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Abstract: Trametes lactinea (T. lactinea), a macrofungus belonging to the family of Polyporaceae was investigated for its ability to inhibit hyaluronidase, lipoxygenase and xanthine oxidase activities in vitro. Results showed that extracts from the supernatant and mycelia of T. lactinea significantly inhibited the activities of hyaluronidase and lipoxygenase with more than 80% inhibition. The presence of total phenolics and flavonoids were also determined in the fungus extracts. The highest total phenolics and flavonoids were found in the supernatant of T. lactinea culture. Linear regression analysis carried out has found no correlation between the bioactive compounds (phenolics and flavonoids) and the inhibition of the enzyme activities, p > 0.05. The gas chromatography mass spectrometry (GCMS) analysis carried out has identified the presence of other bioactive compounds in the extracts that may act as the enzyme inhibitors.
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1.           INTRODUCTION

Lipoxygenases (LOX) enzyme was reported to convert the arachidonic, linoleic and other polyunsaturated fatty acid into biologically active metabolites involved in the inflammatory and immune responses.1 In their study, Pidgeon et al.2 noted that 5-LOX and platelet type 12-LOX are generally considered as pro-carcinogenic, 15-LOX-2 suppresses carcinogenesis while 15-LOX-1 remains controversial. According to Pontiki and Hadjipavlou-Litina,3 the enzymes are correlated with inflammatory and allergic reactions because of the formation of the leukotrienes (LTs). High levels of LTs could be observed in the case of asthma, psoriasis, allergic rhinitis, rheumatoid arthritis and colitis ulcerosa.4 The production of LTs can be prevented via inhibition of the lipoxygenase pathway.5 Pidgeon et al.2 also suggested that lipoxygenase inhibitors may lead to the design of biologically and pharmacologically targeted therapeutic strategies inhibiting LOX isoforms and/or their biologically active metabolites which may be useful in cancer treatment.2

The overall amount of hyaluronic acid in human is approximately 15 g (for a 70 kg individual), with the largest portion (ca. 50%) being found in the dermis and epidermis of the skin.6,7 It is also the most important component in blood vessel walls. It can be degraded by hyaluronidase enzyme which causes high capillary permeability thus leading to edema.8 Arct and Pytkowska8 suggested that inhibition of hyaluronidase activity can decrease capillary permeability in blood vessel. Further, Maeda et al.9 claimed that inhibition of hyaluronidase activity can also be used to evaluate the anti allergic reaction.

Another common disease is gout, affecting 1–2% of adults and this number keeps increasing over the past two decades.10 This disease occurs when xanthine oxidase catalyses the metabolism of hypoxanthine and xanthine into uric acid leading to gouty arthritis and uric acid nephrolithiasis.11 The excess productions of uric acid lead to the deposition of urate crystals especially in the joints between two bones causing swelling, heat and pain.12 Kong et al.13 suggested that to block the production of uric acid, the xanthine oxidase inhibitors should be used in the gout treatment. A well-known xanthine oxidase inhibitor is allopurinol. However, its use on patients can cause severe adverse effects.

The fungal kingdom with many species has unique and unusual biochemical pathways for secondary metabolites production.14 According to Zjawiony,15 numerous cytotoxic triterpenoids have been isolated from various species of the Polyporaceae fungi. Bioactive metabolites including phenolic compounds, flavonoids, polysaccharides, proteoglycan, triterpenoids, terpenes, lectin, β-glucan, schizophyllan, alkaloid, steroids, etc., from fungi can be isolated from fruiting bodies, pure culture mycelia and culture broth.16,17 According to Dimitrijević et al.,18 the presence of total phenolics and flavonoids content in these fungi extract may be contributing in antibacterial, antifungal, antiviral, antioxidative, antidiabetic, anticarcinogenic, antiallergic, antimutagenic and anti inflammatory activities.19,20 However, fruiting bodies cultivation is a long-term process and may take about several months depending on species and substrates used.21 In contrast, cultivation in submerged (liquid) culture allows rapid growth and attaining maximum yield is possible with constant composition.21

Trametes lactinea (T. lactinea), a species belonging to the family of Polyporaceae, was evaluated to inhibit the activities of hyaluronidase, lipoxygenase and xanthine oxidase in vitro. To the authors’ knowledge, no work has been reported on its biological activities. The total phenolics and flavonoids content in the extracts were determined. Further, the identification of bioactive compounds presents in the extracts was analysed using gas chromatography mass spectrometry (GCMS).

2.           EXPERIMENTAL

2.1         Chemicals

Soybean lipoxygenase, linoleic acid, hyaluronidase, hyaluronic acid, xanthine oxidase, xanthine, allopurinol, apigenin, potassium phosphate, sodium phosphate, Dimethyl sulfoxide (DMSO), Folin Ciocalteau reagent, aluminum chloride, gallic acid and quercetin were purchased from Sigma-Aldrich and Merck (Malaysia). All other chemicals and reagents used were of the highest commercially available purity.

2.2         Microorganism

The main stock culture of the macrofungus T. lactinea was obtained from the Forest Research Institute of Malaysia (FRIM), Kepong, Selangor, Malaysia. Mycelia from stock culture was cultured in malt extract agar (MEA) plate at 30°C for 7 days, and maintained on agar plate before any subsequent studies.

2.3         Preparation of Mycelia Suspension

Mycelia suspension or inoculum for shake flask studies was prepared by inoculating a stock culture of T. lactinea onto malt extract agar-plates and incubated at 30°C for 6 days. The mycelial mat formed was scraped off using a sterile blade and mixed with 10 mL of sterile Tween 20 (Sigma) solution prior to putting it into a sterile bottle (100 mL). The sampling bottle was vortexed for 3 min so that the mycelia were evenly distributed in the liquid.

2.4         Growth of Selected Fungi in Shake Flask

Shake flask experiments were carried out in a 250 mL Erlenmeyer flask with a working volume of 100 mL. 5 mL of mycelia suspension was inoculated into the flask containing 95 mL of the production media comprised of (g L–1): glucose 20, yeast extract 10 and malt extract agar 10.22 Prior to incubation, the production media was sterilised at 121°C (150 kN m–2) for 15 min. Cells were then left in contact with the media in a rotary shaker at 30°C, 150 rpm for 7 days. After 7 days, the culture broth was harvested from the flask and centrifuged at 20°C, 4000 rpm for 5 min. The extract obtained were then prepared for the hyaluronidase, lipoxygenase, and xanthine oxidase activities, total phenolic and total flavonoid content, respectively.


2.5         Batch Extraction Process

Extraction process was carried out using three different types of solvents: acetone, distilled water and ethanol:


	Maceration extraction was carried out by soaking the sample (mycelia and supernatant) in ethanol and acetone in a ratio of 1:10 (w/v) at 27°C for 24 hr.

	For ultrasonic extraction, the sample (mycelia and supernatant) was immersed in distilled water in a ratio of 1:10 (w/v) and extracted at 35°C, 20 kHz for 15 min.


Crude extract obtained from maceration and ultrasonication was dried using rotary evaporator and freeze dryer. The extract was kept at 4°C for further analysis.

2.6         In-vitro Enzyme Assays

2.6.1      Hyaluronidase inhibition assay

The assay was performed following the method suggested by Sigma protocol with slight modifications. Stock solutions of the tested samples and apigenin (a control) at concentration of 5 mg mL–1 were prepared by dissolving the extracts in DMSO. The assay medium consisted of 100 µL of hyaluronidase (4 U mL–1), 100 µL of sodium phosphate buffer (200 mM, pH 7, 37°C) with 77 mM sodium chloride and 0.01% BSA were mixed with 25 µL of sample solution and incubated at 37°C for 10 min. The reaction was then initiated by the addition of 100 µL of the substrate in the form of hyaluronic acid (0.03% in 300 mM sodium phosphate, pH 5.35) solution and incubated at 37°C for 45 min. The undigested hyaluronic acid was precipitated with 1 mL acid albumin solution made up of 0.1% bovine serum albumin in 24 mM sodium acetate and 79 mM acetic acid, pH 3.75. After leaving the mixture at room temperature for 10 min, the absorbance of the reaction mixture was measured at 600 nm using a spectrophotometer (model XMA 1200V). All solutions were prepared fresh before enzyme assay was performed. The absorbance in the absence of enzyme was used as control value for maximum inhibition. Apigenin (5 mg mL–1) was used as the positive control in this assay. All the reactions were performed in triplicates. The percentage of inhibition was calculated as:
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where

AbC = absorbance of control

AbS = absorbance of the tested sample

2.6.2      Lipoxygenase inhibition assay

Lipoxygenase inhibition activity was determined using a spectophotometric method with slight modifications.23 Stock solutions of the tested samples and quercetin (positive control) at concentration of 10 mg mL–1 and 100 µg mL–1 were prepared by dissolving the extracts and quercetin in DMSO. Sodium phosphate buffer 2.46 mL (100 mM, pH 8), 10 µL of test samples and 20 µL of soybean lipoxygenase solution (167 U mL–1) were mixed and incubated at 25°C for 10 min. The reaction was then initiated by the addition of 10 µL of the substrate in the form of sodium linoleic acid solution. The enzymatic conversion of sodium linoleic acid to form (9Z, 11E)-(13S)-13-hydroperoxyoctadeca-9,11-dienoate was measured by monitoring the change of absorbance at 234 nm over a period of six min using UV-vis spectrophotometer (Model Evolution 201). Another reaction mixture (a negative control) was prepared by replacing 10 µL samples with 2.47 mL mixture of sodium phosphate buffer (5 mL) and DMSO (25 µL) into the quartz. All the reactions were performed in triplicates. The percentage of inhibition was calculated as:

[image: art]

where

AbC = absorbance of control

AbS = absorbance of the tested sample

2.6.3      Xanthine oxidase inhibition assay

Xanthine oxidase inhibition activity was determined according to Sigma protocol with slight modifications. Stock solutions of test samples and allopurinol (as a control) at concentration of 10 mg mL–1 were dissolved in DMSO. Potassium phosphate buffer 2.38 mL (0.05 M, pH 7.5), 10 µL of test solution and 10 µL of xanthine oxidase solution were mixed and incubated at 25°C for 10 min. The reaction was then initiated by the addition of 100 µL of the substrate in the form of xanthine solution. The enzymatic conversion of xanthine to form uric acid and hydrogen peroxides was measured at 295 nm using UV-vis spectrophotometer (model Evolution 201). Another reaction mixture (control) was prepared by replacing 10 µL of the tested solution with 2.39 mL mixture of sodium phosphate buffer (5 mL) and DMSO (25 µL) in order to obtain maximum uric acid formation. The performance of the assay was verified using allopurinol as the positive control. All the reactions were performed in triplicates. The percentage of inhibition was calculated as in Equation 2.

2.7         Determination of Total Phenolics Content

The total phenolics content was determined using Folin Ciocalteau method as described by Andrew24 with slight modification. An aliquot of the extract (20 μL) was mixed with 1.68 mL of Folin-Ciocalteu reagent (diluted with water in a ratio 1:10) and 300 μL (75 g L–1) of sodium carbonate in test tubes. The tubes were vortexed for 15 s and allowed to stand at 40°C for 30 min for colour development. Absorbance was then measured at 765 nm using the spectrophotometer (model XMA 1200V). All measurements were carried out in triplicates. The total phenolics content was expressed as gallic acid equivalents (mg GAE g–1).

2.8         Determination of Total Flavonoids Content

The total flavonoids content was determined using the method of Ordoñez et al.25 with slight modification. Standard curve of quercetin was prepared by weighing 10 mg quercetin, dissolved in 85% ethanol to obtain concentration range of 6.25–100 µg mL–1. Sample (100 mg) was diluted in 85% ethanol and 0.5 mL of the diluted sample was pipetted into 0.5 mL of 2% AlCl3 ethanol solution (2 g in 100 mL ethanol). Ethanol was used as blank. After 30 min at room temperature, the absorbance was measured at 420 nm using a spectrophotometer (model XMA 1200V). A yellow color indicated the presence of flavonoids. All measurements were carried out in triplicates. The total flavonoids content was expressed as quercetin equivalents (μg QE g–1).

2.9         GCMS Analysis

In this study, GCMS was used to analyse the sample qualitatively. Gas chromatography analyses were performed using Perkin Elmer Clarus 600 gas chromatograph equipped with an ELITE-5MS (L 30 m ID 0.25 mm DF 0.25) column. The gas chromatography was coupled to the Perkin Elmer Clarus 600 mass spectrometer. The oven temperature was programmed at 65°C for 4 min and then increased to 280°C at a rate 8°C min–1. Samples were prepared and injected in triplicates.


2.10       Statistical Analysis

The experimental results are expressed as the mean ± standard deviation of three parallel measurements. The results were subjected to one way analysis of variance (ANOVA) and the significance of differences between sample means was analysed. P < 0.05 was considered significant.

3.          RESULTS AND DISCUSSION

3.1         Inhibition of Hyaluronidase, Lipoxygenase and Xanthine Oxidase Activities by T. Lactinea Extracts

Figure 1 shows the hyaluronidase activity of T. lactinea extracts [supernatant (Sn) and mycelia (M)] using three different types of solvent. The concentration of all extract tested was at 100 µg mL–1. The highest hyaluronidase inhibition was recorded in the aqueous extract of supernatant (W.Sn) with 88.6 ± 0.11% followed by acetone extract of mycelia (Ace.M) with 88.3 ± 0.14%. The positive control (apigenin) inhibited the hyaluronidase activity with 87.4 ± 0.03%. For lipoxygenase activity (Figure 2), the acetone extract of mycelia (Ace.M) showed a strong inhibition on lipoxygenase activity with 89.1 ± 0.007% inhibition followed by aqueous extract of supernatant (W.Sn) with 88.2 ± 0.015%. Quercetin (100 µg mL–1) used as a positive control inhibited the activity of lipoxygenase with 89.4 ± 0.01%. According to Fujitani et al.,26 the anti allergic compound of the microalgae has strong inhibitory effects on the activation of hyaluronidase enzyme. Meng et al.27 in their studies on the fungus claimed that the fruiting bodies of P. citrinopileatus which was tested inhibited the hyaluronidase activity that can potentially be used as an ingredient in skin cosmetics. For the lipoxygenase enzyme, the role of lipoxygenase inhibitors is important in preventing carcinogen-induced DNA damage, further preventing cancer development.28 However, all extracts tested in the present study were found to be poor inhibitors for xanthine oxidase enzyme. The inhibition for all extracts were recorded less than 10% inhibition (figure not shown).
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Figure 1:   Hyaluronidase inhibition by the supernatant and mycelia extracts of T. lactinea at concentration of extract and apigenin 100 µg mL–1. The column containing different letter was significantly different, p < 0.05).



Note: Sn = supernatant (without extraction); W.Sn = aqueous extract of supernatant; Ace.Sn = acetone extract of supernatant; Eta.Sn = ethanol extract of supernatant; W.M = aqueous extract of mycelia; Ace.M = acetone extract of mycelia; and Eta.M = ethanol extract of mycelia.
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Figure 2:   Lipoxygenase inhibition by the supernatant and mycelia extracts of T. lactinea at concentration of extract and quercetin 100 µg mL–1 (The column containing different letter was significantly different, i.e., p < 0.05).



Acetone and distilled water were found to be good solvents to extract hyaluronidase and lipoxygenase inhibitors from the tested macrofungus T. lactinea for both the supernatant and mycelia (Figure 1 and 2). As reported in the literature,29 for bioactive compound extraction, the choice of solvent is very important as they must be able to dissolve the compound in addition to being non toxic, non flammable and easy to remove from the extracted sample. The recovery of anti inflammatory compound from raw materials is also influenced by the solubility of the bioactive compounds in the solvent used for the extraction process. Meng et al.27 also reported that the solvents used have shown a significant effect on the inhibition of hyaluronidase activity by P. citrinopileatus; thus, showing that solvent is an important chemical in the extraction process. Nevertheless, more studies on the extraction using water as a solvent should be carried out as they are safer for human consumption and handling. In fact, the disposal of toxic wastes into the environment could be reduced accordingly.

3.2         Total Phenolics and Total Flavonoids Content of T. Lactinea Extracts

Literature has reported on the ability of phenolics and flavonoids content to inhibit the enzyme activities.8,30,31 In this work, the total phenolics content of the extracts were determined using Folin Ciocalteau method as described in Section 2.7. Table 1 recorded that the supernatant of T. lactinea (without extraction) had the highest phenolics content followed by aqueous extract of supernatant (W.Sn). The phenolics content decreased more than 50% in the acetone and ethanol extracts of the supernatant (Ace.Sn and Eta.Sn). A reverse trend was observed in aqueous extract of mycelia (W.M) as it showed the lowest phenolics content compared to acetone and ethanol extracts of mycelia (Ace.M and Eta.M). This study also revealed that the total phenolics content was the highest in supernatant and can be obtained using a polar solvent, water. Moreover, the total phenolic content was higher in the supernatant of T. lactinea than in its mycelia.


Table 1:   The total phenolic and total flavonoid content in different treatment methods of T. lactinea extracts.



	Extracts

	Total phenolic content (GAE mg g–1)

	Total flavonoid content (QE µg mg–1)




	Sn

	36.36 ± 0.04

	123.5 ± 0.10




	W.Sn

	22.14 ± 0.04

	95.42 ± 0.05




	Ace.Sn

	11.94 ± 0.02

	91.67 ± 0.07




	Eta.Sn

	16.68 ± 0.06

	67.92 ± 0.21




	W.M

	3.23 ± 0.03

	81.17 ± 0.04




	Ace.M

	6.08 ± 0.05

	91.67 ± 0.02




	Eta.M

	11.06 ± 0.07

	79.58 ± 0.02





Note: Data are mean ± SEM (n = 3). Sn = supernatant (without extraction); W.Sn = aqueous extract of supernatant; Ace.Sn = acetone extract of supernatant; Eta.Sn = ethanol extract of supernatant; W.M = aqueous extract of mycelia; Ace.M = acetone extract of mycelia; and Eta.M = ethanol extract of mycelia.

The total flavonoids content was also determined in all extracts. The results showed that the supernatant of T. lactinea (without extraction) had the highest flavonoids content followed by the aqueous supernatant (W.Sn). The total flavonoids content in descending order of: Sn > W.Sn > Ace.Sn > Eta.Sn > Ace.M > W.M > Eta.M. The flavonoids content was the highest in the supernatant extracted using a polar solvent, water. For the less polar solvent, acetone, the highest total flavonoid content was found in the mycelia. Table 1 also showed that the extraction of phenolics and flavonoids content in the supernatant and mycelia of T. lactinea is depending on the extracting solvents.

The relationship between these bioactive compounds and the inhibition of enzyme activities can be studied using linear regression analysis. However, the linear regression analysis obtained (figure not shown) found that there were no correlation between the inhibition of enzyme activities and total phenolics/flavonoids content in this study, p > 0.05. Yu et al.32 suggested that it is necessary to run a composition analysis to identify the presence of other compounds that may act as enzyme inhibitors.

3.3         GCMS Analysis

The GCMS analysis was carried out to identify the presence of other bioactive compound in the extracts. The interpretation on mass spectrum GCMS on the extracts with highest anti inflammatory activity (W.Sn and Ace.M) were conducted using the database of National Institute Standard and Technology (NIST) library version 2.0. First, blank was injected and followed by sample injection. Figure 3 and 4 shows the GCMS chromatogram of the aqueous extract of supernatant (W.Sn) and acetone extract of mycelia of T. lactinea (Ace.M). The corresponding major components that are present in these extracts based on the GCMS spectrum is listed in Table 2 [(a) and (b)].
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Figure 3:   Chromatogram of aqueous extract of supernatant (W.Sn) from T. lactinea.
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Figure 4:   Chromatogram of acetone extract of mycelia (Ace.M) from T. lactinea.



The main component in the aqueous extract of supernatant (W.Sn) of T. lactinea was linoleic acid chloride (9,12-Octadecadienoyl chloride, (Z,Z)-) with area peak 18.120% [Table 2(a)]. This compound was believed to have influence in the inhibition of hyaluronidase and lipoxygenase activity as it showed more than 80% inhibition. Although there are no reports on its biological activity, this compound has been reported present in the extract of Cynodon dactylon (L.) Pers. (family – Poaceae) which was used as anti inflammatory agent for kidney problems, urinary disease, gastrointestinal disorder constipation, abdominal pain and also as a blood purifying agent.33,34 The strong inhibition of enzyme activity was also due to the presence of compound 9,12-Octadecadienoic acid (Z,Z)- with area peak 17.014%, n-Hexadecanoic acid and oleic acid. In the acetone extract of mycelia (Ace.M) of T. lactinea [Table 2(b)], the presence of oleic acid and 9-Octadecenoic acid (Z)-, 2-hydroxy-1-(hydroxymethyl)ethyl ester was identified. As reported by Syazana et al.,35 the presence of oleic acid in the methanolic extract of honey has contributed to the inhibition of proliferative effect in keloid fibroblasts.


Table 2(a):   Chemical component identified in the aqueous extract of supernatant (W.Sn) of T. lactinea using GCMS.



	Aqueous extract of supernatant (W.Sn)




	Chemical compound

	Retention time (min)

	Area (%)

	Activity

	References




	n-Hexadecanoic acid
	22.036
22.257
22.479

	2.445
4.528
13.555

	Antioxidant, hypocholesterolemic, nematicide, pesticide, antiandrogenic, flavour Hemolytic, 5-Alpha reductase inhibitor.
	33




	Oleic acid
	22.847
23.013
23.189
29.761

	1.880
1.014
0.844
8.380

	Antioxidant, cancer preventive, nematicide, lubricant, hypocholesterolemic.
	34




	9,12-Octadecadienoyl chloride, (Z,Z)-
	28.539

	18.120

	No activity reported.
	33




 
Table 2(b):   Chemical component identified in the acetone extract of mycelia (Ace.M) of T. lactinea using GCMS.



	Aqueous extract of mycelia (Ace.M)




	Chemical compound

	Retention time (min)

	Area (%)

	Activity

	References




	Oleic acid
	23.018

	2.160

	Antioxidant, cancer preventive, nematicide, lubricant, hypocholesterolemic,
	



	23.110

	2.338

	34




	23.405

	1.831




	23.479

	1.444




	23.571

	1.009




	23.663

	2.020




	23.737

	2.228




	23.829

	1.206




	23.885

	2.074




	23.903

	2.253




	24.501

	2.969




	24.272

	11.711




	24.548

	1.146




	9,Octadecenoic acid (Z)-,2-hydroxy-1-(hydroxymethyl)ethyl ester
	27.591

	4.533

	Inhibition of proliferative effect in keloid fibroblasts.
	35





4.           CONCLUSION

Of all the extract tested, the aqueous and acetone extract of supernatant and mycelia of T. lactinea at 100 µg mL–1 (W.Sn and Ace.M) significantly inhibited the activity of hyaluronidase and lipoxygenase enzyme. However, all extracts were found to be poor inhibitors to xanthine oxidase activity.


	The phenolics and flavonoids contents were determined in all extracts. However, no correlation was found between them and inhibition of hyaluronidase and lipoxygenase activity, p > 0.05.

	The CGMMS carried out has identified the presence of other bioactive compounds including linoleic acid chloride, 9,12-Octadecadienoic acid (Z,Z)- with area peak 17.014%, n-Hexadecanoic acid, oleic acid and 9-Octadecenoic acid (Z)-, 2-hydroxy-1-(hydroxymethyl)ethyl ester that may act as the hyaluronidase and lipoxygenase inhibitors.
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Abstract: Porous silicon (PS) was successfully prepared from highly doped n-type silicon (Si) substrate. The PS was electrochemically formed within a short etching time (< 5 min) at 300 mA cm–2 in 1:1 (v/v) hydrofluoric acid (HF) (49%) and ethanol (95%) electrolyte. The PS surface featured both spherical and irregular shaped pores with constant average diameters regardless of etching time. However, the cross-section morphology of the PS was dependent on etching time where the structure changed from vertically arrayed columns with side branching to unbranched and smooth walls with a corresponding increase in porosity from 25 to 70%. The PS showed a trend of increasing surface roughness as the etching time was prolonged up to 180 s. However, for longer etching times, the roughness demonstrated a decrease. The conductivity of the PS was reduced as the porosity increased. These results therefore suggested the occurrence of simultaneous chemical and electrochemical dissolutions.
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1.           INTRODUCTION

Several reports have shown that a great number of parameters are involved in the formation of porous silicon (PS) prepared via electrochemical etching.1–7 These parameters include the current density, the HF concentration, the temperature, the etching time, the type of Si and the dopant concentration. As compared to other parameters, the effect of the etching time alone on the PS formation has rarely been reported on and those that exist have focused only on low-to-medium doped n-type Si (i.e., 1013–1017 cm–3) and low current densities (i.e., 5 to 35 mA cm–3).

Related studies on highly doped n-type Si (i.e., ≥ 1018 cm–3) are very scarce. As an example, Aravamudhan et al.8 prepared PS within etching times of 100–160 min and reported that pores with an average diameter of 290 nm grew into columns with rough side walls. Meanwhile, Jeyakumaran et al.4 reported on a trend of an increasing PS pore diameter from 2.1 to 3.5 μm as the etching time was prolonged from 10 to 20 min. However, longer etching times of 30 and 40 min caused some of the pore walls to break, thus exposing a small portion of the next layer. Milani et al.9 prepared PS from a low doped n-type Si with an etching time in the range of 10 to 50 min. It was found that smaller pores were formed at 20 min, but they became wider and were accompanied by partially cracked walls at 30 min. Nevertheless, the pores became smaller again upon further increasing the etching time to 50 min. On the other hand, PS consisting of spongy networks with a variation of pore diameter (10–20 nm) was formed within the etching time of 1–12 min as reported by Lu and Cheng.2

The variation in the obtained results by previous researchers confirms the difficulties that exist when it comes to effectively controlling the PS formation, especially when low current densities and long etching times are employed. It is also obvious that the knowledge of the formation of PS from highly doped n-type Si utilising short etching times and high current densities is limited.

Preliminary work (not shown here), was carried out on the effect of current densities on the morphology and other properties of PS at a constant etching time of 300 s. It was found that the PS structures changed from spongy to columnar by varying the current density from 50 to 300 mA cm–2. Although such a spongy structure of PS has been frequently reported, there exist a much lower number of observations of PS with a columnar structure. This provides a motivation to gain an improved understanding on the formation of this type of structure.

For this reason, it was decided that the present study should be performed using a current density of 300 mA cm–2. By varying the etching time from 30 to 300 s, the aim is to investigate the change in PS morphology. Discussions on how other properties such as the PS thickness, pore diameter, pore density, porosity and surface roughness are influenced by the etching time are also presented. Finally, these properties are related to the electrical characteristics of the obtained PS. This knowledge is significant in order to control the PS structures depending on its application.

2.           EXPERIMENTAL

Single-side polished n-type Si wafers (doped with phosphorus) with a dopant concentration of 1.49–6.33 × 1018 cm–3, 625–700 µm thick and <100> oriented were obtained from Siltronix Semiconductor Quality Silicon, Germany. A platinum (Pt) (99.95%) wire with a 0.013-inch diameter was provided by Sigma-Aldrich, USA. Hydrofluoric acid (HF) (49%) was purchased from J. T. Baker, USA, and ethanol (95%) came from Chemar® Systerm, Malaysia.

First, an ohmic contact in the form of an aluminum (Al) layer on the n-type Si wafer was established. This was done by thermally depositing a layer of Al onto the unpolished side of the Si wafer by using a thermal evaporator (brand: Edwards Model Auto 306) at 5 × 10–5 Torr, and subsequently annealing at 400°C for 15 min. PS was then synthesised by electrochemical etching with the Si wafer as the anode and the Pt wire as the cathode. An electrolyte solution comprised of 1:1 (v/v) HF and ethanol was used. The etching time was varied from 30 to 300 s for the Si etching at a current density of 300 mA cm–2. Sample illumination was performed on the polished side of the Si wafer using a fluorescence source connected to a D.C. switching mode power supply (brand: GW-Instek, model: SPS-606).

The morphology of the PS was characterised using a field emission scanning electron microscope (FESEM) LEO SUPRA 50 VP at an accelerating voltage of 5 kV. Average pore diameters were determined using an image analysis computer software, “analySis Docu” Version 3.2 Soft Imaging System (SIS, GmbH, Munster, Germany). The pore density of the PS surface was calculated from the number of pores per unit area (m2), and the corresponding porosity was estimated by a gravimetric method described elsewhere.10 The surface topography of the PS was monitored with an ULTRAObjective atomic force microscope (AFM). Image processing and surface roughness analyses were performed by exploiting the Surface Imaging System software (SIS, GmbH, Munster, Germany). Meanwhile, the electrical properties of the PS layer were studied using a Keithley Model 82 (Keithley Instruments, USA).

3.           RESULTS AND DISCUSSION

3.1         Morphology of the PS Layer

Based on the SEM micrographs, the cross-section of the PS layer can be divided into three distinct regions: the entry, middle and bottom regions. The entry region corresponds to the area in which the initial pores were formed within the surface of the Si substrate. The middle region is the area where the dissolution advanced into the bulk Si whereas the bottom region corresponds to the tip of the advancing pore bordering the bulk Si.

Figure 1 displays micrographs of the morphology of the PS layer at the entry, middle and bottom regions formed at etching times of 30, 60, 90, 180 and 300 s. At 30 s, the main pores grew in the <100> direction, which was perpendicular to the Si surface, with side branches in the <111> direction, as depicted in Figure 1(a). This result is in agreement with that observed by Lehmann et al.11 who prepared PS from highly doped n-type Si using an identical current density but a much shorter etching time of 6 s. This pore growth feature persisted upon increasing the etching time to 60 s, as shown in Figure 1(b).

As the etching time was further increased to 90 s, the branching structure at the wall of the bottom region of the pore disappeared, as shown in Figure 1(c). In this region, the walls were smoothed and the pores were enlarged—a behaviour that became more obvious at etching times of 180 and 300 s, as depicted in Figure 1(d–e).

Variations in the morphology of the three PS regions were mainly due to the effect of the Si dissolution process, which occurred at the Si-electrolyte interface. This dissolution process was most active at the interface. There exist two types of dissolution: viz. electrochemical and chemical. Typically, the electrochemical dissolution arises from two types of electrochemical reactions. The first is a direct electrochemical dissolution where the hydrogen-terminated Si surface is attacked by HF, thus forming unstable SiF4 molecules. However, these unstable molecules react further with HF resulting in the more stable H2SiF6. The second type of dissolution is electrochemical oxidation of Si by hydroxyl ions, which leads to the formation of oxide layers. The latter is inert towards further electrochemical processes. Nevertheless, they may undergo chemical dissolution in HF solution.

It should be noted that these reactions, i.e., the electrochemical direct dissolution and oxidation, are mainly controlled by the number of holes available in the Si substrate. The electrochemical oxidation requires more holes as compared to the direct electrochemical dissolution. In this work, the progress of both reactions are dependent on the employed etching time period since the number of holes (per unit time) was fixed due to the constant current density and illumination.

The formation of pores in the <100> direction was attributed to the electrochemical dissolution, which occurred due to the holes in the Si substrate aligning themselves in response to the direction of the current line induced by a high applied current density.12,13 The high current density induced a strong electric field that in turn exerted a polarising effect onto the Si substrate. The holes tended to accumulate at defective sites on the surface as a result of electron excitation when either the Si or dopant atom moved into the lattice or non-lattice sites of the Si crystallites. This condition encouraged the F– ions in the electrolyte to the Si surface and subsequent reactions led to dissolution. These holes were preferentially accumulated at the tip of the pore bordering the bulk Si due to the low potential energy barrier as compared to the wall area.14,15 As a result, a greater Si dissolution was favoured at this latter site, thus forming pores with columnar structures in the <100> direction.
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Figure 1:   SEM images of cross-sections for the PS substrate prepared at different etching time of (a) 30, (b) 60, (c) 90, (d) 180 and (e) 300 s.



As the electrochemical dissolution process continued, dissolution also proceeded in the <111> direction, creating side branches from the main pore. This was due to the availability of more holes in that direction. However, dissolution in this direction came to a halt once the holes depleted. This was due to the high energy barrier created by the inter-pore distance which became smaller with the progress of dissolution.

On the other hand, the enlargement of the pore diameter from the entry to the bottom region as the etching time increased was attributed to a reduction of the HF concentration with pore depth. This was caused by the limited diffusion of HF in the narrow bottlenecks close to the entry11 as explained by Fick’s Law.16 Accordingly, the mass transport in the pore occurred only by diffusion. It is well known that diffusion is a time-dependent process, and consequently, increasing the etching time would reduce the flux of HF molecules at the bottom region. Hence, the bottom region of the pores would be filled by a lower concentration of HF electrolyte as compared to the bulk electrolyte.

Moreover, due to the low concentration of HF, the critical current density (JPS) at the pore tip was reduced. This promoted oxidation on the Si surface due to the accumulation of excess holes from the constant current density and illumination employed. At this stage, dissolution could only take place chemically, and the chemical dissolution of the oxide layer occurred isotropically. As a result, the pore wall at the bottom region was smoothened and became wider. This explained the variation in the morphology of the PS formed from 30 s to 300 s as shown in Figure 1.

However, increasing the etching time to 330 s evidently separated the PS from the bulk Si. The in-situ separation of the PS layer occurred due to the long etching time employed, which enabled a sufficient time for the transition from pore formation to the separation of the PS layer. Solanki et al.17 studied the formation of PS from p-type Si and also noted the occurrence of electro-polishing upon prolonged etching times with a constant current density of 150 mA cm–2. Therefore, characterisations of the PS prepared beyond 300 s were abandoned.

The effect of the etching time on the thickness and etching rate of the PS layer is shown in Figure 2. A linear correlation displaying the thickness enhancement from 10 to 52 µm with an increasing etching time can be observed. Such a trend was in agreement with the results by Arita and Sunohara18 who attained a (1–12 μm) porous layer from an electrochemical etching of highly doped n-type and p-type Si within a smaller etching time span (i.e., < 70 s). Their results were found for low-to-medium (16–100 mA cm–2) current densities. In addition, Kumar and Huber19 also reported on a similar trend obtained from p-type Si with longer etching times, ranging from 50–550 min and a lower but constant current density of 12.5 mA cm–2.
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Figure 2:   Thickness (♦) and etch rate (○) of the PS etched at 300 mA cm–2, as a function of etching time.



In contrast to the thickness, the etching rate showed an opposite trend. This suggests that short etching times led to significant pore growth and the underlying reason was thought to be a direct attack of F– ions on the Si atoms. However, as the etching time increased, another process of dissolution, i.e., chemical dissolution, began to dominate.20 This process was common at the pore wall and suppressed the reaction at the tip of the pore. Hence, the etching rate at the pore tip became reduced and only pore propagation occurred slowly. Consequently, the inter-pore distance becomes narrower with an increasing etching time.

Figure 3 shows SEM surface images of PS formed at etching times of (a) 30, (b) 90, (c) 180 and (d) 300 s. The dark spots on the images are attributed to the pores formed, whereas the white area corresponds to the remaining Si. The pores are spherical and irregular in shape, and are randomly distributed on the PS surface. Results also demonstrate that there is no apparent effect of the etching time on the pore shape. This is in agreement with the work of Milani et al.,9 who prepared PS from a low doped n-type Si with an etching time that ranged from 10 to 50 min at 25 mA cm–2.
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Figure 3:   SEM surface images of PS formed at etching times of (a) 30, (b) 90, (c) 180 and (d) 300 s.



Figure 4 depicts the correlation of the average pore diameter as well as the pore density of the PS as a function of the etching time. There is no significant change in the pore diameter as the etching time was increased, and the average pore diameter is 19.00 ± 2.62 nm for all employed etching times. The results suggest that the dissolution of Si took place uniformly in the bulk Si. As the etching time was increased, the dissolution process continued perpendicularly towards the bulk Si. This was also reflected by the constant pore density, as plotted in Figure 4. The uniformity obtained was attributed to the almost equal number of holes that were generated, resulting from the constant applied current density and illumination.

Several observations have been reported by Jeyakumaran et al.4, who carried out electrochemical etching on a low doped n-type Si at longer etching times, i.e., of 10 to 40 min, with a current density of 30 mA cm–2. In their case, the pore diameter reached a maximum at 20 min. However, it then decreased as the etching time was prolonged up to 40 min. The increment in pore diameter of the former case was the result of active dissolution of Si at the pore wall which enlarged the pore size, and consequently reduced the inter-pore distance. This may be due to the fast dissolution on the Si surface via a direct attack of HF followed by oxidation. Such a rapid dissolution further caused the pore wall to break as longer etching times were employed. This exposed a small portion of the underlying PS layer with smaller pore diameters. Thus, a reduction in pore size was observed. Further studies are required to better understand the difference between the observations of Jeyakumaran et al. as compared to those from the present study.
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Figure 4:   Pore diameter (♦) and pore density (Δ) as a function of etching time.



In a subsequent step, further analyses were conducted on the surface inter-pore distance of the etched Si. Figure 5 depicts a plot of the average inter-pore distance as a function of the etching time. No apparent effect of the etching time could be seen on the inter-pore distance; the trend thus resembled those of the pore diameter and pore density as previously shown in Figure 4. The average distance between the neighboring pores is 14.68 ± 2.94 nm and as a result, it was obvious that the dissolution of Si was consistently perpendicular to the bulk Si for all studied etching times. Once the pores were formed, the remaining surface Si became inert from further direct dissolution, leading to the observed constant pore density and pore diameter. As the etching time was increased, the dissolution proceeded into the bulk Si, affecting further propagation of the pores.
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Figure 5:   Inter-pore distance of PS as a function of time.



3.2         Porosity

Porosity is defined as the amount of voids within the PS layer and was observed to increase from 25% to 70% with an augmentation of the etching time, as shown in Figure 6. The increment in the porosity was caused by the enhancement of the Si dissolution. The mass of dissolved Si increased due to either active electrochemical or chemical dissolution with the etching time. This is believed to occur at the PS-Si interface, which is consistent with the previous observations concerning the pore diameter, pore density and the inter-pore distance, as discussed earlier. Moreover, such a trend is in agreement with those reported by Kumar and Huber.19
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Figure 6:   Porosity as a function of etching time.



3.3         Surface Roughness of the PS Surface

Figure 7 shows the representative atomic force microscopy (AFM) images corresponding to (a) bulk Si and PS prepared at etching times of (b) 30, (c) 60, (d) 90, (e) 180 and (f) 300 s. Bulk Si exhibited a smooth surface morphology, as revealed by AFM micrographs shown in Figure 7(a). However, electrochemical etching during the production of PS generated several small bumps on the surface. The formation of such bumps is possibly due to the surface relief of the Si nanostructures after the etching process. The number of bumps on the surface of the PS gradually increased with the etching time and then abruptly decreased after 300 s of etching, as shown in Figure 7(b–f). Figure 8 presents a plot of the roughness value (rms) of the PS surface as a function of the etching time. As the etching time was prolonged, the surface roughness increased from 5.36 nm to 17.25 nm before decreasing to 5.20 nm. In comparison, the roughness of the neat Si surface was 3.10 nm.
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Figure 7:   AFM images of (a) bulk Si and PS surface (b–f) as a function of etching time.
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Figure 8:   The surface roughness of PS as a function of etching time.



As explained earlier, the direct electrochemical dissolution is perpendicularly orientated with respect to the bulk Si. The remaining exposed Si atoms were only susceptible to electrochemical oxidation. Therefore, the smoothening of the PS surface upon prolonged etching was attributed to the chemical dissolution that occurred slowly and evenly at the peak of the bumps. Consequently, a consistent chemical dissolution may have resulted in bumps of almost uniform height. The increasing number of these uniform bumps caused the amount of their non-uniform counterparts to decrease. Hence, the PS surface became somewhat smoothened.

3.4         Electrical Properties of the PS Layer

A forward bias voltage was applied to a sandwich structure of Al/PS/n-Si/Al, and Figure 9 represents the typical forward I-V characteristics of the PS as a function of the etching time. The conductivity of the PS layer decreased gradually with increasing etching time from 30 s to 300 s. On the other hand, the bulk Si demonstrated a higher conductivity compared to the etched Si. This is in agreement with the results obtained by Milani et al.,9 who suggested that the decline in the conductivity of PS with the etching time was due to a limited mobility of charge carriers in the increasingly porous PS layer. The present study supports this statement since trends of increasing thickness and porosity were seen for the obtained PS layer when the etching time was prolonged.
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Figure 9:   I-V characteristics of the Al/PS/bulk Si/Al as a function of current density.



4.           CONCLUSION

PS was successfully prepared from highly doped n-type Si substrates under periods of short etching times, from 30 to 300 s and at a high current density of 300 mA cm–2. The morphology of the as-prepared PS changed from a narrow columnar structure with side branching at 30 s to larger, non-branched columns at 300 s. At 330 s, however, electro-polishing set in, signifying that the critical current density (Jps) had dropped below the applied current density. The pore diameter and inter-pore distance remained practically unchanged while the porosity increased as the etching time was prolonged. The PS surface showed an increasing trend with regard to the roughness, i.e., from 5.36 to 17.25 nm, upon increasing the etching time from 30 to 180 s. However, the roughness decreased to 5.20 nm when the etching time was further increased to 300 s. The above results suggest that the electrochemical and chemical dissolutions occurred concurrently, albeit at different rates.

The consistent direct electrochemical dissolution propagated pores into the bulk Si with occasional branching as the etching time was increased. The then exposed Si atoms were subjected to electrochemical oxidation which led to an oxidised surface, ultimately giving rise to a PS with columnar structures with similar pore diameters, shapes and inter-pore distances etc. However, the chemical dissolution caused a smoothening of the pore wall with a subsequent enlarging of the pore bottom as well as of the PS surface. Meanwhile, the conductivity of the PS layer was reduced with increasing etching times due to the limited mobility of charge carriers as the porosity of the PS layer increased.
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Abstract: The optical properties of nematic liquid crystal mixture along with their electrical capacitance and dissipation constant were measured as a function of applied bias voltage and frequency. A bias field dependence of dielectric permittivity of the sample has been evaluated for various frequencies. Contrast ratio has also been evaluated and plotted against frequency and bias voltage. These parameters are crucial for understanding and optimising the performance of modal liquid crystal device.
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1.           INTRODUCTION

With the emergence of liquid crystal based display technology, further research interest has been generated to study the use of liquid crystals for other optical applications. Two such applications are optical switching and optical storage.1–5 Optical switching allows us to manipulate the direction of polarisation of the liquid crystal, thereby rotating the optic axis to a desired angle, using an external electric field. Liquid crystals with large polarisation are able to exhibit a linear response in switching for very small electric fields. However, in optical storage, the direction of polarisation can vary across the area of a flat cell of liquid crystal.

The switching between on and off states of nematic liquid crystal pixels can be controlled with the well-known electro-optic effect. Switching between the “on” and “off” states is achieved by changing the molecular orientations from a field aligned to a surface aligned arrangement.

The detection of particular character by the eye and hence its legibility depends on the luminance and chrominance of the character compared to its background. If these parameters of picture elements are same as those of the back ground, the pixel is indistinguishable from the back ground. In the case of liquid crystal display, the more popular metric is contrast ratio (CR). By definition, CR is always more than or equal to one and more CR means better visibility.

The measurement of optical transmittance with variation of temperature is a well-known technique for detecting different phase transitions in thermotropic liquid crystals. The optical transmittance has been reported by a large number of works6–10 for nematic as well as cholesteric samples. But the liquid crystals are the samples in which orientation of the molecules also vary with the application of electric field. The change in the orientation of dipoles also affects optical transmittance. Recently, our group has published an electro-optical study of guest-host ferroelectric liquid crystal, nanoparticles and dye doped nematic liquid crystal. Also, J. Hemine et al. reported electro optic and dynamic study for a ferroelectric liquid crystal.11–14 To study the variation of optical transmittance and relaxation frequency with the change in bias voltage, measurement has been made on a commercial nematic mixture E-24. This mixture has been chosen for two reasons; first, this sample has a broad nematic range and second, the nematic range lies within the room temperature.

2.           EXPERIMENTAL

Phase transition temperature of nematic liquid crystal mixture E-24 is [image: art]. For the dielectric measurement impedance gain/phase analyser of Hewlett-Packard (HP 4194A) has been used. The real and imaginary parts of the permittivity of the sample have been obtained from the formulae published in the authors’ previously published paper.6

The experimental arrangement for CR measurement has been described.11 CR is the ratio of the greater luminescence (Lmax), i.e., luminescence of character or background, to the lesser luminescence (Lmin).
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3.           RESULTS AND DISCUSSION

Variation of optical transmittance with natural log of frequency for different bias voltage has been shown in Figure 1. Optical transmittance has been taken in arbitrary unit for convenience. Below the 4V bias voltage, there is no variation in optical transmittance irrespective of frequency. The value of optical transmittance shows a dip and it falls sharply with frequency as the bias voltage is increased above 4V. The critical frequency at which the optical transmittance starts decreasing has been plotted with respect to the bias voltage and shown in Figure 2. Between 7.5 to 8.0V, this frequency becomes almost constant. This can be explained from the fact that we are using a cell containing sample under plainer alignment and the bias voltage has the tendency to align the liquid crystal molecules perpendicular to the plates of the sample holder. Hence, when the bias voltage is small, the field applied on the molecular dipoles is small and the value of optical transmittance is nearly linear as in the case when no voltage is applied. But as soon the voltage is about 4V, the value of electric field and hence the rotating force on the molecular dipoles of nematic liquid crystal increases. There is tendency for these dipoles to be aligned perpendicular to the plates and with the increase of bias voltage, the critical frequency of applied field decreases and after 8V, it remains almost constant.

Therefore, it can be concluded that after 8V, the alignment due to the surface effect is completely vanished and the molecules are aligned in the direction of the field due to the bias voltage. This is also supported by the fact that the value of the optical transmittance is minimum at the highest value of the bias voltages. Another important observation is that after 65.0 kHz of applied frequency, at least for the bias voltages of 4, 5 and 6V, the optical transmittance again increases to its maximum value.
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Figure 1:   Variation of optical transmittance with natural log of frequency for different bias voltage.
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Figure 2:   Variation of critical frequency with different bias voltage.



The difference of maximum value and the minimum value of optical transmittance with the variation of frequency for a given value of bias voltage, define as ΔI (Imax–Imin), has been examined and is shown in Figure 3. It may be seen that for lower bias voltages, up to 3V, there is hardly any noticeable change. However, beyond 3V, the ΔI value increases sharply till about 5V, after which there is not much variation in ΔI values. This may be explained from the fact that the change in the optical transmittance is due to orientation of liquid crystal molecules in the direction of electric field arises from the bias voltage. This occurs only after 3V and beyond the bias voltage of 5V, the molecules orientate sufficiently, explaining why further increase in voltage does not significantly affect the value of ΔImax.
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Figure 3:   Variation of maximum change in optical transmittance with different bias voltage.



Figure 4 shows the variation of optical transmittance with bias voltage for five different frequencies. For low frequency (0.01 kHz) there is a small decrease in optical transmittance with bias voltage. As the frequency increases (0.1 and 1.0 kHz), a significant and steady decrease in optical transmittance is observed. However, for higher frequencies (10 and 100 kHz), there is an abrupt decrease in the optical transmittance till about 5V of bias voltages, after which the value becomes almost constant. It may be because as bias voltage increases, the alignment of molecules within the sample holder changes from plainer to perpendicular to the plates of sample holder. At low frequencies, liquid crystal molecules (LCM) respond to the applied frequency but at higher frequencies, the LCM are not responding to the applied field, hence optical transmittance decreases.



[image: art]

Figure 4:   Variation of optical transmittance with voltage at indicated frequencies.



In Figure 5, the dependence of fr (relaxation frequency) on the biasing voltage is presented. The frequency fr were determined by the peak values of the plot between ε′′ vs frequency presented in the inset of Figure 5. It may be observed that the value of fr is dependent on the applied voltage, i.e., it increases with the increasing voltage. This type of behaviour has also been reported by Pavel et al. and Roy et al.16,17 Basically, fr is the frequency at which maximum absorption of applied electromagnetic field takes place and it increases with increase in applied bias field.
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Figure 5:   Variation of relaxation frequency with bias voltage.



Figure 6 and 7 present the plots of CR against bias voltage and natural log of frequency respectively. The CR value increases with increase in bias voltage after 3V. At lower frequencies, i.e., between 100 Hz and 1 kHz, the CR increases slowly but for at higher frequency values, i.e., between 10 kHz and 100 kHz, it shows a sharp increase as shown in Figure 6. The CR value increases slowly with frequency up to nearly 22 Hz for different bias voltage (Figure 7) and beyond that, the CR increases sharply and reaches maximum which is different for different bias voltages. After 20 kHz, the contrast ratio starts decreasing.
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Figure 6:   Variation of contrast ratio with bias voltage.
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Figure 7:   Variation of contrast ratio with natural log of frequency for different bias voltages.



4.           CONCLUSION

The variation of optical transmittance with bias voltage and frequency has been investigated experimentally. It has been observed that the optical transmittance decreases with increase in bias voltage, and it also varies with different frequencies. The value of relaxation frequency is dependent on the applied voltage, showing increases with increase in applied bias voltage. In this study, important parameters have been generated which can be made useful for new applications and devices relevant to the liquid crystal technology.
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Abstract: Initiation of graft copolymerisation of acrylamide (AAm) on Gum Arabic (GA, Acacia senegal) using diode laser (532 nm) was investigated. The results showed that the optimum conditions to achieve efficient graft copolymerisation were: 60 min laser irradiation time and 0.5 gm of GA, 0.142 gm of acrylamide (monomer). The percentage of graft efficiency and percentage of graft yield were 27.40% and 97.40%, respectively. The graft copolymers were characterised using Fourier-transform infrared spectroscopy (FTIR), X-ray diffraction (XRD) and scanning electron microscope (SEM) which proved a successful production of GA-g-Acrylamide (GA-g-AAm). The results proved that copolymerisation by laser can be considered as a new, effective and clean method for producing GA-g-AAm.

Keywords: polymerisation by laser, graft copolymerisation, laser in photochemistry, laser spectroscopy

1.           INTRODUCTION

Gum Arabic (GA), or true gum arabic locally known as gum “Hashab”, is the most widely used and traded of the true water soluble gums. True GA is produced by Acacia senegal only, but gums obtained from other Acacias are also sometimes, though erroneously, referred to by the same name. GA came to medieval Europe through Arabs, hence the name, gum arable.

GA is an exudate collected from the stems and branches of Acacia senegal and other related African species of Acacia. GA is a natural polymer consists mainly of high molecular weight polysaccharides and contains high concentrations of calcium, magnesium and potassium salts, which yield arabinose, galactose, rhamnose and glucuronic acid following hydrolysis. GA from Acacia senegal is a complex branched heteropolyelectrolyte with a backbone of 1,3-linked β-galactopyranose units and side-chains of 1,6-linked galactopyranose units terminating in glucuronic acid or 4-O-methylglucuronic acid residues.1 GA consists of three fractions with distinct chemical structures, where the major one is a highly branched polysaccharide with a molecular weight of 3 × 105 g/mol; about 10% (wt) of the total is a high molecular weight arabinogalactan protein complex (1 × 106 g mL–1) and around 1% (wt) of the total contains the highest protein content (50 wt%). The protein in GA is rich in hydroxypropyl, prolyl and seryl residues covalently linked to carbohydrate moieties.2 The arabinogalactan-protein complexes contain several polysaccharide units linked to a common protein core forming a compact spheroid structure according to the “wattle-blossom” model.3 Another model for the structure of GA indicates the polysaccharide-protein complex as a twisted hairy rope of 150 nm length and 5 nm diameter.4 Although the structure of the complex has not been fully resolved, it is possible to reconcile the two models. GA possesses remarkable surface active and rheological properties, being suggested that the emulsifying activity of GA is mostly due to its protein content and to trace levels of lipids.5

At present, GA is generally considered safe,6 and is widely used as stabiliser, thickening agent and hydrocolloid emulsifier. It is mostly used in food industry, but other sectors such as textile, pottery, lithography, cosmetics and pharmaceutical industries also make use of it.7 Several researchers are also studying the application of GA in the development of controlled drug delivery systems,8 and carriers for the microencapsulation of oils and other bioactive molecules.9,10 Recently, the use of GA has been extended to the nanotechnology and nanomedicine fields, due to its biocompatibility for in vivo applications, as well as its stabilisation of nanostructures. As it is a highly branched polysaccharide with high contents of galactose, it has been proven to interact with asialoglycoprotein receptors of hepatocytes. GA has been probed for the coating and increase biocompatibility (in vitro and in vivo studies) of iron oxide magnetic nanoparticles,11,12 gold nanoparticles,13 carbon nanotubes14 and quantum dot nanocolloids.15

For the last few decades, chemical modification of GA by graft copolymerisation of vinyl monomers onto it has been a subject of academic as well as industrial interest. Various initiating systems are employed through graft copolymerisation of different monomers onto GA, e.g., Ceric Ammonium Nitrate (CAN), persulfate, microwave and radiation, etc. Less attention has been paid to the grafting of GA by laser. The GA used in graft copolymerisation usually need to be heated in all cases.


In this study, diode laser with wavelength of 532 nm and output power of 200 mW was used to initiate graft copolymerisation of acrylamide onto GA. Different investigations were done to ensure the success of the process.

2.           EXPERIMENTAL

2.1         Materials

The GA (Acacia senegal) used in this study was obtained from Arabic Gum Company Ltd., Sudan, in spray-dried Mw 1.64 * 105. Other materials:

-      Acrylamide, MP 83° to 85°, assay > 98.5%, MW 71.0, puriss.

-      CAN, MW 548; nitric acid, density about 1.42 g mL–1 (Molar Solution); and ethanol, assay > 99.8%, density about 0.790 g mL–1, all were supplied from purum (Fluka Co.).

2.2         Equipment

The equipments used in this study were:

-      Diode laser with wavelength 532 nm and power 200 mW, supplied from Hotdiodelaser (USA).

-      Fourier transform infrared spectrometer (FTIR), model Perkin Elmer 2000 FT-IR system (Perkin Elmer, Norwalk, CT), using the KBr disk method (2 mg sample in 200 mg KBr). The scanning range was 500 to 4000 cm–1 and the resolution was 1 cm–1.

-      X-ray diffraction system attached with liquid nitrogen cooled detector, model Brukur D 8 Advance (Germany), equipped with a θ-θ goniometer under the following operation conditions: 40 KV and 40 mA with CuK α-radiation at λ 1.54056A°. The relative intensity was recorded in the scattering range (2θ) of 4–60°.

-      Scanning electron microscope (SEM), model 840 Ǻ (JEOL, Japan).

-      Thermogravimetric analysis system (TGA), (Shimadzu, Japan) at a heating rate of 10°C min–1.

2.3         Methods

2.3.1      Graft copolymerisation with Cerium 1V Ammonium Nitrate (CAN)

The graft copolymerisation of acrylamide onto GA was carried out under different reaction conditions and different concentrations of the monomer to obtain the optimum conditions of graft copolymerisation. In this study, the graft copolymerisation method was done as follows:

0.5 gram of GA was dissolved in 75 mL of double distilled water and was magnetically stirred under nitrogen for 5 min. This was followed by the addition of required amount of CAN in molar nitric acid with continuous stirring for 15 min to facilitate the formation of free radical sites on the GA chain. A drop wise addition of acrylamide was later performed. The total volume was completed to 100 ml by distilled water. Then the polymerisation process was preceded at 30°C for 3 hr. After the solution was allowed to cool, the mixture was washed with water and ethanol repeatedly to extract homopolymer as well as unreacted monomer formed during the grafting reaction. The grafted copolymer was dried under vacuum oven at 40°C to a constant weight.

2.3.2      Laser induced graft copolymerisation

For this case, the method was done as follows:

0.5 gram of GA was dissolved in 75 mL of distilled water, and then it was magnetically stirred under nitrogen for 5 min. Diode laser was used, as initiator, to irradiate the sample for 60 min. The acrylamide (monomer), with concentration of 0.02 mol dm–3, was added. The total volume was completed to 100 ml by distilled water. Then the polymerisation process was preceded at 30°C for 3 hr. The mixture was allowed to cool, and then the solution was washed with water and ethanol repeatedly to extract homopolymer as well as unreacted monomer formed during the grafting reaction. The final product was dried to a constant weight and its percentage of grafting efficiency (%GE) and percentage of grafting yield (%GY) were deduced according to the following equations:16
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where W1, W2 and W3 denote the weights of the natural polymer, graft copolymer and monomer, respectively.

3.           RESULTS AND DISCUSSION

Graft copolymerisation with CAN was carried out at different concentrations of GA, different monomer concentrations at different temperatures and the time required to complete the reaction in order to obtain the optimum conditions for graft copolymerisation. The deduced optimum conditions were 0.5 gm of GA, 0.142 gm of acrylamide monomer at 30°C and the time required to complete the reaction was 3 hr. The percentage of graft yield at the optimum conditions was 97% and the percentage of graft efficiency was 27%, as shown in Figure 1.
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Figure 1:   Effect of reaction time on %GE and %GY of GA-g-Acrylamide (GA-g-AAm) [Acrylamide = 0.020 mole dm–3, CAN = 0.91 × 10–3 in 100 mL solution].



The apparent acceleration in the percentage of graft yield and percentage of graft efficiency may be attributed to the gel effect, resulting from an enhanced solubility of polyacrylamide in the monomer. The effect of exposure time of diode laser on percentage of graft efficiency and percentage of graft yield of GA-g-AAm was studied and illustrated in Figure 2.
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Figure 2:   Effect of diode laser exposure time on %GE and %GY of GA-g-AAm (Acrylamide = 0.020 mole dm–3, in 100 mL solution, time 3 hr and temperature 30°C).



The graph is characterised by initial increases in percentage of graft yield and percentage of graft efficiency with exposure time of the laser up to a period of 60 min. With increasing irradiation time, the percentages of graft efficiency and graft yield decreased. The decrease in these percentages after 60 min may be rationalised by partial hydrolysis and dissolution of the grafted polymer chains. It is of interest to illustrate that the percentage of graft efficiency and percentage of graft yield in case of diode laser induced graft copolymerisation were 27.40% and 97.40%, respectively.

Employing laser was an efficient method for initiating graft copolymerisation of GA. Radiation-induced graft copolymerisation has been found to possess potential to simplify the whole treatment process, leave no detrimental residue and reduce the cost of production. It also has the ability to initiate polymerisation in a wide range of temperatures including low region in various states of monomers such as in bulk, solution and emulsion, and even at solid state. Moreover, it offers a unique way to combine two highly incompatible polymers and imparts new properties to the obtained graft copolymers. The versatile nature of this technique is attributed to the ability to control the degree of grafting by proper selection of irradiation conditions.

3.1         FTIR of GA-g-Acrylamide (GA-g-AAm)

As maintained above, the evidence of grafting has been obtained during the graft copolymerisation of different ratios of acrylamide onto GA, from the increases in weight of the product of the graft copolymer compared with the original substrate. Also, the evidence of grafting was observed among the infrared spectra comparison between the substrate and graft copolymer. Figure 3 presents the FTIR spectra of GA, acrylamide and GA-grafted AAm. The figure shows the main vibration bands of unmodified GA, acrylamide and GA-g-AAm, respectively. The GA showed a broad absorption band at 3420 cm−1. This band is characteristic of the glucosidic ring and might due to the stretching vibration of O–H. Also there is a peak at 2933 cm−1, attributed to the C–H stretching vibration. In case of acrylamide, the recorded spectrum in the same regions indicated the bands at 3359, 3187 cm–1 that are ascribed to the antisymmetric and symmetric N–H stretching, respectively.
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Figure 3:   FTIR spectra of GA, AAm and GA-g-AAm in the range from 4000 to 500 cm–1.



In addition, the bands at 3035 and 2812 cm–1 are attributed to the symmetric stretching of C-H2 and vibration of stretching vC-H. When the GA was grafted by acrylamide the FTIR spectrum of the grafted copolymerised product showed the same absorption bands as in case of GA within the region 4000–2750 cm–1. It is of interest to illustrate that a new shoulder is observed at 2533 cm–1 in case of GA-g-AAm which existed for AAm at 2810 cm–1 and disappeared when AAm was grafted in GA. This new shoulder may be due to the vibrational symmetric stretching of CH2 and vibrational stretching of CH, suggesting the existence of grafting.

Within the range of 2000–1500 cm–1, the FTIR spectrum of GA showed strong peak at 1610 cm–1 which is attributed to the COO-asymmetric stretching. In case of acrylamide, the two peaks at 1672 cm–1 and 1610 cm–1 are due to the νC=O, the C=C stretching and in plan bending of N–H2, C-H2. In the same region, the spectrum of GA-g-AAm, showed a shift of the position of the absorption band from 1610 cm–1 for GA to 1672 cm–1. In case of GA-g-AAm, another extra new band at 1733 cm–1 appeared, also suggesting the existence of grafting. The peaks at 1733, 1672 and 1610 cm–1 are assigned to νC=O, νC-O and N-H2 deformation (δ N-H2). The FTIR spectrum of GA showed a weak absorption band at 1420 cm–1 assigned to COO- symmetric stretching, while for AAm the peak observed at 1428 cm–1 is for δ sci (CH2). In the same region, the intensity of the two peaks decreased in the case of GA-g-AAm. The same results were obtained for the AAm which has two peaks at 1350 and 1281 cm–1 that disappear in GA-g-AAm. The strong peaks at 1200–900 cm–1 are the finger print of carbohydrates. These peaks are observed in the case of GA and GA-g-AAm, while disappeared for AAm which has four absorption peaks at 1138, 1048, 988 and 961 cm–1 due to the rocking of N–H2, C-H2, in plan bending of C-H and (wagging trans of CH=CH, wagging of CH2), respectively.

Within the range of 900–500 cm–1, the FTIR spectrum of acrylamide showed absorption bands at 840, 817 cm–1 and other bands observed from 700–500 cm–1. These peaks are assigned to ν (C-C), г (torsion) (NCC) + г (CCC), ρ (NH2) + ρ (CH2 and ρ (NH2) + ρ (CH2), respectively. In the same domain, the GA showed weak peaks assigned to CCO, COC, symmetrical and asymmetrical ring breathing vibration. After graft copolymerisation, the spectrum showed that the peak at 840 cm–1 for (ν (C-C)) decreased in case of acrylamide while the other peak at 817 cm–1 disappeared. On the other side, there are two shoulders observed at 882 cm–1 and 806 cm–1 which became weaker in the grafted GA rather than GA, respectively. It is also observed that there is an increase in the optical density of all other shoulders from 777 cm–1 to 601 cm–1 for grafted GA. This indicates that the grafting of Gum Arabic with acrylamide had taken place which showed the same shoulder in the same domain.

3.2         X-ray Diffraction (XRD) of GA and GA-g-AAm

Figure 4 illustrates the powder X-ray diffractograms obtained for natural GA, before and after grafting, respectively. The XRD pattern shows the amorphous nature of GA. From spectrum (a), the maximum intensity was obtained at 2θ = 19.895° (θ is the angle of incidence). The observed peak corresponds to 2θ = 19.895°, has the average grain length estimated to d-space = 4.4375A°. The XRD pattern provides an interesting feature of intensity distribution. After carrying out the graft copolymerisation of GA with acrylamide, the peak was shifted considerably to 2θ = 20.4° which has the average grain length estimated to d-space = 4.818A°. On the other side, spectrum (b) shows that the grafting decreases the intensity of the corresponding peak. The graft copolymerised sample become almost amorphous. The grafting of acrylamide taken place randomly along the GA chain, giving rise to a random copolymer. This destroyed the regularity of the packing of the original GA chains, which resulted the formation of amorphous copolymer.
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Figure 4:   XRD of (a) GA (b) GA-g-2θ AAm.



3.3         SEM of GA and GA-g-Aam

Morphological examination of the fine powder of GA and grafted copolymerised was carried out using SEM type (JEOL-840) by making a thin film of desirable size on copper grids and coated with gold. The surface topography of the GA-g-AAm was studied by SEM and compared with the GA. The exterior surface of the GA-g-AAm appears as irregular rocky surface and clearly different from that of the parent GA, which has spherical shape with many dents on the surface. The surface evidence supports the grafting of AAm onto the GA as shown in Figure 5 (a and b).
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Figure 5:   Typical SEM images of (a) GA before grafting, and (b) GA-g-AAm.



4.           CONCLUSION

The graft copolymers characterisation ha resulted in a successful production of GA-g-AAm. This work proved that copolymerisation by laser can be considered as new, effective and clean method for producing GA-g-AAm.
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Abstract: The aims of this study were to evaluate the effects of Er:YAG laser on surface morphology of dental restorative materials namely glass ionomer cement, composite resin, polyacid-modified composite resin, resin-modified glass ionomer cement and unfilled resin, and to ascertain the ablation threshold of these materials. Crater diameters, crater depths and crater volumes of the ablated sites were measured to assess the ablation characteristics of different restorative materials. The surface morphology changes varied from nil effect, to ablation, fusion, combustion, and various combinations of these. The ablation threshold of all materials was 40 mJ except Delton (60 mJ).
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1.           INTRODUCTION

Although the invention of the laser by Theodore Maiman1 dates back to 1960, the first dental laser research only took place in 1964 when Stern and Sognnaes2 studied the thermal effects of ruby lasers on hard dental tissues. They found that a single pulse of ruby laser between 500 and 2000 J/cm2 produced fusion and crater in the enamel, whereas the dentine showed charring. In 1965, Goldman et al.3 reported the first case of laser exposure to a vital human tooth. Unfortunately, these pioneer studies produced unfavourable results due to the adverse effects on hard dental tissues,2–5 as well as the dental pulp from the primary laser beam.4,5 Since then, there has been rapid development in laser technology for its use in both medical and dental sciences. However, it was not until 1989 that the first dental laser became available for commercial use after the discovery of Nd:YAG laser by Myers.6

To date, a range of laser systems has been used in dentistry, including argon, carbon dioxide (CO2), Er:YAG, Er,Cr:YSGG, Nd:YAG, Ho:YAG, KTP and diode lasers. They have diverse applications in caries detection,7–9 caries removal,10,11 cavity preparation,12,13 tooth bleaching,14,15 root canal treatment,16,17 periodontal treatment,18,19 oral surgery,20,21 implantology,22,23 as well as in the dental laboratory.24,25 Among these laser systems, Er:YAG laser seems to be promising. The Er:YAG laser is a solid state laser and uses Er3+ ions suspended in a complex crystalline matrix of Yttrium-Aluminium-Garnet (YAG) to provide electrons for excitation. Erbium is a metallic element of the rare earth group and occurs with yttrium. In Er:YAG laser, lasing occurs at a wavelength of 2.94 µm which falls in the middle infrared region of the electromagnetic spectrum. This emission wavelength is well absorbed by both water and hydroxyapatite resulting in effective ablation of enamel and dentine with minimal or no thermal damage to surrounding tissues.26,27 The delivery systems of Er:YAG laser energy include non-glass rare earth optical fibres, waveguide or articulated arm.

Some studies have reported the effect of lasers on dental restorative materials.28–32 Hibst and Keller28 conducted clinical pilot studies on the effects of Er:YAG laser on dental cements, composites and amalgam. They found that the ablation efficiency of these materials was comparable to that of enamel and dentine and thus, sufficient for clinical applications. Since amalgam absorbs Er:YAG laser energy, the possible health hazards associated with the toxic release of mercury vapour in the escaping plume during amalgam ablation need to be considered.28,29 Blum et al.31 studied the effects of Nd:YAP laser on current restorative materials used for coronal restorations in endodontically treated teeth. Data from crater diameters and depths allowed them to classify the materials in terms of reactivity to lasing. They observed that the reactivity in decreasing order was temporary cement, composite, amalgam, polycarboxylate cement and prosthodontic alloy. Their studies also showed that the Nd:YAP laser was absorbed quickly by these materials and verified its potential use for the removal of these materials before or during endodontic retreatment.31 Lizarelli and coworkers32 compared the ablation rate between composite resins and dental hard tissues after Er:YAG irradiation. They found that the ablation rate of dentine in primary and permanent teeth was equal or superior when compared with the composite materials used. This was due to the high water content in the dentine. Thus, it may be difficult to minimise the effect of removing healthy dentine while removing old composite resin restorations; on the other hand, this was not the case for enamel in primary and permanent teeth. They concluded that ultraconservative dentistry could only be applied for enamel.32 In another study, Lizarelli et al.33 examined the ablation rate and morphological aspects of different types of composite resins (microfiller, hybrid, and condensable) exposed to Er:YAG laser irradiation. The hybrid was found to be removed more easily and efficiently compared with the microfilled and condensable composite resins. They concluded that the ablation rate of the composite resins was dependent on the laser energy; whereas, the micromorphological aspects of the composite resins were dependent on their chemical composition and structure.32


There have been few reports on the use of Er:YAG laser to remove restorative materials,28,32,34 but there is lack of data on the effects of its exposure on tooth-coloured dental restorative materials. If a successful laser technique can be developed to cut through these materials efficiently, then the use of Er:YAG laser system to do this selectively could be applied clinically, for example, when replacing existing dental restorations as an alternative to conventional handpiece. The aims of this study were to assess the surface morphology and to determine the ablation threshold of dental restorative materials following Er:YAG laser irradiation.

2.           EXPERIMENTAL

2.1         Specimens

The materials used were commercially available unfilled resin (Delton; Dentsply), composite resins (Z100; 3M, Espe and P60; 3M, Espe), polyacid-modified composite resin (Dyract; Dentsply), resin-modified glass ionomer cements (Fuji II LC; GC Corporation and Vitremer; 3M, Espe) and glass ionomer cements (Fuji VII; GC Corporation and Fuji IX; GC Corporation) [Table 1]. They were dispensed and prepared according to the respective manufacturer’s instructions. Split-custom moulds placed on glass slabs were used to make six cylindrical specimens (diameter 3 mm, depth 10 mm) for each material. These specimens were enough to provide 17 impact sites which corresponded to 17 different laser energy settings ranging from 40 mJ to 600 mJ. Coarse and medium abrasive Softlex discs (3M, Espe) were used to polish the surface of the specimens so that the laser irradiation could take place on flat surfaces.


Table 1:   Dental restorative materials used.



	Material
	Type of material
	Polymerisation mode

	Classification of material




	Delton
	Unfilled resin
	Light-cured

	Pit and fissure sealant




	P60
	Composite resin
	Light-cured

	Restorative material




	Z100
	Composite resin
	Light-cured

	Restorative material




	Dyract
	Polyacid-modified composite resin
	Light-cured

	Restorative material




	Fuji II LC
	Resin-modified glass ionomer
	Dual-cured

	Restorative material




	Vitremer
	Resin-modified glass ionomer
	Dual-cured

	Restorative material




	Fuji IX
	Glass ionomer cement
	Self-cured

	Restorative material




	Fuji VII
	Glass ionomer cement
	Self-cured

	Restorative material
Pit and fissure sealant





2.2         Laser Irradiation

An Er:YAG laser system (KEY Laser 3, Model 1243, KaVo Dental GmbH, Biberach, Germany) operating at a wavelength of 2940 nm with a pulse duration of 200 µsec in single pulse mode was used. The system has a laser head, water cooler and power supply with automatic control. Specimens were placed on the split-mould and a focused Er:YAG laser beam was delivered perpendicular to the flat surface of the specimens. The laser beam was delivered via a rare earth optical fibre to a sapphire window handpiece (Model 2061). The distance from the laser window to the specimen surface was approximately 7 mm. Six cylindrical specimens of each material were prepared to provide a total of 17 impact sites. The laser energy settings varied from 40 mJ to 600 mJ and laser irradiation was carried out without any water spray (dry laser). The surface morphology of the impact sites were examined using Olympus binocular dissecting microscope (Model BH-2, Olympus, Tokyo, Japan) and scanning electron microscope (Model JSM-6460LA, Japan Electron Optics Ltd, Japan). The scanning electron microscope used in this study has an electron back-scattered diffraction pattern detector camera to provide crystallographical details. The impact sites were graded qualitatively as nil, ablation, fusion, combustion or various combinations of these. All impact sites were photographed by a 3.3 megapixel digital camera (Coolpix 995, Nikon, Tokyo, Japan). The diameters of the impact sites were measured using the micrometer scale within the digital camera, whereas the depths of the impact sites were measured to an accuracy of 10 microns using a depth analogue micrometer (Mahr, TESA, Mitutoyo). Measurements for depth of each impact site were done three times and the mean values were recorded. There was only one operator who carried out all measurements. The ablation rate was measured volumetrically using the data from crater diameter based on the hemispherical shape of the crater (volume of hemisphere = 2/3πr3). Results of crater diameters, depths and volumes were plotted to compare the materials as a function of laser energy. All results were analysed using one-way analysis of variance (ANOVA). Turkey-Kramer multiple comparison test was carried out if p < 0.05. p < 0.05 and p < 0.0001 were considered as significant and extremely significant respectively. Two-sided significant tests were used throughout the analysis.


3.           RESULTS AND DISCUSSION

3.1         Surface Morphology

All materials showed surface morphological changes after a single pulse of Er:YAG laser irradiation. The surface morphology was graded qualitatively as nil, ablation, fusion (melting), combustion (burning) and various combinations of these. In all materials except Delton, two distinct zones were evident: a central crater with or without combustion, surrounded by a peripheral white zone (fusion zone). At 40 mJ, Delton did not show any effect from laser treatment; however, ablation effects were only evident at laser energy from 60 mJ to 600 mJ [Figure 1(a)]. From 40 mJ through to 600 mJ, P60, Z100 and Dyract [Figures 1(b), (c), (d)] showed a combination of ablation and fusion, whereas Vitremer, Fuji II LC, Fuji IX and Fuji VII [Figures 1 (e), (f), (g), (h)] showed a combination of ablation, fusion, and combustion. Some similarities were observed when these restorative materials were grouped on the basis of their material science. The central zones of P60, Z100 and Dyract featured white areas, whereas in Vitremer, Fuji II LC, Fuji IX, and Fuji VII, the central zones displayed a combination of white and brown/black areas. The brown/black area represented combustion zone. The combustion effect increased with increasing laser energy. In summary, there was a clear trend in the irradiated surface morphology of these materials in that, Delton, which has very low filler content, exhibited ablation effect only. In contrast, fusion and ablation effects were seen in materials which are primarily resin (P60, Z100, Dyract). Towards the end of the material spectrum of resin-modified glass ionomers and conventional glass ionomer cements which are primarily glass ionomers, a combination of ablation, fusion and combustion effects were observed.

The different morphological zones displayed by different materials can be explained as follows: the crater represents the maximum thermal energy of the laser. Because the highest energy concentration is in the centre of the impact site, materials from this area melted and were pushed outward from the central area where they then fused with the materials surrounding the crater. The analogy of this effect is similar to an erupting volcano where all the lava is being expelled and scattered to its surroundings. Thus, the fusion zone represents the union of materials from the central area with the materials outside the crater.31 Delton showed ablation effects only because it has a very low filler loading by weight (1.08%) in the resin matrix. No fusion zone was apparent in the presence of minimal filler content. On the other hand, the rest of the materials with higher filler loading of about 65% by weight (according to the material safety data sheet) displayed fusion zones. P60 and Z100 have identical ablated surface morphology because their inorganic fillers are essentially the same. The size distribution of zirconia/silica particles in P60 and Z100 is in the range of 0.01 to 3.5 µm and 0.01 to 3.3 µm respectively, with an average particle size of 0.6 µm.
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Figure 1:   Stereo micrographs of: (a) Delton (25X), (b) P60 (30X), (c) Z100 (25X), (d) Dyract (40X), (e) Vitremer (40X), (f) Fuji II (30X), (g) Fuji IX (40X), and (h) Fuji VII (25X) ablated by Er:YAG laser at 200 mJ.



Dyract is a polyacid-modified composite resin (compomer) which contains fluoroaluminosilicate glass and resin matrix. Although compomer has a combination of characteristics of both composite resin and glass ionomer, the amount of glass ionomer component is very low. Therefore, Dyract showed similar surface morphology to composite resins (P60 and Z100). These three materials exhibited ablation and fusion effects only. Fuji IX and Fuji VII are conventional glass ionomer cements (GIC), whereas Vitremer and Fuji II LC are glass ionomer cements with the addition of a small quantity of resin, hence, resin-modified glass ionomer cements (RMGIC).

According to their manufacturers, the percentages by weight of fillers in these materials are: Vitremer (fluoroaluminosilicate glass 90%), Fuji II LC (fluoroaluminosilicate glass 100%), Fuji IX (aluminosilicate glass 95%) and Fuji VII (aluminosilicate glass 100%). The reason for combustion zones in RMGIC and GIC could be due to the very high content of aluminosilicate glass particles. Thus, combustion zone was not observed in materials containing predominantly resin matrix (Delton, P60, Z100, Dyract). Hibst and Keller28 observed that ablation of filling materials revealed strong signs of thermal interactions. These were manifested by the brownish discolouration of materials which was interpreted as carbonisation.

Scanning electron micrographs (SEM) at 100X (Figure 2) and 500X (Figure 3) magnifications showed that the surface morphology of Delton appeared as multiple, clear-looking “bubbles”. Due to the very low filler loading, the ablated surface looked smooth. On the other hand, the irradiated P60, Z100, Dyract, Vitremer, Fuji II LC, Fuji IX and Fuji VII showed irregular serrated surfaces. The inclusion of filler and glass particles in these materials contributed to the serrated surface morphology. These findings were consistent with previous study which found that micromorphological aspects of different types of composite resins exposed to Er:YAG laser was dependent on their chemical composition and structure.33 Surface cracks were also present in the peripheral areas of ablated Vitremer, Fuji II LC, Fuji IX and Fuji VII. In all materials, the periphery of the ablated area was clearly delineated from the non-ablated surface (Figure 3). On top of that, fluorescent aluminosilicate glass particles were observed in the SEM of composite/glass ionomer hybrid and glass ionomer materials.
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Figure 2:   Scanning electron micrographs of: (a) Delton, (b) P60, (c) Z100, (d) Dyract, (e) Vitremer, (f) Fuji II, (g) Fuji IX, and (h) Fuji VII, ablated by Er:YAG laser at 200 mJ, 100X magnification.
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Figure 3:   Scanning electron micrographs of: (a) Delton, (b) P60, (c) Z100, (d) Dyract, (e) Vitremer, (f) Fuji II, (g) Fuji IX, and (h) Fuji VII, ablated by Er:YAG laser at 200 mJ, 500X magnification.



3.2         Crater diameter, Depth and Volume

Figures 4 and 5 showed that both crater diameters and crater depths increased with increasing laser energy. In Figure 4, only three materials (P60, Vitremer, Fuji VII) displayed crater diameter of 0.8 mm at 600 mJ, which was the maximum laser energy used. Thus, the rest of the materials would require laser energy above 600 mJ to achieve the maximum diameter of the laser beam (0.8 mm). Accordingly, the maximum crater diameter was limited by the diameter of the laser beam used in this study. In addition, Vitremer was the only material that exhibited plateau effect from 500 mJ onwards. Figure 5 revealed that all materials formed a crater at 40 mJ except Delton. Hence, the ablation threshold (energy at which surface ablation begins) of all materials was 40 mJ except Delton, which showed crater formation at 60 mJ. When the graph of log crater volume was plotted against laser energy (Figure 6), a similar pattern of exponential increase was observed from 40 mJ to 100 mJ for all materials except Delton. Delton displayed a steep logarithmic increase above 100 mJ. The logarithmic increase indicated that there was a high correlation between crater volume and laser energy.
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Figure 4:   Crater diameters of dental restorative materials vs Er:YAG laser energy.
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Figure 5:   Crater depths of dental restorative materials vs Er:YAG laser energy.
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Figure 6:   Log crater volume of dental restorative materials vs Er:YAG laser energy.



Data of mean differences and standard deviation were used to ascertain which material produced the biggest crater, the deepest crater and the largest crater volume. Tables 2, 3 and 4 classified dental restorative materials according to their reactivity to Er:YAG lasing and showed that there were statistically significant differences in crater diameter, crater depth and crater volume respectively between some materials (p < 0.05). When these materials were ranked according to the degree of significance, Delton demonstrated the smallest crater, whereas Vitremer demonstrated the biggest crater. In terms of crater depth, Vitremer demonstrated the shallowest crater, while Fuji IX demonstrated the deepest crater. Delton and both Vitremer and Fuji VII had the smallest and the largest crater volumes respectively.

 
Table 2:   Comparison of lasing reactivity between dental restorative materials based on crater diameter.
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Table 3:   Comparison of lasing reactivity between dental restorative materials based on crater depth.
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Table 4:   Comparison of lasing reactivity between dental restorative materials based on crater volume.
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The ablation threshold of materials can be explained from cohesive and adhesive forces between molecules in filler particles, glass particles and polymer matrix. At 40 mJ, the laser energy was sufficient to break the cohesive and adhesive bonds in all materials except Delton. The high degree of crosslinking between dimethacrylate monomers in Delton matrix created a strong intermolecular bond which resulted in resistance to ablation at this energy level. Thus, the high cohesive forces between the monomers explained why Delton has a higher ablation threshold compared to other materials. There was a clear trend that glass ionomer cements and resin-modified glass ionomer materials produced big craters compared with other materials that were predominantly resin matrix. The high percentage of water by weight in GC Fuji IX Capsule – Liquid (50%), GC Fuji VII Capsule – Liquid (50%), GC Fuji II LC Capsule Liquid (20–30%) and Vitremer Core Buildup/Restorative Liquid (25–30%) was responsible for these effects. Materials with high water content allowed efficient absorption of Er:YAG laser energy which resulted in less penetration and thus, produced big craters. Contrariwise, it would be expected that materials with low water content such as Delton, composite resins and polyacid-modified composite resin produced small craters (Table 2). In particular, Delton, which has no water as an ingredient demonstrated the smallest crater. A similar study that found the correlation between water content and size of ablation was carried out by Lizarelli et al.32 who observed that the ablated area for dentine was always bigger than enamel because of the higher water content in dentine compared with that in the enamel resulting in less penetration and greater ablation.

The rate of material removal (ablation rate) was represented by crater volume. Results from both Table 2 and Table 4 showed similarity in that Delton demonstrated the smallest crater, as well as crater with the least volume. On the other hand, Vitremer demonstrated the biggest crater, as well as crater with the largest volume along with Fuji VII. These observations were valid because data of crater volume was estimated from crater diameter based on the hemispherical shape of a crater (volume of hemisphere = 2/3πr3). It can be concluded that materials with high water content exhibited high ablation rates and big craters.

In Table 3, Vitremer and Fuji IX exhibited the shallowest and the deepest crater respectively. Glass ionomer cements and resin-modified glass ionomer materials with the exception of Vitremer demonstrated considerable crater depth which was consistent with weak absorption of laser energy. The inclusion of aluminosilicate glass in Fuji II LC, Fuji IX and Fuji VII absorbed laser energy less efficiently and thus, laser energy is available to result in deeper penetration. It would be expected that Vitremer, which is a resin-modified glass ionomer demonstrated similar findings to Fuji II LC, however, that was not the case. This could be due to the dissimilarity of filler particles in Vitremer which displayed strong absorption of laser energy, resulting in the shallowest crater. Thus, the lasing reactivity of dental restorative materials is dependent on their chemical compositions.

4.           CONCLUSION

All dental restorative materials showed changes in surface morphology following Er:YAG laser irradiation. The surface morphology changes varied from nil effect, ablation, fusion, combustion and various combinations of these. The ablation threshold of all materials was 40 mJ except Delton (60 mJ). Materials with high water content demonstrated high ablation rates, as well as craters with big diameters and volumes. In addition, materials that absorbed laser energy weakly demonstrated deep craters. In view that all restorative materials used in this study absorbed Er:YAG laser, this laser system has a great potential in restorative dentistry and can be utilised as an alternative to conventional rotary instrument when removing old restorative materials. However, further investigations are necessary to compare the ablation rates between these restorative materials and dental hard tissues.
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Abstract: Polyaniline/eggshell powder composites are proposed as a novel ammonia detecting sensor. The conductive composite is prepared by mixing eggshell powder and polyaniline using polymerisation process, blended in an appropriate solvent. The mixture is deposited on an interdigit electrode. The solvent then evaporates leaving a polyaniline/eggshell powder composite film. The SEM micrograph shows better interfacial adhesion between the eggshell powders with polyaniline. The polyaniline/eggshell powder composite was assumed to process a face centred cubic (FCC) structure. The sensor S-2 with 0.5 g eggshell powder showed better ammonia gas response and selectivity than sensor S-0 without eggshell powder.

Keywords: eggshell powder, conductive polymer, polyaniline, ammonia gas sensor

1.           INTRODUCTION

Polyaniline is a popular conducting polymer due to its easy synthesis, environmental stability and good electrical conductivity.1,2 The preparation of polyaniline composite with various materials has received a great attention because of their unique properties and applications, which include various types of sensing devices. In this paper, polymer-eggshell powder composite is proposed as ammonia sensor. Eggshell was selected because it is a waste product with high content of oxides (Mn, Si, Al, Fe, Cr, Cu and Ca) and organic substances. These components of eggshell, when combined with polyanilline, form a better composite with higher conductivity and increased porosity.

Currently, there are many studies related to polyaniline composites. The blend of polyaniline with conventional polymers has been shown to possess relatively high conductivity, excellent electrical and good mechanical properties, and is found to be sensitive to a variety of volatile organic compounds.3–5


Munoz6 also introduced sensor array based on the conductive polymer/carbon black composites used in an electronic nose. It was found that the sensors were very reliable, giving repeatable results and can be reproducibly manufactured. They also did not degrade when exposed to humidity or large temperature fluctuations.7

In this paper, we describe a sensor based on polyaniline/eggshell powder composites. The composites have been used as a sensor for ammonia gas. The sensing elements are built from eggshell powder particles dispersed in a polymer matrix.

2.           EXPERIMENTAL

2.1         Materials

Polyaniline (emeraldine base) with an approximate M~5000 was obtained from Sigma-Aldrich. 1-methyl-2-pyrrolidinone (NPM) with an Mw of 99.13 was supplied by AR Alatan, Alor Star, Kedah, Malaysia. Eggshells were obtained from a local market in Perlis, and activated charcoal powder was supplied by Mega Makmur Sdn. Bhd., Pulau Pinang, Malaysia.

2.2         Sample Preparation

The eggshells were washed and dried in an oven at 105°C to eliminate contaminant and odour. Then, they were grinded into powder form. The form was next sieved using an industrial sieve to obtain the required particle size of 63 μm. The inorganic content in the eggshell powder is shown in Table 1.


Table 1:   Inorganic content in eggshell powder measured by using Rigaku RIX 3000 X-ray Fluorescence (XRF) spectrometer.



	Elements
	%Wt



	Al2O3
	0.001



	SiO2
	0.001



	S
	0.001



	Cl
	0.009



	CaO
	99.83



	Cr2O3
	0.003



	MnO
	0.001



	CuO
	0.001



	LOI
	0.153




2.3         Mixing and Compounding

1-methyl-2-pyrrolidinone (NMP) (10.33 g) was added to 0.25 g of emeraldine base polyaniline and mixed to produce a polyaniline solution. Activated charcoal powder (0.50 g) was then added to the solution and was aliquoted equally in five test tubes. Five different amounts of eggshell filler (0.25 g, 0.50 g, 0.75 g, 1.0 g and 1.25 g) were added into the solution in the test tube, respectively. Table 2 shows the composition of the mixture for the polyaniline/eggshell composites. The weight percentage of eggshell of polyaniline/1-methyl-2-pyrrolidinone (PANI–NMP) was calculated according to the following formulae:
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where ESP is the amount of eggshell powder and MA is the amount of matrix. The final polyaniline mixture was placed into a heating mantle with a controlled temperature of 105°C, which is the boiling point of the solution, for 30 min. The conductive polymer produced was analysed by X-ray diffraction (XRD) and scanning electron microscopy (SEM).


Table 2:   Composition of the mixture for polyaniline/eggshell powder as a conductive composites.



	Sensor

	PANI–NMP (M)

	ESP (g)
	ESP (%)



	S-0

	0.005

	0
	0



	S-1

	0.005

	0.25
	2.21



	S-2

	0.005

	0.50
	4.41



	S-3

	0.005

	0.75
	6.62



	S-4

	0.005

	1.00
	8.83



	S-5

	0.005

	1.25
	11.03




2.4         Scanning Electron Microscope (SEM)

The morphology of the polyaniline/eggshell powder surfaces of conducting polymer was studied using SEM model JOEL JSM-6460LA, Akishima, Japan. Prior to the examination by SEM, the samples were mounted on aluminum stubs and underwent sputtering coating. A thin gold layer of 20 nm was sputter coated on the samples surfaces to avoid electrostatic charge during examination.


2.5         X-ray Diffraction (XRD)

XRD of the polyaniline/eggshell conductive polymer was performed using Shimadzu XRD-6000 Analyzer at an acceleration voltage of 35 kV and 25 mA with Cu Kα (λ = 0.15406 nm). The scans were carried out in the range of 10–80° (2θ). This analysis was performed at ambient temperature (27°C) with a scanning speed of 5°C min–1. Bragg’s Law was used to explain the X-ray interference through crystals and later to study the structures of different materials. Bragg’s Law is given by:
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where d is the distance between atoms, n is the number of order, λ is the wavelength of the incident radiation and θ is the incidence angle.

2.6         Experimental Setup for Sensor Testing

The sensor test system was assembled as shown in Figure 1. Six sensors with different composition mixture of polyaniline/eggshell powder were placed inside the acrylic chamber and connected to NI-60088 for real time data acquisition. The hardware description is given in Table 3. An air pump was used in this experiment to: i) generate bubble, deliver ammonia volatiles, and ii) purge the sensor chamber so that the sensor response will return to the baseline. The detailed sniffing process and parameter setting is given in Table 4.
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Figure 1:   Sensor test setup.


 
Table 3:   Hardware description and setup.



	Hardware
	Parameter



	Sensor Chamber
	10 cm (W) × 4cm (H) (Shape: Cylinder) Cylinder Volume = 0.314 L



	Air Pump (for bubbler and purging)
	12V (Pump speed =0.5 mL min–1)



	NI USB-6008
	Data Acquisition Module from National Instrument



	Power Supply
	5Vdc supply to sensors. Common ground to both Sensor and NiDAQ. Each cabling was twisted in pair to reduce common mode current leakage.




Table 4:   Sniffing process and parameter setting.



	Paramater
	Setting



	Baseline
	10 s (60 s during the first starting up)



	Sample draw
	180 s



	Idle
	3 s



	Sample purge
	180 s




3.           RESULTS AND DISCUSSION

3.1         Physical Property of Eggshell

The BET analyser showed that the surface area of the eggshell powder was 43.7143 m2 g–1, whereas the Langmuir surface was 90.3459 m2 g–1. The single point adsorption total pore volume of pores less than 66.2933 nm in width at P/Po = 0.97 was 0.078075 cm2 g–1. The Barret, Joyner and Halenda (BJH) adsorption average pore diameter (4V/A) was 9.9164 nm and the BJH desorption average pore diameter (4V/A) was 14.4322 nm. Traditionally, BET surface area measurement has been used to determine the specific surface area of colloidal inorganic oxides. As far as we are aware, BET studies on conductive polymer based eggshell powder has not been reported. The surface area and porosity values obtained show that the application of eggshell into polyaniline matrix enhanced its composites properties because it created a different phase relative to the matrix materials. These are important characteristics that affect the quality of the polyaniline/eggshell composites. They are important in understanding the structure, formation and conductivity potential, which correspond well to its applications in various fields.


3.2         Morphology of Conductive Polymer

Figure 2(a) shows the surface morphology of polyaniline film (S-0) without eggshell at 100X magnification. In this morphology, a chain configuration is indicated as the polyaniline chain embedded within its matrix. An expanded coil of the polyaniline structure was also observed.9 A major part of the polyaniline is compatible with 1-methyl-2-pyrrolidinone, which makes it soluble in the matrix and hence, a flat surface was observed.
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Figure 2:   Surface morphology of: (a) film polyaniline [S-0] film conductive composite; (b) polyaniline/eggshell powder [S-6] conductive composite; (c) polyaniline/eggshell [S-2] powder conductive composite before exposed ammonia gas; and (d) polyaniline/eggshell powder [S-2] conductive composite after exposed ammonia gas.



Figure 2(b) shows the surface morphology with a filler of 0.5 g of eggshell powder at 100X magnification. The distribution of the eggshell particle in the polymer matrix is noticeably uniform with agglomerations on the surface of the conductive polymer. Agglomeration in the polyaniline makes the connection of the conductive path more complete and improves conductivity. A rougher surface was observed as filler loading was increased; the formation of microfiller was found due to difficulties of achieving a homogeneous dispersion of filler at high filler loading.10 The surface morphologies of the sensor before and after absorption of ammonia gas are shown in Figure 2(c) and (d). It can be seen that the surface of the polyaniline/eggshell composites is smooth. This indicated a good adhesion between the eggshell powder and the matrix [Figure 2(c)]. Figure 2(d) shows the surface morphology of the sensor after absorbing the ammonia gas. The surface morphology of the sensor shows swelling of the conductive polymer film. The optimum eggshell powder concentration at 0.5 g (4.41 wt%) can be correlated with the condition resulting in the effective formation of a porous film.

3.3         XRD Analysis

Figure 3 shows the X-ray diffraction pattern of semicrystalline of the polyaniline/eggshell powder (0.5 g). From the XRD diffractogram obtained and the calculation of interparticle spacing, Bravais lattice was found to be followed by a FCC pattern as shown in Table 5. Therefore, the conductive polymer based on polyaniline/eggshell powder was assumed to possess a face centered cubic (FCC) structure. The powders exhibited peaks at two angles, around 20° and 45° (2θ) which indicates that the conductive polymer contains some crystalline domains. The surface morphology structure of polyaniline/eggshell is similar, closed-packed structures, which results in similar conductivity values.11
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Figure 3:   XRD pattern of semicrystalline of the polyaniline/eggshell powder.


 
Table 5:   Calculation of interparticle spacing from the results interpreted from XRD.
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3.4         Sensor Response

The response from all six sensors was captured using NiDaQ and save in the MATLAB workspace. These raw data was plot in Figure 4 and 5. Six conducting polymer sensors have a very stable response of baseline (ambient air) shown in Figure 4. However, sensor S-0 has shown some changes when exposed to ambient air. Sensors with the presence of eggshell powder composition are highly stable and do not give much response when exposed to ambient air, compared to the sensor with pure PANI-NMP composition (S-0). Apart from that, all sensors behave normally and there were no drifting observed during the experiment.
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Figure 4:   Sensor response when exposed to the ambient air.
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Figure 5:   Sensor response when exposed to different concentration of ammonia volatiles.



In Figure 5, 200 mL ammonium solution with different concentration was delivered to six sensors of different composite composition using bubbler method. Five different concentration of ammonia gas was set, starting from 2, 4, 10, 40 and finally 50 ppm. Purging and sniffing time was made 3 min regardless the concentration of ammonia solution used in each experiment. During the purging process, the baseline was also recovered to the original state. There is no drifting observed during the experiments. Sensor S-2 was observed to deliver the highest response followed by sensor S-1 and sensor S-0. The rest of the sensors seem to deliver insignificant response toward different ammonia concentration.

The ESP improves the sensitivity and increases the selectivity towards ammonia. Too much ESP seems to give adverse effect on sensor sensitivity. Sensor (S-2) with 0.5 g ESP is found to be better than sensor (S-0) with pure PANI-NMP composition. This was due to the eggshell powder contain trace elements of dioxide (Mn, Fe, Al, Cr, Ca, Mg, Na, Zn, Cu) to promote the conductivity of the composites.

4.           CONCLUSION

The conductive polymer/eggshell coated interdigitated electrode was successfully applied to sense ammonia. The sensor sensitivity was strongly influenced by the composition of eggshell powder in the composites. The optimum composition ratio of polyaniline/eggshell powder composites was polyaniline-4.41 wt% eggshell powder in sensor 2 (S-2). These physical properties resulted in a sensor that is highly sensitive in the detection of ammonia gas. The sensor can detect ammonia gas of the order of 2 ppm. From the SEM micrograph, the surface morphology of the sensor after exposure to ammonia gas showed significant swelling. This is due to the enhanced absorption/desorption rate as a result of higher porosity and changed in surface morphology of the polyaniline/eggshell composites.
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Abstract: The non-metals doping as an anion to alternate the electronic structure and optical absorption property of TiO2, and ultimately, to induce the visible light activity for it have been the purpose of this work. The electronic structure and optical properties of neon-doped rutile TiO2 have been investigated by using the density functional theory with Slater type orbital basis set and correlation. This was done using the PBE96 method as implemented within the HyperChem 7.52 software package with Ne concentration approaching the low level may present in industrial samples of rutile TiO2. Defect states involving substitution of an oxygen atom for a neon atom were studied along with the more stable configuration of one neon substitution. Neon changed the band structure and led to a reduce in the band gap in rutile. This means that neon doping brings the absorption edge into the visible range and therefore increase the photocatalytic activity. A stronger absorption for anionic Ne-doped TiO2 one was predicted, because of the higher position of the impurity state in the band gap. The nonmetal- doped TiO2 could efficiently extend the photo-response of TiO2 to low energy (visible) region.
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1.           INTRODUCTION

Titanium dioxide (TiO2) is widely used as a pigment, catalyst support and photocatalyst.1 TiO2 crystallises in three different forms: rutile, anatase and brookite. Rutile and anatase are the two most stable forms and are both produced on an industrial scale. TiO2 is a well-known photocatalyst because of its low cost, nontoxic peculiarities and stable, efficient performances in the depuration of air and water.2 However, it is activated only under UV light irradiation (about 3% of the solar spectrum) because of its large band gap (3.2 and 3.0 eV for anatase and rutile respectively).3 It is therefore imperative to develop efficient visible-light-driven photocatalysts by modifying TiO2 which allows the main part of the solar spectrum (45%) to be used. Doping with transition metals is one of the methods to tailor the band gap of TiO2, but this kind of doped TiO2 generally has lower photocatalytic activity due to thermal instability and higher carrier recombination rate.4 Recently, nonmetal-doped TiO2 received a lot of attention as the doping of the nonmetals (S, N, C, B, P, F, etc.) could efficiently extend the photo-response of TiO2 to low energy (visible) region.2–6 With recent increases in computational power, Ab Initio methods such as density-functional theory (DFT) and Hartree-Fock (HF) have become available. These calculations have been performed with DFT and the local-density approximation (LDA), and using the HF approach.5–8 There have also been some self-consistent calculations that can be done using the linear muffin-tin orbital method, tight-binding models and the extended Huckel molecular-orbital method.

Commonly, as a two-element crystal, TiO2 could provide three kinds of positions for the impurity to occupy on the O site, the Ti site and the interstitial site. The doping impurity usually displays as an anion on the O site and a cation on the Ti site. The present work will explore non-metals doping as an anion to alternate the electronic structure and optical absorption property of TiO2, and ultimately, induce the visible its light activity.

The first aim of this paper is to investigate the influence that Ne doping has on the electronic structure of the rutile phase of TiO2. The second is to understand an expected nature of the spectra of electronic excitations and the optical properties of Ne-doped TiO2.

2.           EXPERIMENTAL (COMPUTATIONAL METHOD)

The density-functional theory is used throughout; this is widely used for a variety of crystal systems and has been successfully applied to TiO2. Specifically, it has been used for investigating the impact of dopants on electronic structure. The generalised gradient approximation (GGA) as proposed by Perdew, Burke and Ernzerhof9 (PBE96) was applied with the Slater type orbital STO-3G basis set.10 Figure 1 shows the neon-doped/undoped rutile model. Most importantly, the band gap is due to basis-set truncation are therefore small compared to inherent errors associated with DFT. The significant underestimation of the band gap is a concern. However, it does seem to be well behaved, consistently underestimating the gap by 50%.4 All calculations were performed using the HyperChem-7.52 for Windows Modeling System.11
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Figure 1:   Rutile model for a) undoped and b) Ne-doped.



3.           RESULTS AND DISCUSSIONS

Neon atom has ten electrons occupying closed shell 2P6 that make neon as an inert element. Based on this, neon is not an active atom and it does not share its electrons with another electronic system, so the neon atom has zero electronegativity. We calculate the eigen value of outer energy level 2P by using the PBE96/STO-3G method. The neon 2P energy state has the magnitude of –2.69 eV. The oxygen atom has an outer energy state 2P with an eigen value of –3.45 eV, also the electronegativity of about 3.44. Under a compression between neon and oxygen atoms, it is clear that neon has a 2P energy state [E2P(Ne)] higher than this of oxygen atom [E2P(O)] by an energy difference Ed = E2P(Ne) – E2P(O) of about Ed = 0.76 eV, and beside a zero electronegativity neon atom will act differently to oxygen at TiO2 system.

The electronic structure and visible/ultraviolet spectrum properties of neon-doped and undoped rutile TiO2 are explored by the DFT method using PBE96/STO-3G level of theory. The electronic properties of valence band edge (VB), conduction band bottom (CB) and energy band gap (Eg) are showed in Table 1. Also the optical properties of first and second excited states wavelength (1st Ex and 2nd Ex) and their oscillator strength (OS) are displayed.


Table 1:   Electronic and optical properties of undoped/neon-doped rutile TiO2, VB, CB, and Eg in eV, Ex in nm and oscillator strength OS.
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The VB of undoped TiO2 is shifted for neon-doped TiO2 toward lower energy by energy amount of 0.65 eV, which is close in magnitude to the energy difference between the neon and oxygen 2P states (0.76 eV). At the other side, the CB of rutile shifted toward lower energy state by 1.47 eV when it doped with neon atom. The CB is lowered by double amount of Ed. The band gap of neon-doped rutile is narrow than that of pure rutile by 0.82 eV, which is very close to Ed.

All these changes in the electronic properties of rutile TiO2 induced by neon substitution doping may be interpreted by understanding the difference in the electronic structure between the neon and oxygen atoms. Neon atoms will not be induced into midgap states as in the case of nitrogen or carbon atoms. Rather, they interact with the TiO2 surrounding system to create a new electronic structure.

Pure rutile TiO2 has the theoretical light absorption at UV range as well known experimentally. The first excited state has wavelength of 388 nm with an optical energy gap of 3.19 eV (experimental wavelength is 385 nm and with optical energy gap of 3.0 eV), so the PBE/STO3G method is very good level of theory to explore measured data. The optical properties of neon-doped TiO2 describe the new electronic structure, which has a semiconductor response to the light absorption. The neon-doped system will absorb the visible light at 612 nm of wavelength which has an optical energy gap of 2.02 eV, while the second excited state keeps the essential rutile UV absorption but with weak oscillator strength. Based on these results, the substitution doping of neon atom makes rutile TiO2 a good photocatalyst material under a visible light.

4.           CONCLUSION

Electronic structure analysis shows that anionic doped Ne could induce visible light activity for rutile TiO2 effectively by providing an impurity state on the upper edge of valence band. A stronger absorption for anionic Ne-doped TiO2 was predicted, because of the higher position of the impurity state in the band gap, which is consistent with experiment results. The potential of anionic Ne-doped TiO2 for visible light absorption indicates that it can be a good photocatalyst with visible light activity. Positive characteristics and performance of anionic Ne-doped TiO2 can potentially make it a promising photocatalyst.
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Abstract: Castability and loss of mass from Co-Cr castings after polishing had been evaluated. Casting systems of centrifugal and vacuum types and two types of phosphate-bonded investments were used. Cast plates were weighed before and after polishing (limit value of 100 ± 20nm was confirmed with AFM) to measure mass loss (%). Surface layer of cast specimens and porosity of investments was observed. Loss of mass of cast specimens and surface reaction layer was not influenced either by casting systems or by porosity of investments. Investments with more porous structure and centrifugal type casting system had shown significantly improved castability.
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1.           INTRODUCTION

The high elastic modulus and hardness of base metal alloys are adequate for long-span metal-ceramic restorations or removable partial dentures (RPDs). The mechanical properties of base metal alloys and low cost make them attractive. Base metal alloys, such as cobalt-chromium (Co-Cr) have been widely used in fabrication of fixed and removable partial denture (FPD and RPD) frameworks since being introduced to dentistry in 1929.1,2 The increase in the cost of noble metallic alloys in the 1970s led to the development and increasing clinical use of basic metal alloys to make crown and fixed partial prosthesis infrastructures.3 The other primary physical-chemical properties of base metal alloys include a lower density than gold alloys, a particularly useful feature in fabricating bulky or extensive prostheses; and a modulus of elasticity that is nearly twice that of gold alloys, providing FPD and RPD with the advantage of maintaining rigidity with less bulk.4 These properties allow improved aesthetics and physiological contouring and the development of a suitable occlusion with less tooth structure reduction.4

Dental casting system aims to provide a metallic copy of the wax pattern as accurate as possible. Nevertheless, a wide range of variables may influence the final result and predictable outcomes are hardly achievable. While casting dental prostheses, problems frequently observed are incomplete casting and internal porosity.5 One of the main factors leading to these defects is the pattern of casting force exerted on the molten metal.6 All casting machines accelerate the molten metal into mould either by centrifugal force or air pressure.7 The presence of porosity within the mould prior to casting is also important to avoid back-pressure defects. This porosity can contribute to the permeability of the mould.8 Thus, evaluation of castability which means the ability of an alloy to reproduce mould details, had been frequently performed. In previous study, simulated steel crown with dimensions as given in the Australian Standard (AS) 1620 (1985) was used to evaluate castability of unalloyed titanium using different casting machines.9 Fabricated frame-works on Kennedy Class II, Division 1 maxillary RPD was used for evaluation of castability and surface roughness of pure titanium and cobalt-chromium denture frameworks.10

Surface roughness of dental cast prostheses may also vary with different casting environment. Surface roughness of cast prostheses significantly influence the adhesion of supragingival bacterial plaque, incidence of dental caries, gingivitis and periodontal disease.11,12 Increase roughness had been observed using conventional casting procedures.13 In previous study, an average roughness of Ra 0.09 ± 0.01 µm was adopted as a “limit value” to establish the final acceptable polishing condition.13 It has been reported that greater surface roughness requires additional finishing and polishing procedure.14 However, technical shortcomings, such as the increased difficulty of grinding and polishing procedures with conventional chair side and laboratory instruments restricted the use of base metal alloys in dental practice.,15 An earlier investigation demonstrated that there is considerable loss of metal structure from RPD framework during finishing and polishing resulting in poor fit of retentive clasp arm and improper contact at the tooth-clasp interface,16 thus affecting the stability and retention of the RPD.17 Due to hardness of these alloys, special equipment is required for cleaning and smoothing the restoration after casting, which considerably limits these procedures in dental offices. The hardness of the cast alloy is influenced by their composition, casting method and reaction of molten metal with the elements of investment material.18,19 The resultant reacted layer is termed as α case which is undesirable in terms of surface roughness and the fit of the appliance.20

As several casting systems are based on different principles, cast specimens need to be evaluated using different casting systems. Thus, the purpose of the present research was to evaluate castability of Co-Cr alloys and to determine the loss of metal structure from cast specimens after polishing using centrifugal and vacuum type casting systems. In addition surface layer of cast specimens and porosity of the investments was also observed.


2.           EXPERIMENTAL

This is an experimental laboratory study design which is shown in Figure 1. Mesh wax pattern of 25 × 25 mm, with 68 holes (Grids perforated RN III casting, Dentaurum, Ispringen, Germany), used in previous research was selected for evaluating castability of Co-Cr alloys in this experiment.21 Clear acrylic plates of 10 × 20 × 1.5 mm (Erkodur, Erkodent, Pfalzgrafenweiler, Germany) were prepared for evaluating loss of mass of cast specimens after polishing.

A wax sprue with diameter 2.5 mm and length 6 mm was fixed onto a sprue base (Rapid Ringless System, Bego, Bremen, Germany). All the specimens were invested using 2 types of phosphate-bonded investment: (EPM) (ECOVEST PM, dent-e-con, Lonsee, Germany) and (CSG) (CHROMECAST-SG, Emdin International Co., Irwindale, California) as in Table 1. The investments were mixed according to the manufacturer’s instructions.


Table 1:   Compositions of investment material.



	Code

	Brand name (Manufacturer)

	Refractory

	Binder

	Liquid for mixing

	L(W)/P ratio




	EPM

	Ecovest PM (Dent-e-con, Lonsee, Germany)

	SiO2

	Phosphate

	Special liquid (colloidal silica)

	0.14




	CSG

	Chromecast-SG (Edmin Int. Corp., Irwindale, California)

	SiO2

	Phosphate

	Special liquid (colloidal silica)

	0.15
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Figure 1:   Cast specimens obtained using 2 types of casting systems with 2 different investments, i.e., cast specimen with: a) Centrifugal (FOR)/EPM; b) Vacuum (NAU)/EPM; c) Centrifugal (FOR)/CSG; and d) Vacuum (NAU)/CSG.



Electric furnace (OVMAT 2007, Manfredi, Torino, Italy) was used for burn-out procedure. The specimens were cast with centrifugal (Fornax G/GU (FOR), Bego, Bremen, Germany) and vacuum (Nautilus CC plus (NAU), Bego, Bremen, Germany) casting systems (Table 2). Co-Cr ingot (Remanium GM900, Dentaurum, Ispringen, Germany) was used as cast alloys. All cast specimens were cleaned in sandblast machine (S-U-Prolamat, Schuler Dental, Ulm, Germany) using aluminium oxide particles (250 µm) for 1 min to remove investment residues. Castability was calculated as the percentage of reproduced completed holes of cast specimens compared to the total number of holes of wax pattern as below.
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Table 2:   List of casting machines.



	Code

	Name of machine

	Type of casting force

	Manufacturer




	FOR

	Fornax G/GU

	Centrifugal

	BEGO Bremer Goldschlagerei Wilh. Herbst GmbH & Co., Bremen, Germany




	NAU

	Nautilus CC plus

	Vacuum





For the evaluation of mass loss, each cast plate was weighed on a precision balance (Dragon 204, Mettler Toledo Inc., Greifensee, Switzerland) before and after polishing with 320–1000 grit sandpaper (Hermes, Hermes Abrasives Ltd., Virginia, USA). The polished surface of cast plate was assessed with atomic force microscopy, AFM (Q-Scope 250/400 Nomad, Ambios Technology Inc., Santa Cruz, USA) at 3 different sites of the cast plate. The scan size (48 × 48 µm) was maximised and the number of scan lines was 50. The cast plates were polished until acceptable surface roughness value of Ra 100 ± 20 nm was attained. This value was then adopted as a “limit value” to establish the final acceptable polishing condition for subsequent tests. Each cast plate was carefully polished, alternating with roughness measurements, until the limit value was achieved. Then, the specimens were weighed again. Loss of mass related to the initial mass was determined as the structure needed to be grinded for optimal polishing.
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Cast specimens obtained from the 2 types of casting systems were cut at the centre of the sprue and cleaned in sand blast machine for 1 min. The sprue was embedded in acrylic resin, consecutively polished with 320–1000 grit sandpaper. To observe surface reacted layer of cast specimens representative cast samples from each of the casting system and investment were observed under Scanning electron microscope (Phenom™, Eindhoven, Netherlands). Sample of each investment materials (EPM and CSG) which was fired in the furnace according to the heating schedule, was cut and the inner surfaces of the investments were observed using the microscope (Leica DMLM, Leica Microsystems, Bensheim, Germany) to evaluate porosity of investment. Three pictures were saved from 3 different sites of each of the sample.


Five specimens of mesh type and plate type were prepared and cast with different casting systems using each of the investment material. Differences in castability, mass loss (%) were analysed using Mann Whitney test (α = 0.05), statistical software SPSS 12.

3.           RESULTS AND DISCUSSION

Significantly (p = 0.001) improved castability with EPM and CSG was observed using centrifugal system (74.12 ± 25.84% and 97.65 ± 4.48% respectively) than vacuum system (0.29 ± 0.66% and 43.53 ± 40.24% respectively); as shown in Figure 1 and 2. Castability with CSG was found significantly (p = 0.012) higher than EPM using vacuum system. The loss of mass after polishing was not significantly different (p = 0.070) using both casting systems; as shown in Figure 3. SEM pictures of the cast specimens from each casting system are shown in Figure 4. Similar type of thickness (11.3 µm) of reacted layer was observed. More porous structure was observed with CSG as shown in Figure 5.
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Figure 2:   Castability of Co-Cr alloy using 2 types of casting systems with 2 investments.
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Figure 3:   Mass loss (%) after polishing of cast plates.
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Figure 4:   SEM picture showing reaction layer thickness: a) cast specimen from centrifugal (FOR); and b) vacuum type (NAU) casting systems.
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Figure 5:   Porosity of investments viewed under microscope for: a) EPM under 20X magnification; b) EPM under 50X magnification; c) CSG under 20X magnification; and d) CSG under 50X magnification.



Castability of Co-Cr alloy is an important factor to be considered, since it is directly related to a precision cast restoration. The wax pattern which was used to evaluate castability in this study was first proposed by Watanabe et al. for evaluating castability of titanium.21 Among the advantages of the method used in this study are: ease of preparation of the casting pattern, the pattern can be burned out in furnace using the usual procedure for wax elimination, size and shape of specimens can be standardised and castability could be evaluated by simply counting the number of completely formed holes.

Casting system has significant effect on castability. Most of the findings on castability were observed with pure titanium or with titanium alloys and limited studies were conducted on evaluation of castability using Co-Cr alloys with different casting system. Better castability of pure titanium was observed in a previous study using centrifugal system than a pressure casting system using investments with less permeability.8 Although minimum porosity was observed with EPM investment, results of castability was comparable with CSG investment when casting was performed with centrifugal casting system. This observation was explained as followed: as the centrifugal force applies to the molten metal, and the mould gases can exhaust from sprue in moulds without permeability in the centrifugal casting.22 On the other hand, significantly lower castability with vacuum system was found irrespective of investment materials probably due to incomplete mould filling. Similar problem was also observed in a previous study and was explained as an occasional problem with low casting pressure difference. Moreover, it was found that centrifugal casting system can exert approximately 4–6 times more force on metal than the pressure casting system.23 Inadequate mould filling with EPM investment was probably due to the back pressure effect from gas retention with less porous structure of the investment. The less porous structure might also be related with reduced permeability of investment. A study of mould filling of titanium castings found that improved cast specimens were obtained when a highly permeable investment was used,6 however, improved castability was also reported with less permeable investment.8,24 Although recent studies8,25 on the effects of porosity/permeability of investments on castability of titanium was found not significant, castability result considering permeability of investment with Co-Cr alloys may be different due to the different properties of the alloys than titanium. Further studies are necessary to evaluate the effect of porosity and permeability of investment in relation of castability of Co-Cr alloys.

Several factors related to casting systems also influence the castability of the cast specimens. Thus controlling these factors is important to have predictable outcomes. Within the limitation, only the variable casting system was evaluated thus different results might be obtained using different study design. Further studies should investigate other factors which were not considered in this study, such as investment material, casting temperature, spruing and mould temperature.

Finishing and polishing procedures can compensate for greater surface roughness resulting from casting procedures. However, the removal of additional material to provide a clinically acceptable finish can affect the fit15 and the resistance of the metal structure.26 Thus, the present study was focused in evaluation of loss of mass due to polishing of cast specimens. The mean loss of metal due to polishing up to threshold limit was lower for vacuum system although the result was not significantly different compared with centrifugal system. It is expected that fitness changes of cast specimen due to polishing would be the same using both of the casting systems. The similar findings had been observed in a previous study while casting under controlled and uncontrolled atmosphere.13 Resultant reacted layer on cast surface (α-case) which is considered to be responsible for higher hardness of the cast specimen might be a contributing factor on final finishing and polishing procedures. The SEM observation on surface reacted layer of the cast specimens of each casting system was the same. Thus, SEM findings of the present study support the result of loss of metal mass which was found similar among the 2 types of casting systems. Considering the investments properties, the less porous investments had shown lower mass loss (%) comparing to the higher porous CSG investment regardless of casting systems although the differences were not significant. The presence of trapped air inside more porous investments thus did not significantly react with molten metal surface during casting. Further studies on this aspect, such as electron probe microanalysis (EPMA) to evaluate changes in composition of the alloys after different casting conditions are required.

A narrow range of surface roughness (100 ± 20 nm) of cast specimens could be precisely measured using AFM. Applications of AFM to metal specimens allow quick and easy generation and quantification of images in the sub-micrometer and nanometer range. Within the limitations, the specimens were polished on only one surface, thus preventing direct comparison to the clinical situation where the surface of an RPD is polished on both external and intaglio surfaces.

4.           CONCLUSION

The effects of casting systems on castability and mass loss (%) of Co-Cr alloys have been evaluated and investment moulds before casting conditions have been observed for porous structures. The results indicate that castability or mould filling was significantly better with higher casting force and with more porous structure of the investment. However, the loss of mass after polishing of cast specimens was similar with both casting systems and investments which indicate casting systems and porosity of investments did not influence to achieve acceptable level of polished cast specimen.
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