres due to chemical oxidation of aniline and the solution turned dark green. PMMA/PANI nanofibres were clearly washed with double distilled water and dried at 80°C in vacuum oven. The schematic of preparation and application of PMMA/PANI blend nanofibres is shown in Scheme 1.
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Scheme 1:  Schematic of preparation and sensing application of nanofibrous PMMA/PANI blend nanofibres.



2.3           Instrumental Analysis

Pure PMMA and PMMA/PANI blend fibres were characterised by scanning electron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR) and thermal gravimetric-differential thermo-gravimetric analysis (TGA-DTG) techniques. SEM images of were recorded on Carl Zeiss EVO-18 scanning electron microscope. FTIR spectra were recorded on Bruker Alpha Spectrophotometer in the 4000–500 cm−1 range. TGA-DTG was done on Hitachi STA7200 Thermal Analysis System.

3.          RESULTS AND DISCUSSION

3.1           SEM

SEM images of pure PMMA and PMMA/PANI blend nanofibres are shown in Figure 1. Pure PMMA exhibits long and uniformly thin nanofibres compared to that of PMMA/PANI blend nanofibres. White coloured clusters of PANI can be seen coated on the PMMA nanofibres confirming the formation of PMMA/PANI with increased in diameter compared to that of pure PMMA.
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Figure 1:    SEM images of PMMA nanofibres and PMMA/PANI blend nanofibres.



3.2           FTIR Spectroscopy

FTIR spectra for PMMA and PMMA/PANI blend nanofibres are shown in Figure 2. The peak at 2977.29 cm−1 corresponds to the C-H stretching vibrations.18,19 The intense peak at 1725.90 cm−1 is attributed to the C=O stretching vibrations. The asymmetrical bending vibrations of C-O-C are located at 1241.11 cm−1 and 1146.46 cm−1.20,21 In the FTIR of the blend, a peak at 1699.87 cm−1 is attributed to the COO stretching vibrations confirming the presence of carboxyl group.22 The peaks due to the C=C stretching of the quinoid ring and the benzenoid ring can be seen located at 1615 cm−1 and 1458.43 cm−1 respectively, confirming the existence of PANI in the blend.23 The peak due to the bending of C-H of aromatic ring is observed at 1136.95 cm−1.24 Increase in the intensity of the peaks in the FTIR of PMMA/PANI blend can be seen at 751 cm−1, 3738 cm−1 and 3860 cm−1 which are obtained due to the vibrations of polymer chains.

3.3           TGA-DTG Analysis

TGA and DTG curves of pure PMMA and PMMA/PANI blend nanofibres are shown in Figure 3. The three stages of weight loss in PMMA can be seen at 140°C–250°C, 270°C–325°C and 325°C–410°C.25 The lower weight loss in the first two degradation steps may be attributed to the evaporation of the residual solvent and the splitting of small molecules. The higher loss in weight in the third degradation step indicates the structural decomposition of bonds due to heat at higher temperature. The high intensity peak in the DTG of pure PMMA may be attributed to the corresponding higher weight loss in the third degradation step.26 The degradation of the PMMA-PANI also takes place in three steps. Increased thermal stability of PMMA-PANI blend can be attributed to the shift in the third degradation step of PMMA-PANI towards higher temperature.27
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Figure 2:    FTIR spectra of PMMA and PMMA/PANI blend nanofibres.
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Figure 3:    TGA-DTG curves of PMMA and PMMA/PANI blend nanofibres.




3.4           HCl and NH3 Gas Sensing

Gas sensors are the detectors which sense or detect a particular gas (analyte) and convert the information into a useful analytical signal, mostly electrical.28–30 Although an ideal gas sensor must have all ideal characteristics such as high sensitivity, good selectivity, low detection limit, good linearity, small hysteresis and response time, and long life cycle, efforts can be made to approach only some of these ideal characteristics and disregarding the others since the real applications usually do not require all perfect characteristics at once. There are several papers which report the use of different organic polymers as well as metal oxide-based polymer nanocomposites as efficient gas sensors for ammonia as well as HCl gases.31–34 The synthesised PMMA/PANI blend nanofibres were used as the receptor for analyte gas molecules. Exposure of the fabricated PMMA/PANI sensor to HCl gas showed decrease in the resistance with increasing temperature whereas an increase in the resistance with increasing temperature was observed for ammonia gas.

The PANI layer in the blend acts as the active sensing layer and shows changes in the resistivity on adsorption of the analyte gas molecules. The sensitivity of PMMA/PANI sensor calculated for both HCl and NH3 gas for different concentrations are shown in Figures 4 and 5, respectively. It was observed that the sensitivity of the sensor increases for higher concentration of HCl gas. It is worth mentioning that the sensitivity is highest at near room temperature although the working temperature slightly differs with concentrations.

Also, the sensitivity of the sensor increases with increasing concentration of ammonia gas, though the highest sensitivity here is lower than the sensitivity for the corresponding HCl concentration. The sensing mechanism is found to be governed by protonation and deprotonation phenomena. The resistivity of the blend increases in the presence of ammonia gas due to the reduction or undoping of charge carriers by adsorption of ammonia molecules on the surface of blend. The sensitivity factor was found to be 11.53, 52.10 and 60.47 for 800 ppm, 1600 ppm and 2400 ppm of HCl at temperatures of 34°C, 36°C and 34.5°C, respectively. For ammonia gas, the sensitivity factor was obtained as 11.29, 19.38 and 27.84 for 800 ppm, 1600 ppm and 2400 ppm at temperatures of 36.5°C, 39°C and 42°C respectively. A plot of response (Rg/Ra) and recovery of the sensor for the analyte gases HCl and NH3 with respect to time is shown in Figures 6 and 7, respectively. It can be seen that the response of the sensor increases for increasing concentration of HCl as well as NH3 gas with the highest response for 2400 ppm of ammonia gas. Figure 8 depicts the plot of sensitivity versus concentration for the values of factor S for different concentrations obtained from the Figures 4 and 5 at room temperature. A plot of response versus concentration of the two gases is shown in Figure 9.
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Figure 4:    Sensitivity of the PMMA/PANI blend sensor for HCl gas at different concentrations.
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Figure 5:    Sensitivity of the PMMA/PANI blend sensor for NH3 gas at different concentrations.
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Figure 6:    Response and recovery of PMMA/PANI blend sensor for HCl gas at different concentrations.
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Figure 7:    Response and recovery of PMMA/PANI blend sensor for NH3 gas at different concentrations.




The nanofibrous gas sensor fabricated from the PMMA/PANI blend in the present work is a good sensor since it is highly sensitive for HCl as well as NH3 gases and has operating temperature below 37°C for HCl gas and 42°C for ammonia gas, much closer to room temperature. The nanofibrous morphology of the sensor allows for the quick diffusion of the gas molecules enabling the sensor to show quick response. Tables 1 and 2 show the comparison of the sensitivity, response time, recovery time and operating temperature of as-synthesised PMMA/PANI blend nanofibres for NH3 and HCl gases respectively with that of the work for other materials such as camphor sulfonic acid doped PANI/SnO2, polyaniline/titania (PANI/TiO2), polyaniline particles/reduced graphene oxide-polyaniline fibres (PPANI/rGO-FPANI), polyaniline-single walled carbon nanotubes (PANI-SWNTs), polyaniline/zinc oxide (PANI/ZnO), tetracationic porphyrin/titania (TMPyP/TiO2), meso-tetramesitylporphyrin (MTMP), when used for gas sensing reported in literature.35–41 There are many composite materials used for NH3 gas sensing, but very few materials are used for HCl gas sensing. Thus, PMMA/PANI blend nanofibres proves to be a good sensor for HCl as well as NH3 gases closed to room temperature compared to other materials reported not used for both the gases sensing.
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Figure 8:    A plot of sensitivity versus concentration of PMMA/PANI blend sensor for HCl and NH3 gas.
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Figure 9:    A plot of response versus concentration of PMMA/PANI blend sensor for HCl and NH3 gas.





Table 1:    Comparison of the sensitivity, response time, recovery time and operating temperature of as-synthesised PMMA/PANI blend nanofibres for NH3.



	Sensing materials

	Operating temperature (°C)

	Sensitivity (S%)

	Response time (s)

	Recovery time (s)

	Reference




	PMMA/PANI
	42

	27.8

	22

	400

	Present work



	CSA doped PANI/SnO2
	30

	0.91

	46

	3245

	Khusp et al.35



	PANI/TiO2
	RT

	12

	72

	−

	Pawar et al.36



	PPANI/rGO-FPANI
	40

	5

	36

	18

	Gua et al.37



	PANI-SWNT
	RT

	5.8

	450

	−

	Lim et al.38



	PANI-ZnO
	45

	4.6

	153

	135

	Patil et al.39




Table 2:    Comparison of the sensitivity, response time, recovery time and operating temperature of as-synthesised PMMA/PANI blend nanofibres for HCl.



	Sensing materials

	Operating temperature (°C)

	Sensitivity (S%)

	Response time (s)

	Recovery time (s)

	Reference




	PMMA/PANI
	34.5

	60.4

	60

	90

	Present work



	(TMPyP)/TiO2
	80

	0.91

	50

	300

	Kaushik et al.40



	MTMP
	557

	12

	600

	900

	Kalimuthu et al.41





3.5           Sensing Mechanism

The sensing mechanism that takes place on the molecular level due to the adsorption of HCl and NH3 gas on the PANI layer is depicted in Figures 10 and 11, respectively. Since HCl is used as a dopant during polymerisation in this work, PANI is obtained in the form of emeraldine salt. When exposed to HCl gas during sensing, the HCl molecule donates H+ ions to the PANI chain, thus increasing the number of positively charged carriers in the material. The process is termed as protonation and gives bipolarons due to excess doping of PANI and results in decrease in the electrical resistivity of the sensor. With the increasing concentration of the analyte HCl gas, the sensitivity is increased which is attributed to the diffusion of more HCl molecules into the fibre at higher concentration. On the other hand, when the sensor is exposed to the ammonia gas, deprotonation takes place. NH3 molecules of gas take up the hydrogen atom from the PANI chain and form NH4+ ammonium ions. The emeraldine salt form of the PANI thus changes into the emeraldine base form with decrease in the number of carriers. This leads to the decrease in the number of polarons and the electrical resistivity of the sensor increases. Here too the sensitivity is found to increase with the increasing concentration of the NH3 gas which indicates that more NH3 molecules diffuse into the fibre at higher concentration.

The response and recovery time are defined as the time to reach 90% of the resistance change during exposure and on removal of gas respectively. The response and recovery time of the PMMA/PANI blend nanofibres based sensor on exposure to different HCl concentrations was found to be almost the same indicating adsorption and desorption of HCl molecules in the blend takes almost same time on exposure to the gas and removal of gas respectively. The lower response time of the PMMA/PANI blend for NH3 gas indicates the faster diffusion of the gas molecules into the fibre immediately upon exposure to the gas. On the other hand, the recovery time (reversibility) of the sensor was found to be poor. This may be attributed to the difficulty of the adsorbed NH3 molecules to desorb from the fibre. The response and recovery rate may be improved by fabricating a nanofibrous sheet of aligned nanofibres of PMMA which will further increase the available surface area for PANI coating during dip-coating polymerisation, thereby increasing the possibility of quick response and recovery. Attempts can be made to spin the PMMA nanofibres of reduced diameters by optimising the affecting parameters. This will again result in increased specific surface area leading to quicker gas response and reversibility.
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Figure 10:  Sensing mechanism of the PMMA/PANI blend on exposure to HCl gas.
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Figure 11:  Sensing mechanism of the PMMA/PANI blend on exposure to NH3 gas.




4.          CONCLUSION

PMMA/PANI blend nanofibres have been synthesised successfully by electrospinning and dip-coating polymerisation. The formation of PMMA/PANI blend is confirmed by SEM, FTIR and TGA-DTG analysis. The studies of PMMA/PANI blend as a sensor for HCl and NH3 gas show sensitivity which increases with the increasing concentration of both the gases. The operating temperature of PMMA/PANI blend for HCl as well as NH3 gas sensor was found to be near room temperature. These results, along with low response time, confirmed the possible use of the prepared material as a potential candidate for the sensing of HCl and NH3 gas in the environmental monitoring safety systems, chemical industry, automotive industry and medical application areas.
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ABSTRACT: The gas electron multiplier (GEM) detector is a promising particle and radiation detector which has been greatly improved from previous gas detectors. In particular, the 10 cm × 10 cm GEM detector is utilised in applications including high-resolution tracking devices in nuclear and particle physics. With its operational and design simplicity, while still maintaining high quality, the GEM detector is suitable for both start-up and advanced research. This article reports simple procedures and results of an investigation of important properties of this detector, using current measurement and signal counting. Results show that gains of the GEM detector increase exponentially as voltages supplied to the detector increase and that the detector reaches full efficiency when the voltages are greater than −4100 V. In terms of signal sharing between X and Y strips of the read-out, the X strips, on the top layer of the read-out, collect larger signals. For the uniformity test, the GEM detector has slightly higher efficiencies at the centre of the detector. These results can be used for future reference and for better understanding of the GEM detector’s characteristics.

Keywords: Particle detector, radiation detector, gas electron multiplier detector, GEM, gas detectors

1.          INTRODUCTION

The gas electron multiplier (GEM) detector was invented by Sauli in 1997.1 Since its invention, it has gained attention amongst international scientists and researchers. Some of its successes stem from its improved properties compared with previous gas detectors. Examples of the improvements include the ability to operate in most gases, the ability to vary gains of the detector (up to 105), excellent spatial resolution (50 μm or better), high rate capability, flexibility in design and its relatively low cost.2,3 GEM detectors are now utilised in varied scientific research, including tracking devices in nuclear and particle physics, medical imaging, astronomy and neutron detection.4–7

The 10 cm × 10 cm GEM detector was designed, developed and supplied by the Gas Detectors Development Group at the European Organization for Nuclear Research (CERN). The triple GEM detector consists of three GEM foils, which are 50 μm thick insulating foils made of polyimide (Kapton). Each foil is sandwiched by two thin copper plates. The GEM foil is perforated with arrays of 70 μm holes (GEM holes) with a 140 μm pitch between two adjacent holes. A voltage difference of 250–400 V is supplied between the two copper plates, such that a strong electric field is formed inside the GEM holes. In addition to GEM foils, the drift cathode is usually made of a thin sheet of aluminised Kapton, where the aluminium side is supplied with the most negative voltage. All GEM foils and the drift cathode are enclosed in a gas-tight box with one gas inlet and one gas outlet. The read-out of the GEM detector has an XY configuration in which two sets of 512 thin conducting wires run perpendicular to each other. A schematic drawing of the GEM detector and the read-out strips are shown in Figure 1 and Figure 2, respectively. The widths of the X and Y strips are 50 μm and 150 μm, respectively. The difference in strip widths is designed to improve signal sharing between the X and Y strips.8
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Figure 1:    Schematic drawing of 10 cm × 10 cm GEM detector. GEM foils and drift cathode are stacked at the centre of the gas-tight box with read-out serving as the base of the detector.



To operate the GEM detector, an appropriate gas filling must flow through the detector. In principle, a pure noble gas such as argon can be used. However, in order to improve the stability of the detector (lower discharge probability between GEM foils and lower propagating discharge probability between the last GEM foil to the readout), a gas mixture is usually used; a standard gas mixture is Ar/CO2 with a ratio of 70:30. Although other gas mixture ratios are possible for operating the GEM detector, the ratio of 70:30 provides high stability and suitable gains for most applications.9 Ionising particles and radiation passing through the GEM detector ionise gas molecules inside the detector and create groups of primary electrons, which drift down to the GEM foils and gain enough energy from the strong electric fields inside the GEM holes to further ionise gas molecules. The amplified signal is detected by the XY read-out strips and transferred to an appropriate data acquisition system for data processing.10
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Figure 2:    Schematic drawing of the read-out of the 10 cm × 10 cm GEM detector in XY configuration. The X strips are wires which are on top, with a width of 50 μm and a distance between strips of 200 μm. The Y strips are bottom wires with a width of 150 μm and a distance between strips of 200 μm.



The GEM technology has been much developed in recent years. Sophisticated designs and large-sized detectors have been manufactured to be used in much advanced research. In particular, the 10 cm × 10 cm GEM detector plays important roles in many studies, particularly in start-up research and preliminary studies. However, information about and simple procedures for the detector’s performance are still inadequate. Thus, this study aims to report thorough details about the procedures and results of the investigation of important properties of the detector, viz. the count rate behaviour of the detector, its gains as a function of power supply voltages, signal sharing between the X and Y strips and the uniformity of the detector.


2.          EXPERIMENTAL

2.1           Count Rate Investigation

To investigate the count rates, which implied relative efficiencies as a function of voltage supplied, the emitting rate of 5.9 keV X-rays from Fe-55 was measured as the power supply voltage was varied from −3900 to −4300 V in 50 V increments. The set-up schematic diagram of the rate measurement is shown in Figure 3. The preamplifier used for this purpose was a charge-sensitive amplifier (Cremat-110) with the gain of 1.4 V/pC.11 The threshold at the discriminator was set at 65 mV to eliminate all electronic noises. The power was supplied to the GEM detector through a voltage divider, as shown in Figure 4.


[image: art]

Figure 3:    Schematic drawing of the set-up for the emitting rate of 5.9 keV X-rays from Fe-55 in the count rate investigation.






[image: art]

Figure 4:    Schematic drawing of the voltage divider used for supplying voltages to the GEM detector.




2.2           Gain Measurement

To measure the gains of the GEM detector, currents passing through the read-out from the detection of 5.9 keV X-rays were measured as power supply voltages were varied from 3900 to 4300 V in 50 V increments. The possible leakage or background currents were automatically subtracted during the gain measurement using current values from background runs. In the equation:

[image: art]

I is the measured current, R is the emitting rate of 5.9 keV X-rays from Fe-55 at the maximum count rate, N is the number of primary electrons, G is the gain of the detector, and e is the charge of an electron (e = 1.6 × 10−19 C). In order to obtain G, values of I, R and N must be carefully measured and evaluated. To measure I, a pico-ammeter with a 20 fm current resolution was used for the current measurement. The set-up for the current measurement is shown in Figure 5. N could be estimated using the average work function (W) of the gas mixture (Ar/CO2) in the ratio of 70:30, which was calculated using Equation 2:

[image: art]

where WAr = 25 eV, WCO2 = 34 eV, % of Ar = 0.7 and % of CO2 = 0.3. Using these values in Equation 2 gave W = 27.8 eV.12 Assuming that only a photoelectric effect occurred during the interaction between the X-rays (E = 5.9 keV) and gas molecules (W = 27.8 eV), N could be calculated by dividing E by W, hence, N was approximately 212 electrons.
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Figure 5:    Schematic drawing of the current measurement using a pico-ammeter and a Fe-55 source. Two scenarios, viz. only X strips and a combination of X and Y strips, were used for current measurement.




2.3           Signal Sharing Between X and Y Strips

Although the purpose of different widths in the XY read-out strips was to improve signal sharing between the X and Y strips such that signals were shared equally between them, inequality in the signal sharing could still occur. To investigate the signal sharing, currents were measured in three scenarios, viz. only X strips (IX), only Y strips (IY), and a combination of X and Y strips (IXY). The ratio of IX/IXY and IY/IXY indicates the percentages of the signal collected by the X strips and Y strips, respectively.

2.4           Uniformity Test

Since the efficiencies of the GEM detector at areas near the edges of the active area was expected to be lower than the efficiencies at the centre, an investigation of the uniformity of the GEM detector was needed to better understand these differences. To test the uniformity, the 10 cm × 10 cm GEM active area was divided into 36 positions (6 columns and 6 rows). Am-241, which emits primary alpha particles and 59 keV secondary gamma, was placed 0.5 cm above the GEM gas window on each divided position. In order to correctly compare the efficiencies at different positions, the gas flow rate (3.0 l h−1), the detection duration (3 min) and the power supply voltage (−4100 V) were set to be the same throughout the measurement. For each position, the numbers of counts detected using the set-up in Figure 3 were collected and averaged. After completing all 36 positions, the numbers of counts were plotted using the OriginPro software to produce a contour of uniformity.

3.          RESULTS AND DISCUSSION

3.1           Count Rate Investigation

The results of the count rates of emitting 5.9 keV X-rays from Fe-55 as a function of power supply voltages are shown in Figure 6.

As shown in Figure 6, the maximum and constant efficiency of the GEM detector occurred when the power supply voltages were higher than −4100 V. This implied that although the amplitudes of signals became larger as voltages increased, the maximum efficiency of the GEM detector was already achieved at V = −4100 V.
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Figure 6:    Count rates of 5.9 keV X-rays from Fe-55 measured by the GEM detector as a function of power supply voltages. The GEM detector reached the constant region after 4100 V.



3.2           Gain Measurement

From calculations and measurements in previous sections, R = 670 Hz, N = 212 electrons and e = 1.6 × 10−19 C. The currents from the detection of the 5.9 keV X-rays measured with a combination of X and Y strips as a function of power supply voltages are shown in Table 1.

Table 1:    Currents from the detection of 5.9 keV X-rays of the GEM detector as the power supply voltages were varied from −3900 V to −4300 V.



	Power supply voltage (V)

	Current (nA)




	3900

	0.05




	3950

	0.07




	4000

	0.10




	4050

	0.15




	4100

	0.20




	4150

	0.29




	4200

	0.42




	4250

	0.60




	4300

	0.90






With the values of I, N, e and R indicated in previous sections, the gains of the GEM detector for different voltages were calculated and are shown in Figure 7.
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Figure 7:    Gains of the GEM detector (a) as a function of power supply voltages, in which (b) was plotted in logarithm scale.



As shown in Figure 7(a) and 7(b), the gains of the GEM detector increased exponentially as the power supply voltages increased. This was due to the increases in power supply voltages causing electric field inside GEM holes to increase, thus primary electrons were accelerated with greater electric forces, causing higher numbers of electron avalanches and higher signal amplitudes.

3.3           Signal Sharing Between X and Y Strips

To determine the ratio of signal sharing between the X and Y strips, the currents from the detection of 5.9 keV X-rays measured in the X strips only (IX) and Y strips only (IY) were compared with the currents measured in a combination of X and Y strips (IXY). Values of IX, IY, IXY and IX/IXY are shown in Table 2.

Figure 8 shows that the average IX/IXY = 0.57 ± 0.03 and IX/IXY = 0.46 ± 0.06. Thus, the X strips, which were narrower and located on the top layer of the read-out, collected larger signals compared to the Y strips. To improve signal sharing, a new design and better manufacture of the read-out are required.4


Table 2:    Current measurement from the detection of 5.9 keV X-ray in X strips only and in a combination of X and Y strips.



	Power supply voltage (V)

	Current from X strips (nA) IX

	Current from Y strips (nA) IY

	Current from a combination of X and Y strips (nA) IXY

	IX/IXY

	IY/IXY




	3900

	0.03

	0.03

	0.05

	0.60

	0.60




	3950

	0.04

	0.03

	0.07

	0.57

	0.43




	4000

	0.06

	0.05

	0.10

	0.60

	0.50




	4050

	0.08

	0.07

	0.15

	0.53

	0.47




	4100

	0.12

	0.08

	0.20

	0.60

	0.40




	4150

	0.16

	0.12

	0.29

	0.55

	0.41




	4200

	0.25

	0.18

	0.42

	0.60

	0.43




	4250

	0.33

	0.28

	0.60

	0.55

	0.47




	4300

	0.51

	0.38

	0.90

	0.57

	0.42
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Figure 8:    Plots of IX/IXY and IY/IXY, in which the blue and red dotted lines represent the average of IX/IXY and IY/IXY, respectively.



3.4           Uniformity Test

Figure 9 shows the uniformity of the GEM detector using Am-241 as a gamma emitter. Areas near the centre of the active area had higher efficiencies compared to areas near edges of the detector. This behaviour was expected, since ionising particles or ionised electrons occurring near the edges had the possibility of travelling or drifting out of the active area, thus lowering the detector’s overall efficiencies and signal amplitudes. However, if considering areas at least 1 cm away from the edges, the efficiency was within 20% of each position. Slight differences in efficiencies between vertical and horizontal orientations might be due to gas distributions and the characteristics of the gas flow from the gas inlet to the gas outlet.
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Figure 9:    Uniformity of the GEM detectors showing higher efficiencies at the centre of the detector.



4.          CONCLUSION

The GEM detector has recently become one of the most promising particle and radiation detectors. It has been utilised in varied scientific research, including particle and nuclear physics, medical applications, astronomy and national security. Since the 10 cm × 10 cm GEM detector has a simple design and excellent properties, it is suitable for both start-up and advanced research. Many researchers have relied on the excellent properties of the GEM detector in their research. This study investigated the main properties of the GEM detector. The results showed that the GEM detector reached full efficiency when the power supply voltages reached −4100 V and became relatively constant when the voltages were greater than −4100 V. The recommended voltages to run the GEM detector were between −4100 V and −4150 V. It was found that the gains of the GEM detector increased exponentially with increases in power supply voltages and that the X strips, which are narrower and located on the top layer of the read-out, collected larger signals than the Y strips. In terms of uniformity, the GEM detector demonstrated higher efficiencies at the centre of the active area, while areas near the edges showed lower efficiencies. The outcomes of these investigations will be very useful for future reference and for a better understanding of the GEM detector. Further studies on the GEM detector should follow in order to improve it and to widen its possible applications.
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ABSTRACT: It is widely known that molecular signatures in celestial object play a vital role in deriving the physical conditions of the object using spectroscopic technique. The present study therefore focuses on the evaluation of Franck-Condon factors (FCFs) and r-centroids for the A−X band system of Boron mono-sulphide (BS) molecule by a numerical integration method using the suitable potential. With the help of FCFs and r-centroids, the vibrational temperature of the source is estimated and is found to be about 6893 K. The vibrational temperature estimated in the present study reveals that the rotational temperature of the molecule has to be considered for the identification of the chosen band system in the astrophysical spectra. The vibration rotation interaction (VRI) effect for the chosen band system is discussed. It is found that the VRI effect may influence the effective temperature of the source and hence the effect of VRI has to be considered at the time of identifying the BS molecular lines in the spectra of sunspot or any celestial object.

Keywords: BS molecule, Franck-Condon factors, r-centroids, vibrational temperature, sunspot

1.          INTRODUCTION

The knowledge of potential energy curves, Franck-Condon factors (FCFs) and r-centroids is essential for the interpretation of spectral intensities in terms of source conditions. A number of researchers have therefore undertaken theoretical studies to provide the above-said parameters for the diatomic molecules which are of important in astrophysics gas kinetics, molecular spectroscopy and combustion process.1 Accurate values of FCFs and r-centroids are essential to arrive at the variation of electronic transition moment, band strength and vibrational temperature of the source.2,3

The researchers pay attention to the theoretical work on the diatomic molecule BS for many years. Recently, the potential energy of the electronic states X, C and G of BS radical were calculated by the Davidson-modified high resolution internal-contraction multiple-reference configuration interaction method.4 It is also worthy to mention here the astrophysical significance of BS molecule, that according to the calculation of the weighted column densities for 248 molecules, Jhonson and Sauval reported that BS may be possibly present in an Oxygen rich (O-rich) stars under the effective temperature Teff =2500 K.5 It was also observed that the BS emission lines from the cirrus dark cloud centred on the BO star HD1 located in the Numbbum Association.6 Karthikeyan et al. reported the FC factors and r-centroids for the C−X, E−X and B−A band systems of BS molecule and predicted the existence of BS molecule in sunspot with the help of derived FCFs and r-centroids.7 An extensive search of rotational lines of the A−X and B−A band systems in the sunspot spectral atlas was performed by Karthikeyan et al. and it was concluded that the chance to find the existence BS molecule in sunspot was considerably high.8

The aims of the present work are: to provide the transition probability parameters for the A–X band system of BS molecule; to evaluate the vibrational temperature of the source; and to study the vibration rotation interaction effect for the A2Πi−X2Σ+ system of BS molecule, in view of the astrophysical application, using the numerical integration method described in the following section.

2.          COMPUTATIONAL PROCEDURE

2.1           Franck-Condon Factor and r-centroid

The square of the overlap integral is termed as Franck-Condon factor (qv′v″) and it is given by:3

[image: art]

where ψv′ and ψv″ are the upper and lower vibrational level wave function.

The r-centroid [image: art] for the v′–v″ transition is defined by:3

[image: art]


From the above equation it is seen to be the weighted average with respect to Ψv′v″ of the range of r values experienced by the molecule in both states of the v′–v″ transition.

The computation of the FCFs is made using the Bates’ method, with numerical integration according to the detailed procedure provided by Partal Urena.9,10 Having the Morse potential energy curves, Morse wave functions are calculated at intervals of 0.01 Å for the range of r values from 1.42 to 2.32 Å for every observed vibrational levels of the states A and X involved in the A–X band system of BS molecule.11 Once the wave functions are obtained, the FCFs can be calculated by integrating Equation 1. The definition of r-centroid offers a method of computing r-centroids directly.12 The results (qv′v″ and [image: art]) along with available wavelengths are entered in Table 1. The molecular constants necessary for the present study are collected from compilation by Huber and Herzberg.13

Table 1:    FCFs and r-centroids for the A–X band system of BS molecule.
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Notes: qv′v″, [image: art] (in Å), * qv′v″ ≅ 0


2.2           Vibrational Temperature

If the intensities of a sufficient number of bands can be measured, a determination of vibrational temperature can be obtained if the overlap integrals are calculated for the measured bands, using the following equation.14,15
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where I is the intensity of the band, E is the energy quantum, qv′v″ is the value of FCF, h is Planck’s constant, c is the velocity of the light, k is Boltzmann constant, and T is the effective vibrational temperature of the source. Here, G(v′) is the vibrational quantum energy of the molecule in the level v′ and it is given by Equation 4.
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By plotting ln (IE−4/q)v′v″ against G(v′), a straight line is obtained whose slope is hc/kT from which T can be calculated. Here, the effective vibrational temperature of the source for BS A–X system is determined, and the data required for the evaluation are given in Table 2.

Table 2:    Various parameters involved in the calculation of vibrational temperature.



	Band

	λ v′v″ (Å)

	I

	qv′v″

	G(v′) (in cm−1)

	ln (IE−4/q)v′v″




	1,0

	5969.3

	2

	0.038

	1119.907

	99.446




	2,0

	5721.0

	6

	0.068

	1854.837

	98.760




	3,0

	5492.0

	4

	0.109

	2580.427

	99.474




	4,0

	5283.0

	9

	0.139

	3296.677

	98.751




	5,0

	5092.8

	9

	0.147

	4003.587

	98.660




	6,0

	4917.0

	7

	0.137

	4701.157

	98.700




	7,0

	4753.5

	8

	0.114

	5389.387

	98.248




	8,0

	4611.0

	5

	0.087

	6068.277

	98.326




	9,0

	4472.0

	2

	0.062

	6737.827

	98.781




	10,0

	4342.8

	4

	0.041

	7398.037

	97.557





2.3           Effect of Vibration Rotation Interaction

It is widely known that the intensity of a spectral line of a diatomic molecule is influenced by vibration rotation interaction (VRI) effect.16 According to Gowda, it was found that larger the change in |Δr0−Δre| value, the greater will be the influence of VRI on FCFs.17


The minimum of effective potential is given by:
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where re, Be and ωe are molecular constants, and J is the rotational quantum number. The effect of VRI on FCFs is negligible in case of few diatomic molecules for relatively lower values of J. However, for higher values of J there may be an appreciable influence of VRI on FCFs. Hence, it is necessary to ensure this effect for the diatomic molecules of astrophysical interest. Hence, a study on the effect of VRI on FCFs for certain band systems of BS molecule has been carried out using the molecular constants reported by Huber and Herzberg, and the results of this effect are discussed in the following section.13

3.          RESULTS AND DISCUSSION

Table 1 provides the set of FCFs and r-centroids for the A–X band system for BS molecule. The FCFs of A–X system of BS evaluated in the present study indicates that the (3,0), (4,0), (5,0), (6,0), (7,0), (2,1) and (3,1) bands are intense compared to others. It is worth mentioning that the r-centroid values are found to increase linearly with the corresponding wavelength following re′ > re″ and hence the band system is expected as red degraded. Singh and Tewari also observed that the bands of the A–X system were red degraded and the band origin was located at 16,002.2 cm−1.12

As mentioned in the previous section, the vibrational temperature of the source is calculated by choosing only the bands whose experimental band intensities are available in the literature. The parameters used for the evaluation of vibrational temperature are given in Table 2.

A graphical plot of ln (IE−4/q)v′v″ versus G(v′) for A–X band system for BS molecule is shown in Figure 1 and a straight line is fitted for the plot by least-squares method. From the slope, the effective vibrational temperature of 6893 K is obtained by assuming that the electronic transition moment is constant over the range of study. The slope of the straight line shown in Figure 1 has a very small standard deviation of 5.75 × 10−5. The effective vibrational temperature obtained for the source of BS, A–X band system is not in the range of temperature of sunspots available in the literature. Hence, it is clear from the vibration band analysis that the possibility for the presence of BS molecule in the sunspot is very less.



[image: art]

Figure 1:    Plot of ln (IE−4/q)v′v″ versus G(v′) for A–X band system.



However, it was already reported in the literature that the rotational temperatures of various bands of A–X and B–A systems of BS molecule lie in the value around 1500 K.8 This contradiction in the effective temperature of the source can be explained by considering the VRI effect as follows.

It is well known that the value of |Δr0−Δre| may serve as an indicator to represent the effect of VRI on FCFs. Table 3 gives the values of |Δr0−Δre| for the A–X band system of BS molecule.

Table 3:    Effect of VRI on FCFS.

[image: art]

It is apparent from the results contained in Table 3 that the FCFs are affected significantly with increase in J for the A–X band system of BS molecule, since |Δr0−Δre| increases with increasing J values. Thus, it is not advisable in neglecting the VRI effect at the time of identification of BS molecule in celestial object. This may be reason for obtaining very high vibrational temperature for BS molecule in the present study because of neglecting the rotational lines and by considering only the vibrational bands. Hence, the identification of BS molecule in the sunspot or in any celestial object can be done only with the help of rotational lines as performed by Karthikeyan et al.8


4.          CONCLUSION

The FCFs and r-centroids have been derived and their physical significance is discussed. The vibrational temperature of the source has been evaluated using the standard procedure and it is observed that the discrepancy in the observed temperature of the sunspot might be due to the VRI effect on FCFs. The results of the present study reveal the valuable information that the identification of a diatomic molecule in interstellar medium or nebula or in any celestial object can be done only by performing the line identification technique and by deriving the rotational temperature.8
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ABSTRACT: Resin composites are widely used in esthetic restorative dentistry. Since their introduction in the mid-1960s, these composites made steady gains in popularity. Their increased use is attributed to their excellent biocompatibility, absence of taste, odour, tissue irritation and toxicity, insolubility in body fluids, easy operation, excellent aesthetic properties, stable colures, optical properties, easy pigmentation, low cost and repairability. The composite resins in current use still suffer from several shortcomings such as poor mechanical properties. In order to improve these properties, microparticles have been used as fillers for a long time. However, the inadequate mechanical properties of resin composites remain problematic. Recently, researchers have utilised nanoparticles as dental composite fillers. This article reviews the relevant literature on the mechanical properties of polymer dental composites filled with micro- and nano-scale particles. The effects of particle size on fracture toughness, flexural strength, and hardness were examined with emphasis on other important factors for improvement. The second section focused on the toughening mechanisms of particulate-polymer composites.

Keywords: Polymer dental composites, particle size, nanoparticles, mechanical properties, toughening mechanisms


1.          INTRODUCTION

Polymer-based composites have been widely used in dentistry since their introduction in the late 1950s. Recently, nano-composites were introduced as dental polymers.1,2 Resin composites are widely used in dentistry as restorative materials, cavity liners, pit and fissure sealants, cores and buildups, inlays, onlays, crowns, veneers, denture teeth, provisional restorations, cements for single or multiple tooth prostheses and orthodontic devices, endodontic sealers, root canal posts, structured scaffolds, and plates and screws.3–5 Excellent biocompatibility, superior aesthetic qualities as fillings, moderate cost compared with ceramics, and strong bonding ability to the tooth structure, make resin composite the preferred material in dental restorative applications.1,6,7 Most dental composites consist of an organic matrix (polymer phase), inorganic fillers (dispersed phase) and interphase (coupling agent).8 Usually, the organic matrix is based on methacrylates, epoxy and polyethylene.9–11 The filler is added to enhance polymer properties and usually consists of different compositions, sizes and size distributions of glass or ceramic particles, nanotubes, whiskers, fibres and nanoclusters.12,13

The coupling agent such as silane is designed to strongly bond the matrix to the filler, thus improving composite performance. The most commonly used silane in dental restorative composites is 3-methacryloxypropyltrimethoxysilane (γ-MPS). Filler content, type, shape, size and morphology are important factors enhancing the desirable mechanical properties of dental composites.14 Multiple fillers have been employed in dental composites to improve strength, toughness and durability. However, some problems continue to persist, such as inadequate mechanical properties, water uptake, polymerisation shrinkage, and poor wear resistance of large occlusal restorations during use.1,15,16 Dental composites fail because of surface and/or bulk cracks, degradation of the matrix and fillers, water uptake, and insufficient mechanical properties.14 The degradation of the bond between the fillers and resin after long-term water absorption is the main reason for the failure of dental composites.17

Adding filler nanoparticles to the resin matrix of dental composites improves aesthetic, optical and mechanical properties, such as tensile strength and resistance to fracture, as well as reduces polymerisation shrinkage.18 Moreover, nanoparticles enhance wear resistance and gloss retention and also improve the fatigue properties of dental composites.7 Reduced interparticle spacing may increase obstacles for dislocation motions and decrease strain localisation.19 However, nano-composite properties are significantly affected by various factors, including the degree of conversion of the polymer matrix and interphase, which requires a high level of silanisation because of the high surface area of nanoparticles.19,20 This review focuses on several mechanical properties of dental composites, namely fracture toughness, flexural strength and hardness. However, the effect of particle/matrix interface adhesion and particle loading on the mechanical properties of polymer dental composites are not covered here. Fracture toughness strongly depends on toughening mechanisms, such as crack deflection, crack pinning, matrix-filler interactions and crack bridging, which increase crack propagation resistance.

Fillers with smaller particle sizes can improve flexural strength because of increased particle surface area, which results in a high surface energy at the filler-matrix interface. Hardness is readily improved by adding either micro- or nanoparticles because rigid inorganic particles generally have considerably higher stiffness than polymer matrices. The novelty of the present paper is that, no review has been done on the effects of different scales of fillers (i.e., nano- and microfillers) on the mechanical properties (fracture toughness, flexural strength and hardness) of polymeric dental composites. It elaborates on the effects of toughening mechanisms in improving the mechanical properties of particulate-polymer composites at these two scales. This review article aims to present the results of recent efforts to improve the mechanical properties of polymer-filled dental composites, compare and discuss in depth the reinforcing effects of nano- and micro-particles, as well as provide some basic understanding of the toughening mechanisms of these composites. To our knowledge, no review papers on these topics have been published yet.

2.          THE EFFECT OF PARTICLE SIZE ON MECHANICAL PROPERTIES

2.1           The Effect of Particle Size on Fracture Toughness

Fracture toughness is a fundamental property of material to predict the strength of material when a crack is present.21 It is expressed with the critical stress intensity KIC.22 The crack driving force and critical value (fracture toughness) are equated, to obtain the relationship between applied load, crack size and structure geometry which provide the necessary information on structural design.23 The units of KIC are units of stress (force/length2) × units of length1/2, or force × length−3/2 and are often reported as MNm−3/2 or MPa m1/2.24 The measurement of this fracture mechanics was applied to a number of problems associated with dental materials. It analysed the behaviour of materials containing cracks or flaws. These flaws and cracks may grow naturally or nucleated after a time in service, and sudden fractures can occur at stresses below the yield stress. Such fractures exist in brittle materials that are unable to plastically deform and redistribute stresses. The fracture mechanics analyses are performed during these types of failures.5 In the neat resin, there is a high stress concentration in front of the notch. Whereas composites with well-distributed nanoparticle have more uniform stress distribution, thus enhancing the toughness.25

Incorporating fillers in the polymer matrix increases fracture toughness, elastic modulus and tensile strength.5,26 Particle size has a distinct effect on the mechanical properties of particulate–polymer composites.27,28 Fu et al. reported that particle size significantly affected the fracture toughness of particulate-filled polymer composites.27 According to Tanimoto et al., increasing filler particle size increased the fracture toughness of resin-modified glass ionomers.29 Ornaghi et al. also found that the fracture toughness of resin composite containing 78 wt% glass particles with a size of 1.9 μm was higher than that of resin composites containing smaller particles; they attributed the increase in fracture toughness to crack deflection.30 Asar et al. found that adding Al2O3, TiO2 and ZrO2 fillers with average sizes of 12.4, 9.6 and 8.6 μm, respectively, at different percentages (1% TiO2 and 1% ZrO2, 2 wt% Al2O3, 2 wt% TiO2 and 2 wt% ZrO2) significantly increased the fracture toughness of poly(methyl methacrylate) (PMMA) denture base composites.31 In the study, the fracture toughness of the test groups was significantly higher than that of control group (p < 0.05). The test group containing 2 wt% ZrO2 had the highest fracture toughness among all groups (p < 0.05) and increased fracture toughness by 30% compared with the control group.31

Alhareb et al. reported an improvement in the fracture toughness of PMMA denture base reinforced with nitrile-butadiene rubber (NBR) particles, Al2O3 and yttria-stabilised zirconia (YSZ) fillers with average particle sizes of >150, 4.4 and 1.05 μm, respectively.32 In another study, adding up to 50 wt% glass particles with average sizes of 105–210 μm to acrylic bone cement significantly increased fracture toughness.33 Dental composites filled with nanoparticles showed enhanced fracture toughness.34 Nanoparticle fillers can be dispersed uniformly in polymer matrix, which increases fracture toughness compared with micro-filled polymer composites.35,36 Theoretical results obtained by Chan et al. indicated an increase in fracture toughness of dental composites because of silanisation and nanoparticle loadings.37 Ahmed and Ebrahim concluded that adding nano-sized ZrO2 particles significantly increased the fracture toughness of PMMA denture base.38 The fracture toughness of PMMA resin for provisional restorations, increased remarkably with addition of 0.25 wt% of SiO2 nanoparticles with average size of 12 nm.39

Watanabe et al. demonstrated that hybrid and nanoparticle composites had significantly higher fracture toughness compared with micro-filled composites, particularly at high-volume fractions.40 Hosseinalipour et al. investigated the mechanical properties of bisphenol A-glycidyl methacrylate/triethylene glycol dimethacrylate (Bis-GMA/TEGDMA) dental composites reinforced with SiO2 nanoparticles with sizes of 20–50 nm. Their results showed significantly increased mechanical properties compared with a conventional composite control containing SiO2 particles with sizes of 10–40 μm. The fracture toughness of GMA/TEGDMA dental composite remarkably increased compared with that of the control when the weight fraction of the filler increased to 40 wt%, indicating the significance of the filler weight fraction in determining the mechanical properties of composites.7 However, Elsaka et al. reported that glass ionomer filled with 3 wt% and 5 wt% TiO2 nanoparticles with average sizes of 21 nm had improved fracture toughness compared with the unmodified glass ionomer.41 These findings are supported by Protopapa et al., who observed a significant increase in the fracture toughness of PMMA dental composite filled with a low-volume fraction of nanodiamond particles.42 Table 1 shows the effects of filler size on the fracture toughness of dental composites.

Table 1:    The effect of filler size on fracture toughness of dental composites.



	Author (year)

	Average particle size

	Effect on fracture toughness




	Alhareb et al. (2015)32
	NBR (>150 μm),
	Significant increase



	
	Al2O3 (4.4 μm),
	



	
	YSZ (1.05 μm)
	



	Asar et al. (2013)31
	ZrO2 (8.6 μm)
	Significant increase



	Hosseinalipour et al. (2010)7
	SiO2 (20–50 nm)
	Significant increase



	Watanabe et al. (2008)40
	SiO2 (5–20 nm)
	Significant increase



	Ahmed and Ebrahim (2014)38
	ZrO2 (5–15 nm)
	Significant increase



	Protopapa et al. (2011)42
	Diamond (4–6 nm), clusters (20–60 nm)
	Significant increase



	Topouzi et al. (2017)39
	SiO2 (12 nm)
	Significant increase



	Ornaghi et al. (2014)30
	Glass (1.9 μm)
	Increase



	Chan et al. (2007)37
	SiO2 (40–120 nm)
	Increase



	Elsaka et al. (2011)41
	TiO2 (21 nm)
	Increase



	Balos et al. (2014)103
	SiO2 agglomerates (50 nm)
	Increase




As shown in Table 1, incorporating a low content of large microparticles and a high content of smaller microparticles can increase fracture toughness. In addition, the fracture toughness of nano-composites depends on loading. Composites filled with low concentrations of nanoparticles have high fracture toughness, whereas composites filled with high loadings have low fracture toughness. Filler particles in dental restorative materials substantially enhance fracture toughness by increasing crack propagation resistance via several possible toughening mechanisms, such as crack deflection, crack pinning/bowing, matrix–filler interactions and crack bridging.26,43–46 Silanisation and nanoparticles improve the fracture toughness of dental polymer nano-composites through a combination of enhanced interface toughness through silanisation, crack deflection and crack bridging.35 The fracture toughness of dental composites can be increased by improving the interfacial bond between the nanoparticles and matrix through a larger surface area-to-volume ratio and high particle strength.37 Du et al. illustrated that Al2O3 nanoparticles (8 nm) with fixed filler content (1 wt%) were well dispersed in polyester resin and promoted crack front trapping that increased fracture toughness.47 The increase of volume-specific debonding energy also increases crack resistance with reduced particle size. Particles near the crack plane under high stresses are too small to be debonded from the matrix, indicating the importance of particle size distribution.48 To summarise, filler particle size significantly affects the fracture toughness of polymer dental composites. This property of dental composites can be improved by incorporating nanoparticle fillers at low concentrations, in addition to several factors.

2.2           The Effect of Particle Size on Flexural Strength

The addition of ceramic fillers to dental composites improves flexural strength.49,50 The particle size of fillers significantly affects the mechanical properties of particulate-polymer composites.28,51 Incorporating 50 wt% Al2O3 (<10μm) in dental composites increased flexural strength by more than 100%.52 Tanimoto et al. reported that adding 70 wt% SiO2 (3.3 μm) increased the flexural strength of dental composites, whereas adding larger microparticles reduced flexural strength (4.3, 7.9 and 15.5 μm).29 Two similar studies also reported that adding HA (18.1 μm) to PMMA denture base reduced flexural strength.53,54 According to Oral et al., the flexural strength of groups reinforced with large microparticles (>315 μm) decreased.55 Table 2 shows the effect of microparticles on the flexural strength of dental composites.

Table 2:    The effect of microparticles on flexural strength of dental composites.



	Author (year)

	Average particle size

	Effect on flexural strength




	Foroutan et al. (2011)52
	Al2O3 (<10 μm)
	Increase



	Tanimoto et al. (2006)29
	SiO2 (3.3 μm)
	Increase



	Lauke (2008)48
	HA (18.1μm)
	Decrease



	Tham et al. (2010)54
	HA (18.1μm)
	Decrease



	Oral et al. (2014)55
	Bioactive glass (315 to 1000 μm) and biostable glass (915 to 1000 μm)
	Decrease





As shown in Table 2, composites reinforced with high-volume fractions of small microparticles have high flexural strength values. The improvement in flexural strength can be attributed to the increased surface area of filler particles because of reduced particle size, which results in high surface energy at the filler-matrix interface. Meanwhile, the reduction in flexural strength can be attributed to the following factors:


	Increased stress concentration at the interface between the filler and polymer matrix as a result of increased particle size.29

	Poor interfacial interaction between the matrix and filler. Mechanical interlocking is the only bonding mechanism holding the filler in the matrix because of the cooling shrinkage of the matrix.54

	Agglomerations of the filler act as stress concentration points and lead to inefficient stress distribution; therefore, more stress is concentrated on adjacent particles, causing cracks in the material.53,54

	Agglomerations restrict molecular motion in the polymer under load-bearing applications, causing deformation.54

	Presence of particle–matrix interfacial defects.53



Dental composites containing nanoparticles have improved mechanical properties, such as flexural strength, compressive strength and wear resistance, compared with traditional micro-composites.56,57 According to Foroutan et al., dental nanocomposites reinforced with three loadings (10, 20 and 30 wt%) of Al2O3 (25–40 nm) had significantly increased flexural strength.52 Two similar studies evaluated the effects of adding TiO2 nanoparticles (<20 nm and 21 nm) to dental composites at different low loadings (<20 nm: 0.5 and 1 wt%; 21 nm: 3, 5 and 7 wt%).41,58 Lower filler contents significantly increased flexural strength. Moreover, Hosseinalipour et al. investigated the mechanical properties of Bis-GMA/TEGDMA dental composite reinforced with several loadings (20, 30, 40 and 50 wt%) of SiO2 nanoparticles (20–50 nm). They found a significant increase in flexural strength at a loading of 40 wt%.7 Similarly, Barghamadi et al. incorporated SiO2 nanoparticles into Bis-GMA/TEGDMA. The first composite consisted of filler (12 nm) with loadings of 15, 20, 25 and 30 wt%, whereas the second consisted of filler (40 nm) with loadings of 25, 35, 45, 50 and 53 wt%. Flexural strength increased at a volume fraction up to 25% and 45% for the first and second composite, respectively.59

Many researchers had attempted to enhance the mechanical properties of PMMA denture base. A recent study by Ahmed and Ebrahim evaluated the flexural strength of PMMA denture base reinforced with different low concentrations (1.5, 3, 5 and 7 wt%) of ZrO2 nanoparticles (2–15 nm). Their results revealed that flexural strength significantly increased at a filler percentage of 7 wt%.38 In another recent study, researchers used filler mixtures of HA/Al2O3 (30/80 nm). The mixture consisted of HA (5 wt% and 10 wt%) and each percentage was added to 1% of Al2O3 (i.e., 0, 3, 6 and 8 wt%). The hybrid nano-composites with 5 wt% and 10 wt% of HA and 6 wt% of Al2O3 had the maximum flexural strength.60 Two similar studies evaluated the effects of incorporating silver (Ag) particles (38 nm) into PMMA denture base.61,62 Ag filler was incorporated at very low loadings (0.5 wt%) and (0.05 wt% and 0.2 wt%). The results showed an insignificant increase in flexural strength. Table 3 shows the positive effects of nanoparticles on the flexural strength of dental composites.

Table 3:    The positive effect of nanoparticles on flexural strength of dental composites.



	Authors (year)

	Average particle size

	Effect on flexural strength




	Foroutan et al. (2011)52
	Al2O3 (25–40 nm)
	Significant increase



	Elsaka et al. (2011)41
	TiO2 (21 nm)
	Significant increase



	Xia et al. (2008)58
	TiO2 (<20 nm)
	Significant increase



	Hosseinalipour et al. (2010)7
	SiO2 (20–50 nm)
	Significant increase



	Ahmed & Ebrahim (2014)38
	ZrO2 (2–15 nm)
	Significant increase



	Safarabadi et al. (2014)60
	HA/Al2O3 (30/80 nm)
	Increase



	Barghamadi et al. (2015)59
	SiO2 (12 & 40 nm)
	Increase



	Sodagar et al. (2012)62
	Ag (38 nm)
	Insignificant increase



	Kassaee et al. (2008)61
	Ag (38 nm)
	Insignificant increase




However, a few studies had reported a decrease in flexural strength. Sodagar et al. added TiO2 (21 nm), SiO2 (20 nm) and TiO2 with SiO2 at two concentrations (1 wt% and 0.5 wt%) to PMMA.63 Hamouda and Beyari also incorporated TiO2 (21 nm) into PMMA denture base with a loading of 5 wt%.64 Similarly, Shibata et al. added apatite-coated titanium dioxide (Ap-TiO2) to PMMA denture base at volume fractions of 1, 5 and 10 wt%.65 Moreover, Garoushi et al. incorporated SiO2 (20 nm) into micro-filled composite resin with loadings of 10, 15, 20 and 30 wt%.66 The results of these four studies showed that neat resins have higher flexural strength than nano-composites. Table 4 shows the negative effects of nanoparticles on the flexural strength of dental composites.


Table 4:    The negative effect of nanoparticles on flexural strength of dental composites.



	Authors (year)

	Average particle size

	Effect on flexural strength




	Sodagar et al. (2012)62
	TiO2/SiO2 (21/20 nm)
	Decrease




	Hamouda & Beyari (2014)64
	TiO2 (21 nm)
	Decrease




	Shibata et al. (2007)65
	Ap-TiO2/TiO2 (400 nm)
	Decrease




	Garoushi et al. (2011)66
	SiO2 (20 nm)
	Decrease





As shown in Tables 3 and 4, composites filled with nanoparticles at low/high loadings exhibit high flexural strength, whereas some composites at low loadings have decreased flexural strength. The increased flexural strength of dental composites reinforced with nano-sized fillers can be attributed to five reasons:


	Nanoparticle have high-specific surface area and high surface energy that help to grab reactive monomer or polymer segment on their surfaces.67–72

	Formation of a strong bond between inorganic fillers and organic matrix.27,35,72 This bond is formed by covering the fillers with a functional silane coupling agent, such as MPS, to chemically link fillers with the matrix.35,73,74 The chemical linkage contains a siloxane bond between the filler and silane, as well as a covalent bond between the reactive groups of the matrix and organofunctional group of silane.75

	Decreased particle size at the same volume fraction results in covalent linkage, strong physical interaction, and increased contact area, which enhance the interfacial adhesion between matrix and nanofiller.52,72,76,77 Furthermore, smaller sizes cause more particles to share the applied stress in a specific region.77 These factors result in effective stress transfer from the soft resin to the hard nanofiller.52,72,76,77

	Increased rigidity and decreased ductility of nano-composites result from the addition of highly rigid nanoparticles, such as nano-Al2O3 and nano-TiO2, as well as the capability of these nanoparticles to withstand higher stresses.72,78,79

	Uniformly dispersed nanoparticles prevent crack propagation and significantly improve flexural strength.27,58,72,80


Flexural strength may decrease because of the following reasons:


	Nano-sized oxides affect the internal structure of polymerised by acting as impurities.60,62,63 

	Dispersed nanoparticles within the acrylic resin decrease the degree of conversion and increase the amount of residual unreacted monomer that acts as plasticiser.63,65

	Agglomerated nanofillers in the matrix may enhance crack propagation. Under applied load, slippage may exist within the agglomerate.81,82 The surface area for the interaction between nanofillers and matrix decreases and fractures in the agglomerate sites are initiated.66,83

	Decreased cross-section of the load-bearing matrix.60,61,84,85

	Changes in the modulus of elasticity of the matrix and crack propagation mode of the sample because of increased filler content.60,61,85

	Void formation from entrapped air and moisture and from increased filler loading.60,61,84–86

	Incomplete wetting of the filler by the matrix.60,61,84,85

	Stress concentration because of higher filler levels.60,61,85 However, polymer composition (chemical formulation) also significantly affects flexural strength.62 Dental composites showed increased flexural strength when Bis-GMA or TEGDMA was replaced with urethane dimethacrylate (UDMA) and decreased flexural strength when Bis-GMA was replaced with TEGDMA.87


To summarise, low contents of nanoparticles and high contents of small microparticle fillers can increase the flexural strength of dental composites. Particle size should be selected based on the properties affected by the filler volume fraction, such as required viscosity and curing shrinkage. Polymer composition is another factor with a marked effect on flexural strength.

2.3           The Effect of Particle Size on Hardness

The presence of filler particles in the resin matrix enhances mechanical properties, such as hardness.88–93 The addition of 38.16 micro-sized Nb2O5 particles to dental adhesive resin with loadings of 5, 10 and 20 wt% significantly increased hardness at 20 wt%, followed by 10 wt%.94 Vojdani et al. incorporated Al2O3 with an average particle size of 3 μm into PMMA denture base; they noted that hardness significantly increased at 2.5 wt% and 5 wt%, followed by 0.5 wt% and 1 wt%.85 Variance results showed a decrease in the surface hardness of PMMA denture base reinforced with 10 wt% and 20 wt% ZrO2 with particle sizes of 5–10 μm.95 Moreover, filler size affects the hardness of composites.96 Dental composites reinforced with nanoparticles displayed high hardness values.97–99 Liu et al. reported a significant increase in the hardness of dental composite reinforced with SiO2 with a mean size of 30 nm and filler volume fraction of 1.5 wt%.1 In another study, researchers added modified and unmodified TiO2 nanoparticles (<20 nm) to dental composite at a filler volume fraction of 0.5% and 1%. Both groups showed increased hardness values.58 Moreover, Prentice et al. incorporated YbF3 and BaSO4 (25 nm and <10 nm) in glass ionomer cement at loadings of 1 wt% and 2 wt%. Both groups reported insignificant increases in hardness values.100 Many efforts have been made to improve the mechanical properties of PMMA denture base.101,102 Safarabadia et al. evaluated the hardness of PMMA denture base reinforced with hybrid nanofillers consisting of HA and Al2O3 (30/80 nm). Their results revealed that HA/Al2O3 (10/8 wt%) significantly increased hardness.60 Balos et al. found that using SiO2 with agglomerate size of 50 nm at very low loading (0.023 wt%) increased the hardness of PMMA denture base composites.103 Incorporating ZrO2 particles with average sizes of 5–15 nm in PMMA denture base at different loadings (1.5, 3, 5 and 7 wt%) significantly increased hardness at 7 wt%.38 Table 5 shows the effects of filler size on the hardness of dental composites.

Table 5:    The effect of filler size on hardness of dental composites.



	Author (year)

	Average particle size

	Effect on hardness




	Leitune et al. (2013)94
	Nb2O5 (38.16 μm)
	Increase



	Vojdani et al. (2012)85
	Al2O3 (3 μm)
	Significant increase



	Ahmed & Ebrahim (2014)38
	ZrO2 (5–15 nm)
	Significant increase



	Liu et al. (2014)1
	SiO2 (30 nm)
	Significant increase



	Balos et al. (2014)103
	SiO2 agglomerates (50 nm)
	Increase



	Safarabadia et al. (2014)60
	HA/Al2O3 (30/80 nm)
	Increase



	Xia et al. (2008)58
	TiO2 (<20 nm)
	Increase



	Prentice et al. (2006)100
	YbF3 (25 nm) & BaSO4 (<10 nm)
	Insignificant increase



	Asopa et al. (2015)95
	ZrO2 (5–10 μm)
	Decrease




As shown in Table 5, hardness increased as the filler volume fraction increased. Microparticles improved hardness at relatively higher concentrations than nanoparticles. In addition to particle size, several factors significantly enhance the hardness of dental composites, such as:


	Inherent properties of some filler particles, such as Al2O3 and ZrO2. These particles exhibit strong ionic interatomic bonding to confer favourable properties, such as high hardness.1,38,60,85 Moreover, SiO2, Al2O3 and TiO2 nanoparticles show elastic, rather than plastic, deformation under indentation load.104 

	Increased filler loading increases hardness values.38,44,105–109

	Strong interfacial interactions between the modified nanoparticles and polymer.45,100,110

	Uniform dispersion of nanoparticles provides enough distances between the particles, increasing composite reinforcement and hardness.45,96

	Harder filler particles exhibit higher surface hardness in the composite.111,112 Therefore, filler particle size and filler content, in addition to various factors, can affect the hardness of dental composites.


3.          TOUGHENING MECHANISMS

3.1           Crack Deflection

Crack deflection occurs because of the predominant interparticle/intercluster crack growth in the matrix when the crack is forced to move out of its original plane by tilting or twisting.113–116 This leads to increased fracture toughness because of non-planar cracks.117 Crack deflection is a shielding mechanism that increases fracture resistance by reducing the stress intensity factor at the crack tip.113 Schematic drawing of crack deflection is shown in Figure 1.


[image: art]

Figure 1:    Schematic drawing of crack deflection.



3.2           Crack Pinning

This mechanism suggests that when crack propagation meets inorganic particles, crack propagation becomes pinned and bows out between the filler particles by generating secondary cracks. Crack pinning is a significant toughening mechanism, particularly in rigid particulate-reinforced brittle composites.115,117–119 This mechanism has been detected in micro- and nano-composites.120,121 It occurs easily at a nanoscale level, particularly with more reduced interparticle distance resulting from relatively high nanofiller content.119 Medina et al. performed fractography on a nano-composite to illustrate that adding nanoparticles induced crack pinning.115 Moreover, the river-like lines in the nano-composites possibly resulted from crack pinning and the blocking effects of nanoparticles.119 Figure 2 shows a schematic drawing of crack pinning.


[image: art]

Figure 2:    Schematic drawing of crack pinning.



3.3           Matrix–filler Interactions

The strength and toughness of the particulate-filled, polymer micro- and nanocomposites are strongly affected by bonding integrity at the filer/matrix interface and thus the stress transfer between the fillers and the matrix.51,122,123 Under perfect bonding conditions, a large quantity of energy is consumed at the filler–matrix interface.123,124 The existence of a thin and high-strength interphase layer results in effective stress transfer and causes crack deflection and propagation in the matrix. However, a thick and low-strength interphase layer causes crack propagation and crack blunting in the interphase material.125 Figure 3 shows a schematic drawing of filler–matrix interphase.


[image: art]

Figure 3:    Schematic drawing of filler–matrix interphase.




3.4           Crack Bridging

Crack bridging occurs because of the interparticle/intercluster crack growth when particles connect the crack faces at the crack wake.43,113,116 These uncracked bridges sustain part of the load, increasing fracture resistance.114,126 Essentially, the crack bridging mechanism minimises the stress concentration at the crack tip and therefore works as an extrinsic toughening source.114 Furthermore, when load is increased, a microcrack is created at some distance from the main crack, and an uncracked bridge exists between the microcrack and the main crack. The microcrack occurs very near to the tip of the main crack and grows in both directions, whereas the main crack stops propagating. Finally, both cracks will meet each other because of the extension of the microcrack. Toughening ceases at this point. However, for small particle-filled composites, crack bridging is not an expected powerful factor enhancing toughness.43 Crack deflection and bridging often work in harmony, given that crack deflection usually leads to crack bridging.113,114 Schematic drawing of crack bridging is shown in Figure 4.


[image: art]

Figure 4:    Schematic drawing of crack bridging.



4.          CONCLUSION

This review article compares and highlights the effects of micro- and nano-scale particles on the mechanical properties, including fracture toughness, flexural strength and hardness, of particulate dental resin composites. Many types of nanofillers, such as SiO2, ZrO2, TiO2, Al2O3, BaSO4, HA, Ag, YbF3 and nanodiamond, have been used in dental composites. The results of the conducted review showed that the mechanical properties of dental nano-composites with lower filler loadings are superior to microfilled dental composites. The effects of nanoparticles strongly depend on many factors, such as the type and mechanical properties of inorganic nanofillers, uniform dispersal of nanofillers within the polymer matrix, volume fraction of the filler particles, and type of silane used. The key control parameters to enhance fracture toughness are toughening mechanisms (i.e., crack deflection, crack pinning/bowing, matrix-filler interactions and crack bridging). Good flexural strength requires effective stress transfer from resin to nanofiller, whereas increased filler volume fraction is needed for adequate hardness.

Therefore, future works on this subject demand a proper and systematic investigation on the effects of particle loading, morphology (shape) and particle/matrix interface adhesion that directly contributed to the enhancement of mechanical properties especially fracture toughness and hardness. The reason is obvious since composite strength depends on the load transfer between filler and matrix, and stiffness depends highly on particle loading. However, specific attention should be made on the particle shape of fillers since it has a remarkable effect on some mechanical properties of the dental composites.
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