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Abstract: A water-atomised 316L stainless steel (SS) powder has been evaluated for physical and mechanical properties in a metal-injection moulding (MIM) process using the locally-based binder system palm stearin (PS). The results of the powder characterisation and feedstock preparation assays essentially conform to MIM processing standard requirements. Injection moulding was conducted successfully using a powder loading of 0.62. Solvent extraction and thermal methods were used for binder de-binding. The results show that water-atomised powder could be sintered to 95% of its theoretical density under tested sintering conditions (1360°C, 1 hour). Specimens composed of water-atomised powder exhibited large shrinkage due to the lower green density that is associated with the poor packing properties of the powder. The sintered specimen of water-atomised 316L SS that used the PS-based binder system nearly achieved Metal Powder Industries Federation (MPIF) Standard 35.
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1.     INTRODUCTION

The application of metal-injection moulding (MIM) to stainless steel (SS) samples is of great benefit to the metal industry because of the increased shape complexity compared to the casting process, material utilisation and achievable high final density. The MIM process is composed of four sequential steps: mixing of the powder with an organic binder, injection moulding, de-binding (binder removal) and sintering.1

It has been established that gas-atomised SS powders are suitable for MIM processing because of their high packing densities and associated feedstock rheologies.1–6 However, disadvantages of gas-atomised powders, such as the cost and low interparticle friction, which affects component shape retention, do exist. In contrast, Kipphut and German in 1991 reported that water-atomised powder has improved shape retention because of its lower cost and non-spherical particle shape, which creates higher interparticle friction.6 Even with improved shape retention, the use of water-atomised powders is challenged by their lower solid-loading potential and lower sintering densities. Additionally, water-atomised powders have specific mechanical and corrosion degradation characteristics, which in turn increase the challenges of using them. Studies reveal that injection-moulded and sintered components that use water-atomised 316L SS powders have similar particle characteristics (residual porosity of 3%–5%) and sintering conditions to those of gas-atomised powders. Most investigations of the water-atomised powders via injection moulding have achieved up to 97% of the theoretical densities with paraffin wax, polypropylene and stearic acid binder systems.1–6

Istikamah7 reported that gas-atomised 316L SS powder homogenously mixed with palm stearin (PS) and polyethylene (PE) can be injection-moulded and that these samples can be successfully sintered without any defects on their component parts. Additionally, all experimental densities approach their full theoretical density. An advantage of this biopolymer binder is that PS is naturally occurring and environmentally friendly. The binder system has also been shown to shorten the overall de-binding process through the use of solvent extraction techniques.8,9

With these characteristics in mind, this study sought to compare potential cost differences in manufacturing by testing water-atomised powders mixed with PS/PE during the mixing, moulding, de-binding and sintering stages.

2.     EXPERIMENTAL

The powders used in this study were water-atomised 316L SS powders. The chemical compositions of the powders are shown in Table 1, and all powder characteristics are listed in Table 2. As shown in Figure 1, the powders can be characterised as rounded and irregular in shape. The powder loading levels used were 62 vol%.5 The binder system composition was 70 wt.% PS/30 wt.% PE.7 The powder and binder system mixing processes were carried out using a sigma-blade mixer set at 160°C and with incubation times of 2 hours. Then feedstock was granulated to pellet form to ease feeding into the injection-moulding machine. The feedback viscosity was calculated using a Shimadzu CFT-500D (Japan) capillary rheometer. During the capillary rheometer test, feedstock was forcibly extruded through a small cylindrical orifice of 1.0 mm diameter and 10 mm length (L/D=10). Tests were conducted at 130°C, 150°C and 160°C. Tensile specimens were prepared using a vertical injection-moulding model, MCP HEK-GMBH (Germany). During the moulding stage, temperatures and injection pressures were adjusted until the optimum conditions were obtained. The green parts present very good homogeneity as deduced from the SEM observation and from green density values.


Table 1: The chemical composition of water-atomised 316L SS powder.
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Table 2: Characteristics of water-atomised 316L SS powder.



	Item
	316L SS



	Vendor
	ATMIX



	Shape
	rounded and irregular



	Particle size (um);
	



	D10
	3.4



	D50
	10.79



	D90
	29.22



	Width of distribution (Sw)*
	2.74



	Specific surface area (m2/g)
	0.11



	Pycnometer density (g/cm3)
	7.9



	Tap density (g/cm3)
	4.44



Note: * Sw = 2.56/log (D90/D10)
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Figure 1: SEM micrograph of water-atomised 316L SS powder.



During processing, PS binder was removed by solvent extraction techniques. Here, binder samples were incubated in n-heptane solution (100%) for 5 hours at target temperatures of 40°C, 60°C or 80°C. Binders were then subjected to a thermal de-binding procedure where the organic binder PE was completely removed by heating the binder sample to 450°C at a heating rate of 3°C/min, with a holding time of 2 hours. Sintering was then carried out using a high temperature vacuum furnace where the specimens were sintered at 1360°C at a heating rate of 5°C/min. All sintered samples were then characterised to evaluate the physical and mechanical characteristics of 316L water-atomised powders mixed with a local binder system of PS to evaluate the potential for high packing densities in these samples. Physical measurements were performed on sintered specimens using the tensile test on a Universal Testing Machine (UTM; Instron, USA) machine. Hardness tests (mechanical testing) were carried out using a Vickers (Mitutoyo, Japan) micro-hardness tester with an applied load of 100 gf. Density measurements were then performed on sintered parts applying the Archimedes method, using specific gravity meter. Metallographic observations of sintered specimens were carried out using an optical microscope at a final magnification of 500x. Before samples were observed, thorough sample preparation methods were applied. These included cutting, mounting, grinding, polishing and finally etching the samples.

3.     RESULTS AND DISCUSSION

3.1   Rheological Characterisation

In MIM, the rheological properties are important as the sample flow properties affect the flow properties of the feedstock during injection-moulding. Rheological analysis can also be used to quantify the stability of the feedstock during the moulding process.1

The viscosity of powder-binder mixtures is very sensitive to temperature and the amount of powder that is loaded into the mixture (powder loading). At low temperatures, mixture viscosities may be too high to allow further processing to the moulding step. At high temperatures, the binder may be too thin, resulting in separation of the powder and binder. For moulded parts, high temperatures also can lead to chemical degradation of the binder polymer and material property changes that could cause physical degradation such as cracking. Therefore, a range of conditions exists over which MIM processing is most viable. Within this range, the mixture exhibits pseudoplastic flow (viscosity decreases with increasing shear rate), and this flow property can help to reduce the required temperature and required pressure for successful moulding.2,3 It is known that pseudoplastic flow behaviour aids mould filling procedures by minimising jetting and helping to retain the shape of the moulded part.

In the MIM process, the shear rate during moulding usually ranges between 100 and 10000 s−1. Empirical studies have shown that within this shear rate range, maximum viscosities for moulding approach 1000 Pa.s at the moulding temperature.2 Capillary rheometers are widely used to characterise the rheological behaviours of MIM feedstocks.1–3 The rheological results of the feedstock in this study are shown in Figure 2. We found that sample feedstock viscosities decrease with increasing shear rate. This behaviour is generally called pseudoplastic flow. In our study, the non-spherical morphologies of water-atomised powders gave higher viscosities in all temperatures tested when compared to gas-atomised powders.

Sample viscosity is also temperature sensitive. As temperatures increase, there is a noticeable decrease in the feedstock’s viscosity. This phenomenon is mainly due to both a decrease in the powder volume caused by larger heat-induced binder expansion and a disentanglement of the polymer’s molecular chain to more random molecular conformations.2 When the shear rate varied from 100 to 10000 s−1, the viscosity of the feedstock fell below 1000 Pa.s. Thus, the feedstock was considered suitable for injection moulding.
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Figure 2: Viscosity vs. shear rate of MIM feedstock containing water-atomised powder.



3.2   Injection Moulding

After several trials, the feedstock was successfully injection moulded, with the nozzle temperature at 210°C and the injection pressures reaching 30 MPa. Overall, the total cycle times for each injection averaged 6 seconds. Figure 3 shows the tensile shape of the injection-moulded parts with a single gate that is located at one end of the part. Our study used a moulding temperature much higher than that used in other reports (100°C to 200°C).4–6 Nevertheless during injection, all injection parts remained free from normal defects, such as short shot, flashes at the parting surface and binder separation. To ensure that the feedstock could flow and be moulded easily, a higher temperature was needed to compensate for the high viscosity of the feedstock.
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Figure 3: Injection-moulded part (green); tensile specimen.



Figure 4 clearly shows the SEM micrograph of green-coloured and successfully processed parts at two different regions: (a) the fracture and (b) the outer surface. In the mixture, binder is seen filling interstitial spaces between powder particles. Spherical and irregular shapes of powders can be seen in fractures of water-atomised green parts. Data from SEM clearly support that the outer surface [Fig. 4 (b)] was filled with more binder than the fracture surface [Fig. 4 (a)]. Many pores can be seen in Figure 4 (a), and the binder flow seems to be non-directional. Further SEM analysis revealed [Fig. 4(b)] that binder flow is clearly more directional compared to other binder. We hypothesised that the presence of pores or voids between the atomised particles was caused by entrapped air and/or binder shrinkage during the cooling process.

At the end of moulding procedure, the binder provides a mechanical interlocking to the particles that gives the compact shape and the necessary handling strength. The SEM micrograph in Figure 4 clearly shows the green specimens at two different regions, at the fracture surface and on the outer surface, for three different particle sizes. The micrograph shows binder filling practically all the interstitial spaces between the powder particles. In addition, the outer surface is filled with more binder than the fracture surface. This is due to a greater feedstock contact with the cavity wall, which is the area where solidification first occurs.

Generally, after the mould is filled, heat is extracted from the feedstock through the die. As illustrated in Figure 5, the heat flow is directed towards the wall. Because the wall is the coolest portion of the sample, heat will flow from the hot zone to the cold zone. The combination of high applied pressure, low viscosity, and rapid die-filling rates led to a trapped air defect in the moulded specimen.



[image: art]

Figure 4: SEM micrograph shows the distribution of the PS/PE binder system on injected parts: (a) fracture site and (b) outer surface.
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Figure 5: A schematic of the dissipation of heat through the mould.



The average green density of green parts is 5.01 g/cm3.m which is 92.9% of the theoretical maximal density for these mixtures. The less intense green region of the moulded parts is therefore associated with poor packing abilities of the powder. Interestingly though, the moulded parts are free from normal defects.


3.3   De-binding Process

For safe and rapid binder removal and to minimise the possibility of crack and blister formation, solvent de-binding followed by thermal debinding was performed. The chosen binder for our studies, PS, had components that exhibited lower stability and thus were removed in the early stage of de-binding. The removed components, it is believed, generated pore channels inside the material that allowed gas degradation products and allowed remaining binder to harmlessly diffuse out of the structure. The remaining PE binder held particles together during and after extraction to maintain the material’s overall shape.

Solvent extraction was performed in n-heptane solvent at different temperatures (Fig. 6). The results indicate that increasing the solvent temperature increases the removal of the end amount of PS product from the green parts. It was observed that leaching at 40°C and 60°C provided better shape retention than leaching at 80°C, which led to slight shape distortion. It was also observed that all samples exhibit good shape retention and better handling for thermal pyrolysis. The data indicate that the best solvent temperature to yield shape retention and handling improvements fell within the range of 50°C to 80°C.4 High solvent temperatures caused softening effects to the second binder of the materials. This in turn antagonises the function of the second binder and promotes strength in the components after the first stage of de-binding. During solvent extraction, palm stearin and heptane were soluble in each other. Consequently, at higher temperatures, the de-binding rates increased because of higher diffusivity. Figure 6 also shows that at 40°C, approximately 4% to 5% of the PS binder stays in the component, unable to be removed. This clearly supports the requirement for leaching temperature of 60°C.

Because all the PS was removed in the solvent de-binding steps, thermal debinding was performed with a higher speed compared to the usual thermal debinding process. The remaining binder, PE, was removed by thermal pyrolysis (heating rate of 5°C/min to 450°C and held for 1 hour).

3.4   Sintering Process

3.4.1 Physical properties

In this stage, temperatures increase from 30°C to a final sintering temperature of 1360°C at a rate of 5°C/min under vacuum atmosphere. Then the sintering temperature is held for 1 hour. After sintering, our results did not support any signs of defects such as blister and crack in the specimens.
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Figure 6: Percentage of PS removed with time during immersion in heptane.



The results show that the average density of the sintered parts was 7.5 g/cm3, approximately 95% of theoretical density. The lower packing density of the water-atomised powder resulted in a lower total material density. Cai and German studied metal injection moulding of water-atomised 316L SS with paraffin wax, polypropylene and stearic acid as a binder system with 62 vol%.5 They reported a sintered density of 96% after sintering at 1370°C in a hydrogen atmosphere. This density increased to 98% as the sintering temperature increased to 1390°C.6 Thus to achieve higher densities and better mechanical properties of the sintered parts, processing conditions should be optimised.

Figure 7 shows the tensile fracture surface of the sintered specimen. A few isolated pores (closed pores) can be observed and are indicated by arrows in the figure. The low presence of closed pores suggests that they are a minor contributor to the fracture. The pores are closed, rounded and distributed almost uniformly.

Shrinkages were calculated by comparing the tensile sample dimensions at each stage to that of the die. The dimensions measured were length, which is parallel to the melt flow, and width, which is perpendicular to the melt flow and thickness and parallel to the mould opening direction. Figure 8 compares the shrinkage specimens of our experimental data and data from Cai and German.6
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Figure 7: SEM of the sintered specimen at 1360°C.



Because the water-atomised powder was round and irregular in shape, there is a high probability of anisotropic packing with respect to the flow orientation.5 The thickness shrinkage in our samples is less than that of green samples, which also differs from Cai and German’s observations. The length shrinkage of our experimental samples was higher than of the Cai and German samples, while the thickness shrinkage produced nearly the opposite result. These indicate a larger orientation effect in moulding exists in our experimental samples compared to those of Cai and German. This possibly could be due to the round and irregular particle shapes of our powders compared with the water-atomised particle used by Cai and German, which have a most irregular particle shape. However, as can be seen, shrinkage is almost equal in all three dimensions for our experimental samples, indicating that the feedstock is relatively homogeneous.

3.4.2 Mechanical properties

Table 3 shows the comparison of the experimental mechanical properties with MPIF Standard 35.10 From the results obtained, it can be concluded that the sintered specimen of injection moulding of water atomised 316L using PS based binder system nearly achieved the MPIF Standard 35,9 but further study considering different temperatures, cycle times and atmospheres is necessary to achieve high mechanical properties of sintered specimen.
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Figure 8: The comparison of shrinkage specimen of experimental samples and data from the Cai and German samples.6



Figure 9 shows the microstructure of water-atomised powder. The microstructure resembles grain, and the boundary pores remain irregular but rounded. The internal pores, however, are spherical. The micrograph also reveals different stages of pore-grain boundary separation, as indicated by the arrow.


Table 3: Mechanical properties of tensile specimens.



	Properties
	Experimental samples
	MPIF standard 35



	Hardness (HV)
	222
	>200



	Tensile strength (MPa)
	443
	≥448



	Elongation at break (%)
	42
	≥40
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Figure 9: Microstructure of a sintered part, 500x.



4.     CONCLUSION

The water-atomised 316L SS powder was successfully injection-moulded using a palm-based binder system with the PE. Sintered specimens achieved a density of 95% of their theoretical maximum values. High powder loading (65 vol%) of water-atomised powder was expected to result in high density. However, high density was not only dependent on high powder loading but also reliant on the packing property of the powder. These results suggest that sintered properties of water-atomised powder can be achieved using high sintering temperatures.
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Abstract: The work presented in this paper describes an alternative compounding formulation for natural rubber (NR) latex foam. This novel formula is designed to address the environmental control and health issues typically associated with NR latex products. The NR latex foam produced was shown to have ultra-low protein allergenicity (Type I) and chemical sensitivity (Type IV). The physical properties of the NR latex foam were typical of normal NR latex foams. Images obtained by Scanning Electron Microscopy (SEM) demonstrate that the foam has an open-cell structure. Soil burial was utilised to demonstrate the biodegradability of the foam product, and the resulting degraded area of the cell wall confirmed that natural degradation was occurring.

Keywords: NR latex foam, alternative compounding formulation, biodegradable

1.     INTRODUCTION

Natural rubber (NR) latex is a natural commodity that has tremendous economic and strategic importance. Among the applications of NR latex is the production of dipped goods, extruded threads, adhesives, carpet-backing and moulded foams.1,2 This is primarily because of the unique characteristics of NR latex, such as high strength, flexibility and elasticity.3,4 Most NR latex products are derived via a sulphur vulcanisation system, which achieves the desired physical properties for the product application. There are alternative methods to vulcanisation, such as radiation and peroxide curing systems, but these methods have not gained industry acceptance because of inconsistency in the mass production practices of these latex products.1 However, there are claims of a peroxide system, appropriate for prevulcanised latex, for producing latex products with improved physical properties.5,6 The claims assert that products made from peroxide prevulcanised latex tend to have low levels of chemical sanitizers, nitrosamines, nitrosatable amines, non-cytotoxcity and a relatively low level of extractable protein, compared to products made from normal NR latex. Furthermore, products made from the peroxide vulcanisation system can be regarded as environmentally friendly due to the absence of heavy metals and toxic chemicals.


To date, there are no published reports on the application of peroxide prevulcanised latex for NR latex foam products. The main drawback is that the low wet-gel strength of peroxide prevulcanised latex contributes to foam collapse upon deformation and fracture upon tearing. Thus, the present study will demonstrate a practical application of the peroxide curing system for NR latex to make latex foam. Without altering the normal production process of NR latex foam, this method offers an alternative curing system for the NR latex foam industry.

2.     EXPERIMENTAL

2.1   Materials and Sample Preparation

The ingredients for the NR latex foam mixture used in this study are shown in Table 1. The industry standard NR latex, t-butyl hydroperoxide and hydroxyacetone were obtained commercially. Solid materials, such as sulphur, zinc diethyldithiocarbamate, zinc dibuthyldithiocarbamate, zinc oxide, diphenyl guanidine, sodium silicofluoride, and an antioxidant were prepared in dispersion form by ball-milling for 72 hours. Liquid materials, specifically, potassium oleate and Irganox® 1520 [Ciba-Geigy (M) Sdn. Bhd., Selangor, Malaysia], were prepared in emulsion form by continuously stirring in warm water at 60°C to 70°C until completely dissolved.


Table 1: NR latex compounding formulation used in the study.



	NR Latex Compound A
	
	



	Ingredient
	TSC %
	pphr



	High-ammonia NR latex
	60
	100



	t-butyl hydroperoxide solution
	69
	0.9



	Hydroxyacetone solution
	85
	0.4



	Irganox® 1520 antioxidant emulsion
	50
	1.0



	NR Latex Compound B
	
	



	Ingredient
	TSC %
	pphr



	High ammonia NR latex
	60
	100



	Sulphur dispersion
	50
	1.5



	Zinc diethyldithiocarbamate
	50
	0.5



	dispersion
	
	



	Zinc dibuthyldithiocarbamate
	50
	0.5



	dispersion
	
	



	Zinc oxide dispersion
	50
	0.3



	Wing stay L® antioxidant dispersion
	50
	1.0



Note: TSC = total solid content


Two NR latex compounds, coded in this paper as A and B, were first matured at room temperature for 48 and 16 hours, respectively. Then, both compounds were mixed at a ratio of 70:30, respectively. After mixing the compounds, a foaming agent was added, and the mixture was slowly and continuously stirred for one hour. During the experiment, 2.0 pphr of potassium oleate emulsion (P.O.) was added to the latex mixture. The latex mixture was frothed using mechanical agitation until the desired foam density was achieved. Then, zinc oxide and a secondary gelling agent were added. The foam was stirred slowly until a fine foam structure was achieved.

The NR latex foam was moulded to a thickness of 25 mm and dried in an oven in air for one hour. The composition of the foaming and gelling agent used in the study is shown in Table 2, and the process flow diagram is illustrated in Figure 1.


Table 2: Composition of foaming and gelling agent used in the study.



	Ingredient
	TSC %
	pphr



	Mixture of compounded NR latex
	58
	100



	P.O.
	20
	2.0



	Diphenyl guanidine dispersion
	25
	1.0



	Zinc oxide dispersion
	50
	2.5



	Sodium silicofluoride dispersion
	50
	1.15



Note: TSC = total solid content

2.2.   Determination of Physical Properties of NR Latex Foam

The determination of the physical properties of NR latex foam was performed in accordance to Malaysian Standards (MS) 679.

2.2.1 Hardness index

The indentor foot was first brought to the top surface of the test sample. Then, the test sample was indented at 40±1% of the initial thickness. The corresponding force was recorded, in Newtons, as the hardness index.

2.2.2 Accelerated ageing test

The accelerated ageing test was carried out similarly to the hardness index test. However, the sample was subjected to ageing for 22 hours at 100°C before testing. The difference between the hardness indexes before and after ageing was expressed as percentage of hardness change due to ageing.
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Figure 1: The process flow for preparing foam.



2.2.3 Compression set

The sample was placed between the plates of the compression device and compressed to 50% of its original thickness. The compression was maintained for 72 hours at 23±2°C. Next, the compression was released, and the test sample was allowed to rest for 30 minutes at room temperature before the final thickness was measured.

2.2.4 Elongation at break

A gauge length of 25 mm was marked on the test piece, and it was then fastened into the clamps of the testing machine. After that, the sample was pulled at a constant rate of 500±50 mm/min until the sample broke. Elongation at the break, expressed as the percentage of the original gauge length, is given by the formula:
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2.2.5 Foam density

Density of the foam is calculated from the mass and volume of the sample. The density is calculated in grams per cubic centimetre as follows:

[image: art]

where M is the mass of the foam latex in grams, and V is the volume of the container in cm3.

2.3   Tests on the Allergenicity of the NR Latex Foam

The adverse reaction associated with the use of NR latex products has become a focal point. Therefore, evaluation of toxicity and allergic potential of NR latex foam was investigated.

2.3.1 Extractable residual chemicals

The chemical residue of NRL foam was determined in accordance to ASTM D1140.7–10 The chemical residue was extracted using an azeotropic mixture (AM) at a ratio of 1:10 (1 g to 10 mL). The AM containing the extracted residual chemicals was collected and dried. The dried residue was then redissolved in 5.0 mL of chloroform and mixed equally with a copper sulphate solution (1 M). The copper complex formed7 was quantified by high-performance liquid chromatography (HPLC) equipped with a C18-bonded reversed phase column (3.9 micron, 150 mm) with detection at a UV-wavelength set at 279 nm. The gradient mobile phase used was acetonitrile and water at a ratio of 90:10 (v/v) with 1.0 mL/min flow rate.

2.3.2 Extractable protein

A test specimen measuring 7 × 7 cm was extracted with phosphate-buffered saline (0.025 M) (1 g/5 mL) at 25°C for 2 hours. The total extractable protein was determined following the protocols drafted in ASTM D5712-95 and ASTM D5712-99.10, 11–13


2.4   Morphology Study and the Evaluation of the Biodegradability of NR Latex Foam

Due to the increase in public concern over preserving the quality of the environment, this paper undertakes an intensive study of the biodegradability of the designed product. Surface morphology analysis upon disposal was studied.

2.4.1 Scanning Electron Microscope (SEM) imaging

The test sample was cut and placed onto the specimen stub with double-sided carbon tape. The specimen was then prepared for examination by evaporative coating of an ultra-thin layer of gold under high vacuum. This provides a conductive layer that permits SEM examinations. The JOEL SEN 5300 (Bruker AXS, Singapore) was operated at 10 kV with a 10 mm working distance.

2.4.2 Number of cells per unit volume

An SEM micrograph of NR latex foam was obtained. In this study, the number of cells per unit volume of latex foam was determined from equation (3)14,
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where N = number of cells per unit volume, d = average cell diameter, ρrubber = density of the solid rubber and ρfoam = density of the rubber foam.

2.4.3 Biodegradability study

Testing of the biodegradability of NR latex foam was conducted in a time-course experiment under environmental fate conditions. The test pieces were placed in nylon mesh bags (38 µm pore size) and then buried in an unspecified clay-type soil. The samples were retrieved from the soil in 1 month intervals, washed in running water and dried prior to weighing. The weight-loss percentage was used to determine the biodegradability of the NR latex. Additionally, the physical changes of the NR latex foam structure due to the degradation were visualised using SEM.


2.5   Determination of Crosslink Density of Latex Film Using Stress-strain Measurement

The test sample was cast into films. The cast films were then subjected to a stress-strain C1-C2 measurement using an Instron 5500 (Mecomb, Selangor Malaysia) machine. The sample was pulled at 25 mm/min, and the gauge length of the strip was approximately 100 mm. The procedure for best fit was to select 8 points along the film in equally-spaced increments of 1/(extension ratio). The Mooney-Rivlin equation is as follow:
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The cross-sectional area, A0, of the test piece was calculated from the density, mass and length of the specimen. The stress-strain data were plotted using a computer programme that was written for the Mooney-Rivlin equation. The C1 and C2 values were taken from the intercept and the slope of the curve, respectively. The total physical crosslink density (nPhys) is derived from the C1 value, where C1 and C2 represent the elasticity of the film. An intensive investigation was conducted to determine the total poly-sulphidic concentration, which is related to the strength of the film. To determine the concentration of poly-sulphidic crosslinking, the test sample was first subjected to a chemical probe treatment. The chemical probe reagent [propane-2-thiol (0.4 M) and piperidine (0.4 M) in n-heptane] was used for selectively cleaving poly-sulphidic crosslinks, leaving just mono-sulphidic, di-sulphidic and carbon to carbon crosslinks in the test sample. The test specimen was then subjected to a stress-strain C1-C2 measurement as described above. The total poly-sulphidic crosslink density was determined by taking the difference between the untreated and treated sample. Details of the technique have been described elsewhere in literature.15,16

3.     RESULTS AND DISCUSSION

3.1   Physical Properties of NR Latex Foam

In this study, the NR latex mixture was frothed to produce NR latex foam with the target foam density ranging from 0.8 g/cm3 to 0.14 g/cm3, which is considered firm NR latex foam. The presence of P.O. in the latex mixture as a foaming agent, as well as a foam stabiliser, is important because it reduces the surface tension during whipping of the NR latex mixture to introduce air. However, during the frothing process, the normal practice is to prevent the foam volume from exceeding seven times the initial volume of the NR latex mixture to avoid cracks and cavities in the final product. In this study, a 0.13 g/cm3 foam density was achieved, and thin (25 mm thick) moulded NR latex foam was obtained as the product. Table 3 shows the physical properties of the NR latex foam produced in the study.

As expected, the NR latex foam produced in this study retained adequate physical properties of standard NR latex foam. It is well known that the indention index expresses the hardness of NR latex foam. Hence, the NR latex foam was designated as medium-hardness latex foam. After ageing, the hardness of the foam increased by 2.28%. The elongation at break was comparable with normal NR latex foam. Also, the compression set percentage values are acceptable for normal foam products. However, with our novel mixture of the sulphur and peroxide latex systems, we observed the foam exhibit the memory property for a short period before slowly recovering to its initial form, without damaging the foam structure, as is indicated in Figure 2.


Table 3: Physical properties of the NR latex foam.



	Test
	Value
	MS 679 Requirement



	Indention index (N)
	136
	Soft 100<



	
	
	Medium 101–170



	
	
	Hard > 170



	Ageing (%)
	2.28
	±20%



	Elongation at break (%)
	300
	Min 150



	Compression set (%)
	3.87
	Max 6%



	Foam density (g/cm3)
	0.13
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Figure 2: The slow recovery behaviour of NR latex foam: A-before compression; B-compression; C-release; D-recovery.



We conclude from this observation that the ability of NR latex foam to recover from deformation opens up a possibility for new applications of latex foam based on products made from this NR latex foam type. For example, this NR latex foam can be employed in orthopaedic applications, which usually utilise synthetic memory foam, for which this memory characteristic will allow the release of surface pressure by contouring to the shape of the body.

3.2   Allergens Level of NR Latex Foam

Our NR latex foam exhibited ultra-low allergenicity in both common NR latex allergy, specifically protein allergy (Type I), and chemical sensitivity (Type IV). The results are given in Table 4. During the production of NR latex foam, it undergoes many washing processes; therefore, it is reasonably expected that NR latex foam will not contain many residual materials, as they are washed away during processing. This is an advantage for NR-based foam over its synthetic counterpart in the green movement.


Table 4: Cytotoxicity and allergenicity level of NR latex foam.



	Test
	Value



	Type I allergy (µg/g)
	36.94



	Type IV allergy (µg/g)
	LOD*



Note: *LOD = under limit of detection

3.3   Surface Morphology and Biodegradability Study of NR Latex Foam

SEM images indicate that the foam structure (Fig. 3) is made of continuous interconnecting open cells. From the SEM micrograph, a qualitative measurement of the foam cell size could be obtained. Table 5 shows the average cell diameter and number of cells per unit volume of the NR latex foam.

The average cell size of the foam was 300 mm in diameter, and the number of cells per unit volume was 3.86 × 104 cm−3. However, it should be noted that the cell size and number of cells is proportional to the density of the foam. Extending the frothing process may result in decreasing the foam density; hence, increasing the number of foam cells per unit volume. The SEM micrograph (Fig. 4) of latex foam that was allowed to degrade in soil showed physical breakdown, distinguished by a degraded area on the cell wall, due to biodegradation activities during soil burial. The biodegradability of the NR latex foam was further supported by investigating the weight loss percentage over time. The increase in the weight loss percentage over one month intervals further confirmed that the NR latex foam is a biodegradable material (Fig. 5).



[image: art]

Figure 3: Micrograph of the NR latex foam cell structure.
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Figure 4: Effect of degradation on NR latex foam cell structure.
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Figure 5: Weight loss percent of NR latex foam during 3-month soil burial.



Table 5: NR latex foam cell structure.



	Test
	Value



	Average cell diameter (µm)
	300



	Number of cells per unit volume (cm−3)
	3.86 × 104



3.4   Determination of Crosslink Density and Poly-sulphidic Crosslink Concentration

Table 6 shows the value of stress-strain C1 and C2 and total physical crosslinks (nPhys). The presence of peroxide vulcanised latex in the latex compound of this study gives the film the unique physical characteristic of less poly-sulphidic crosslinking, which is generally known to be thermally unstable. Application of this NR latex type as a substitute for NR latex foam shows good ageing resistance and compression set but slow recovery after compression. The actual reason for this behaviour is not clear; therefore, further investigation of the mechanism of the vulcanisation system of the latex mixture is needed.


Table 6: C1 and C2 and physical crosslinks concentration.
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4.     CONCLUSION

In this study, an alternative NR latex foam vulcanising system for producing safe NR latex foam was designed. The unique and excellent properties of the NR latex foam were developed through the art of the NR latex vulcanisation system. In general, the NR latex foam formulation used in the study is a mixture of the sulphur and peroxide vulcanisation systems. The compounded NR latex was frothed and processed into thin NR latex foam at laboratory scale. Minimising the usage of hazardous chemicals in the vulcanisation system produces NR latex foam with ultra-low allergenicity in both Type I and Type IV. In addition, the release to the effluent of potential eco-toxins from foam processing could be minimised. It was also determined that the physical properties of the fabricated NR latex foam retained adequate NR latex foam characteristics, for example, hardness, age hardening percentage, elongation at break, and compression set. Images obtained from SEM demonstrated that the foam has a continuous interconnecting open-cell structure. Biodegradability of the NR latex foam was monitored by the weight loss percentage upon soil burial. The biodegradability of NR latex foam was further supported by the degraded area of the cell structure, visualised by SEM. The fabricated NR latex foam from this study is expected to not only fulfil the desirable properties of NR latex foam, but also to be the green alternative to latex foam products typically made from synthetic latex foam. Knowledge gained in this study is important to branding and marketing NR latex foam with a conceptually green image and environmental advantages relative to synthetic foam.
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Abstract: There have been concerns raised over the treatment of acute burns with silver particles because of the potential toxicity caused by silver. As the wound heals, a membrane is formed between the silver particle and the blood, but this membrane is not impenetrable, which might lead to further silver absorption. This paper reports the in vitro cytotoxicity of silver-chitosan composites prepared as films and paste with various concentration of chitosan and a fixed concentration of 3 w/v % of silver nitrate, AgNO3. UV photo reduction was used to convert the silver ions (Ag+) to silver particles, and the effect of adding silver to chitosan was thoroughly studied. Cell attachment studies using Normal Human Dermal Fibroblasts (NHDFs) are being carried out, and more evidence for the reliability of using silver as an antimicrobial agent in chitosan composites for wound management applications could be gained.

Keywords: chitosan, silver, cell seeding, cytotoxicity, wound  management

1.     INTRODUCTION

Chitosan [β-(1-4)-2-amino-2-deoxy-D-glucose] is a unique basic polysaccharide and is generally represented as a homopolymer. The deacetylation of chitin that yields chitosan is rarely complete, and most commercial and laboratory products tend to be copolymers of N-acetylglucosamine (NAG) and N-glucosamine.1 The ratio of the two types of repeating units depends on the source and the method of preparation of chitosan, but glucosamine units predominate. The structure of chitosan is similar to that of cellulose except at carbon-2, where the hydroxyl group of cellulose is replaced by an amino group. Although the β-(1-4) anhydroglucosidic bond of chitosan is also present in cellulose, the characteristic properties are not shared by cellulose. Figure 1 presents the structural similarities of chitin, chitosan and cellulose.
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Figure 1: Chemical structures of chitin, chitosan and cellulose.1



Chitosan is a biopolymer that is generally known to accelerate the healing of wounds in humans.2 It has been reported that chitosan stimulates the migration of polymorphonuclear and mononuclear cells and accelerates re-epithelisation and normal skin regeneration.3 Some reports also reveal that chitosan possesses a considerable antibacterial activity against a broad spectrum of bacteria.4,5 Chitosan is a positively charged molecule, and it interacts very well with the negatively charged microbial cell wall, leading to the leakage of the intercellular contents. This leakage results in binding between chitosan and DNA, and mRNA synthesis is inhibited by the penetration of chitosan into the nuclei of the microorganisms, thus resulting in interference with the synthesis of proteins in the microorganism.


The antibacterial activity of chitosan can be enhanced by incorporating silver compounds, which are known to have antimicrobial activity. Studies on the incorporation of silver sulfadiazine into chitosan have been widely carried out because the topical use of silver sulfadiazine is believed to induce considerable toxicity problems.6 In this work, chitosan-silver nanocomposites were produced by a UV photo reduction technique in which silver ions (Ag+) were converted into silver metal (Ag0) in the chitosan solution in situ. The slow release of the silver nanoparticles in the chitosan samples is thought to be an effective method for the long-term inhibition of the growth of bacteria.

The metabolic fate of metallic silver in the human body is affected by the chemical nature of silver itself, which influences the absorption, distribution and metabolism of the silver. Therefore, it is vital to study the in vitro, ex vivo and in vivo toxicity of silver. This study concentrated on the cytotoxicity of silver nanoparticles incorporated in chitosan using Normal Human Dermal Fibroblasts (NHDFs). NHDFs were chosen mainly because they continuously secrete macromolecules into the extra-cellular matrix. This work aimed to unravel the effect on NHDF cells upon exposure to chitosan preparations containing silver nanoparticles.

2.     EXPERIMENTAL

2.1   Materials

Non-water-soluble chitosan, with a deacetylation degree of 90% (molecular weight 100 kDa), was purchased from Hunza Nutriceuticals Sdn. Bhd. (Perak, Malaysia). Water-soluble chitosan sourced from China was purchased from Sigma Aldrich. Analytical-grade highly purified silver nitrate salt was purchased from Sigma Aldrich (USA), and 100% acetic acid, glycerol and sodium hydrogen bicarbonate of analytical grade were purchased from Fluka Chemical (Switzerland).

2.2   Sample Preparation

Chitosan solutions containing 3 wt.% silver nitrate, AgNO3 were prepared from both water-soluble and non-water-soluble chitosan using a UV photo reduction process conducted for predetermined time periods. Silver nanoparticles formed in the chitosan samples were in the range of 5–10 nm. The optimum concentration for water-soluble chitosan was 3 wt.%, whereas 2.85 wt.% was used for non-water-soluble chitosan. Samples were prepared in film and paste form. Chitosan samples were first immersed in the medium (Dulbecco Modified Eagle’s Medium, DMEM) at 24, 48 and 72 hours at 37°C without agitation and were evaluated at various test solution concentrations (which are termed extract concentrations hereafter) of 2 × 105 ppm, 1 × 105 ppm, 0.5 × 105 ppm and 0.25 × 105 ppm. Chitosan powder without silver was used for comparison. Ion release studies of chitosan containing silver were conducted in our laboratory to determine the release profile of silver nanoparticles.

2.3   Cytotoxicity Tests with NHDF Cells

NHDF cells were cultured in DMEM (Invitrogen, Australia) containing penicillin/streptomycin (Invitrogen) and L-glutamine (200 mM; Invitrogen) and supplemented with 10% foetal bovine serum (Invitrogen). The cells were incubated at 37°C in a humidified atmosphere containing 5% CO2.

2.4   MTT Test

Studies of the viability of the cells in the presence of chitosan samples were performed using the MTT test. The cells were resuspended in culture medium and plated in 24-well plates at a density of 5 × 104 cells/mL and then incubated for 24 hours in a humidified atmosphere of 5% CO2. Thereafter, the medium was replaced with 1 mL of the test solution; culture medium was used as control. Following 24 hours of incubation, the test solutions were removed, and each well was treated with 10 µL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) [5 mg/mL in phosphate buffer saline (PBS), Gibco, NY] and incubated for 4 hours at 37°C in a humidified atmosphere of 5% CO2. The yellow MTT is reduced to blue-purple formazan in the presence of the mitochondrial dehydrogenase. This enzyme is present in intact living cells, hence the blue-purple colour produced should be proportional to the number of viable cells present.7 The MTT solution was then replaced with 100 µL/well of dimethylsulfoxide (DMSO, AMRESCO, Ohio, USA) to dissolve the formazan salts, followed by 10 minutes of slow agitation, yielding a blue-purple solution. The absorbance of this solution was measured at 570 nm using a Universal Micro plate Reader (BioTek Instruments, USA).

2.5   Cell Seeding Test

NHDF cells (5 × 104 cells/mL) were seeded on the chitosan samples in 24-well culture plates and cultured for 24, 48 or 72 hours with a fresh medium every day. At selected time intervals, the cells were washed with PBS buffer and fixed with 2.5% glutaraldehyde at room temperature for 1 hour. After removal of the glutaraldehyde, the cells were dehydrated through a graded series of aqueous ethanol baths. Variable Pressure Scanning Electron Microscopy (VPSEM, Leo-Zeiss, Germany) was used to observe the cell morphology.


3.     RESULTS AND DISCUSSION

Silver nanoparticles are being used with increasing frequency as wound dressings due to their antimicrobial activity. Studies have also shown that even a small dose of silver nanoparticles has the potential to cause toxicity, as determined by an array of cyto- and genotoxicity parameter.8 The results shown in this paper describe the effect of incorporating silver into chitosan, especially with regard to chitosan’s cytotoxicity.

3.1   Effect on Cell Morphology from Cell Seeding Studies

The first and most readily noticeable effect following the exposure of cells to toxic materials is the alteration in the cell shape or morphology in monolayer culture. The VPSEM of the film sample without silver [Fig. 2 (d), (e) and (f)] show well-interconnected NHDF cells, the number of which increased greatly with increasing incubation time. On the other hand, the images of the 2.85 wt.% chitosan samples [Fig. 2 (g), (h) and (i)] loaded with 3 wt.% AgNO3 showed a distinct morphological change, an indication of the shrinkage of cells after 48 hours of incubation. Slow propagation was observed after 72 hours. However, this microscopic observation of the silver-loaded chitosan showed no evidence of massive cell death, which was investigated further using a cell viability assay.

3.2   Cell Viability

Viability assays are vital steps in toxicity studies that determine the cellular response to a toxicant. Viability assays give information on cell death and metabolic activities. The MTT assay used in this work is a quick and effective method for testing mitochondrial activity, which correlates quite well with cell proliferation. It is quite surprising that the MTT assay results for chitosan powder (Fig. 3) showed a concentration-dependent decrease in the mitochondrial activity for cells incubated with the test solutions for 24 hours. With decreasing extract concentration, the percentage of viable cells decreased, with a minimum of 60% survival, which still correlates to the non-toxic category. The incubation for 72 hours yielded better cell proliferation behaviour, with more than 100% cell viability. This result agrees very well with the good biocompatibility properties of chitosan.

The toxicity of silver nanoparticles in chitosan samples was assessed using paste and film forms. Table 1 presents the results of the ion release study performed on both paste and film chitosan preparations containing silver nanoparticles in PBS. At 3 wt.% AgNO3 and 2.85 w/v% chitosan, reduced substantially lower concentration of silver (0.07–0.2 ppm) diffused into the medium for chitosan samples in the film form compared to samples in the paste form (0.4–4 ppm).
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Figure 2: VPSEM micrographs of NHDF cells treated with: [i] the blank (a), (b) and (c); [ii] a chitosan film without silver (d), (e) and (f); and [iii] a chitosan film with silver (g), (h) and (i).
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Figure 3: MTT assay results for chitosan powder.



This result is consistent with the fact that paste samples consist of loosely packed polymer chains with a greater polymer free volume and a higher water content. Upon immersion in the extraction medium, water molecules will quickly diffuse into the samples, and hence the higher diffusion of silver nanoparticles into the medium will be faster.


Table 1: Silver ion release from non-water-soluble chitosan film and paste.



	Samples
	Chitosan % (w/v)
	Silver % (w/w)
	Day
	Concentration (ppm)



	NWSC (film)
	2 85
	3 00
	1
	0 22



	
	
	
	2
	0 11



	
	
	
	3
	0 07



	NWSC (paste)
	2 85
	3 00
	1
	1 93



	
	
	
	2
	0 47



	
	
	
	3
	4 05



Note: NWSC = non water soluble chitosan

This phenomenon is related to the percentage of viable cells for chitosan preparations containing silver. Figure 4 shows the lower cell viability for water-soluble paste samples (~ 60%) when compared with the non-water-soluble paste samples, which had cell viabilities of more than 80%. The non-water-soluble paste, however, resulted in significant toxicity at the high extract concentration of 2 × 105 ppm when incubated for 72 hours. More than 60% of cells died under these conditions. It is quite surprising that a similar concentration and incubation time gave a high cell viability for the water-soluble paste, which could be due to an experimental error.

Similar observations were made for the film samples (Fig. 5). The non-water-soluble film exhibited a relatively higher percentage of viable cells of 80%–100% at all extract concentrations, whereas approximately 60% cell viability was observed for the water-soluble film samples. Both water-soluble paste samples and film samples gave similar results in which the concentration dependence effect was not clearly observed. A more consistent non-toxic effect was seen for the non-water-soluble film, a result that might be due to the much lower concentration of silver released into the extraction medium by the film. The slightly higher silver concentration that diffused into the extraction medium was the most probable reason for the reduced cell viability for paste samples. It is very important to note that at concentrations as low as 1 ppm, silver can be very active against certain microorganisms. The tolerance level of silver in human body is between 50–200 ppm,9 and one can safely assume that the silver released from our chitosan samples in paste form is both an effective antimicrobial and within the acceptance level of the human body.
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Figure 4: MTT assay results for the paste form of (a) 3 wt.% water-soluble chitosan loaded with 3 wt.% AgNO3 and (b) 2.85% non-water-soluble chitosan loaded with 3 wt.% AgNO3.
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Figure 5: MTT assay results for the film form of (a) 3 wt.% water-soluble chitosan loaded with 3 wt.% AgNO3 and (b) 2.85% non-water-soluble chitosan loaded with 3 wt.% AgNO3.



4.     CONCLUSION

The addition of silver nanoparticles to chitosan showed considerable cell cytotoxicity, mainly for water-soluble chitosan paste samples. With a slightly higher silver release rate into the extraction medium, the paste samples resulted in an unhealthy cell morphology. Given that the percentage of viable cells of all samples was above 60%, the toxicity of the silver nanoparticles is still within the acceptable range for human use.
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Abstract: Titania (TiO2) nanotube arrays were fabricated by anodising Ti foil in glycerol (HOCH2CH(OH)CH2OH) containing 0.7 g of ammonium fluoride (NH4F). The crystal structure was studied by X-Ray Diffraction (XRD) analysis and the morphology was observed via Field Emission Scanning Electron Microscopy (FESEM). The average inner diameter of the TiO2 nanotubes was 90 nm, and the length was approximately 2 µm. Tungsten (W) of various thicknesses was then thermally evaporated onto the TiO2 nanotubes and annealed at 400°C in an O2 atmosphere to form tungsten trioxide (WO3). The effect of various thicknesses of W on the degradation of methyl orange (MO) was investigated. The sample with a 2.5 nm thick layer of W showed the best performance. The deposited W layer of that thickness is believed to provide a shallow trap for photo-generated e- and h+, inhibiting the recombination and extending the lifetime of the charge carriers. Thus, this sample resulted in high degradation of methyl orange (MO) as compared with other samples.

Keywords: titania nanotube, tungsten trioxide, thermal evaporation, photocatalytic activity

1.     INTRODUCTION

In the last few decades, TiO2 has been studied extensively because of its excellent properties such as low cost, nontoxicity, high stability against corrosion, self-cleaning properties and strong oxidation ability.1 Therefore, it is widely used in photocatalysis, photovoltaics, gas sensors, biological coatings and photoelectrolysis applications. Studies have indicated that for such applications, well-arrayed TiO2 nanotubes are of great importance because of their one-dimensional (1D) nature, ease of handling and simple preparation.1,2 Furthermore, the band gap of nanotube materials can be altered because of the quantum confinement effect.2 Usually, a higher ratio of diameter to length of the tubes (aspect ratio) is preferred because this provides a larger surface area for photon absorption. Moreover, TiO2 nanotubes contain free spaces in their interiors that can be filled with active materials such as chemical compounds, enzymes, and noble metals, enabling them to be engineered to produce advanced multifunctional materials.3

To date, there are a number of preparation routes that have been reported to fabricate TiO2 nanotubes. Techniques such as the sol-gel method, hydrothermal method, anodisation, metal-organic chemical vapour deposition (MOCVD) and templating have been reported.4–8 However, there has been a growing interest in the anodisation method because of the resulting vertically oriented and highly ordered TiO2 nanotube arrays, which is the most remarkable property of this method.9,10 In 2008, Xiao et al. suggested that TiO2 nanotubes with WO3 deposited by a facile hydrothermal method exhibit higher photocatalytic activity.16 Modification of TiO2 nanotubes with cationic deposition is believed to enhance the photocatalytic activity by reducing the recombination of photogenerated electron-hole pairs.11–16 Therefore, in this work, the effect of different thicknesses of W deposited by the thermal evaporation method onto TiO2 nanotubes for effective photocatalytic activity was investigated.

2.     EXPERIMENTAL

High purity (99.6% purity with 0.127 mm thickness) titanium (Ti) foils from STREM Chemicals were used in this study. Prior to anodisation, Ti foils were degreased in an ultrasonic bath containing ethanol for 30 minutes. The foils were then rinsed in deionised water and dried in a nitrogen stream. The anodisation was performed in a two-electrode configuration bath with the Ti foil as the anode and a platinum electrode as the counter electrode. The electrolyte consisted of 100 mL of glycerol with 0.7 g of NH4F added. The anodisation voltage was kept constant at 40 V for 1 hour at room temperature (27°C). During the anodisation process, the fluorinated electrolyte was agitated using a magnetic stirrer. The as-anodised Ti foils were cleaned using distilled water and were dried in a nitrogen stream.

For the W deposited TiO2 nanotube arrays, a thermal evaporation process was conducted using a K950X Turbo Evaporator thermal evaporator by EMITECH. The thickness varied from 2.5 nm to 10 nm. After the thermal evaporate process, the TiO2 nanotube samples were annealed at 400°C for 4 hours in an oxygen (O2) atmosphere. The morphological properties of the TiO2 nanotubes were characterised using a Zeiss SUPRA 35VP field emission scanning electron microscope (FESEM) at working distances down to 1 mm and extended accelerating voltages ranging from 30 kV down to 100 V. The FESEM model was capable of energy dispersive X-ray (EDX) spectroscopy. To obtain the length of the nanotube layer, cross-sectional measurements were carried out on mechanically bent samples. The actual length of the tubes was divided by cos 45º. The crystal phase of the TiO2 nanotubes was studied by X-ray diffraction using a Bruker D8 powder diffractometer operating in the reflection mode with Cu Kα radiation (40 kV, 30 mA) and a diffracted beam monochromator. A step scan mode with a step size of 0.1° in the range of 20°– 70° was also used. The photoluminescence spectra were recorded at room temperature using an LS 55 luminescence spectrometer (Jobin-Yvon HR).

The photocatalytic degradation studies were performed by dipping 4.0 cm2 of Ti foil into 100 mL of 30 ppm methyl orange in a custom-made quartz glass photoreactor. A blank sample (without TiO2) was also prepared to eliminate the effect of the light on the degradation of methyl orange. Both samples were left in the reactor for 30 minutes in a dark environment to achieve adsorption/desorption equilibrium. The samples were then photoirradiated at room temperature with a TUV 18W UV-C Germicidal light. Every hour, 5 mL of solution was withdrawn from each quartz tube to monitor the degradation of methyl orange after irradiation. The concentration of the degraded methyl orange was determined by using a UV spectrometer.

3.     RESULTS AND DISCUSSION

3.1   Formation of TiO2 Nanotube

Figure 1 shows the illustrative top view and cross-sectional FESEM image (the inset in Figure 1) of the TiO2 nanotube arrays, which were grown by the potentiostatic anodisation of Ti foil at 40 V in glycerol for 1 hour. As shown in Figure 1, the anodised Ti had a complete porous structure with a well-aligned and smooth nanotube array. The average length of the tubes was 2 µm, and the diameter of the tubes was 90 nm. The aspect ratio (tube length / tube diameter) of these TiO2 nanotube arrays was approximately 25. EDX was employed to investigate the quantity of the elements Ti and O in the anodised and annealed sample. From Figure 2, it can be concluded that the atomic ratio of Ti to O was 1:2, which confirms that this sample consisted of pure TiO2 nanotubes without any impurity. The data are summarised in Table 1. The corresponding XRD pattern for this TiO2 nanotube array is shown in Figure 3(a). Major peaks were detected at 25.37°, 35.67°, 48.21°, 54.10° and 55.26°, corresponding to the (101), (004), (200), (105) and (211) planes, which match with the reference pattern of anatase TiO2, with an ICDD number of 00-021-1272.
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Figure 1: FESEM image of the TiO2 nanotubes grown by anodisation in glycerol electrolyte containing 0.7 g of NH4F.
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Figure 2: EDX spectra of the pure TiO2 nanotubes.
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Figure 3: XRD patterns of the TiO2 nanotubes (a) pure TiO2 nanotubes (b) TiO2 nanotubes deposited with 2.5 of nm W (c) TiO2 nanotubes deposited with 5.0 nm of W (d) TiO2 nanotubes with 10 nm of W [A= Anatase TiO2, T=Titanium].



Table 1: Element composition for pure TiO2 nanotubes.



	Sample
	Ti (wt%)
	O (wt%)
	W (wt%)



	TiO2  nanotube
	66.66
	33.34
	–



3.2   Formation of WO3 Deposited TiO2 Nanotube

The TiO2 nanotube arrays coated with various thickness of W were studied to evaluate the effect of W incorporation on the photocatalytic activity. Figure 4(a–c) shows the FESEM images of TiO2 nanotubes with various thicknesses of W. A hazy, thin layer of WO3 was found covering the wall of the TiO2 nanotubes. The openings of the nanotubes were not covered with WO3. EDX was performed on the thermally evaporated TiO2 nanotube sample to determine the wt% of W incorporated on the surface of the annealed TiO2. It can be concluded that the samples contain Ti, O and W.

The wt% of W was found to increase with the thickness of the deposited W, as shown in Figure 5. The data are summarised in Table 2. The wt% of W for 2.5 nm, 5 nm and 10 nm were 2.55, 7.07 and 13.07 wt%, respectively (Tables 2). The XRD pattern of each sample is shown in Figure 3(b–d). The majority of the peaks match those expected for the anatase phase (ICDD number 00-021-1272). Moreover, the WO3 peak was difficult to identify in this XRD pattern; this difficulty is probably due to the amorphous nature of WO3.

As can be seen, the intensity of the anatase peak at 25.37° corresponding to the (101) preferential orientation of the TiO2 nanotube was enhanced after the deposition of W. This enhancement be attributed to the W atoms existing as interstitials that shared the oxygen with the Ti atoms, improving the (101) orientation of the anatase phase. This statement is in agreement with Wang et al. in 2007.17



[image: art]

Figure 4: FESEM images of the TiO2 nanotubes as grown by anodisation (a) deposited with 2.5 nm of W (b) deposited with 5.0 nm of W (c) deposited with 10 nm of W.
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Figure 5: EDX spectra of the TiO2 nanotubes (a) deposited with 2.5 nm of W (b) deposited with 5.0 nm of W (c) deposited with 10 nm of W.



3.3   Photoluminescence Characteristics

Photoluminescence (PL) has been used widely to investigate the energy levels of materials and to provide fundamental information on the properties of the energy levels lying within the band gap. To study the influence of the deposited W on the luminescence of TiO2 nanotubes, we measured the PL emission spectra of TiO2 nanotubes deposited with different thicknesses of W in the wavelength range of 330–800 nm. The near band edge (NBE) emission at approximately 396 nm (3.2 eV) and a broad green emission centred at approximately 521 nm (2.4 eV) can be observed in the PL spectra as shown in Figure 6. These PL peaks may be closely related to the luminescence caused by the recombination of photoinduced electrons and holes, which may result from lattice distortions and surface oxygen deficiencies. The emission band centred at approximately 396 nm is assigned to the emission of a bandgap transition with photon energy approximately equal to the bandgap energy of anatase (387.5 nm). The PL signal at 521.3 nm is due to excitonic PL, which is mainly produced by oxygen vacancies. Oxygen vacancies are believed to be the main defect that causes green PL in TiO2 nanotubes.18,19


Table 2: Element composition for W deposited TiO2 nanotube.



	Sample
	Ti (wt%)
	O (wt%)
	W(wt%)



	Deposited with 2.5 nm of W
	63.38
	34.07
	2.55



	Deposited with 5.0 nm of W
	62.38
	30.15
	7.47



	Deposited with 10 nm of W
	55.39
	31.53
	13.07




[image: art]

Figure 6: The PL spectra of the TiO2 nanotubes, (a) pure TiO2 nanotubes (b) deposited with 2.5 nm of W (c) deposited with 5.0 nm of W and (d) deposited with 10 nm of W.



Reduction in the PL intensity for the W deposited TiO2 nanotubes compared to the pure TiO2 nanotubes was observed. The observed PL response could be attributed to the high W content; these atoms act as the centres of electron-hole combination rather than facilitating charge transport and decreasing the rate of the radiative recombination process. The variation in PL intensity with the W content may result from the change in the defect state in the shallow level of the TiO2 surface.20 Furthermore, FESEM images show that the TiO2 nanotubes are covered with WO3 as an independent structure, which would hinder the charge transport process and act as a recombination centre.

3.4   Photocatalytic Activity

The photocatalytic activity of TiO2 nanotubes with and without W content was evaluated by the photodegradation of methyl orange under UV light irradiation as shown in Figure 7. From the results obtained, the colour of the methyl orange (MO) changed from orange to pale orange, indicating degradation. It was noted that TiO2 nanotubes deposited with 2.5 nm of W exhibited the highest degree of MO degradation, followed by the pure TiO2 nanotubes and the 10 nm W deposited TiO2 nanotubes.

The enhancement of the photocatalytic activity of the TiO2 nanotubes deposited with 2.5 nm of thermally evaporated W was due to the coupling efficiency of the TiO2 nanotubes and the WO3 particles. The resulting junction between the deposited W and the TiO2 nanotubes plays an important role in the separation of photogenerated electron-hole pairs. After the absorption of light with energy equal to or greater than the band gap, electrons and holes are generated.15 The photogenerated electrons are transferred from the conduction band of the TiO2 nanotubes to the conduction band of the WO3, and the holes in the valence band of the WO3 are transferred to that of the TiO2 nanotubes under illumination.16 Therefore, W deposition can provide a shallow trap for photo-generated electrons and holes, inhibiting recombination and extending the lifetime of the charge carriers. The photodegradation rate could consequently be enhanced because more charge carriers are available, and the efficiency of photocatalytic activity has been improved.16,21
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Figure 7: Degradation of methyl orange on different TiO2 nanotube samples (a) deposited with 2.5 nm of W (b) pure TiO2 nanotubes (c) deposited with 10 nm of W and (d) blank sample without TiO2 nanotubes.



The poor photocatalytic activity of TiO2 nanotubes deposited with 10 nm of W may be caused by the dilution effect of the inactive W phase.16 The photocatalytic efficiency is decreased significantly because the inactive W phase (excess WO3 content than optimum value in TiO2 nanotubes) will act as the centres of electron-hole recombination easily. With thicker deposition of W, the W grows to attain independent identity, which is a distinct thin layer of WO3 and was found covering the wall of the TiO2 nanotubes as seen in Figure 4 (b) and (c). Most of the excited UV light is adsorbed by the thick W layer, and therefore, the transfer of electrons and holes is hindered. The photocatalytic activity decreases sharply, resulting in a level lower than that of the pure TiO2 nanotubes. The optimum concentration can be explained by the balance of two factors: an increase in trapping sites leading to efficient trapping, and fewer trapped carriers leading to interfacial charge transfer.15,16 Therefore, the optimum concentration of W is important to determine in order to improve the photocatalytic activity for TiO2 nanotubes.

4.     CONCLUSION

In conclusion, we report WO3/TiO2 nanotubes with different concentrations of W to enhance the photocatalytic activity. TiO2 nanotubes with an average length of 2 µm and 90 nm diameter were successfully produced in a glycerol electrolyte by the anodisation method. These samples were deposited with W using the thermal evaporation technique and annealed at 400°C in an O2 atmosphere to become WO3. The sample with 2.55 wt% of W was found to show the most effective photocatalytic activity.
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Abstract: The sinterability of the bottom ashes from two municipal solid waste (MSW) incinerators in Thailand was investigated. Initially, the bottom ashes were chemically and mineralogically characterised by X-ray fluorescence (XRF) and X-ray diffraction (XRD). Both bottom ashes consisted mainly of CaO and SiO2, with a relatively high CaO content. After sintering over a temperature range of 1000°C–1125°C, the physical properties, flexural strength, crystalline phases and leaching of heavy metals were examined. Based on the results, the bottom ashes from these two incinerators were able to sinter to high final density without any sintering aid at 1100°C, and the sintered materials had good physical and mechanical properties that complied with the standard.

Keywords: Bottom ash, municipal solid waste, incinerator, sintering, properties

1.     INTRODUCTION

Landfills are a simple and inexpensive method for municipal solid waste (MSW) management. Nevertheless, this method creates long-term environmental effects to the soil, groundwater and atmosphere. Incineration has therefore become an attractive alternative because it can reduce the volume of waste by approximately 90%.1–3 However, the incineration process still leaves a large amount of solid residues, i.e., bottom and fly ashes, which require space and high management cost for their disposal. To solve the problem of incineration ash disposal, there have been many attempts to reuse these ashes as raw materials in ceramic products such as cement, cement-based products, brick, glass and glass-ceramic.1–8

This study is the first part of a research work focused on the reuse of the bottom ash from incinerators in Thailand as a raw material for the production of ceramic materials. The sinterability of MSW incineration bottom ash from two incinerators was investigated and the properties of the sintered materials are analysed in this paper.


2.     EXPERIMENTAL

The raw materials used in this study were the bottom ashes collected from two MSW incineration plants located in Phuket and Samui, two islands located in southern Thailand. Before characterisation, both ashes were dried at low temperature (100°C) for 24 hours to eliminate moisture. Their chemical compositions were determined by X-ray fluorescence (XRF; Philips PW1400). The mineralogical crystalline phases present in the bottom ashes were identified by powder X-ray diffraction (XRD; JEOL, JDX-3530) with CuKα radiation.

As-received ashes were filtered through a 140-mesh sieve, and the ashes with particle size less than 1 mm were selected for use in the sample preparation process. After filtration, the bottom ash powders from the two incinerators were wet-milled with alumina media by a conventional process for 18 hours. Next, the slurries were dried at 100°C for 24 hours and passed through a 100-mesh sieve. The green compacts were obtained by uniaxially pressing the ash powders into test bars (6 × 7 × 40 mm3) under a load of 7 MPa. The sintering was conducted in a high temperature electric furnace at temperatures of 1000°C–1125°C for 30 min.

The density and water absorption of the sintered samples were determined using the Archimedes method according to ASTM C373-88.9 The room temperature flexural strength was measured with a universal testing machine (Instron model, 55R4502) by a four-point bending test at a constant crosshead speed of 0.5 mm/min. The crystalline phase was investigated using an X-ray diffraction technique (XRD, JEOL JDX-3530). Characterisation of the leachability of the heavy metals was performed following the toxicity characteristic leaching procedure (TCLP) method 1311.10 The leached out concentration was then analysed with atomic absorption spectrometry (AAS).

3.     RESULTS AND DISCUSSION

3.1   Raw Materials Characterisation

The chemical compositions of the bottom ashes are given in Table 1, in which the data are shown in terms of wt% of oxides. The results show that the bottom ash contains some oxides similar to those found in ceramic and glass raw materials. Both bottom ashes mainly consisted of CaO and SiO2, with a relatively high content of CaO. The bottom ash from the incinerator in Samui contained a lower CaO content than that of Phuket. Other oxides such as Al2O3, Fe2O3, Na2O, MgO, K2O and P2O5 were also found as minor constituents together with a small amount (< 1 wt%) of TiO2, ZnO, Mn2O3, ZrO2 and PbO.


Table 1: Chemical composition of the bottom ashes.



	Oxides
	Composition (wt%)



	Phuket
	Samui



	CaO
	41.53
	37.46



	SiO2
	27.73
	29.93



	A12O3
	4.61
	7.35



	Fe2O3
	6.20
	4.55



	P2O5
	4.24
	5.24



	SO3
	4.41
	1.66



	Na2O
	3.27
	4.36



	K2O
	1.58
	2.77



	MgO
	1.58
	1.24



	TiO2
	0.93
	0.79



	PbO
	0.09
	0.23



	ZnO
	0.49
	0.30



	Mn2O3
	0.21
	0.13



	ZrO2
	0.03
	0.03



	Cr2O3
	<0.01
	<0.01



Figure 1 shows the XRD patterns of the bottom ashes. The XRD spectra in this figure reveal that several mineralogical crystalline phases are present in the bottom ashes. SiO2 and CaCO3 were detected as the major crystalline phases in the bottom ash from the incinerator in Phuket, and the minor phases were K3Ti8O17 and CaTiO(SiO4). Similarly, the bottom ash from the incinerator in Samui was composed of SiO2 and CaCO3 as the main phases with some other phases containing (K,Na)Li3Ca7(Ti,Fe,Mn)2(Si6O18)2(OH,F)2, NaCl and K2Ti8O17.
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Figure 1: X-ray diffraction patterns of the dried bottom ash from (a) Phuket and (b) Samui.



3.2   Properties of Sintered Samples

To study sintering behaviour, the physical and mechanical properties, including the mineralogy were examined. The bulk densities of the sintered samples after sintering at different temperatures are shown in Figure 2. The densification of the samples increased with an increment in sintering temperatures up to 1100°C. Sintering at a higher temperature resulted in decreased densities of the samples, and the samples melted due to overfiring. Maximum densities of 2.38 and 2.00 g/cm3 were obtained for the bottom ash sintered at 1100°C from incinerators in Phuket and Samui respectively.



[image: art]

Figure 2: Bulk density of the sintered bottom ashes.



Figure 3 shows the water absorption of the sintered samples as a function of temperature, where the water absorption of the samples decreased as the sintering temperature increased. The samples showed significant reduction of open porosity after sintering at 1100°C, with low water absorption from 0.2–7% for both bottom ashes. The above results indicated that the bottom ashes had the ability to sinter and that they could be sintered to high density at temperatures around 1100°C.
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Figure 3: Water absorption of the sintered bottom ashes.



The XRD patterns of the sintered samples are shown in Figure 4. The figure reveals that new crystalline phases different from those found in the starting bottom ash were formed during sintering. Additionally, there were no differences in the crystalline phases detected between the sintered samples produced from the two bottom ashes. Calcium silicate in the form of CaSiO3 was clearly observed as the major crystalline phase together with Ca2SiO4 in both of the bottom ashes after sintering at 1100°C.
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Figure 4: XRD patterns of bottom ash sintered at 1100°C.



The effect of the sintering temperature on the flexural strength is shown in Figure 5. The strength of the samples increased with increasing sintering temperature until 1100°C. Above 1100°C, the strength dropped rapidly. This behaviour was also observed in the density analysis. It should be noted that the strength of the samples is related to their density. The highest strengths of 76 and 52 MPa were obtained for the bottom ash sintered at 1100°C from incinerators in Phuket and Samui, respectively.
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Figure 5: Flexural strength of sintered bottom ashes.



According to ISO 13006, water absorption is used to classify dry-pressed ceramic tile. Water absorption of ≤ 0.5% is classified as the low water absorption tile group BIa, and the water absorption range of 6–10% is classified as tile group BIIb.11 Therefore, the water absorption of both of the sintered samples met the standard requirement. In addition, the standard indicates that the minimum strength limit of dry-pressed ceramic tile is 35 MPa for tile group BIa and 18 MPa for tile group BIIb.11 The strength values obtained in both samples in the study were higher than the values of the standard. This implies that the sintered bottom ash can be used in building materials such as wall, floor and pavement tiles.

Although the MSW incinerator bottom ash is classified as nonhazardous waste,2,5 it contains heavy metals of environmental concern such as zinc (Zn), chromium (Cr) and lead (Pb) as seen in Table 1. Thus, it is necessary to test the leachability characteristics of the heavy metal elements in the sintered samples to guarantee the safety of the product for applications.

The leached concentrations of heavy metal elements are given in Table 2. The U.S. regulatory limits [US EPA (40 CER 261)] are also listed in the table.10,12 Both sintered bottom ashes exhibited very low leached concentrations of heavy metals. By comparison with the regulations, the product is satisfactory for use in applications.


Table 2: Leached concentrations of heavy metals in the bottom ashes sintered at 1100°C.



	Elements
	Concentration (ppm)
	US EPA limit10,12 (ppm)



	Phuket
	Samui



	Zn
	1.02
	0.23
	500



	Pb
	<0.10
	<0.10
	5



	Cr
	<0.10
	<0.10
	5



4.     CONCLUSION

The characterisation and sintering of the bottom ashes from two MSW incinerators in Phuket and Samui, Thailand were performed, and the results demonstrated the following:


	Both bottom ashes consisted of CaO and SiO2 as the main constituents together with Al2O3, Fe2O3, Na2O, MgO, K2O and P2O5. The content of CaO present in both bottom ashes was relatively high.

	The bottom ashes from the two incinerators were able to sinter to high density without any sintering aid at a temperature of 1100°C. The maximum density obtained was 2.38 g/cm3 for the bottom ash from incinerator in Phuket and 2.00 g/cm3 for the bottom ash from incinerator in Samui.

	Sintering at 1100°C produced sintered samples with strengths of 76 MPa for bottom ash from the incinerator in Phuket and 52 MPa for bottom ash from the incinerator in Samui.

	The sintered bottom ash from the incinerators in Phuket and Samui had water absorptions in the range required for dry-pressed ceramic tile according to the ISO standard, and they also had good strength that compiled with the standard. Thus, it is possible to use the sintered bottom ash as building tiles.
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Abstract: This study measured the amount of benzene and total volatile organic compounds (TVOCs) at three locations in Malaysia with contaminant emissions from different sources. The chosen locations included an evening market, a site on a roadside and an indoor environment at the Universiti Sains Malaysia (USM). Our results showed that the mean concentration of benzene during a painting project in the School of Civil Engineering at USM was 2.05 ppm, and the maximum benzene concentration at the evening market was 0.6 ppm. The mean concentration of TVOCs at the roadside location was 1.21 ppm. There are currently no health-related guidelines that set an exposure limit for benzene in Malaysia; hence, the U.S. Occupational Safety and Health Administration (OSHA) permissible exposure limit of 0.5 parts per million (ppm) of benzene in the workplace during an 8 hours work-day and a 40 hours work-week was used as an interim guideline value. Our results showed that the current concentrations of TVOCs and benzene were higher than the permissible limits set by OSHA.

Keywords: benzene, emissions, OSHA, permissible limit, TVOC

1.     INTRODUCTION

Benzene, toluene, ethylbenzene and xylene (BTEX) are members of an important group of aromatic volatile organic compounds (VOCs) emitted from a variety of sources. These BTEX chemicals play a vital role in tropospheric chemistry and can pose considerable risks to human health.1 Benzene, in particular, is known to be carcinogenic and is emitted mainly from petrol-fuelled cars. It can thus be found in all urban areas.2

By examining the relative contributions of light-duty vehicles (LDV) and heavy duty vehicles (HDV), it can be determined that aldehydes, BTEX compounds and alkanes are mainly produced by LDVs, while the emissions of CO, NOx, SO2, and PM10 (Particulate Matter) are dominantly caused by HDV.3


This study monitored the total VOCs (TVOCs) and the benzene emitted from various sources at different locations. The chosen locations are: an evening market, a spot by a roadside and an indoor environment at the Universiti Sains Malaysia (USM). There are currently no health-related guidelines that set an exposure limit for benzene in Malaysia; hence, the U.S. Occupational Safety and Health Administration (OSHA) permissible exposure limit of 0.5 parts per million (ppm) of benzene in the workplace during an 8 hours work-day and a 40 hours work-week was used as an interim guideline value. The OSHA short-term exposure limit (STEL) for airborne benzene is 5 ppm for 15 minutes.4

2.     RESEARCH BACKGROUND

Air pollution is defined as the presence of one or more contaminants in the outdoor atmosphere, the indoor atmosphere or combinations thereof in such quantities and of such duration as may be or may tend to be injurious to humans, plants or animal life.5

The Malaysian economy has grown rapidly in the past 27 years, largely due to the development of industrial estates, free trade zones, power plants and the petroleum industry. If due care is not taken, this rapid growth could result in the deterioration of the Malaysian environment. The most severe environmental problems associated with air-quality degradation may result from vehicle emissions and industrial sources. Particulate matters can originate from stacks and exhaust, and dust can originate from quarrying activities, construction projects and open burning.6

In several large cities, the amount of air pollutants is increasing with time and at times exceeds the levels prescribed by national ambient air-quality guidelines. There are currently three major sources of air pollution in the Malaysian environment, namely mobile, stationary and open burning sources. Figure 1 illustrates the percentage contribution of each source in Malaysia.7 The recorded concentration of benzene (as a BTEX) at several different cities in the world is shown in Figure 2.
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Figure 1: Sources of air pollution in Malaysia.7
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Figure 2: Comparison of BTEX concentrations for different cities worldwide.14



There has been a marked increase in the ownership of motor-powered vehicles in Malaysia. In 2006, there were 6.91 million registered cars on the road8 with an annual growth of approximately 8%. Lead content reduction was regulated beginning in July 1985 that saw the initial content of 0.84 grams/litre reduced to 0.5 grams/litre, and later reduced further to 0.15 grams/litre in January 1990. Benzene is currently used as a replacement for lead as anti-knocking agent. The benzene level was initially limited to 5% by volume (Euro 2) in 2004 and should have been further reduced to 1% (Euro 4) in 2009.10 However, due to many unexpected economic factors, Malaysia still use the Euro 2M standards, which were adopted from Euro 2 specifications.

The EPA Complex Model indicates that benzene emissions account for nearly 70% of the total toxic emissions from vehicles using conventional gasoline, and that exhaust benzene accounts for nearly 90% of the total benzene.9 The emission of benzene is expected to be reduced with improvements in fuel quality.

The estimated worldwide average emissions of VOCs were approximately 1347 million tons per year (Mt/year) from biogenic sources and 462 Mt/year from anthropogenic sources. Ambient total concentrations of airborne VOCs (155 compounds) in urban and suburban areas have been reported to be in the range of 16.2–1033 μg/m3. Some VOCs have toxic health effects even at low concentrations, and exposure to BTEX compounds at high levels can cause respiratory, neurological, genetic and excretory system damage.11

Statistics on transport-related pollution deaths for Penang and Malaysia is yet to be made available for reference. In London, the residents collectively lose approximately 34,000 years of life from transport-related pollution. This high figure is largely related to the slow moving traffic in central London (16 km/h) and the ever-worsening congestion in the city, which emit more pollutants. In addition, soot from diesel pollution also leads to 27,000 non-fatal heart attacks and more than 400,000 emergency room visits in the U.S. annually.12

Chronic exposure to benzene is known to result in bone marrow failure and increase the risk of acute myelogenous leukaemia (AML). There have been previous descriptions of AML associated with occupational exposure to pesticides or solvents that have contained benzene that suggest a pattern of disease, although direct evidence linking benzene to AML is lacking.13

Low benzene concentrations in ambient air are likely to be dangerous, and studies have also found a correlation between traffic density and the incidence of leukaemia in children.15 This study will investigate the concentration of benzene at two ambient and one indoor locations, and the levels of benzene to which the public are exposed will be grossly determined.

3.     EXPERIMENTAL

The monitoring of TVOC and benzene was carried out using a direct air-quality (AQ) meter and a Photo Ionisation Detector (PID). The instrument is capable of measuring TVOC, CO, CO2, temperature and relative humidity, simultaneously. The meter can also be used as an “early warning” indicator when the air quality worsens.16


4.     RESULTS AND DISCUSSION

Several studies were carried out to measure the benzene concentrations at different sites using a PID monitor. The first measurements were taken close to a car’s petrol tank, a car’s exhaust outlet and a motorbike’s exhaust outlet. The results show high concentrations of TVOC and benzene, as shown in Figure 3.
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Figure 3: Benzene concentration emitted from different sources.



The results show that there is a high concentration of TVOC and benzene (33.47 and 17.67 ppm, respectively) emitted from car exhaust, but the exact amount depends on the car engine’s condition.

The second measurement was done at an evening market in Parit Buntar, which is a popular place for Malaysians to spend their time enjoying food and shopping. Benzene that originates from frying activities in the market was measured, and the results are shown in Figure 4. These data show that there are high concentrations of benzene (0.6 ppm) emitted during frying activities.
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Figure 4: Concentration of benzene during an evening market in Parit Buntar.



The third measurement was performed in the School of Civil Engineering at the Universiti Sains Malaysia (USM). In this location, the paints being used to paint the wall and ceilings in the school were the main sources of TVOC and benzene emissions.

As shown in Figure 5, the TVOC and benzene concentrations in the middle of the school near the staircase were 2 ppm. Being an enclosed area had most likely contributed to this high reading.
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Figure 5: Mean concentration of benzene during school painting.



In the fourth and final measurement, the concentration of benzene was measured by a roadside at the main gate of USM Engineering Campus. The inline traffic flow was analysed during the morning rush hour, as shown in Figure 6.
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Figure 6: Traffic flow at USM main gate (Engineering Campus).



The results of the traffic count show that the traffic peak occurs from 7:55 am to 8:25 am. When comparing the traffic flow with the benzene concentrations, a strong positive correlation was discovered, and it is clearly visible in Figure 7. This result is in accordance with previous literature reports that stated that vehicles are the main source of benzene contamination in the air.
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Figure 7: Benzene and TVOC concentrations at the main gate of USM Engineering Campus.



5.     CONCLUSION

Preventive measures should be taken to protect human health from the high concentration of benzene (17.67 ppm emitted from car exhaust) that was measured in these studies. This study was a preliminary attempt to examine the TVOC and benzene concentrations originating from different sources. A more comprehensive study should be carried out to determine the reaching effects of these pollutants.
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