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Abstract: The effect of the chemical modification of wood fibre (WF) using salicylic acid/ethanol on the tensile properties, water absorption, thermal degradation and morphology of recycled high density polyethylene/WF (rHDPE/WF) composites was studied. Both of the composites: rHDPE/WF and rHDPE/WFM (modified with salicylic acid and ethanol) were prepared using a Brabender Plasticorder at 160°C with a rotor speed of 50 rpm. The results indicate that the rHDPE/WFM composite has a greater tensile strength, a higher modulus of elasticity, greater thermal stability, greater resistance to water absorption and a lower elongation at break than the rHDPE/WF composite. SEM micrographs show that better interfacial adhesion occurs between the WF phase modified with salicylic acid and ethanol (WFM) and the rHDPE phase in the rHDPE/WFM composite.
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1.          INTRODUCTION

Renewable natural organic fibres that are biodegradable and ecofriendly act as reinforcing materials for glass or carbon fibre and as inorganic fillers. These fibres have high specific strengths and elastic moduli, low cost and low densities, and are renewable organic, non-hazardous, malleable, widely available and relatively unabrasive.1,2 Yazid et al.3 showed that the elastic moduli of rHDPE/NR/CFF composites increased with the fibre load in the blend, but the tensile strength and elongation at break decreased. Through studies and research, thermoplastic or natural fibre composites such as wood plastic composites (WPC) have been shown to have excellent qualities for technical applications such as load bearing.4 Polyethylene, which is a polymer, has numerous applications in our modern world. Such polymers are frequently used in thermoplastics for the production of natural fibres to prepare composites. The addition of natural fillers and coupling agents improve their properties.5

In the modern age, the commercial use of natural fibres in plastics has been limited to wood fibre because its use as filler in a composite increases the composite’s stiffness and reduces its toughness. The resulting composites are brittle due to stress concentrations at the ends of fibres and poor interfacial adhesion between the wood and the synthetic polymer. Research into new coupling agents, compatibilisers6 and the improvement of improve processing methods has been conducted.7,8 John et al.9 reported that wood fibre has good interfacial adhesion with HDPE and better thermal stability after the addition of a coupling agent. This article describes the effect of chemical modification of wood fibre with salicylic acid and ethanol on the tensile properties, morphology, water absorption and thermal degradation of rHDPE/WF composites.

2.          EXPERIMENTAL

2.1        Materials

rHDPE with a melt flow index of 0.7 g 10 min−1 at 160°C and a density of 939.9 kg m−3 was supplied by Mega Makmur Sdn. Bhd., Penang, Malaysia. WF with an average fibre diameter of 177 microns was obtained from Titan Petchem (M) Sdn. Bhd., Pasir Gudang, Johor, Malaysia. Salicylic acid (C7H6O3 with a molar mass of 138.12 g mol−1) and ethanol (C2H5OH with a molar mass of 46.07 g mol−1) were obtained from AR Alatan Sdn. Bhd., Alor Setar, Kedah, Malaysia.

2.2        Preparation of the Modified WFM

The WFs were chemically modified by adding salicylic acid to ethanol. The WFs were dipped into a salicylic acid/ethanol solution containing 1.5 Molar salicylic acid for 2 h at 60°C, following Supri et al.10 The WFs were then decanted and dried in an oven at 70°C for 4 h. After that, the modified wood fibres (WFM) were used as filler in the rHDPE composites. The formulations of the rHDPE/WF composites with and without the salicylic acid/ethanol solution are given in Table 1.


Table 1:      Formulations of rHDPE/WF composites and rHDPE/WFM composites.



	Blend composition
	rHDPE (phr)

	WF (phr)

	WF treated with salicylic acid/ethanol (phr)




	rHDPE/WF-0
	100

	–

	–




	rHDPE/WF-5
	100

	5

	–




	rHDPE/WF-10
	100

	10

	–




	rHDPE/WF-15
	100

	15

	–




	rHDPE/WF-20
	100

	20

	–




	rHDPE/WF-30
	100

	30

	–




	rHDPE/WF M-5
	100

	–

	5




	rHDPE/WFM-10
	100

	–

	10




	rHDPE/WFM-15
	100

	–

	15




	rHDPE/WFM-20
	100

	–

	20




	rHDPE/WFM-30
	100

	–

	30





2.3        Composite Preparation

The composites were compounded using a Brabender Plasticorder at a temperature of 160°C and a rotor speed of 50 rpm. Two composites were prepared, the rHDPE/WF and rHDPE/WFM composites. The rHDPE composite was first put into the Brabender Plasticorder to begin the melt mixing process. The rHDPE composite was preheated for 2 min the mixing chamber. Next, WF with or without salicylic acid modification was added to the softened rHDPE composite. The mixing process continued for 8 additional min to produce homogeneous composites. The composites were discharged from the mixing chamber and pressed into thick round moulds. The discharged composites were then allowed to cool at the ambient temperature.

2.4        Compression Moulding

The specimens of the rHDPE/WF and rHDPE/WFM composites were compressed using an electrically heated hydraulic press to produce plates. The temperatures of the top and bottom plates of the hot and cool press were set to 160°C. Then, the composites were put into the moulds, preheated for 6 min, compressed for 2 min at the same temperature and subsequently, cooled under pressure for 4 min.


2.5        Tensile Tests

Tensile tests were conducted based on ASTM standard D638 using an Instron 5569 system. Dumbbell-shaped specimens were conditioned at the ambient temperature (25 ± 3)°C and relative humidity (30 ± 2)% before testing. Five dumbbell-shaped samples of each composite were used. The tensile strength, modulus of elasticity, and elongation at break of each composite were obtained from the tests.

2.6        Water Absorption Tests

The kinetics of water absorption was studied using a water absorption test. The samples had dimensions of 40 mm × 20 mm × 2 mm based on ASTM standard D471-79. Before the test began, the samples were dried in oven at a temperature of 50°C for 30 min to remove the water in them. Then, the samples were completely immersed in distilled water for 42 days. After immersion in distilled water, the samples were removed at fixed time intervals, wiped with filter paper to remove surface water and weighed with an analytical balance with 0.1 mg resolution. The water absorption (%) was calculated using the following equation:
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where W1 is the weight of the dry sample and W2 is the weight of the sample after immersion.

2.7        Scanning Electron Microscopy (SEM)

The morphologies of the tensile-fractured surfaces of the rHDPE/WF and rHDPE/WFM composites were analysed using a JEOL JSM-6460 LA scanning electron microscope. The samples were coated by sputtering before the SEM analysis was performed. A thin layer of palladium that was approximately 12 µm thick was applied using an auto-fine coater to avoid electrostatic charges during the analysis.

2.8        ATR-FTIR Spectroscopy

Spectra were obtained using Perkin-Elmer Spectrum One Series equipment, and the sample was prepared by grinding part of it with potassium bromide. The selected spectrum resolution and the scanning range were 4 cm−1 and 650–4,000 cm−1, respectively.


2.9        Thermogravimetric Analysis (TGA)

Thermogravimetric analyses of the rHDPE/WF and rHDPE/WFM composites were performed using a Perkin-Elmer Pyris 6 TGA analyser. Samples of approximately 10 mg were scanned from 30°C to 650°C at a heating rate of 10°C min−1 using a constant nitrogen gas flow of 50 ml min−1 to prevent the thermal oxidation of the polymer sample. The temperature when 50% of its weight had been lost (T-50%WT) and the residual mass of the TG curve were calculated.

3.          RESULTS AND DISCUSSION

3.1        Tensile Properties

The effect of fibre loading on the tensile strengths of the rHDPE/WF and rHDPE/WFM composites is shown in Figure 1. The results show that as the load on the fibres increased, the tensile strength of the rHDPE/WF composite decreased slightly due to the incompatibility of the rHDPE composite and WF. This incompatibility reduced the tensile strength because fractures were initiated at the weak interface between the composites due to their poor interfacial adhesion. It can be seen from Figure 1 that under a similar fibre load, the rHDPE/WFM composite had a greater tensile strength than the rHDPE/WF composite. This was due to the presence of salicylic acid, which enhanced the interaction between the WF and rHDPE phases.
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Figure 1:      Effect of fiber loading on tensile strength of rHDPE/WF composites and rHDPE/WFM composites.




Figure 2 also shows that under a similar fibre load, the elongation at break of the rHDPE/WF composite was greater than that of the rHDPE/WFM composite. When the filler load increased, the ductility of the unmodified and modified rHDPE/WF composites decreased, indicating that the fillers had hardened the composites and reduced their ductility. John et al.9 also reported that the effect of a coupling agent on WF/HDPE composites was to decrease their ductility.


[image: art]

Figure 2:      Effect of fiber loading on elongation at break of rHDPE/WF composites and rHDPE/WFM composites.



The effect of fibre loading on the elastic moduli of the rHDPE/WF and rHDPE/WFM composites is shown in Figure 3. The elastic moduli of the rHDPE/WF and rHDPE/WFM composites tended to increase with the filler load. This was due to the presence of fibres, which stiffened and reduced the ductility of the composites. This result is in agreement with that of Viet et al.11 This indicates that the presence of fibres reduced the ductility of the rHDPE/WF composite and increased its stiffness. It can be seen that the elastic modulus of the rHDPE/WFM composite was greater than that of the rHDPE/WF composite. Again, this was due to the better interfacial adhesion between the rHDPE and WFM phases when salicylic acid was present as a coupling agent.
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Figure 3:      Effect of fiber loading on modulus of elasticity of rHDPE/WF composites and rHDPE/WFM composites.



3.2        Morphology

The influences of WF loading on the morphologies of the rHDPE/WF and rHDPE/WFM composites are shown in Figure 4(a–g). Figure 4(a) shows a smooth surface. As the fibre load increased, the micrographs show poor interfacial adhesion and more fibres pulling out of the matrix surface, i.e., Figures 4(b), 4(c) and 4(d). Figures 4(e), 4(f) and 4(g) show good interfacial adhesion and fewer fibres pulling out of the rHDPE/WFM composite than the rHDPE/WF composite, shown in Figure 4(b), 4(c) and 4(d). This was due to the presence of salicylic acid, which acted as coupling agent that enhanced the interfacial adhesion between the fibres and the matrix. These morphological results are in agreement with the results of the tensile strength tests shown in Figure 1.

3.3        Infrared Spectroscopy

The FTIR spectra of the rHDPE/WF and rHDPE/WFM composites are shown in Figure 5. Both of the spectra showed olefinic C-H stretching at approximately 2900 cm−1–3100 cm−1. CH2 bending vibrations appeared at 1462 cm−1, and the absorption at 668 cm−1 showed the presence of C=C groups. However, the absorption peaks at 2360 cm−1 and 2365 cm−1 were attributed to C=C groups in the rHDPE and WF. This was due to the physical interactions between the WF and rHDPE phases. The peak that appeared at 717 cm−1 was attributed to the mono-substitution of the benzene structure from the salicylic acid. An illustration of one possible mechanism behind the interaction between the salicylic acid-modified WF and rHDPE phases is shown in Figure 6.
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Figure 4:      SEM micrographs of tensile fracture surfaces of rHDPE/WF composites of (a) rHDPE/WF 0phr, (b) rHDPE/WF 5phr, (c) rHDPE/WF 15phr, (d) rHDPE/WF 30phr, (e) rHDPE/WFM 5phr, (f) rHDPE/WFM 15phr and (g) HDPE/WFM 30phr.
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Figure 5:      FTIR spectrum of rHDPE/WF and rHDPE/WFM composites.
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Figure 6:      Propose interaction of salicylic acid modified WF with rHDPE phases.




3.4        Water Absorption

Figure 7 shows the effect of fibre loading on the equilibrium water absorption (after 42 days) of the rHDPE/WF and rHDPE/WFM composites. As seen from Figure 8, the water absorption of the rHDPE/WF and rHDPE/WFM composites increased with the filler load. Note that the equilibrium water absorption also generally increased when more reinforcing materials were used, which can be attributed to the hydrophilic nature of lignocellulose-based materials. This result agrees with the finding of Ahmad et al.,12 who used bagasse flour to reinforce rHDPE to make composite material. Because they are lignocelluosic, natural fibres are highly hydrophilic in nature and are permeable to water. Incorporating lignocellulosic filler into polymeric composites generally increases the rate of water sorption by causing the formation of hydrogen bonds between water and the hydroxyl groups of the cellulose, hemicellulose and lignin in the cell wall.13 The rHDPE/WFM composite absorbed less water than the rHDPE/WF composite. As a result of the chemical coupling agent, the hydroxyl (O-H) groups of the WF reacted with the salicylic acid, which, in turn, interacted with the polymer matrix and, therefore, a good fibre/matrix interaction was established.
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Figure 7:      Effect of filler loading on equilibrium water absorption of rHDPE/WF composites and rHDPE/WFM composites.



3.5        Thermal Degradation using TGA

Figures 8 and 9 show the thermogravimetric curves of the rHDPE/WF and rHDPE/WFM composites (treated with salicylic acid and ethanol) under different fibre loads. Table 2 shows the temperature at which 50% of the weight is lost (T-50%wt) and the residual mass for both of the composites. The degradation temperatures of both of the composites were lower when 50% of their weight had been lost than that of the rHDPE matrix due to the degradation of the WF at a lower temperature. However, the residual mass of the rHDPE/WF and rHDPE/WFM composites increased with the WF load, indicating that the residue consisted primarily of the decomposition products of the wood fibre. When the two composites were compared under the same fibre load, the rHDPE/WFM composite had a higher T-50%wt because WF treated with salicylic acid and ethanol has better thermal resistance than untreated WF. The higher residual mass also indicated that the rHDPE/WFM composite was more thermally stable than the rHDPE/WF composite. This might be due to the presence of good interfacial adhesion between the fibre and rHDPE phases as a result of the uniform dispersion of the fibres throughout the rHDPE matrixes. Well-dispersed fibres create a barrier against the release and volatilisation of gases during thermal degradation. This result may also be attributed to an adsorption effect of these gases at the fibre surface, which slowed the composites’ decomposition. The presence of salicylic acid had a considerable effect on the thermal degradation behaviour of the composites; it promoted and increased their thermal stability due to better interactions in the rHDPE/WFM composite, which is evident from the SEM observations.
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Figure 8:      TG thermogravimetric of rHDPE/WF composites at different fiber loading.
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Figure 9:      TG thermogravimetric of rHDPE/WFM composites at different fiber loading.



Table 2:      Data of T-50%wt and residual mass of rHDPE/WF composites and rHDPE/WFM composites with different of fiber loading.



	Blend composition
	T-50%wt (°C)

	Residual mass (%wt)




	rHDPE
	434.52

	0.269




	rHDPE/WF-5
	419.17

	0.284




	rHDPE/WF-15
	417.59

	0.604




	rHDPE/WF-30
	415.86

	1.063




	rHDPE/WFM-5
	425.57

	0.451




	rHDPE/WFM-15
	418.33

	1.066




	rHDPE/WFM-30
	416.13

	1.364





4.          CONCLUSION

The effects of the chemical modification of WF with salicylic acid and ethanol on the tensile properties, water absorption, morphology, and thermal degradation of rHDPE/WF composites were evaluated. The rHDPE/WFM composite had a higher tensile strength, elastic modulus, resistance to water absorption, and thermal stability and a lower elongation at break than the rHDPE/WF composite. These results were due to the better interfacial adhesion between the wood fibre and rHDPE phases observed in the SEM-based studies of their morphologies.
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Abstract: The symmetric palladium(II)(4-OH)2salen complex ((4-OH)2salen=N,N′-bis(4-hydroxysalicylidene)ethylenediimine) has been immobilised on MCM-41, resulting in an efficient and highly recyclable heterogeneous catalyst for the Suzuki-Miyaura reaction. The catalyst afforded a fast and high percent conversion of bromobenzene at a catalyst loading of 0.05 g, 0.184 mol% Pd. Transmission electron micrographs (TEM) and surface area measurements clearly demonstrate that the immobilisation of the Pd(II)(4-OH)2salen complex on mesoporous silica has a significant effect on the pore structure of the catalyst. Nevertheless, after immobilisation of the palladium complex, the mesoporosity of the material is retained, as evidenced by nitrogen sorption measurements. The scanning electron microscope (SEM) images show that both MCM-41 and the MCMSalenPd catalyst have similar types of external surface morphology; however, the catalyst was less ordered.

Keywords: Suzuki-Miyaura reactions, salen complex, palladium(II), MCM-41, heterogeneous catalyst

1.          INTRODUCTION

The favourable properties of supported metal complexes as heterogeneous catalysts have been widely used in various chemical industries.1 Some of those important complexes are transition metal-salen complexes, which have been successfully employed in several heterogeneous catalytic reactions.2–8 Salen(N,N′-ethylenebis(salicylimine)) is a tetra dentate symmetric ligand system, which provides a square planar or an octahedral geometry around the coordinated central metal, and can be easily prepared in a one-step condensation reaction of two equivalents of an inexpensive salicylaldehyde derivative or a ketone with 1,2-diaminoethane. These ligands are able to stabilise different metals in various oxidation states.9 Although the palladium(II) salen complex was first isolated in 1963, the tetra dentate Schiff base complexes of this metal ion are still important reagents due to their stability and ease of handling. Recently, these ligands have been widely studied and developed into various designer catalyst systems for many organic syntheses such as hydrogenation, oxidation and C–C cross-coupling reactions, including Suzuki-Miyaura and Mizoroki-Heck reactions. Moreover, these catalytic complexes can be supported on different materials, resulting in efficient heterogeneous catalysts such as those grafted on polymers,10–12 anchored on activated carbon or carbon nanotubes13,14 encapsulated into zeolites15,16 or immobilised on silica.17,18

The immobilisation of metal complexes onto silica support can usually be achieved using organosilanes, such as trialkoxy silanes, with a suitable functional group (e.g., −Cl, −NH2, −SH). These functional groups operate as a linking agent between the different silanol (Si-OH) groups19 present on the silica surface and the terminal groups of the metal complexes or the central metal itself.20–26 This immobilisation provides the catalyst with heterogeneous properties and improves the stability of the catalytic metal complexes.

In this work, mesoporous MCM-41 silica was prepared from rice husk ash (RHA) for use as a support, and chloropropyltriethoxysilane was employed to functionalise the surface of MCM-41. Symmetric palladium(II) (4-OH)2salen complex was then immobilised on the silica surface. Herein, the authors report the successful preparation of an efficient heterogeneous catalyst for the Suzuki-Miyaura reaction between various halobenzene compounds and phenylboronic acid. This work describes the preparation, characterisation and application of the MCMSalenPd catalyst.

2.          EXPERIMENTAL

2.1.       Materials

RHA was chosen as a natural source of silica because it was abundantly available in Malaysia. Cetyltrimethylammonium bromide (CTAB), 1,2-diaminoethane, palladium acetate (Pd(OAc)2), iodobenzene, bromobenzene, phenylboronic acid and dimethylformamide(DMF) solvent were purchased from Merck, and 3-chloropropyltriethoxysilane (CPTES), triethylamine (Et3N), and chlorobenzene were purchased from Aldrich. 4-Hydroxysalicylaldehyde was obtained from Fluka, and toluene, methanol and ethanol were supplied by QRëC. All chemicals and solvents were used without further purification.

2.2        Catalyst Preparation

2.2.1        Preparation of RHA

RHA, which consists of 87%–97% amorphous silica, was chosen as the source of silica27,28 and was extracted from rice husks (RH) using a previously reported method.29 Briefly, the rice husks were washed thoroughly with tap water to remove any soil, tiny stones or other unwanted particles adhering to the husks. Then, the husks were rinsed with distilled water three times and dried at room temperature. The rice husks were collected and stirred with 1.0 M nitric acid at room temperature for 24 h to remove all metals. The resulting RH was calcined at 800°C for 24 h in a muffle furnace (Carbolite, UK, Model AAF 11/7). The obtained white ash RHA was washed with distilled water and used as a source of silica.

2.2.2        Synthesis of silica MCM-41

The mesoporous silica MCM-41 was prepared by modifying a previously reported method.30,31 Sodium silicate was obtained by refluxing 4 g of RHA in 200 ml of 2 M NaOH at 70°C for 24 h. The solution was filtered and added dropwise under stirring to a solution of CTAB (4.6 g), which was dissolved in 25 ml of H2O, at room temperature. The pH was adjusted to 10 by adding 1 M acetic acid. The pH was monitored by a pH metre (Metrohm Ion analysis model 827). The mixture was heated at 100°C for 96 h, and the pH was readjusted to 10 by adding 1.0 M acetic acid dropwise. The mixture was aged for 24 h at room temperature. The resulting gel/solid was separated by centrifugation (Rotina 38 Hettich Zenterifugen model D-78532 Tuttlingen), washed with distilled water and dried at 100°C for 24 h. Finally, the product was washed with an ethanol-HCl mixture, dried again and calcined in air at 450°C for 24 h.

2.2.3        Insertion of the linking agent (functionalization of MCM-41 with 3-chloropropyltriethoxysilane)

The functionalised silica Cl-MCM-41 was prepared according to a previously published procedure.32 The silica MCM-41 (1 g) support was dehydrated at 110°C for 3 h to remove any physisorbed water and was added to a solution of CPTES (1 ml) using dry toluene (30 ml) as a solvent. The mixture was refluxed with stirring under a dry argon atmosphere for 24 h. The resulting MCM-41-(SiCH2CH2CH2Cl)x was filtered, washed with dry toluene, washed with ethanol and dried in air at 70°C overnight, resulting in a white solid Cl-MCM-41 (1.13 g).

2.2.4        Synthesis of Palladium(II)(4-OH)2salen complex

The N,N′-bis(4-hydroxysalicylidene)ethylenediaminepalladium(II) complex was prepared with a one-pot method, which has been previously reported.33 4-Hydroxysalicylaldehyde (1 g, 7.24 mmol) in dichloromethane (30 ml) was added dropwise to a solution of 1,2-diaminoethane (0.217 g, 3.62 mmol) in 20 ml of dichloromethane. The mixture was stirred for 30 min at room temperature. A yellow precipitate was produced. Pd(OAc)2 (0.812 g, 3.62 mmol) in 30 ml of pure methanol was added to the mixture during stirring, after which the stirring was continued overnight at room temperature. The resulting yellowish green precipitate was allowed to cool; the precipitate was collected, filtered and recrystallised from hot dichloromethane at a yield of 1.44 g, 98% and characterised as follows: m.p., decomp. > 230°C; IR (KBr, cm−1) bands at, 3282, 1611, 1534, 1442, 1338, 1221, 1174, 1132, 987, 846, 790, 659, 465; 1H NMR (500 MHz, d6-DMSO, ppm) δ 3.70 (s, CH2-N, 4H); 6.085-6.106 (d d, J = 2.0 and 2.0 Hz, Ar-CH, 2H); 6.195-6.199 (d, J = 1.75 Hz, Ar-CH, 2H); 7.181-7.198 (d, J = 8.65 Hz, Ar-CH, 2H); 7.923 (s, CH = N, 2H); 9.973 (s, OH, 2H); 13C NMR (500 MHz, d6-DMSO, ppm), δ 60.1, 105.0, 106.4, 115.4, 136.8, 159.6, 164.3, 167.4. All obtained data agreed with published results.34

2.2.5        Immobilisation of palladium complex

The catalyst was prepared by immobilising the N,N′-bis(4-hydroxysalicylidene)ethylenediiminepalladium(II) complex on functionalised silica Cl-MCM-41 (see Scheme 1) by adding 1 g (2.47 mmol) of the Pd(II)(4-OH)2salen complex to a suspension of 1 g of functionalised silica Cl-MCM-41 and 0.5 g (4.94 mmol) of Et3N in 30 ml of dry toluene. The resultant mixture was refluxed for 48 h. Then, the product was filtered, washed with dry toluene, dried in air and kept in a desiccator. The resulting catalyst was labelled as MCMSalenPd, with a yield of 1.64 g.
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Scheme 1:      Synthesis of MCMSalenPd catalyst.




2.3        Catalyst Characterisation

FTIR spectra were recorded on an FTIR (Perkin Elmer System 2000) spectrometer. 13C and 29Si solid state NMR spectra were recorded on an NMR spectrometer (Bruker, 400 MHz). Powder XRD (low angle) diffraction patterns were obtained from an X-ray diffractometer (Siemens Diffractometer D5000, Kristalloflex) using CuKα radiation. Nitrogen gas porosimetry measurements were performed on an ASAP 2020 surface area and porosity analyser (Micromeritics) after the samples were outgassed under vacuum at 100°C for 4 h. TEM images were obtained from a Philips CM12 Instrument. SEM images were obtained on a Leo Supra 50 VP instrument. EDX spectra were recorded on an EDAX Falcon System. AAS was measured on an AA spectrometer (PerkinElmer A Analyst 200).

2.4        Catalyst Experiments – Suzuki-Miyaura Reaction

In a typical experiment, the MCMSalenPd catalyst was tested with a Suzuki-Miyaura reaction using various halobenzene compounds (1 mmol) as substrates, phenylboronic acid (1.1 mmol), n-dodecane (20 μl) as an internal standard, K2CO3 (2 mmol) as a base, Pd as a catalyst (0.05 g, 0.184 mol%) and dimethylformamide: H2O (8:1 ml) as a mixed reaction solvent, all in a 25 ml two-neck, round bottom flask. The reaction was performed while subjected to magnetic stirring under air at the appropriate temperatures and durations. Changes in the concentration of halobenzene and the biphenyl product in the reaction system were monitored quantitatively by a gas chromatograph (PerkinElmer Clarus 500) equipped with a capillary elite-5 column (30 m length and 0.32 mm inner diameter) and FID detector. The product was identified using a GCMS (PerkinElmer Clarus 600) equipped with a capillary elite-5 column (30 m length and 0.25 mm inner diameter) and mass detector.

The performance of the MCMSalenPd catalyst was evaluated quantitatively by the percentage conversion of halobenzene; percent conversion was calculated as (1 – Ct/Co) × 100, where Co is the initial concentration and Ct refers to the concentration of halobenzene at time t. After completing the reaction, the reaction mixture was cooled to room temperature and extracted with diethyl ether (4 ml × 8 times). The organic layers were collected and concentrated, and the product was passed through column chromatography using silica gel as the solid phase to purify the product. The product was evaluated by melting point, FTIR, 1H NMR and 13C NMR measurements.

The leaching test was carried out by filtering out the catalyst from the reaction medium after half an hour. The reaction was allowed to carry out to completion under the same reaction conditions.


The recycling test was performed as follows: for the initial reaction, a mixture of 7 mmol of bromobenzene, phenylboronic acid (7.7 mmol), K2CO3 (14 mmol), and MCMSalenPd catalyst (0.35 g, 0.184 mol% Pd) was stirred at 130°C for 2 h in a solvent of DMF:H2O (56:7 ml). After the completion of each reaction, the used catalyst was separated by filtration, washed thoroughly with water, chloroform and diethyl ether, and dried under vacuum at 70°C overnight before reuse. The reactions were repeated several times by weighing the recovered catalyst with the same mole ratio of new substrate and solvent.

3.          RESULTS AND DISCUSSION

3.1        The Preparation of MCM-41

Ordered silica MCM-41 was successfully prepared from naturally occurring silica in RHA; its characterisation is discussed compared to that of Cl-MCM-4 and the MCMSalenPd catalyst.

3.2        Catalyst Characterisation

3.2.1        Fourier transforms infrared spectra (FTIR)

The FTIR spectra of the functionalised silica Cl-MCM-41, the Pd-(4-OH)2salen complex and the MCMSalenPd catalyst are shown in Figure 1. The bands at 1537 and 1609 cm−1 of the inorganic Pd-(4-OH)2salen complex are clearly visible with small shifts after immobilisation. The bands at 1637 cm−1 in Cl-MCM-41 were shifted to 1625 cm−1, which indicates the successful immobilisation of the Pd-(4-OH)2salen complex on Cl-MCM-41, forming the MCMSalenPd catalyst.
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Figure 1:      FTIR spectra of Cl-MCM-41, MCMSalenPd catalyst and Pd(4-OH)2salen complex.



3.2.2        The solid state 13C and 29Si MAS NMR study

The immobilised Pd(II)(4-OH)2salen complex consists of eleven symmetric carbon atoms, which are clearly evident in the 13C MAS NMR (400 MHz) spectrum. These chemical shifts are seen at δ (ppm) 7.5, 9.2, 25.8, 45.4, 56.6, 104.7, 116.3, 137.0, 161.0, 163.1, and 165.3, as shown in Figure 2. These chemical shifts have been assigned according to the suggested structure of MCMSalenPd.
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Figure 2:      13C solid NMR spectrum of MCMSalenPd catalyst.



The 29Si MAS NMR spectra of the MCMSalenPd catalyst confirm the presence of organic functional moieties as a part of the silica wall structure (Figure 3). Distinct resonances can be clearly observed for the silicon atoms in the siloxane [Qn=Si(OSi)n(OH)4-n, n=2–4]; Q4 at −111 ppm and the silicon atoms of the organo siloxane [Tm=RSi(OSi)m(OH)3-m, m=1–3]; T3 signals are seen at −67.4 ppm, T2 at −59.4 ppm units.
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Figure 3:      29Si solid NMR spectrum of MCMSalenPd catalyst.




3.2.3        XRD diffraction analysis of MCMSalenPd

The powder XRD pattern of the support material MCM-41(Figure 4) shows the hexagonal mesoporous symmetry with the typical sharp diffraction bands at 2θ = 2.008° of the (100) plane.35 The presence of three well-resolved peaks corresponding to (110), (200) and (210) planes confirms that the mesoporous MCM-41 materials possess an ordered pore system with high porosity.36 The d value found for the (100) reflection was 4.396 nm, obtained using the Bragg’s equation [d100 = nλ/2sinθ], where n is an integer and λ is the wavelength of incident wave. The lattice parameter, ao, of 5.076 nm was determined by the equation: [ao = 2d100/√3]. However, after the functionalisation was carried out, the diffractions were distorted, resulting in the loss of the XRD diffraction pattern, so only three of four resolved peaks were obtained. The intense peaks of the (100) plane at 2θ = 2.166° and 2θ = 2.171°, the d values of 4.075 nm and 4.066 nm, and the lattice parameters (ao) of 4.70 nm and 4.69 nm were found for Cl-MCM-41 and MCMSalenPd, respectively.
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Figure 4:      XRD patterns (Low angle) of MCM-41, Cl-MCM-41 and MCMSalenPd catalyst (with MCM-41 being the top among the horizontal lines, Cl-MCM-41 in the middle and MCMSalenPd catalyst bottom).




3.2.4        Nitrogen sorption studies

The surface area and pore properties were evaluated for MCM-41, Cl-MCM-41 and MCMSalenPd catalyst samples from N2 sorption study at liquid nitrogen temperature (77 K). Figure 5 shows the N2 adsorption-desorption isotherms of the three materials; all three are of type IV according to IUPAC classification, which is typical for mesoporous materials.35 The physical data obtained for the surface area, pore properties and pore size distributions are summarised in Table 1.
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Figure 5:      N2 sorption isotherms of the MCM-41, Cl-MCM-41 and MCMsalenPd catalyst.




Table 1:      Physicochemical textural parameters by the BET and TEM for MCM-41, Cl-MCM-41 and MCMSalenPd catalyst.
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Note: BET: Brunauer, Emmett, Teller; BJH: Barrett, Joyner, Halenda; TEM: Transmission electron micrograph

The pore size distributions were determined by the BJH method using the adsorption branch of the isotherms (Figure 6).
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Figure 6:      BJH adsorption pore size distributions for the MCM-41, Cl-MCM-41 and MCMSalenPd catalyst (with MCM-41 occupying the left part of figure, MCMSalenPd catalyst showing a significant spike, and the other being Cl-MCM-41).




3.2.5        Transmission electron micrograph

Figure 7 shows the transmission electron micrographs of the selected regions of (a) MCM-41, (b) Cl-MCM-41 and (c) MCMSalenPd materials. The hexagonal arrangement of the pores can be clearly noted in the three materials but with less regularity for Cl-MCM-41; this is due to functionalisation with CPTES. For the MCMSalenPd catalyst, there is further immobilisation with the Pd complex.18 The TEM images were analysed using the analysis image processing software Soft Imaging Solutions (version 5.1, Olympus, 1989-2008) were used to obtain the unit cell parameters, which were similar to the parameters obtained using powder XRD for the MCM-41 material.
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Figure 7:      TEM micrographs of (a) MCM-41, (b) Cl-MCM-41 and (c) MCMSalenPd.




3.2.6        Scanning electron micrographs

The morphologies and microstructures of the MCM-41, Cl-MCM-41, and MCMSalenPd catalyst were further investigated by scanning electron microscopy. The images are shown in Figure 8. The MCM-41 (Figure8[a]) and Cl-MCM-41 (Figure8[b]) images exhibit regular, cylindrically-shaped particles with smooth surface morphology; however, the image for the MCMSalenPd (Figure8(c)) depicts some aggregates with less regularity.
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Figure 8:      SEM images of (a) MCM-41, (b) Cl-MCM-41 and (c) MCMSalenPd.



3.2.7        Energy-dispersive X-ray and atomic absorption spectroscopy

The energy dispersive X-ray elemental analysis results for the MCMSalenPd catalyst (Figure 9) indicate the presence of silicon, carbon, chlorine and palladium. The palladium metal content is approximately (17.6%), agreeing somewhat with the result obtained by atomic absorption spectroscopy (19.6%). The slight discrepancy may be due to the differences in the accuracy of the different methods.
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Figure 9:      EDX spectrum of MCMSalenPd catalyst.



3.3        Catalytic C–C coupling reaction with MCMSalenPd

To scrutinise the catalytic competence of MCMSalenPd in the Suzuki-Miyaura reaction, a reaction between bromobenzene and phenylboronic acid was chosen as a model reaction, using DMF:H2O (8:1 ml) as the solvent and K2CO3 as the base with 0.05 g catalyst (0.184 mol% pd) under atmospheric pressure at 130°C. The results of the reaction, which were altered by varying certain parameters, are tabulated in Table 2. The conversion percentage of the Suzuki-Miyaura C–C coupling when using MCMSalenPd is more than 98%, with 100% selectivity to the biphenyl product after 2 h. Notably, when the same reaction was performed at 70°C, only 40% conversion was achieved after 9 h of reaction time (Table 2, entry 1). The results of the conversion percentage with different temperatures and other parameters of the reaction conditions are summarised in Table 2.


Table 2:      The effect of catalyst’s mass, temperature and time for the Suzuki-Miyaura reactiona.
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	Entry

	Catalyst loaded (g)

	Temp. (oC)

	Time (h)

	Conversion (%)




	1

	0.05

	70

	9

	40.3




	2

	0.05

	80

	6

	54.9




	3

	0.05

	90

	6

	76.9




	4

	0.05

	100

	6

	88.9




	5

	0.05

	110

	6

	86.1




	6

	0.05

	120

	6

	98.4




	7

	0.05

	130

	2

	98.7 max.




	8

	0.0125

	130

	2

	96.3




	9

	0.025

	130

	2

	96.8




	10

	0.075

	130

	2

	95.0




	11b

	0.05

	130

	2

	98.9 (no change)




	12c

	0.05

	130

	2

	99.4 (no change)




	13d

	0.05

	130

	1

	99.8




	14e

	0.05

	130

	3

	38.4




	15f

	0.037

	130

	3

	87.0





Notes:

a Reaction condition: bromobenzene (1 mmol), phenylboronic acid (1 mmol), base (2 mmol), catalyst (0.05g, 0.184 mol% pd), DMF:H2O (8:1 ml) at various temperatures.

b,c Bromobenzene: Phenylboronic acid (1:1.5 mmol), (1:2 mmol) respectively.

d,e Iodobenzene (1 mmol), Chlorobenzene (1 mmol) respectively.

f Using same Pd mmol of Palladium(II)(4-OH)2salen complex as a homogenous catalyst at same reaction conditions.

3.4        Effect of Catalyst Mass

The results of the reaction with varying mass of catalyst are tabulated in Table 2 (entries 7–10). When the weight of catalyst was increased, the conversion also increased. The maximum conversion of 98% was obtained using 0.05 g of MCMSalenPd with 100% selectivity of the biphenyl product after 2 h at 130°C. However, the conversion percentage decreased to approximately 95% when 0.075 g of catalyst was used. This small decrease could be due to the agglomeration of the catalyst particles, which results in a decrease in the active surface area.


3.5        Effect of Reactant Mole Ratio

The effect of the mole ratio of bromobenzene to phenylboronic acid, either 1:1, 1:1.5 or 1:2 mmol, was studied at 130°C with 0.05 g of catalyst used, and the results are tabulated in Table 2 (entries 7, 11 and 12, respectively). There was no significant change in conversion with different mole ratios; hence, a mole ratio of 1:1 for the reactants was sufficient to obtain a conversion of more than 98%.

Moreover, diverse hallobenzene compounds (bromobenzene, iodobenzene and chlorobenzene) were studied with phenylboronic acid under the same optimised conditions, and the results are presented in Table 2 (entries 7, 13 and 14, respectively). Both bromobenzene and iodobenzene are effective substrates and give high conversion percentages of 98.7% and 99.8%, respectively. Unfortunately, the MCMSalenPd catalyst failed to give a high conversion with chlorobenzene as the substrate, giving only 38.4%, as shown in Table 2 (entry 14). In general, it should be noted that there are many instances in the literature where silica-based heterogeneous palladium complexes that showed excellent catalytic activity with bromoaryl and iodoaryl compounds failed with chloroaryl substrates.37–39

In addition, the homogeneous catalytic Suzuki-Miyaura C–C cross coupling reaction was carried out using the same Pd mmol of palladium(II)(4-OH)2 salen complex as the catalyst at the same optimised conditions. This resulted in a conversion of 87% (Table 2, entry 15). The conversion is high but less than that of the heterogeneous catalytic reaction under the same conditions.

3.6        Effects of solvents and bases for the Suzuki-Miyaura reaction

Usually, the Suzuki-Miyaura C–C coupling reaction is performed in a polar organic solvent. The solvent effect on catalyst activity was studied using different polar solvents and different bases for further optimisation. The results are summarised in Table 3.

Initially, the reaction was performed in DMF with K2CO3 as base. A low conversion was obtained (ca. 19.39%, entry 2). This may be because of the low solubility of the base in organic solvents. However, no reaction was detected using H2O as a solvent. When a mixed solvent was used, a maximum conversion was obtained at a solvent ratio of 8:1 v/v of DMF:H2O (entry 3). Notably, the conversion decreased when water volume increased (entries 4, 5). A high conversion percentage could still be obtained using a small volume of water with another solvent like toluene or DMSO. The conversion decreased for solvent only reactions (entries 6–8). It can be seen that using K2CO3 as the base resulted in the maximum conversion (entry 3). Other bases, i.e., Na2CO3, Et3N, NaOAc and NaHCO3, gave significantly lower conversions (entries 10–13, respectively).

Table 3:      Effects of different solvents and bases for the Suzuki-Miyaura cross-coupling reaction using MCMSalenPd as the catalysta.



	Entry

	Solvent

	Base

	Conversion (%)




	1

	H2O

	K2CO3

	N.R




	2

	DMF

	K2CO3

	19.39%




	3

	DMF:H2O (8:1)

	K2CO3

	98.7%




	4

	DMF:H2O (8:2)

	K2CO3

	87.1%




	5

	DMF:H2O (8:3)

	K2CO3

	46.85%




	6

	Toluene

	K2CO3

	44.7%




	7

	Toluene:H2O (8:1)

	K2CO3

	82.0%




	8

	DMSO

	K2CO3

	51.77%




	9

	DMSO:H2O (8:1)

	K2CO3

	85.53%




	10

	DMF:H2O (8:1)

	Na2CO3

	93.83%




	11

	DMF:H2O (8:1)

	Et3N

	73.30%




	12

	DMF:H2O (8:1)

	NaOAc

	86.49%




	13

	DMF:H2O (8:1)

	NaHCO3

	90.40%





Notes: a Reaction conditions: bromobenzene (1 mmol), phenylboronic acid (1 mmol), base (2 mmol), catalyst (0.05 g, 0.184 mol% pd), (9 ml) solvent, 2 h at 130°C.

3.7        Leaching and reusability of MCMSalenPd

The catalyst showed signs of leaching once the catalyst was removed from the reaction mixture. The catalyst was removed after 30 min and the reaction was allowed to proceed. Figure 10 shows that when the catalyst was removed, the conversion was ca. 53%, and the reaction proceeds further up to ca. 75%. Hence, an increase of approximately 23% was observed without the presence of the catalyst. This could be a result of leached metal complexes acting as homogeneous catalysts. However, this increase could also be considered minimal given the high efficiency of the heterogeneous catalyst.
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Figure 10:    Leaching test of MCMSalenPd catalyst. The catalyst was removed after 0.5 h. Subsequent bar charts show the conversion without the catalyst in the reaction.



The catalyst reusability tests showed a decrease of about 24% conversion over five consecutive runs (Figure 11). If this value is compared with the leaching test above, it can be seen that the leaching effect is significantly reduced in every subsequent reuse of the catalyst. This shows that the leached metal ion could be those that were not from the complex, but individual metal ions that were physically adsorbed on the catalyst surface.

4.          CONCLUSION

The complex, palladium(II)(4-OH)2salen, was successfully immobilised onto ordered silica MCM-41 via two hydroxyl groups, creating a macro cyclic catalyst. The chlorine groups of the linking agent were substituted with two terminal hydroxyl groups in the palladium(II)(4-OH)2salen complex. The catalyst has been completely characterised using normal spectroscopic techniques. The prepared catalyst gave excellent catalytic activity towards the Suzuki-Miyaura reaction of bromobenzene and phenylboronic acid. The highest conversion of more than 98% was achieved when 0.05 g of catalyst and 1:1 mole ratio of reactants in 8:1 ml of DMF:H2O mixed solvent were used at 130°C for 2 h.


Although the catalyst showed some leaching during the first use, this was minimal in subsequent reuse. The catalyst was reused several times with significant high catalytic activity.
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Figure 11:    Reusability of MCMSalenPd catalyst.
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Abstract: Surface plasmon resonance (SPR) sensor technology has great potential for many applications. In addition, protein immobilisation is a critical step in the production of protein biochips, biosensors, etc. Here, the vapour-phase silanisation with 3-aminopropyltriethoxysilane (APTES) of the SPR response of a thin silver film (50 nm) has been considered. The obtained data were correlated with the morphology, absorbance, stability and water contact angle of the composites to observe the coating mechanism. The identification of an approach for determining the amine accessibility and stability of the silver surfaces that are coated with amino-organic films is the main outcome of this study. The results illustrate that the surface property of the silver layer can be changed using these methods. The evaluation of the amine accessibility verifies that all prepared chips can effectively assist in protein immobilisation on silver-coated slides. Comparing various studied silanisation conditions (different times, temperatures and APTES concentrations), it is concluded that silanisation at 80°C for 30 min is a simple and efficient method for protein immobilisation on silver-coated glass slides, which has potential application in the production of protein chips and biosensors.
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1.          INTRODUCTION

In recent years, there has been a pronounced tendency to use surface plasmon resonance (SPR) in the detection and analysis of chemical and biochemical substances in many important areas such as medicine, environmental monitoring, biotechnology, drug and food monitoring because of its extremely high sensitivity to changes in the optical properties of the surface layers and the ease of their real-time continuous monitoring. To date, most SPR immunoassay systems have been constructed using three layers: glass substrate, metal layer (gold or silver) and bioreceptors. Because of the high stability in aqueous environments, which is required to monitor bio molecular interactions, and the reactivity required for functionalisation, gold has been the dominantly applied in the SPR immunoassay.


However, gold is not the best selection to achieve high-sensitivity SPR sensing. Silver yields a more distinct and dipped SPR spectrum than gold, but this metal suffers from poor chemical stability under chemical reactions.1,2 This lack of constancy of silver against the atmosphere and different solvents in several steps of biochip production, such as the consecutive cleaning steps and immobilisation of bioreceptors, can cause oxidation and the formation of silver sulphides and silver nitrides and other factors. The formation of these components on the surface of a silver layer can result in interference and decrease the sensor sensitivity.3

As previously described, the immobilisation of bioreceptors on the metal layer is necessary for the SPR-based immunoassay. This layer enables the separation of bound and unbound antigens. Many immobilisation techniques have been developed in the past years that are mainly based on the following three mechanisms: physical, covalent, and bioaffinity immobilisation. In physical immobilisation, proteins can adsorb on the surfaces via intermolecular forces, which are mainly ionic bonds and hydrophobic and polar interactions. The drawbacks of the adsorption mechanism are random orientation and weak attachment because the proteins may be removed by some buffers or detergents when the assays are performed. Moreover, the problems relating to mass transport effects and high background signals from nonspecific interactions can result in the false calculation of the kinetic rate constants during real-time SPR measurements.4

Biochemical affinity reactions offer a gentle oriented immobilisation of proteins such as the avidin-biotin system,5 His-Tag system,6,7 DNA-directed immobilisation8 and protein A/protein G-mediated immobilisation,9,10 which provides an important advantage over other immobilisation techniques. However, low loading amounts and the long-term physical instability of the adsorbed antibodies have limited the utility of the affinity-based immobilisation strategies.11,12

More often, proteins are covalently bound to the support through a functional group of exposed amino acids. Covalent bonds are mostly formed among the side-chain-exposed functional groups of proteins with suitably modified supports, which results in irreversible binding and produces a high surface coverage.13,14 This conjugation technique provides a direct and robust coupling of proteins to solid substrates via the formation of physically and chemically stable covalent bonds using various linkers on the solid substrates.

The covalent immobilisation strategies include chemical reactions, such as amine, aldehyde or thiol coupling, on previously formed functional self-assembled monolayers. The most widely used approach to present functional groups onto thin metal SPR films is based on thiolated organic compounds such as silanes, which spontaneously form self-assembled mono layers on gold surfaces. Silanes have proven to be effective coupling reagents with hydroxyl (OH) functionalised surfaces such as glass and silica and the oxides of aluminium and silver.15 Tri-functional silanes such as 3-aminopropyl triethoxy silane (APTES) are used as a coupling agent to covalently bind proteins to inorganic surfaces.16

Thus, the thickness, morphology, and conformation of APTES are of great interest, and careful studies have been performed regarding the structure of APTES at interfaces.17 APTES forms 2D layers on a mica surface, which is stabilised by lateral cross-linking.18 The water contents of the check result in the hydrolysis of alcohoxy groups in APTES and the production of siloxane triols, which enable the silanes to react with one another and with the glass surface to form a polymeric network on the glass surface.19,20 Further condensation and polymerisation of siloxane triols form a cross-linked polysiloxane network, which is chemisorbed onto the surface to achieve good intrinsic adhesion.20

In a previous study, a protocol was disclosed to produce APTES-treated gold films on glass substrates without intermediate chromium or titanium layers; these films had high adherence of the gold-coated layer to the glass substrate and suitable optical properties to be used as an SPR sensor chip.21,22 To the best of the author’s knowledge, there are no reports on the silanisation of the sputtered-silver thin films used as SPR chip until today. From the technological perspective, the effect of silanisation on the SPR response of the prepared biochip and its stability and protection against the effects of water in either liquid or vapour state are the key factors that affect performance. Therefore, it is necessary to develop a low-cost, uncomplicated, and fast procedure that provides the benefits of silver as a metal layer and overcomes its instability for use in the SPR bioassays. The objective of this study is to consider a new SPR biochip based on silver thin film (50 nm) using APTES as a protective layer and cross linker for protein immobilisation.

2.          EXPERIMENTAL

The 3-aminopropyl triethoxy silane, H2O2 (30 wt%), and H2SO4 (94 wt%) were obtained from Merck (Tehran, Iran); 3-aminopropyltriethoxysilane (APTES), bovine serum albumin and glutaraldehyde were purchased from Sigma-Aldrich. Triply distilled water was used in the cleaning steps and in making aqueous solutions.


2.1        Preparation of Chips

The experiments were performed on glass slides, which were cut into pieces (1 × 1 cm2). To clean and regenerate the surface silanol groups of the glass slides, the slides were treated with a piranha solution (3:1 vol. ratio, H2SO4: H2O2) for 30 min at 80°C. Then, the cleaned slides were washed with triply distilled water and dried under a stream of nitrogen. Finally, the substrate chips were prepared by thermal evaporating 50 nm of silver onto the cleaned glass slides.

Surface functionalisation was performed using a vapour-phase deposition method with a 200 ml glass bottle as the reaction chamber and under one of the following conditions in freshly prepared solutions:


	Concentrated vapour-phase deposition (CVPD): 50 ml of the APTES solution was added to the bottle, and the Ag-coated slides were set in the bottle. After sealing, the bottle was placed in an oven and heat-treated at 80°C or 100°C for 30 or 60 min. After salinisation, the prepared biochips were washed with distilled water and dried with a nitrogen flux.

	Diluted vapour-phase deposition (DVPD): 50 ml of the APTES solution (5% volume ratio APTES to propanol) was used for the silanisation in an identical procedure as that described for CVPD.


2.2        Surface Characterisation

The surface topography of the silane films on the silver-coated glass substrate was investigated under ambient laboratory conditions using a Nanoeducator AFM instrument with a non-contact mode on squares of the samples (2 × 2 µm2).

The SPR characterisation of the samples was performed using an SPR instrument (Nano SPR), which was assembled according to Kretschmann’s prism configuration with a resolution of 0.02°. The absorption spectra were recorded with a UV/vis spectrophotometer. The wavelength range was 400–600 nm.

The contact angle of water on the treated films was measured according to the ASTM D 724-99 test method at room temperature in ambient atmosphere. The mean contact-angle values were obtained on three different measurements at different locations along the sample surface. Prior to the contact-angle measurement, the biochips were rinsed in DI-water and dried under a nitrogen stream.

The NaCl stability test was used to evaluate the chemical stability of the chips during various cleanings, and post-treatment was performed by placing the chips in 200 cm3 beakers that contained 2 M aqueous NaCl solution. When the silanised silver layer began to detach, the time was recorded.

The amine accessibility was assayed by immobilising biomolecules onto the bimetallic SPR surface. First, 5% aqueous glutaraldehyde was injected into the system for 20 min at a current rate of 5 ml/min, so that the amino groups on the airfoil of the chip could react with the aldehyde group. Then, the chips were frequently washed using the washing command of the system. Later in this treatment, 0.5 mg/ml BSA was injected into the system for 30 min at the identical flow rate, and 0.1 M NaCl was injected for 1 min at the identical flow rate to wash out the unbound protein.

3.          RESULTS AND DISCUSSION

3.1        Topographic Features

To achieve a good SPR response (sharp SPR dip and low reflectance minimum), the thickness of the Ag layer should be maintained in the range of 45 ~ 50 nm. Thus, the sputtered Ag layer thickness in all films was controlled within this range.23

Silanisation is a widely practiced procedure to couple bio-molecules to inorganic substrates generally via a subsequent reaction with a cross-linking reagent. The silanisation with APTES forms a self-assembled monolayer (SAM) with reactive amine groups (−NH2). The amine groups then experience further cross-linking.17

The topographic features of the sputtered silver on the glass slide surfaces before and after the modification with APTES are revealed in the respective AFM images (Figure 1). A typical AFM image that is obtained from a silver chip with no silanisation is shown in Figure 1(a). The image is notably smooth and clean on a submicron scale. Although the main topographic and structural features are similar for all analysed samples, the differences in size of the silane islands are observed when they are subjected to different conditions (different times, temperatures or APTES concentrations). It is distinctly recorded that the size of the silane domains depends on the silanisation conditions. The average roughness values of the parent sputtered silver layer and prepared chips under different conditions are grouped in Table 1. As previously reported, the AFM images of the silanised surfaces (Figure 1) exhibit similar characteristics. The formation of the APTES layer on the silver surface increased the average roughness of the silver layer. According to Table 1, the surface roughness (Ra) of the silanised silver surface is higher than that of the blank silver surface (6.7 nm) and further increases with the increase in silanisation time and temperature compared to the parent silver surface.17
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Figure1:      AFM images of (a) sputtered 50 nm thin silver film; (b) silanised with APTES by CVPD method at 100°C for 60 min; (c) silanised with APTES by CVPD method for 30 min at 80°C; (d) by DVPD method at 100°C for 60 min; and (e) by DVPD method for 30 min at 80°C.




Table 1:      Different physical and chemical characteristic of silanised silver chips.

[image: art]

3.2        SPR Analysis

The reflectivity was measured against the incident angle for all prepared chips under various VPD conditions, and the SPR resonance was observed (Figure 2). As shown in Figure 2(a), the resonance angle and reflectivity, which was monitored at the resonance angle, depend on the silanisation conditions. The reflectance minimum (SPR dip) of the 50-nm-thick Ag film approached approximately zero at the resonance angle, as shown in Figure 2(a). Different angle shifts and reflectivity decrements were determined depending on different silanisation concentrations, times and temperatures. The resonance angle increased from 0.08 to 0.44 when the APTES concentrations increased from 5% to 100% (Table 1). In addition to a shift in resonance angle, the force of the resonance minimum decreased from 36.9% to 74.36%, which corresponded to a loss in SPR characteristics. This conflict can be attributed to a change in the actual refractive index of the silver layer when the silane film is deposited on the silver layer.
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Figure 2:      Reflectivity versus incident angle for a 50 nm thin silver film (black line) silanised with APTES (gray line) by CVPD method at 100°C (a) and by DVPD method at 80°C (b) for 30 min.



Furthermore, the heaviness of the silane top layer indirectly affects the resonance angles and reflectivity, which implies that the width of the SPR dip also becomes more spacious with the increase in thickness of the silane layer. The differences of resonance angles before and after silanisation, which correspond to CVPD and DVPD at 100°C and 80°C, are 0.44, 0.14, 0.08 and 0.1 points, respectively. It should be noted that the silanisation by DVPD methods produce a good SPR response with a suitable width of the SPR dip and reflectance. The presented results show the ability of the silanised chip using a DVPD method for SPR sensors.

3.3        Optical Absorption Spectra

Figure 3 shows the optical absorption spectra of the chips. For the as-deposited samples and the samples that were silanised for 30 min, no absorbance peak was observed, which indicates that during the sputtering process, the sputtered Ag atoms were implanted in the film. For these samples, no absorption peak was discovered because the sputtering method can distribute particles in atomic form, and the optical absorption of Ag particles smaller than 2 nm exhibits no SPR peak. After 60 min of silanisation, the moving pictures displayed an absorption peak at approximately 430 nm, as shown in Figure 3(b). By increasing the silanisation time, Ag particles began to aggregate and react with APTES to result in Ag nano-particles and grain formation.
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Figure 3:      Optical absorption spectra for a 50 nm thin silver film silanised with APTES via vapor phase deposition method at (a) 100°C for 30 min; and (b) for 60 min.



3.4        XRD

The XRD of the parent silver film and that of the films silanised via CVPD at 100°C for 60 min and at 80°C for 30 min are shown in Figure 4. The parent silver film and films silanised via CVPD at 80°C for 30 min showed the XRD peaks at the angles of approximately 36.8°, 42.8° and 62.3°. These peaks can be indexed as the diffractions from the (1 1 1), (2 0 0) and (2 2 0) planes of cubic silver. No peaks were observed in the XRD patterns that were developed from the silane top layer. The results clearly illustrate that Ag is crystallised into polycrystalline in the pure samples. However, films silanised via CVPD at 100°C for 60 min do not contain the peaks of the parent silver film, which indicates an amorphous structure.23

3.5        Contact-angle Measurements

The wettability is a notably important property of surfaces that strongly depends on both surface chemical composition and geometrical microstructure. The surface of the glass slides is notably hydrophilic, with a water contact angle of 31.1°, whereas the contact angle significantly decreased to 16.62° after the piranha treatment because of the incorporation of −OH groups onto the surface. Sputtering of a silver layer on the piranha-treated glass slides increased its contact angle to 81.85°, and the surface became hydrophobic. Further functionalisation of the silver-sputtered surface with APTES decreased the contact angle value to approximately 60°–66° (Table 1), which indicates the successful functionalisation of the surface with APTES. The APTES-treated silver is more hydrophilic than the silver surfaces because of the presence of aminopropyl segments on the silanised surface. These results are consistent with the results of our previous works.21,22

3.6        Amine Accessibility

The presence of reactive primary amine groups because of the presence of surface APTES on the silver substrate can be distinguished from the SPR response of covalently coupled bovine serum albumin as a reliable model. The use of the SPR response has been demonstrated to be a notably powerful instrument to determine the accessibility of amine-reactive sites on biochip surfaces. The SPR response from BSA, which was chemically bonded to the prepared biochip under various vapour-phase silanisation conditions, is shown in Table 1. The silane films contained identical amounts of amine in their surface regardless of the conditions in which they were produced. The amine accessibilities of the silane films that were produced in the aforementioned conditions are approximately similar. This table also demonstrates that the silanisation with 5% concentration silane produced the smallest quantity of amine. These answers reveal that all of the chips can bind to biomolecules.

3.7        Stability Tests

For SPR sensors, the modified chips must withstand severe chemical treatments in some cases. One example is the generation of surface silanol groups, which are required for silane-coupling chemistry using a brine treatment.


Here, the effect of a salt solution on the stability of the silver chips was investigated. A simple test was used to verify the stability of the silver films (Table 1). When the sample was immersed in a brine solution, the sputtered silver film onto the glass substrates was rapidly removed from the chip. When the chips were prepared with 5% silane, the detachment of the silver layer occurred after only 6 min; with 100% silane, the stability was higher, as the detachment occurred after 33 min. This variation can be attributed to the change in thickness and structure of the SiOx film.21

4.          CONCLUSION

It has been shown that stable silica layers on thin silver films can easily be produced using the vapour-phase technique. The resulting materials were characterised using SPR and AFM measurements. The Ag/SiOx substrates were stable in NaCl solution. Comparing various studied silanisation conditions (different times, temperatures and APTES concentrations), it is concluded that silanisation at 80°C for 30 min is a simple and effective method to perform protein immobilisation on silver-coated glass slides, which has potential applications in the production of protein chips and biosensors.
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Abstract: As a renewable alternative energy source, biomass is currently receiving serious attention as a means to meet energy demands. Palm kernel shell (PKS) has been selected from among other oil palm wastes for thermochemical conversion studies for the purpose of solid/liquid fuel production. In this study, the influence of the washing pretreatment process was observed by treating PKS feedstock with various types of washing medium to observe the impact of treated and untreated feedstock on pyrolysis yield and product characteristics. The washing mediums tested were reverse osmosis (RO), tap water and distilled water. Meanwhile, 5% dilute acetic acid and sodium hydroxide (NaOH) were prepared as mildly acidic and alkaline washing media, respectively. The highest percentage of ash reduction was clearly found in the treated PKS soaked in distilled water, reaching 43.05%. Untreated PKS was pyrolysed between 300°C to 500°C to observe the yield distribution of pyrolysis products, while treated PKS was pyrolysed at 400°C to investigate the influence of ash content on pyrolysis yields and product characteristics. Under the temperature profile, the highest yield of char was obtained at 300°C, amounting to approximately 54.40 wt%; meanwhile, the pyrolysis liquid yield reached its maximum at a temperature of 400°C but then decreased with further increases in temperature. For the treated PKS series, the highest char yield was produced from PKS treated with diluted alkaline, at 46.96 wt%, while the maximum yield of pyrolysis liquid was 46.01 wt% from PKS treated with diluted acid. The energy content in char was seen to increase as the ash content became lower. The presence of ash, which acts as a catalyst, promotes secondary reactions during pyrolysis and is thus considered a significant contributor to high water fractions in the organic liquid yield. Suggestions for improving the quality of pyrolysis products are also discussed in relation to this study.

Keywords: Palm kernel shell, washing pre-treatment, pyrolysis, bio-char, pyrolysis liquid

1.          INTRODUCTION

Energy use is currently rising faster than the world population, and the supply of energy sources is expected to become unbalanced with consumption. Major world nations have recently increased their demand for conventional energy sources such as coal, oil and natural gas to meet their energy needs. Thus, alternative new and/or renewable energy sources such as solar, wind, thermal, hydroelectric and biomass have been receiving serious attention. Biomass, as a renewable energy source, is now considered the most attractive source to meet demands in several areas where energy is much needed currently, such as in generating electricity, fuelling vehicles and heating substances for industrial use.1 Various forms of biomass are used as major renewable energy sources to supplement limited fossil fuel resources. Because biomass can provide clean raw feedstock for energy generation, it is safe and economical to turn it into highly sustained value-added bio-products. Furthermore, the European Union (EU) energy policy emphasises the use of renewable sources for all energy production in relation to reducing hazards and particulate matter emissions.2

The palm oil industry contributes up to 94% of biomass feedstock in Malaysia, while other sectors including agricultural and forestry-related industries such as rice and sugar-cane generate the remaining 6%. Oil palm biomass such as palm kernel shell (PKS) is an appropriate renewable source for the production of energy in Malaysia. Approximately 4.21 million tonnes of PKS can be sourced from 4.69 million hectares of total potential oil palm biomass in Malaysia.3 By using this biomass in a variety of valuable products, some environmental problems could be solved, such as indiscriminate waste disposal and the direct burning that results in pollution. The waste is currently used mostly for fertiliser, palm-based briquettes and solid/liquid fuel products by means of thermochemical processes. The thermochemical conversion processes include combustion, gasification and pyrolysis.

Pyrolysis is considered the highest-potential and most important process for biomass conversion energy technologies.4–6 This technology could turn biomass into the quality hydrocarbon products of bio-char and pyrolytic oil for solid or liquid fuel applications. For example, pyrolysis work by Uemura et al.7 at a temperature of 300°C has produced high-quality PKS char with a good higher heating value (HHV) amounting to approximately 21.68 MJ kg−1, which is 8.76% greater than that of raw PKS. This research also found that the carbon content of the char increased from 46.68 wt% to 54.21 wt%. Meanwhile, the amount of bonded nitrogen and sulphur content was less than 0.5 wt%. Due to the good thermo-chemical properties, the produced bio-char offers great potential benefits as a precursor to new solid bio-product applications, such as briquettes and activated carbon.8–11

High-quality pyrolytic oil is recommended for use directly as liquid fuel, which is viable as an addition to petroleum refinery feedstock or can be catalytically enhanced to transport high-grade fuels.12,13 However, a critical upgrade is definitely needed for any production of low-grade liquid oil to make the fuel usable for power generation. In one such example, Abnisa et al.14 recommended an enhancement to their collected bio-oil due to the low HHV value, which is mainly due to the high oxygen content. The oxygenated contents in the bio-oil were measured at approximately 71.40 wt%. Unfortunately, the values of HHV and the lower heating value (LHV) of the bio-oil were found to be approximately 11.94 and 10 MJ kg−1, respectively, which are considered low compared to the HHV and LHV of heavy fuel oil, which can reach 40 and 37.60 MJ kg−1, respectively.15 Therefore, physical or chemical treatments should be applied to the liquid fuel to reduce the undesirable oxygenated content and gain more hydrocarbon sources through the production of better-quality bio-oil.

Washing pre-treatment of biomass has been reported as a practical technique to improve the quality of biomass feedstock and pyrolysis products. Ash culprits such as dirt, sand and other alkaline earth matter are washed out from the biomass, remarkably reducing ash-related consequences such as slagging and fouling, which occur mainly during the thermal conversion process. The water washing was first applied by researchers to investigate the impact of washing medium on feedstock during the leaching process. For example, Jenkins et al.16 applied tap and distilled water pre-treatments using various methods. Spraying, flushing and soaking methods have been tested for the reduction of ash concentrations in rice straw. The highest percentage of ash reduction was observed to reach 10.2%, which was only measured after soaking rice straw in 7 l distilled water for 24 h. Flushing methods using either distilled or tap water, showed no clear contribution, as the resulting ash content was approximately 18.2 wt% and 18.3 wt%, respectively. However, this method could be considered to be more effective than the spraying method, for which the reduced ash content was only approximately 19.1 wt%.

An acid washing pre-treatment has also been reported to have significant influence on biomass feedstock and pyrolysis products. As reported by Tan and Wang,17 Das et al.18 and Davidsson et al.,19 the acidic solution effectively removed most of the ash culprits in the biomass. The rate of inorganic and metal ions removal under acid pre-treatment was high compared with other washing mediums. However, acid washing also appeared to have negative impacts such as causing the breakage of hydrocarbon bonding and erosion of the fibre structure in biomass organic constituents. The overall effect would depend on the type and molarity of the acidic medium applied and also on the behaviour of the whole biomass structure used. Furthermore, acid treatment should be employed in a controlled and sustained manner to counter the disposal problems and harmful effects towards the environment and ecosystems.

Alkaline pre-treatment has been employed for various types of applications such as the production of fungal chitosan, improvement of sugar yield, solubilisation of biomass, and the production of bioethanol and feedstock preparation for thermal application.20–25 With this type of pre-treatment, the absorption of ionic salts from the alkaline washing medium is favoured over leaching mechanisms from the biomass structure. A major factor influencing this phenomenon was the difference in the concentrations of ions measured between the feedstock and washing medium. Any other significant effects of alkaline pre-treatment could also be clarified by comparing other biomass behaviours such as physical and thermochemical properties with other types of treated feedstock. In addition to the thermochemical properties, thermal application to the treated feedstock would also describe their reactivity and combustible behaviour. Ash-related consequences would play a dominant role due to the high concentration of the ash content during the combustion process. Therefore, the devolatilisation rates in combination with the alterations to the organic phase are major factors influencing the final fractions of the total solid and liquid yield produced.

Variations in the ash concentrations in biomass due to the washing pre-treatment would influence the overall production and quality of pyrolysis products. For example, Abdullah et al.26 has investigated the effect of ash content on empty fruit bunches (EFB) pyrolysis yields. Water washing pre-treatment was employed by soaking EFB in distilled water for different times (1 min, 10 min, 20 min and 24 h). The bound ash content varied in the range of 1.03 to 5.43 mf wt%. Consequently, the organic liquid yield increased drastically as the ash content decreased. Meanwhile, the char and gas yields behaved in the opposite manner. The highest organic yields reached 60 mf wt% at the lowest ash content. The trend of the results could correspond to reduced reactions occurring in the water, gas and char during pyrolysis, thus preventing secondary reactions. Furthermore, the organic liquid yield was a homogenate of tarry organic compounds and an aqueous phase due to decreased ash content.

In this paper, washing pre-treatments were employed to investigate the influence of different washing mediums on the properties of PKS feedstock and pyrolysis products. The first part of the research examined the application of various washing pre-treatment methods to PKS biomass to produce better feedstock conditions. The effectiveness of the washing pre-treatments was mainly verified by thoroughly analysing the resulting physical and thermochemical characteristics of the treated feedstock. Pyrolysis studies were performed to investigate the influence of heat in terms of temperature on the PKS feedstock. The yields and characteristics of the pyrolysis products were analysed to observe any significant trends under the application of selected pyrolysis temperature profiles. Furthermore, the effects of the ash content obtained through washing pre-treatment on thermal application were also investigated. Initially, the use of different washing mediums in this well-controlled manner caused the presence of varying amounts of ash content measured in the treated feedstock. Thus, the ash-related consequences, especially on the yields and characteristics of pyrolysis products, were also analysed throughout this work.


2.          EXPERIMENTAL

2.1        Materials

PKS was selected and prepared for washing pre-treatment and pyrolysis studies. The biomass was collected in wet conditions from a palm oil factory in Nibong Tebal, Penang, with measured moisture content of approximately 24.4 wt%. Therefore, the biomass was oven-dried before packing and storing until the moisture content was below approximately 10 mf wt%, to prevent the growth of microorganisms and fungus on the biomass.27 The PKS constituent components of lignocellulosic materials consist of 27.9 wt% cellulose, 45.7 wt% hemicellulose and 54.3 wt% lignin. PKS came in various sizes and is shown in broken form in Figure 1 with a bulk density of approximately 410 kg m−3. The feedstock possessed superior hardness and a highly complex porous structure. These properties make the biomass material viable for various applications of solid bio-products, such as activated carbon and densified palm-based fuel briquettes. Furthermore, other thermo-chemical properties were determined by proximate, ultimate and heating value analysis.
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Figure 1:      Form and structural view of raw PKS.



2.2        Application of Washing Pre-treatment

Washing pre-treatment is an effective method for removing sand, dirt and large amounts of alkaline metals such as potassium and chlorine.28,29 These culprits are generally considered to be the main proxy of ash in the biomass. Figure 2 shows the overall process of washing pre-treatment performed on the PKS material in this work. Washing pre-treatments were performed on the PKS using different types of washing medium. The wastes were soaked in neutral, diluted acid and diluted alkaline washing mediums. Three neutral washing media were used: reverse osmosis (RO), tap and distilled water. Meanwhile, 5% diluted acetic acid and sodium hydroxide (NaOH), previously diluted with distilled water were prepared as acidic and alkaline washing mediums, respectively. A volume of washing medium as low as 0.5 l was used to fully submerge over 100 g of PKS for approximately 20 min at room temperature (~30°C). After each washing process, treated PKS was drained and weighed, then oven dried before being stored for further analysis. The leachates were also collected to determine the effectiveness of the washing pre-treatment.
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Figure 2:      Water washing pre-treatment process of PKS.



2.3        Effectiveness of Washing Pre-treatment

Several analyses were performed on treated PKS to study the effectiveness of the washing pre-treatments applied in this work. The ash content of treated PKS was mainly measured as the precursor to determine the amount of ash reduction, which was influenced by the different types of washing medium. The HHVs of treated feedstock were then measured to investigate the significant consequences of ash content on the properties. Furthermore, the weight of PKS before and after the treatment process was analysed for biomass weight loss determination. Soaking PKS in different washing mediums caused varying degrees of mass reduction. The mass reduction of the treated PKS was presented in terms of percentage.

The effectiveness of pre-treatment was also determined via electrical conductivity (EC) measurement. The values of EC were measured by a HANNA HI 8733 conductivity metre. Via the conductivity metre, the recent value of EC could be measured for each type of washing medium or collective leachate. The EC values of the washing mediums are as follows: RO water: 53.59 µS cm−1, tap water: 55.99 µS cm−1, distilled water: 1.34 µS cm−1, diluted acidic: 1105.25 µS cm−1 and diluted alkaline: 1997.77 µS cm−1. The leaching process mainly caused alkaline metals and other leachable matter to diffuse into the washing medium. Therefore, the EC increments were compared by taking the differences between the initial EC values of the washing medium and the EC values of the collected leachate. Different amounts of measured EC values could indicate good diffusion and the removal of ash and its components from the biomass. Various deflection changes of EC readings were observed under the application of different washing mediums. As in the previous reports cited, feedstock with less ash and its components are more favourable for pyrolysis applications due not only to producing better yields of char and pyrolysis liquid but also to enhancing their physical, thermochemical and combustion behaviours.

2.4        Pyrolysis Experiments

The thermal characteristics of PKS were first analysed to distinguish its thermal degradation behaviour. The analysis was performed using a thermogravimetric analyser (Perkin Elmer/TGA7, Norwalk, CT). The changes in PKS weight were mainly measured as a function of temperature and time. The decomposition of PKS constituents was identified by burning throughout the temperature range from ambient temperature to 900°C. The second part of the investigation was attempted by allowing the PKS feedstock to pyrolyse over the range of temperatures from 300°C to 500°C. The PKS was fully packed inside a cylindrical stainless steel pyrolyser and then burned in an electrical muffle furnace (Type F62700-33-80, Barnstead International, Dubuque, IA 52004, USA). The furnace was manually programmed with a heating rate of 10°C min−1 for at least 2 h. The vapour released during pyrolysis was then condensed thoroughly using a liquid collecting system, which was equipped with a condenser, electrostatic precipitator and cotton wool filter. The char and pyrolysis liquid yields were calculated by referring to Equation 1 as suggested by Khor et al.30:
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This research work investigated the influence of ash content in treated feedstock on the pyrolysis yields and their product characteristics. The investigation was performed on treated PKS by employing the pyrolysis process only at a single pyrolysis temperature, approximately 400°C, at a heating rate of 10°C min−1 for 2 h. The employment of a single heat point provided a clear trend and description regarding the effect of ash culprits in the treated feedstock on pyrolysis product yields and properties. Furthermore, ash-related consequences for the production and characterisation of pyrolysis products were decisively examined by comparing the phenomena that occurred in the obtained treated feedstock under the selected thermal conditions applied.

2.5        Bio-char and Pyrolysis Liquid Experimental Test

Bio-chars of treated and untreated PKS were characterised by proximate and heating value analysis. Proximate analysis of PKS was measured with reference to the standard test method by determining the weight percentage of the moisture content (ASTM E871-82), ash content (ASTM E872-82), volatile matter (ASTM E830-87) and fixed carbon (by differences). The moisture content was measured by drying 1 g ground PKS for 24 h at 105°C in an electric oven, and the differences were weighed and calculated. Dry PKS was then used for ash content determination by burning in a muffle furnace for 6 h at 575°C. Meanwhile, for volatile matter, it was burned at 970°C for 7 min. The HHVs of bio-char and pyrolysis liquid were measured experimentally using an adiabatic oxygen bomb calorimeter, Nenken 1013-B. The standard test method was employed according to ASTM E711-87. The ash content of pyrolysis liquid was also analysed by a standard test method, ASTM D482-07. A Metrohm KF Titrino and a standardised Karl-Fisher reagent were used to measure the water content in the liquid phase. Finally, the pH value of pyrolysis liquid was measured in the laboratory using a digital pH metre, an Accumet AB 15/15+ bench-top metre, with the expectation that the pH of the produced pyrolysis liquids would be between 3.0 and 6.0.


Table 1:      Characteristics of raw PKS and other oil palm wastes.



	Characteristics
	PKS (this work)

	PKS31

	OPT30

	OPF32




	Proximate Analysis (mf wt%, dry basis)



	Ash
	5.97

	3.04

	4.79

	3.92




	Volatile matter
	76.48

	76.35

	75.20

	73.92




	Fixed carbon (by difference)
	17.55

	21.75

	10.04

	17.09




	Ultimate Analysis (mf wt%, dry basis)



	Nitrogen
	0.37

	0.42

	3.76

	0.03




	Sulphur
	0.09

	0.04

	0.35

	0.49




	Hydrogen
	4.09

	6.21

	5.98

	4.56




	Carbon
	50.39

	49.97

	41.88

	41.13




	Oxygen (by difference)
	45.06

	42.62

	43.24

	49.87




	Heating Value (MJ kg−1)



	Higher Heating Value (HHV)
	18.08

	22.07

	17.52

	15.66





3.          RESULTS AND DISCUSSION

3.1        Properties of Raw PKS

Table 1 shows the thermo-chemical characteristics of PKS and other oil palm wastes. The natural behaviours of typical wastes were the major influences on their characteristics, which were mainly based on the procedures of production, collection and disposal. In this study, the collected PKS has quite high ash content, amounting to approximately 5.97 mf wt%. The ash content of the measured PKS in this work is high compared with the reported value. Compared to the other feedstock properties, the two feedstocks have similar characteristics and behaviours, differing only in the weight percentage of ash and their energy value. Slightly higher amounts of ash concentration in the measured PKS are confidently attributed to the improper disposal procedure of the waste at the selected processing factory during the collection activity. The waste was clearly disposed on the ground and thoroughly exposed to dirt, sand and fly ash from the waste burning activity from the surroundings, which mainly consisted of various types of alkaline metals and other inorganic components. The presence of high ash concentrations would have bad consequences, such as the formation of agglomeration and slag during the combustion process. These problems have attracted attention from researchers such as Bakker and Jenkins33 and Thy et al.34 in efforts to avoid critical issues in maintenance and operating cost problems. Furthermore, the volatile matter and fixed carbon of PKS were measured at approximately 76.48 and 17.55 mf wt%, respectively. Because PKS includes highly volatile matter, this biomass is expected to release great volumes of vapour during the pyrolysis process. Based on its elemental composition, PKS contained 50.39 mf wt% carbon, 4.09 mf wt% hydrogen, 45.06 mf wt% oxygen, 0.37 mf wt% nitrogen and 0.09 mf wt% sulphur. PKS could be considered a sustainable feedstock for the environment, because the waste has low nitrogen and sulphur content.

3.2        Characterisation of Pre-treatment Effectiveness and Treated PKS Behaviours

In this work, experiments using different washing mediums were employed to determine the optimum washing medium for the pre-treatment process. Figure 3 shows the ash contents and HHVs of feedstock treated with different types of washing medium. The highest ash reduction measured was 5.97 to 3.40 mf wt% after raw PKS was soaked in distilled water. For the other neutral washing mediums, the ash content was measured to be approximately 5.26 and 5.43 mf wt% in RO and tap water-treated feedstock, respectively. RO and tap water washing pre-treatments caused a smaller ash reduction than distilled water, but both mediums are still viable and practical for use in other specific washing pre-treatments and applications. Meanwhile, the ash content of treated PKS washed with diluted acid and alkaline media were approximately 4.26 and 12.56 mf wt%, respectively. It was expected that the ash content after soaking in diluted acid would be reduced more than in other washing mediums. However, the use of 5% acetic acid reduced ash weight by only a few percentage points through this work, which was attributed to the weakness of the acidic washing solution being insufficient to remove the other large parts of the ash components. Based on this work, pre-treatment using a diluted alkaline solution was not recommended for the leaching process because the treatment only increased the ash concentration. It was theorised that sodium ions, which are abundant in the washing medium, were absorbed by the solid biomass structure. The absorption of the sodium ions would occur due to the low concentration gradient of sodium matter in the feedstock compared to the washing medium. Therefore, sodium ions might diffuse through the porous structure of the biomass solid particles due to the concentration gradient. Deng et al.35 reported that alkaline matter would enter or withdraw from the biomass depending on the concentration of the washing medium. Because low alkaline matter is present in a neutral washing medium, the amount of ash components and organic matter in biomass would leach more easily into a washing medium, but the reverse is true for washing with a diluted alkaline pre-treatment. Due to the high concentration of sodium ions in the washing medium, the leaching mechanism seemingly prevented the other inorganic species in the biomass from passing readily through the cell walls of the PKS. Therefore, abundant sodium ions and unleached ash culprits might have thoroughly bound and interacted with biomass hydrocarbon matrix components. However, it was undeniable that certain other types of alkaline earth matter might also leach at low rates and amounts through the pre-treatment based on their reactivity and diffusivity towards washing mediums.
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Figure 3:      Ash content and high heating value (HHV) of treated raw PKS.



The heating value essentially indicates the energy contained by the biomass that can be totally consumed during power and heat generation. The presence of a high concentration of ash content remarkably lowers the energy value. The correlation of the energy value was seemingly contradictory to the ash content measured. This correlation could be verified by referring to the series of results obtained for washing pre-treatment in this work. For example, the decrease in HHV value measured for alkaline-treated feedstock was up to 6.52% compared to the initial energy value of raw PKS. The reduction was confirmed by the drastic increase in ash concentration from 5.97 to 12.56 mf wt%. Meanwhile, the HHVs of treated PKS washed with neutral and acidic washing mediums increased in a range from 0.5 to 19.1%. The highest HHV increase was observed for the distilled water-treated feedstock, reaching 22.35 MJ kg−1, with an ash reduction of approximately 43% from its initial raw biomass value. The trend was then followed by treated feedstock washed with RO water, dilute acid and tap water, resulting in approximately 19.19, 18.73 and 18.17 MJ kg−1, respectively. Through the pre-treatment process, the use of distilled water on the feedstock appeared sufficient to produce and sustain fuel for heat and thermal applications. The feedstock contained the lowest amount of ash and presented the highest energy value. Fuel with less ash and a higher energy value would provide enhanced efficiency in the thermal conversion process. Furthermore, both properties can prevent serious problems such as slagging, agglomeration and corrosion during the thermal process.36 Aside from the ash content, the energy values of the biomass would also be influenced by other properties such as the volatile matter and hydrocarbon elemental composition.

The effectiveness of washing pre-treatment could also be identified based on the mass reduction of the feedstock during the leaching process. Conceptually, the phenomenon was affected, considering that pre-treatment removed most of dirt and dust from the outer surface of the PKS during the leaching process and more or less diffused leachable components from the interior plant cell wall of the biomass. The removal and diffusion of the ash culprits are the main indicators of the effectiveness of the washing mediums. As shown in Figure 4, the pretreatment using 5% diluted acetic acid gave the highest percentage of weight loss, at approximately 11.87%, while the lowest weight loss percentage of approximately 5.75% was achieved by using distilled water. The large weight loss likely occurred due to the extent of the reduction in the biomass chemical composition (i.e., cellulose, hemicellulose). This possibility was supported by researchers such as Tan and Wang17 and Das et al.18 Although the medium removed the dirt, dust and ash components drastically, washing with an acidic solution could influence the degradation rate and the remaining percentage of overall cellulose, extractives and hemicellulose composition in biomass. For the diluted alkaline washing pre-treatment, an increase in weight of approximately 3.38% was measured after the leaching process. This phenomenon was expected due to the absorption of sodium ions through the inner and outer surfaces of the biomass porous structure. Clear white spots were observed on the surface, which likely confirmed the sodium matter deposition.
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Figure 4:      Percentage of treated raw PKS weight loss and the EC value increases of leachates.




The increased EC values of leachate after washing pre-treatments are presented in Figure 4. The highest increase in EC value was observed from the leachate treated with diluted acid, at 1078 µS cm−1. For the case of the neutral washing medium, the EC of leachate was only measured within 345 to 453 µS cm−1, and treatment with distilled water was considered the most effective washing pretreatment. The removal of unwanted and leachable elements such as dirt and alkaline metal are the major possible cause of the increased leachate EC values. The alkaline metals present in the leachate were almost entirely transformed into free anions or cations37 and thus were easily extracted by any washing medium. Alternatively, the increased EC values in the diluted acid and alkaline leachates may be due to the extensive degradation of the biomass chemical composition. As mentioned by Cuvilas and Yang,25 treatment with diluted acid removed and recovered hemicellulose components as dissolved sugar, while solubilised lignin was precipitated onto biomass. Meanwhile, a saponification mechanism of intermolecular ester bond cross-linking between hemicelluloses and lignin occurred during alkaline pre-treatment. Thus, it was confirmed that the formation of other soluble compounds from lignocellulosic components after treatment with different washing mediums could drastically increase the EC values of the leachate instead of the removal and diffusion phenomena of the alkaline metals.

3.3        Thermogravimetric Analysis of PKS

Thermogravimetric analysis was performed on raw PKS to determine the thermal degradation behaviour of cellulose, hemicelluloses and lignin. These three major constituents could be identified by analysing TG and DTG curves, as shown in Figure 5. According to the DTG curve, two clear peaks were found at temperatures of approximately 277°C and 346°C, which might correspond to hemicelluloses and cellulose. These two temperatures were located in two main weight loss regimes, the lower temperature (LT) and the upper temperature (UT) regime, as reported by Khor et al.30 The LT regime correlated with the decomposition of hemicelluloses and the initial stages of cellulose decomposition, while the UT regime correlated with the remaining decomposition of cellulose constituents. Meanwhile, a slight drop in weight loss can be observed in the early stage of PKS degradation from the TG curve. It occurred in the temperature range of 98°C–100°C, very possibly due to the removal of moisture from PKS. The devolatilisation of PKS was almost complete at the temperature of 600°C, and the remaining residue amounted to approximately 31wt%.
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Figure 5:      TG and DTG profiles from thermogravimetric analysis of raw PKS.



3.4        Analysis of Treated and Untreated PKS Pyrolysis Yields

Figure 6 shows the pyrolysis yields of PKS in a temperature range of 300°C to 500°C to evaluate the thermal decomposition profiles. The results indicated that the yields of bio-char decreased from 54.40 wt% to 31.38 wt% as the temperature increased. Meanwhile, the gaseous product yield increased slightly from 13.12 wt% to 22.83 wt%. The pyrolysis liquid yield reached its maximum value at a temperature of 400°C, which amounted to approximately 50.42 wt%. Carrier et al.38 agreed with this trend of the temperature profile, reporting that the mass loss was low when biomass was pyrolysed at temperatures below 310°C, but prominent degradation increased over the temperature range from 300°C to 500°C. Therefore, the high yield of bio-char at an earlier stage of pyrolysis temperature corresponded to the partially pyrolysed PKS organic components. As the temperature increased, the bio-char yield began to decrease significantly due to the rapid release of volatiles. Excessive amounts of volatiles, as well as the loss of water content in biomass could also contribute to the large weight loss of the bio-char product at the end of the temperature profile. In the case of pyrolysis liquid yields, the trend obtained in this study appear similar to the change in liquid yield found by Cao et al.39 in their research report. They concluded that the variations in liquid yields include two steps of decomposition reactions, namely the faster and slower changing steps. The faster changing step occurred when the temperature was approximately 350°C–400°C, which corresponded to the rapid release of most of the volatilisable components. Meanwhile, the slower changing step occurred when the temperature was above 400°C, when only certain parts of the components decomposed, thus resulting in the low weight percentage of the pyrolysis liquid yield.
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Figure 6:      Pyrolysis yields of raw PKS for the temperature profile between 300°C and 500°C.



The influence of various amounts of ash content on the pyrolysis products is presented in Figure 7. The amounts of different ash concentration were obtained through the application of different types of washing medium to the PKS feedstock. For the case of a neutral washing medium, the yields of bio-char, pyrolysis liquid and gas were found to range from 41.91 wt% to 42.04 wt%, 40.27 wt% to 42.11 wt% and 15.98 wt% to 17.69 wt%, respectively. The highest bio-char yield was measured in diluted alkaline-treated feedstock, at approximately 46.96 wt%. Meanwhile, the maximum yield of pyrolysis liquid reached 46.01 wt%, from the PKS treated with diluted acid. The distribution of pyrolysis products could relate well to the various amounts of ash content remaining in treated PKS. Abdullah et al.26 and Deng et al.35 also agreed that the ash and its components would primarily influence the degradation rate of biomass constituents under the wide range of heat applied. The presence of excluded sodium ions after the diluted alkaline washing pre-treatment led to the high production of bio-char and gas yield but decreased the yield distribution of pyrolysis liquid. The deposition of sodium matter on the entire surface of the biomass limited the heat and thermal transfer towards the inner porous structure of the biomass. Abundant concentrations of sodium and other alkaline minerals would also act as a catalyst, favouring secondary reactions either in char or in the pyrolysis liquid. This phenomenon could clearly decrease the fractions of solid char composition and undesirable compounds of pyrolytic liquids (acids, alcohols and carbonyls).40 An increased devolatilisation rate has caused large fractions of pyrolysis liquid yield to occur in diluted acid-treated feedstock. The decomposition reactions of the biomass are affected by the reduction of hemicelluloses and extractive constituents rather than by ash components.25 Treatment with diluted acidic solutions would lead to breakage of the hemicellulose structure, introducing large interspaces and allowing the cellulose constituent to be more vulnerable to the application of heat. Major pyrolysis liquid compounds, such as levoglucosan, hydroxyacetaldehyde, acetol and acetic acid, are directly derived from the cellulose constituents rather than hemicelluloses and lignin.41 Cellulose is more exposed by the diluted acetic acid medium, favouring comprehensive degradation, and thus significantly contributes to the higher yield production of pyrolysis liquid.
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Figure 7:      Pyrolysis yield distributions of the treated raw PKS.



3.5        Characterisation of Pyrolysis Products

The characteristics of treated and untreated PKS bio-char are presented in Table 2. Based on the temperature profile, the HHV values of untreated PKS bio-char clearly increased with the pyrolysis temperature. The values fluctuated in amounts ranging from 24.32 to 27.39 MJ kg−1, approximately 25% to 34% higher than their raw biomass energy value. The results also showed a decrease in volatile matter in the untreated PKS bio-char, from 38.58 mf wt% to 25.28 mf wt%, as the pyrolysis temperatures increased. As the temperature increased, the biomass constituents underwent rapid thermal decomposition, especially at higher temperatures. The organic composition was drastically devolatilised and turned into more stable hydrocarbon molecules, such as char and pyrolytic oil. The devolatilisation of hydrocarbon constituents was a major phenomenon compared to the volatilisation of the ash components, resulting in abundant concentrations of ash remaining in the solid matrix form. The ash content of the bio-char was high, at approximately 19% to 37%, compared to their raw PKS value. However, a slight drop in ash content at 400°C was believed to be due to the minor loss of some alkaline mineral that could volatilise at the selected terminal temperature applied.42

In the case of treated PKS bio-char, a wider range of ash content was measured, fluctuating between approximately 5.46 mf wt% and 14.43 mf wt%. Diluted alkaline PKS bio-char contained the highest amount of ash after the pyrolysis process. Meanwhile, distilled water PKS bio-char contained the lowest concentration of ash. The results showed that a low amount of ash in raw treated feedstock contributed to the production of better bio-char properties. As in previous cited reports, HHV was a property commonly influenced by ash-related consequences. The HHV of treated PKS bio-chars showed wider variations in the range from 24.12 to 27.75 MJ kg−1, due to the various amounts of ash content measured earlier. The highest HHV was exhibited by distilled water-bio-char, while diluted alkaline-bio-char produced the lowest value. The bio-chars differed in HHV value mainly due to the various ash concentrations previously present in the feedstock, which limited the generation of good thermal profiles for heat and power applications.

The properties of treated and untreated PKS pyrolysis liquid are presented in Table 3. Under the influenced of the temperature range, the obtained pyrolysis liquids were discovered to be present in two clearly separate phases: a tarry organic phase, which was black, smoky and viscous, and a watery aqueous phase, which was slightly opaque and yellow-brown in colour. These non-homogeneous mixtures were clearly observed in all untreated PKS pyrolysis liquid. This condition clarified that the temperature profiles are not the sole influence on the homogeneity of PKS pyrolysis liquids. The homogeneity could also be related to the water content of the pyrolysis liquid. Large amounts of water content (~57%) in pyrolysis liquids caused them to separate. The presence of such amounts of watery phase was believed to be due to the numerous reactions that occurred either in bio-char or in the pyrolysis liquid itself. Those reactions were likely influenced by the ash and its components during the pyrolysis process. In addition, the collected pyrolysis liquid of untreated PKS seemed favourable for industrial usage, with low acidic values in the range of 4.46 to 5.98 and a weight percentage of ash content amounting to less than 1 wt%.


Table 2:      The properties of untreated and treated PKS bio-char.



	PKS

	Bio-char




	Moisture content (mf wt%)

	Volatile matter (mf wt%)

	Ash content (mf wt%)

	Fixed carbon (mf wt%)

	High heating value (HHV) (MJ kg−1)




	Temperature profile

   

	300

	0.52

	38.58

	9.41

	51.99

	24.32




	350

	2.63

	30.80

	8.01

	61.18

	26.37




	400

	0.34

	27.01

	7.43

	65.55

	27.33




	450

	4.92

	26.69

	8.49

	64.82

	27.01




	500

	0.09

	25.28

	8.20

	66.51

	27.39




	Treated feedstock



	RO water

	1.66

	28.51

	6.38

	65.09

	27.41




	Tap water

	0.13

	23.43

	9.86

	66.70

	27.16




	Distilled water

	1.81

	28.46

	5.46

	66.07

	27.75




	Dilute acid

	1.93

	27.17

	7.78

	65.04

	27.17




	Dilute alkali

	3.85

	30.28

	14.43

	33.27

	24.12





Similar results of acidity values and ash concentration were also observed through the pyrolysis liquid collection of treated PKS. The measured pH values of the pyrolysis liquid are approximately 4.09 to 5.96, with the ash concentration amounting to less than 1 wt%. However, treated PKS has produced various results regarding the effect of ash content on the other properties of collected pyrolysis liquid. The water content percentage occupied by pyrolysis liquids of treated PKS ranged between 24.14% to 28.91%. The range was approximately half the water content of the series of untreated PKS pyrolysis liquids. The high amounts of ash content measured in alkaline-treated PKS showed that the strong action of the catalyst appeared to be drastic compared to other treated feedstocks. The catalysts caused surprising production of watery aqueous fractions. The presence of catalytic material contributed remarkably to numerous reactions in solid char and pyrolytic oil, which significantly increased the water production and decreased the tarry organic yield.34 The increased water content led to a remarkable reduction in the HHV values of the pyrolysis liquids. The average HHV of untreated PKS pyrolysis liquids only reached approximately 18.86 to 19.16 MJ kg−1; meanwhile, a definite difference could be observed in treated pyrolysis liquids, with the highest HHV measured in diluted acid pyrolysis liquid, at approximately 21.69 MJ kg−1, followed by the neutral washing pyrolysis liquids: distilled water: 20.58 MJ kg−1, RO water: 19.90 MJ kg−1 and tap water: 19.82 MJ kg−1.

Table 3:      The properties of untreated and treated PKS pyrolysis liquid.



	PKS

	Pyrolysis liquid




	pH

	Homogeneity

	Ash content (wt%)

	Water content (wt%)

	High heating value (HHV) (MJ kg−1)




	Temperature profile



	300

	5.58

	Non-homogeneity

	0.2033

	57.38

	18.86




	350

	5.98

	Non- homogeneity

	0.6825

	56.60

	18.89




	400

	4.99

	Non- homogeneity

	0.6271

	56.23

	19.10




	450

	4.46

	Non- homogeneity

	0.7225

	57.22

	19.16




	500

	4.82

	Non- homogeneity

	0.7434

	56.96

	19.07




	Treated feedstock



	RO water

	4.29

	Homogeneity

	0.4790

	25.01

	19.90




	Tap water

	5.87

	Homogeneity

	0.3852

	24.91

	19.82




	Distilled water

	4.09

	Homogeneity

	0.3525

	24.14

	20.58




	Dilute acid

	5.78

	Homogeneity

	0.8330

	26.22

	21.69




	Dilute alkali

	5.96

	Non-homogeneity

	0.5950

	28.91

	18.87





The dominance of oxygen molecules from aqueous phase products is confirmed to lower the energy value of the obtained pyrolysis liquid. Therefore, improving the pyrolysis liquid quality will require removing as much of the oxygen content as possible to achieve at least the energy value of petroleum fuels (40 MJ kg−1).38 For example, the fuel could be enhanced by incubating the pyrolysis liquid in a rotary evaporator for 30 min at 45°C, as suggested by Garcia-Perez et al.43, so that the lightest pyrolytic compounds (i.e., water) could evaporate and be removed from the mixture completely. Moreover, the addition of polar solvents such as methanol or ethanol to the pyrolysis liquid was identified as a convenient and practical method. With the addition of a precise amount of the selected solvent, the organic tarry and aqueous watery phases are simply dissolved to obtain a homogeneous single fraction product in a sustained and controlled manner.44 Moreover, the pyrolysis liquids are believed not only to be homogenised perfectly into single-phase liquid but also to exhibit reduced corrosivity, viscosity and instability.


4.          CONCLUSION

The effect of washing pre-treatment on PKS was studied using neutral, diluted acidic and diluted alkaline washing mediums. Distilled water was determined in this study to be the optimum washing medium for PKS. The results showed that the distilled water-treated PKS exhibited a low amount of ash and a low percentage of weight loss, at only 3.39 mf wt% and 5.75%, respectively. Pyrolysis performed on PKS under the influence of a temperature profile showed that the yield of bio-char decreases with increasing temperature, and the highest yield of bio-char was obtained at a relatively low temperature range, at approximately 54.40 wt%. Meanwhile, the pyrolysis liquid shows a different trend, with the maximum yield at 400°C followed by a decrease as the temperature increased further. For the case of treated PKS, the highest bio-char yield is produced from PKS treated with diluted alkaline medium, amounting to approximately 46.96 wt%, while the maximum yield of pyrolysis liquid was 46.01 wt% from diluted acid-treated PKS. The presence of ash and its components seriously influenced the pyrolysis yield, acting as a catalyst to promote secondary reactions during the pyrolysis process. The HHV of treated PKS bio-char clearly increased as the ash content was reduced. Furthermore, the influence of ash also caused large amounts of water fractions to be present in the collected pyrolysis liquid. The liquid fraction of PKS separated into two phases, with the tarry organic/watery aqueous phases of treated and untreated PKS pyrolysis liquid showing ratios of approximately ~75/25% and ~44/56%, respectively. In conclusion, distilled water washing medium was identified as a potential and practical washing pre-treatment for obtaining optimum yields and qualities of pyrolysis products.
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ABSTRACT: Three types of coumarin derivatives were synthetised using the Knoevenagel condensation technique. All of these compounds have been characterised by the Fourier Transform Infrared (FTIR) and the Nuclear Magnetic Resonance (NMR) spectroscopy (1H NMR, 13C NMR) to evaluate their chemical properties. The first step of synthesis involved preparing 3-acetylcoumarin 1 followed by the synthetisation of hydrazine thiosemicarbazide coumarin derivative 2 by treating thiosemicarbazide in the presence of a catalytic amount of glacial acetic acid. The hydrazinyl thiazolyl of coumarin derivative 3 was prepared using the cyclisation of compound 2 with 3-bromoacetylcoumarin. The presence of the hydrazine and thiazole groups of the latter synthetised derivatives were confirmed using an NMR analysis that depicted the bond attachment of the imine and thiazole groups in the molecular structure of the first derivative 1. An in-vitro cytotoxicity study of the synthetised coumarin derivatives were screened using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay on Human Periodontal Ligament Fibroblast (HPDLF) cells. The cytotoxicity study demonstrates that the coumarin derivatives which contain the hydrazinyl thiazolyl group exhibit less toxicity values at a concentration of 5.51 mM for a half maximal inhibitory concentration (IC50). The heterocyclic groups of the derivatives backbone will eventually contribute to promising biological properties of a biomaterial.

Keywords: Synthesis, coumarin, thiazole, toxicity, hydrazinyl

1.          INTRODUCTION

The biological activities of various compounds, either synthetic or natural, have been investigated extensively worldwide. The applications of these compounds in medical research have increased widely to improve the treatment methods of various diseases. Unfortunately, several of these compounds are not suitable for therapeutic use due to their toxicity level, carcinogenic effect and mutagenic property. As technology and knowledge advance, it is possible to synthetise an active compound of the molecular structure with improved therapeutic activity and reduced toxicity.1 Coumarin (2H-pyran-2-one) and its derivatives are well distributed in nature and exhibit a broad pharmacological profile, including anticancer2 and the scavenging activity of superoxide anions generated by activated neutrophils.3

Coumarin is the simplest naturally occurring phenolic substance possessing fused benzene and α-pyrone rings, which are categorised as the basic molecules of several derivative families.4 Coumarin exists in several forms due to the various substitutions possible in its structure, which modulates its biological activity.1,5 Furthermore, coumarin is the parent molecule of warfarin, which acts as a vitamin K antagonist.6 Warfarin is clinically used as an anticoagulant and widely used as a rodenticide, whose discovery was based on studies of bleeding cattle suffering from “sweet clover disease.” Cattle bleeding is caused by bishydroxycoumarin (dicoumarol) formed from 4-hydroxycoumarin in spoiled hay.7

The thiazole ring of the coumarin derivatives is a heterocyclic structure that attracts most organic and medical chemists to synthesise these compounds. However, the nitrogen and sulphur elements in the heterocyclic structure are interesting due to their physicochemical properties that are relevant to the design of new drugs and new materials. Compounds containing the thiazole ring system are known to possess pharmacological properties, such as analgesic, antibacterial, anticonvulsant, antiparasitic, anti-inflammatory and herbicidal.8–11 A few derivatives of thiazole are potent anti-HIV agents, and various therapeutic activities have been reported for pyrazoles.12,13 A few of the coumarin’s biological properties are believed to be related to their ability to act as phytoalexins. Typically, phytoalexins accumulate in leaves and fruits to inhibit the growth and spread of bacteria and act as orantimetabolites repellents against herbivorous insects, such as locusts. They are naturally synthetised by the plant to function as protective chemicals against traumatic injury, microorganism invasion, and insect damage. Because substitutions can occur at any of the six available sites of the basic coumarin nucleus, its structural diversity leads to multiple biological properties.14

Biocompatibility studies of coumarin derivatives are necessary to determine their therapeutic effect and toxicity level. The measurement of the toxicity for the coumarin derivatives in a normal fibroblast in-vitro will determine the toxic level of the compounds that can be applied in the human body. Coumarins with derivatives containing ortho-dihydroxy substituents typically exhibit a cytotoxicity effect in-vitro on the structure-activity relationship. The addition of the cathecolic group to the basic chemical structure increases the toxicity activity of the coumarins. However, a different toxicity value of the coumarin can be related to the presence and the position of the hydroxyl group in its structures.1,15 Therefore, the chemical structure of the coumarin could be modified to reduce the toxicity level that affects the human body.

The study was conducted with two primary objectives. The first objective was to synthetise the hydrazinyl thiazolyl coumarin derivatives, and the second objective was to evaluate the cytotoxicity study of the derivatives on a normal fibroblast cell line. In this study, derivative 1 was prepared by Knoevenagel condensation technique and derivative 2 was synthetised using Schiff base reaction. Whilst, the third derivative was prepared by cyclocondensation of thiosemicarbazone from substituted aldehyde with 3-bromoacetylcoumarin (Figure 1). The synthetisation of derivatives 1 and 2 followed the procedures provided by Arshad et al.16
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Figure 1:      Synthesis of coumarin derivatives (1,2,3).



The identification of the molecular structure of compound 3 was confirmed using the FTIR and NMR (1H NMR, 13C NMR) analysis. Using the cytotoxicity analysis, the samples were characterised through an IC50 evaluation using an MTT assay to obtain the toxic level of compounds towards the normal cells.


2.          EXPERIMENTAL

2.1        Preparation of (2-{2-[1-(2-oxo-2H-chromen-3-yl)ethylidene]hydrazinyl}-1,3-thiazol-4-yl)-2H-chromen-2-one (3)

A mixture of derivative 2 (0.41 mmol) and 3-bromoacetylcoumarin (0.49 mmol) in hot ethanol was refluxed at 85°C. Then, distilled water was poured onto the resulting product, followed by the addition of a large amount of chloroform. A sufficient amount of potassium carbonate was added to neutralise the basified solution. The solution mixture was stirred until two different layers were obtained, and the mixture was then extracted to obtain an organic phase. Magnesium sulphate was mixed into a solution of the organic phase to absorb humidity. The reflux process was allowed to continue until the complete reaction was obtained. To achieve a successful reaction, the synthesis was monitored using thin layer chromatography (TLC). The TLC plate was cut to the required dimensions (5 cm × 2.5 cm). The reaction mixture and starting materials were spotted on the TLC plates and then developed in a solvent system of petroleum ether: ethyl acetate (70%:30%). The TLC plate was visualised under ultra violet radiation at wavelengths of 254/365 nm. The crude sample was filtered and concentrated using a rotary evaporator. Then, the sample was allowed to dry at room temperature for several days.

2.2        In-vitro Cytotoxicity Study

The cytotoxicity analysis was performed on human periodontal ligament fibroblast (HPdLF) cells. The cell line was cultured and maintained for several passages to obtain stable and healthy cells for analysis application. Stock solutions were prepared for each of the sample types, i.e., 1, 2 and 3, by dissolving 10% of dimethyl sulphoxide (DMSO) of total volume for solubility purposes and creating a concentration of 10 mM. The stock solutions were incubated for 72 h at 37°C to obtain the maximum solubility of the sample extraction. Serial dilutions were performed to obtain five different sub-stocks with concentrations of 5.0, 2.5, 1.25, 0.625 and 0.3125 mM. The diluted solutions were filtered with a 0.2 µm syringe filter for the sterilisation process.

The monolayer of the HPDLF cell culture was trypsinised, and the cell count obtained was approximately 2–3 × 106 ml−1 using an alpha MEM as a medium containing 10% foetal bovine serum. The seed cells, at a concentration of 1 × 104 cells ml−1 in a 100 μl culture medium, and the plates were incubated at 37°C in a 5% CO2 incubator. After 24 h of cell incubation, the supernatant of 100 μl was discarded and replaced by previously prepared diluted sample solutions at different concentrations. Cells without treatment (positive control) and a blank medium (negative control) were prepared in the same plate. The samples and controls were prepared in triplicate. All of the plates were then incubated for 72 h at 37°C in a 5% CO2 incubator. After 72 h, 10 μl of the MTT solution was added to all of the wells and incubated for 4 h in a 5% CO2 incubator. The supernatant of each well was discarded, and DMSO was added to dissolve the purple formazan crystals. The absorbance of each well was studied using a microplate reader at 570 nm. The percentage of cell viability can be calculated using the formula as follows:
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3.          RESULTS AND DISCUSSION

3.1        Chemical Analysis

3-acetylcoumarin,1 was synthetised in a cold reaction as a first compound for the derivative function to prepare a heterocyclic substitute for the coumarin derivatives 2,3. The yield of the dried product 1 was calculated to be 24.41%, and the melting point was obtained to be 110°C. The FTIR spectra of derivative 1 revealed the presence of lactone (C=O) functional group at peaks 1677 cm−1 and 3029 cm−1 (C-H) in the aromatic ring. The formation of the imine group (C=N) was identified for the imine group of coumarin derivatives 2 and 3 exerted at peaks 1600 cm−1 and 1606 cm−1, respectively (Figure 2). The presence of the hydrazine (N-H) functional group could be observed at 3275 cm−1, and the appearance of the thiol group (C-S) at 1100 cm−1 indicated the presence of the thiazole structure (Table 1). Further evidence of the structural identification was depicted in the 1HNMR and the 13C NMR of the coumarin derivatives. The 1HNMR spectra of derivative 1 demonstrates two multiplets and one singlet at chemical shifts of 7.3 ppm (m, 2H), 7.6 ppm (m, 2H) and 8.4 ppm (s, 1H), which indicated the presence of aromatic protons. Another singlet (s, 3H) at a chemical shift 2.7 ppm was observed for the aliphatic protons. The 13C NMR analysis further confirmed the structural identification, and resonances were observed at a chemical shift between 155.2 ppm–195.3 ppm (C=O). The presence of the aromatic carbons was confirmed at 116.5–147.4 ppm, and a peak at 3.5 ppm indicated the presence of the aliphatic carbons. The formation of the hydrazine group of coumarin derivative 2 indicated a few changes to the chemical formulation of the derivative. The presence of methine protons (N=H) at a chemical shift of 8.1 ppm marked the success of obtaining the second derivative of the coumarin. The methyl (CH3) protons were observed as a singlet at 2.6 ppm while the aromatic protons were observed at 7.3 ppm and 7.6 ppm (m, 2H).
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Figure 2:      FTIR spectra of compound 3.



The 13C NMR spectra for the second derivative indicated that lactone (C=O) and imine (C=N) functional groups were confirmed at 163 ppm and 153 ppm, respectively. The proton NMR spectra indicated the appearance of thiazole methine protons at a peak of 8.5 ppm (Figure 3), which depicted the formation of the derivative bonds upon condensation to the hydrazine thiosemicarbazide derivative of coumarin 3. Furthermore, the analysis of 13C NMR confirmed the presence of the thiazole (2-C) structure at 167 ppm (Figure 4).
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Figure 3:      1 H NMR spectroscopy of (3).
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Figure 4:      13CNMR spectroscopy of (3).



3.2        In-vitro Cytotoxicity Analysis

The determination of the cytotoxicity level of the material that has been developed was the primary study, prior to it being used as a biomaterial. The MTT assay17 was performed to evaluate the cytotoxicity value for the synthetised coumarin derivatives. The results of the cytotoxicity (Figure 5) indicate that compound 1 was observed to be more toxic based on the high percentage of death cells (less than 20%) at a concentration greater than 2 mM. Furthermore, compound 2 was shown to be less toxic than compound 3 due to the higher percentage of live cells at a concentration of 10 mM.
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Figure 5:      Cytotoxicity effect by MTT assay against HPDLF cell line.



Table 1:      List of functional groups with respect to wavelength of compound 3.



	Functional group

	Wavelength (cm−1)




	N-H

	3275




	C=O

	1677




	C=N

	1606




	C-S

	1100





However, Table 2 exhibits the half percentage of death cells (IC50) of compound 3 that obtained higher values than the rest at 5.51 mM. However, compounds 1 and 3 have a small difference in value, thus compound 2 was considered to be less toxic (2.47 mM). Based on the results, the compound with the heterocyclic group, i.e., 3, consisting of a thiazole structure was revealed to be less toxic towards normal cells. Synthetised organic compounds without a substituent at the C-4 position of the thiazole ring were observed to be the least potent inhibitor of cancer cells.18


Table 2:      The value of inhibition concentration at 50% cell death (IC50) of different compound of coumarin derivatives.



	Compound

	IC50 (mM)




	1

	1.68




	2

	2.47




	3

	5.51





Additionally, a study19 has reported on the synthetisation of certain new thiazole derivatives bearing a coumarin nucleus and their cytotoxicity activity on human keratinocyte cells. The study depicts the advantage of the thiazole group as a substitute derivative in the molecular structure of coumarin to reduce toxicity. Kaushik et al. also reported that a synthetised compound with the thiazole group exhibits less toxicity to the HEK (normal) cells with 75%–97% viability at 60 μg ml−1 concentration for all time intervals, which further increased by decreasing the concentration of the compounds.20

4.          CONCLUSION

The synthetised coumarin derivatives displayed a perfect match to the structural identification studies using the NMR and FTIR spectroscopy. The thiazole derivatives of the synthetised coumarins 2 and 3 exhibited a lower toxic value to normal cells compared to that of the parent derivative 1. The presence of heterocyclic rings in their structure possessed remarkable biological features that could be widely used in the medical field. Furthermore, the substituted thiazole rings at carbon-3 of the coumarin derivatives exhibited potential pharmacological and biochemical characteristics.16 Additionally, the substitution of a derivative compound, such as the thiazole group, allows their biological properties to be modified based on the medical application.
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ABSTRACT: The influences of different fibre extraction methods and chemical treatment on the structural textures, thermal degradation patterns and tensile properties of Entada mannii (Olive Tisserant) plant stem fibres were investigated. The fibres were extracted manually from the plant stem using two conventional methods, hand stripping (HS) and hand beating (HB). After drying, the fibres were either left untreated or were treated with potassium hydroxide (KOH) and then characterised using chemical analysis, scanning electron microscopy (SEM), thermogravimetry analysis and tensile analysis. The results showed that chemical treatment with KOH enhances the removal of lignins and hemicelluloses in the fibres. The KOH treated fibres were also more thermally stable when compared with untreated fibres. SEM analysis revealed exposed surfaces composed of a continuous network of micro fibrils for the KOH treated fibres. In contrast, the untreated fibres had smooth surfaces, suggesting the sub-cell structure is covered by lignins and hemicelluloses. The tensile property results demonstrated a significant improvement in tensile strengths, elastic moduli, and resiliencies for the chemically treated fibres. It was also noted that the best combination of tensile and thermal properties was achieved with the hand stripped, KOH treated fibres.

Keywords: Entada mannii (Olive Tisserant); chemical treatment; natural fibres; fibre micro constituents; extraction methods

1.          INTRODUCTION

Composite materials have emerged as the dominant engineered materials over the last 30 years.1 They constitute a significant proportion of the engineered materials market and are incorporated into a wide variety of products, ranging from everyday products to high technology products used for sophisticated applications. Although composites offer outstanding weight-saving capabilities, high production costs have been an issue that have continued to confront manufacturers.2,3 The drive to produce economically attractive composite components has resulted in the innovation of several novel processing and manufacturing techniques by composite materials researchers.4

The use of plant fibres as reinforcements for polymer based composites has been a major focal point in the search for cost-effective composite materials.5 Natural fibres from a variety of plants such as sisal, banana, jute, oil palm, kenaf and coir have been used to reinforce thermoplastic composite materials for applications in aerospace structures, marine materials, boat bodies, automotive body panels, leaf springs and biomedical devices, with promising results.6 In addition to being cost effective, plant based fibres are also widely available and environmentally friendly, being both biodegradable and from renewable sources. Many plant-based fibres have specific strengths and stiffness that are comparable to most synthetic fibres, such as fibreglass.7

The possibility of replacing the more costly synthetic fibres with natural fibres has continued to propel researchers to investigate further natural fibre sources with a view to characterise their properties and assess their suitability as reinforcing materials. Entada mannii plant stem fibre is a natural fibre that has not received much attention to date from researchers. Entada mannii is a liana plant that belongs to the family (Olive) Tisserant leguminous mermosaesae.8 This plant is a 2 to 3 m high semi-climber which grows in the tropical forests of Nigeria, Gabon and Madagascar.9 Prior to the widespread availability of synthetic ropes in Nigeria, Entada mannii was used by local farmers to make ropes because of the strength and stiffness of the stems. This historical use of the plant was the basis for its consideration as reinforcing material in the current study.

The investigative work reported here focused on the effects of the fibre extraction methods and chemical treatment methods on the structure, thermal stability and tensile properties of Entada mannii fibres.

2.          EXPERIMENTAL

2.1        Materials

The materials utilised for this research include the following: Entada mannii fibres obtained from Ikare Akoko, Ondo state, Nigeria, and Potassium hydroxide (KOH) used as an alkali reagent to separate the cellulose, hemicellulose, and lignin constituents from the fibres.


2.2        Methods

2.2.1        Extraction of fibres

The Entada mannii fibres were obtained from the plant stem bark as shown in Figure 1, 2 and 3. The fibres were extracted from the bark bundles by two convectional processes, referred to as hand beating (HB) and hand stripping (HS). The stem stalk was beaten with a wooden mallet to allow the separation and easy removal of the fibres from the bark stem bundles. The stripped and beaten fibres were then washed with distilled water to separate them from undesirable foreign matter, prior to being dried in an oven at 65°C for 2 days.
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Figure 1:      Images showing growth patterns and distribution of the Entada mannii plant stem (shown in a and b), and a cross-section of a cut Entada mannii plant stem (c).
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Figure 2:      Hand stripped fibres shown (a) before drying and (b) after drying.



 


[image: art]

Figure 3:      Hand beaten fibres shown (a) before drying and (b) after drying



2.2.2        Fibre surface treatments

The hand stripped fibres were treated with a solution of 0.1 M KOH (500 ml) in a shaker water bath at 50°C for 4 h. The insoluble residues were delignified at pH 3, washed with distilled water to remove mineral traces, and dried in an oven at 65°C for 2 days. The hand beaten fibres were treated with a solution of 0.1 M KOH solution (500 ml) in a shaker water bath at 50°C for 4 h. The insoluble residues were washed with distilled water to remove foreign matter and dried in an oven at 65°C for 2 days. The untreated samples were used as controls for all experiments.

Previous studies have demonstrated that chemical treatment is effective in the removal of fibre constituents that affect the bonding strength between the fibres and the polymer matrices, such as lignins, hemicelluloses and ashes.10 Additionally, chemical pre-treatment of the fibres improves binding between the fibres and composite matrices by increasing surface roughness, improves the strength of the fibres, and reduces moisture adsorption by the fibres.10–12


2.2.3        Determination of the fibre constituents

In general, natural fibres are hygroscopic in nature and absorb or release moisture depending on environmental conditions. Amorphous cellulose and hemicellulose that are present in the natural fibres are principally responsible for the high moisture absorption, as they contain numerous accessible hydroxyl groups that confer a strong hydrophilic character to the fibres.13 To characterise the content of the fibre constituents lignin, hemicellulose, and cellulose in the Entada mannii fibres, the following procedures were performed as previously described.10,14

Lignin content

Entada mannii fibres (2.5 g) were weighed and mixed with 75% concentrated sulphuric acid and the mixture was incubated in an ice bath with constant stirring for 12 h. The mixtures were then diluted with 4% acid and refluxed for 5 h. On cooling, the mixtures were filtered and washed continuously until the acid was removed. The residues were then dried at 105°C for 5 h prior to cooling in desiccators and weighing. The weight percentage of the lignin content was calculated by the weight difference.

Cellulose content

Treated Entada mannii fibres (2 g) were crushed and dried in an oven at 100°C for 3 h. Distilled water (25 ml) was added, and the mixtures were heated in an 80°C thermostated water bath with constant stirring. Sodium chlorite and acetic acid were added to the mixtures prior to cooling in an ice bath at 7°C. The residues were collected by filtration and washed with distilled water prior to drying in an oven at 105°C for 20 h, cooling in desiccators, and weighing. The percentage of cellulose was calculated by the weight difference.

Hemicelluloses Content

Entada mannii samples (0.5 g) were weighed in a beaker prior to adding 24% KOH solution and stirring continuously for 2 h. The sample mixtures were filtered with purpling cloth and washed with additional KOH solution prior to collecting the filtrate into another beaker. Alcohol was added to the samples to initiate precipitation, and the precipitates were isolated by centrifugation for 10 min. The samples were dried in an oven for 2 h at 105°C prior to transferring to desiccators and allowing cooling for 30 min before weighing. The weight of the precipitate was recorded, and the percentage was calculated.


2.3        Thermogravimetry Analysis (TGA)

Thermo gravimetric analysis was performed on the fibres to measure weight loss as a function of increasing temperature under a nitrogen atmosphere. Weight loss in fibres occurs due to the decomposition of the cellulose, hemicellulose and lignin constituents during heating.14 The samples were heated from room temperature to 600°C at a heating rate of 10°C min−1 and a nitrogen gas flow rate of 60 ml min−1.

2.4        Microstructural characterisation

The surface morphology of the chemically treated and untreated Entada mannii fibres were examined using a JEOL JSM-7600F model scanning electron microscope. The samples were cleaned thoroughly, air-dried, and coated with a 100 Å thick layer of irradium in a JEOL sputter ion coater prior to analysing via SEM at 15 kV.

2.5        Tensile Testing

Tensile testing of a single fibre pull out was performed on both chemically treated and untreated samples in accordance with ASTM-638D standards.15 The mounted fibres were placed in the grips of an Instron-4204 tensile testing machine, and the supporting sides of the mounting cards were carefully cut using a hot-wire cutter. The fibres were then subjected to tensile loading until failure at a strain rate of 0.5 mm min−1 using a 10 N-load cell. Average fibre tensile strengths were obtained using the results from 6 independent specimens.

3.          RESULTS AND DISCUSSION

3.1.       Chemical Analysis

Figure 4 illustrates the compositional analysis of Entada mannii fibres for: (1) hand stripped, treated; (2) hand stripped, untreated; (3) hand beaten, treated; and (4) hand beaten, untreated. The authors observed that both the hemicellulose and lignin contents of the Entada mannii fibres decrease with KOH treatment when compared to the untreated fibres. As a result of the decrease of these constituents, the percentage of cellulose was increased in the treated fibres when compared with the untreated fibres. The cellulose content increased after treatment from 41.18% to 67.87% and from 41.32% to 63.72% for the hand stripped and hand beaten fibres, respectively. Previous reports indicate that chemical treatment decreases the hydroxyl groups present in the amorphous region, removes the lignin and hemicellulose coverings from the fibre surfaces, and exposes the cellulose structure to react with binder materials.14–16
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Figure 4:      Plots of the Entada mannii constituents and PH values for both treated and untreated fibres.



A greater reduction in cellulose content was observed during the chemical treatment of the hand beaten fibres (3). Most likely this is due to the reduction in the strength following removal of the surface lignin and hemicellulose constituents when compared to the hand stripped fibres (1). In addition, the applied stress effect and superficial fibrillation resulting from hand beating decreases the strength and length of the fibres.17

3.2        TGA Analysis for Both Treated and Untreated Fibres

Figure 5 shows the thermogravimetric analysis of the treated and untreated Entada mannii fibres. Thermal decomposition of the fibres (measured by weight loss) was observed between 200°C–350°C for both the treated and untreated fibres. The authors also observed increased weight loss in the HS(3) and HB(2) treated fibres as a result of exothermic combustion following thermal degradation as the temperature was increased from 300°C–370°C. In contrast, the untreated fibres HB(4) and HS(1) degraded at lower temperatures in the range of 200°C–300°C, suggesting the presence of hemicellulose and lignin constituents in the fibres resulted in lower thermal stability. Kabir et al.14 and Beckerman et al.18 previously reported that untreated fibres degrade at lower temperatures due to the presence of thermally unstable fibre constituents such as hemicelluloses and pectins, whereas the alkali treated fibres were more thermally stable due to the removal of these constituents. It has also been reported that thermal decomposition occurred principally on cellulose and in turn increased the overall degradation temperature of the treated fibres, which contain higher cellulose levels.14,19
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Figure 5:      Comparison graphs for treated and untreated, hand stripped and hand beaten fibres.



3.3        SEM Analysis of Entada mannii Fibres

The structural features of the treated and untreated Entada mannii fibres are shown in the SEM micrographs presented in Figure 6. The authors observed that the surface texture of the untreated fibres appears smoother than that of the KOH treated fibres. This results from the presence of the lignins, hemicelluloses, and waxes, which concealed the sub cells and micro fibrils that form the substructure of the fibres. In the case of the KOH treated fibres, the authors observed that the sub cell networks made up of continuous cellulose micro fibrils were clearly visible once the treatment removed a significant amount of the hemicelluloses and lignins covering the fibres. These results confirm the chemical analysis data indicating that KOH treatment substantially decreases the lignin and hemicellulose contents from the top surface layers of the fibres.20,21 Previously, the increased surface roughness of the treated fibres has been reported to contribute to improved bonding of the fibre-matrix interface and results in the improved strength of polymer based composites reinforced with the fibres.22,23
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Figure 6:      SEM images of (a) hand stripped, untreated fibre; (b) hand stripped, KOH treated fibres; (c) hand beaten, untreated fibre; and (d) hand beaten, KOH treated fibre.



3.4        Variation of the Tensile Properties of the Entada mannii Single Fibre Pullout

An example of the variations in the tensile properties of the treated and untreated single Entada mannii fibres is presented in Figure 7. In Figure 7, the authors observed that the tensile strength of the fibres increased with chemical treatment, irrespective of the hand extraction method. This finding is attributed to the removal of lignins and hemicelluloses, which are reported to be deleterious to the strength of fibres, from the KOH treated fibres.24 The presence of lignins and hemicelluloses on the untreated fibres reduce the strength of the fibres when compared with treated fibres. In addition to reducing tensile strength, the presence of lignins, pectins and hemicelluloses result in poor fibre-matrix interactions and poor fibre-matrix interfacial bonding.25
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Figure 7:      Variation of tensile strength of single fibres resulting from the different extraction and treatment conditions.



The improvement following chemical treatment can also be explained by the SEM micrographs in Figure 6 (b and d). The results show that the removal of fibre constituents, such as hemicellulose and lignin, after chemical treatment resulted in the formation of rough surfaces and pits. Following removal, the tensile properties were improved and the fibre diameters were reduced in treated fibres. Similar results were observed by Mohanty et al.,3,26 who demonstrated that alkali treatment reduces fibre diameter and leads to the formation of a rough surface with pits, which results in reduced mechanical anchorage and pullout, and gaps between the fibre and matrix.

The authors also noted that the tensile strengths of the hand stripped, chemical treated fibres are higher than that of the hand beaten, chemically treated fibres. The hand beating extraction method results in damage to the intra-fibriller binders of the bundles, leading to stress release and molecular relaxation of the cellulose fibre components and a concomitant reduction in the strength of HB fibres. Hand beating also affects the activation of both the fibre networks and fibre segments during extraction and drying, and results in swelling and dislocation within individual fibres.17,27

In Figure 8, the authors also observed that the modulus of elasticity of the fibres improves with chemical treatment. This increase may also be attributed to the removal of lignins and hemicelluloses in the fibres. The hand stripped Entada mannii fibres treated with KOH were also noted to have a higher modulus of elasticity when compared with the KOH treated hand beaten fibres. This is attributed to the fibre deformation and swelling resulting from the hand beating. The fibre deformation decreased the fibre segments, resulting in decreased tensile strength and stiffnes.28 In contrast, the untreated fibres had lower values for the modulus of elasticity due to high moisture content and the presence of fibre constituents such as lignins, hemicelluloses and impurities on the fibres surface. Non cellulose compounds such as waxes, hemicelluloses, and lignins on the surface of the untreated fibres tend to absorb moisture and to create weaknesses in the microfibrils, resulting in easy deformation of the fibres during tensile loading.16,26,29
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Figure 8:      Variation of the modulus of elasticity of single fibres from the different extraction and treatment conditions.



4.          CONCLUSION

The influences of fibre extraction methods and chemical treatment on the structural features, thermal degradation patterns, and tensile properties of Entada mannii (Olive Tisserant) plant stem fibres were investigated. The results show that chemical treatment with KOH enhances the removal of lignins and hemicelluloses in the fibres. The resulting KOH treated fibres were more thermally stable when compared with the untreated fibres. Additionally, SEM analysis revealed an exposed surface consisting of a continuous network of micro fibrils for the KOH treated fibres. In contrast, untreated fibres had a fairly smooth surface suggesting the covering of its sub-cell structure by lignins and hemicelluloses on the fibre surface. It was also observed that the tensile property results demonstrate a significant improvement in tensile strength, elastic modulus and resilience for the chemically treated fibres. Finally, the hand stripped KOH treated fibres yielded the best combination of tensile and thermal properties.
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ABSTRACT: In this research work, the fracture mode of dual phase medium carbon low alloy steels which was subjected to uniaxial tensile testing, was studied. The dual phase microstructure was developed by adopting intercritical heat treatments at an isothermal temperature of 770°C for holding times of 15, 30 and 60 min. After characterising the tensile properties with the aid of a universal tensile testing machine, a scanning electron microscope (SEM-EDS) was further employed to analyse the microstructure of the developed DPS. From the results, it was observed that despite high strength being induced in the steel, the strain-to-fracture remains near 25%. The presence of dimple fractures and pull-outs, which led to the realisation of the existence of intermetallic compounds, was also obtained from the fractographs. In general, sample B-2 was soaked for 30 min and exhibits the best combination of mechanical properties.

Keywords: Fractographic analysis, intercritical heat treatment, dimple fracture, tensile test, dual phase steel

1.          INTRODUCTION

The versatility of ferrous materials has been attributed to their amenability to alloying and heat treatments, which makes it possible to modify their microstructure and to improve the properties that suit specific service requirements.1,2 One often explored structural modification is the development of dual phase steels (DPS), which are used to a large extent in the production of automobile body parts.3 DPS possess ferritic (soft and ductile) and martensitic (hard and brittle) microstructures, and the combination of both phases makes it possible to develop high-strength, ductile microstructures in low carbon micro alloy steel.4,5

Quantitative relationships between processing parameters (microstructure) and material properties are of considerable interest in the context of developing complex processing routes, which re-orient the microstructure and optimise the required material properties. This has thus led to experimental and theoretical studies examining microstructure-properties relationships.

Fracture-sensitive mechanical properties include ductility, ultimate tensile strength, fatigue life, and fracture toughness. These properties depend to a large extent on the processing parameters that are used when developing DPS.6 Limited attention has been paid to the influence of microstructural distributions on such material properties, particularly when dealing with medium carbon low alloy steels. Accordingly, an important objective of this research is to perform a systematic investigation of this kind.

Clearly, there are differences and complexities in the structures of DPS that have been produced in modern times. Such variability in the fracture-sensitive properties of structural materials, such as advanced high-strength steels, is not desirable. In recent years, there have been several studies on the relationships between microstructure and the variability in ductility and other fracture sensitive properties of non-ferrous metals. It has been shown that the variability is related to the presence of processing defects and large pores, the spatial distributions of which within the cast component differ in a stochastic manner.7,8

Little has been reported in the literature on the complexities of the fracture-sensitive properties of structural steels, particularly of high-strength medium carbon steel. Consequently, there is a need to develop a thorough understanding of the microstructural origins of the observed complexities in the fracture-sensitive properties of advanced high-strength structural steels, such as dual phase medium carbon low alloy steels.

2.          EXPERIMENTAL

2.1        Materials

Medium carbon low alloy steel was utilised in this work (the chemical composition is shown in Table 1). The following equipment was used during the course of the research: muffle furnaces, a Buhler grinding/polishing machine, a hacksaw with blade, a bench vice, an Instron universal testing machine, and a medium-size lathe.


Table 1:      Chemical composition of the medium carbon low alloy steel.



	Elements
	C

	Si

	S

	P

	Mn

	Ni

	Cr




	Composition
	0.3300

	0.1740

	0.0499

	0.0341

	0.8225

	0.1011

	0.1585




	Elements
	Mo

	V

	Cu

	W

	As

	Sn

	Co




	Composition
	0.00180

	0.0029

	0.3031

	0.0003

	0.0060

	0.0230

	0.0094




	Elements
	Al

	Pb

	Ca

	Zn

	Fe

	
	



	Composition
	0.0019

	−0.0006

	0.0002

	0.0037

	Bal.

	
	




2.2        Method

Medium carbon low alloy steel was machined to a tensile specimen following the standard configuration that is given by ASTM E8/E8M-13a.9 The specimens were intercritically treated by initially subjecting them to a normalising treatment, which erased the thermal and mechanical histories of the steel that were induced during the course of machining. The normalising treatment was carried out at an isothermal temperature of 870°C for 60 min in a muffle furnace. Intercritical treatment was then performed isothermally at a temperature of 770°C over holding times of 15, 30 and 60 min. At the end of every stage, the samples were quenched in warm water (37°C) to avoid quench cracking. After treatments, the samples were designated by symbols as B-1, B-2 and B-3 for the 15, 30 and 60 min holding times, respectively. Subsequently, room temperature uniaxial tension tests were performed on round tensile samples (5 mm diameter and 30 mm gauge length) that were machined from a steel sample. A universal tensile testing machine was built according to the standard test procedures established in ASTM E8/E8 M-13a.9 The samples were tested at a nominal strain rate of 10−3 s−1 until failure. Multiple tests were performed for each set of conditions to ensure the reliability of the data. The tensile properties were extracted from stress-strain curves that were obtained from the tension tests and include the ultimate tensile strength (σu), the yield strength (σy), and the strain to fracture (εf). Finally, the fractographs were obtained in secondary electron (SE) and backscattered electron imaging mode (BSE) and analysed using an SEM fitted with a detector for energy dispersive x-ray spectroscopy (EDS). This test was conducted for an average of six iterations before analysis.

3.          RESULTS AND DISCUSSION

3.1        Tensile properties

The tensile properties of the dual phase structures are summarised in Table 2. The yield strength (Y.S) and ultimate tensile strength (U.T.S) increased with the volume percent of martensite that formed. An apparent linear relationship was established between the strength and the amount of martensite phase in the samples when they were plotted in the order B-3, B-1, and B-2 (Figure 1). In contrast, the percent elongation for all developed duplex phase structures remained approximately 25%. The increase in tensile and yield strengths—sample B-2 possessed the greatest strength value of 638 MPa—with the increase in the volume percent of martensite is in agreement with the observations of Kumar et al.14.
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Figure 1:      Variation of strength with volume in the martensites.



3.2        Fractography

Visual examinations indicate that the fractured samples exhibited ductile breaks. This is explicit from the cup and cone structures that are shown in all of the fractographs. This observation corroborated the findings by Gokhale et al.6, Hirose et al.10 and Alaneme et al.11

Figure 2 shows the fractographs for tensile sample B-1 that fractured as a result of uniaxial loading, and they revealed various morphologies in the microstructure. A dimple fracture was observed, and there are various causes that have been attributed to the pull-out of packets observed in the structure, including the ductility of the sample despite its high strength;12 the low and consistent strain rate that was adopted in the tensile test; and the ferrite-martensite dual phase colonies that exist alongside some laths/platelets.6
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Figure 2:      SEM structure of sample B-1 showing ferrite-martensite pull-out.



Figure 3 shows a scanning electron micrograph of sample B-2 in a region where a cluster of ferrite-martensite colonies—typical of DPS—in a ratio of approximately 21:79 was found. The arrangement of these colonies contributes to the high strength observed in the tensile properties of the developed DPS. SigmaScan Pro image analysis software was used to determine the phase proportions.
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Figure 3:      SEM structure of sample B-2 showing ferrite-martensite colonies.




The pull-outs in sample B-3 revealed the presence of cementite, which is a metastable intermetallic compound (Figure 4) that has been observed to gradually decompose into the dual phase base structure.13 This is the type of fracture that ensued from the incoherence of individual ferrite-martensite interfaces. The large martensitic pull-out regions are generated because of a non-uniformity in the strain distribution at the ferrite-martensite interface, which leads to the whole martensitic region, along with ferritic regions, being extracted. Clearly, such pull-outs have deleterious effects on fracture sensitive properties, such as ductility. This sample is also observed to possess critical features that can be identified as intermetallic compounds. These features ensued from the precipitation of elements that were observed to be rich in silicon and carbon by up to 28 wt% and 18 wt%, respectively. The extreme holding time of 60 min that the sample was subjected to—prior to rapid cooling—could account for this special intermetallic compound formation.
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Figure 4:      SEM structure of sample B-3 showing intermetallic compounds amidst ferrite-martensite pull-outs.



4.          CONCLUSION

The effect of intercritical heat treatments on the fracture mode of medium carbon low alloy steel was studied. The DPS was developed by adopting intercritical heat treatments at an isothermal temperature of 770°C for different holding times. After characterising the DPS tensile properties with the aid of a universal tensile testing machine, a scanning electron microscope SEM-EDS was used to analyse the morphology of the microstructure. The results indicate that in spite of the observed high strength in the developed DPS, the strain-tofracture remained approximately 25%, thus indicating good ductility. The presence of dimple fractures and pull-outs, which led to the revelation of intermetallic compounds, were also observed in the fractographs. This type of fracture is confirmed to originate from the incoherence of individual ferrite-martensites interfaces. In general, sample B-2, which soaked for 30 min, exhibits the best combination of mechanical properties.
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ABSTRACT: In the medical field, some protective materials incorporating lead or high-Z elements are used as lead-equivalent aprons or garments and thyroid guards for the protection of personnel against X-rays. However, in recent years, non-lead protective materials have become widespread in radiology because of their light weight and durability. Lead (Pb) has been replaced by non-toxic elements in conventional aprons or garments, which are generally made from Pb materials. Therefore, it is essential to experimentally demonstrate the Pb-equivalence of any protective material to determine whether it complies with nominal thicknesses of 0.25 mm, 0.35 mm, 0.5 mm or 1 mm Pb. In this study, the X-ray attenuation properties of some protective materials made from elastomers loaded by high-Z elements (such as Sb, Sn, W, Ba, etc.) were experimentally determined using both narrow and broad-beam geometry conditions. The X-ray attenuation properties have been determined in terms of the attenuation ratio (F), build-up factor (B) and lead equivalent (δPb) for the investigated protective materials. These properties have already been stated by the manufacturers of the protective materials. From the air kerma values measured with a calibrated ionisation chamber, it was found that the mean attenuation ratios change from F = (90.7 ± 0.2)% to (20.9 ± 0.1)%, and the dose build-up factors are within the range of B = 1.90 to 2.75 at 80 kVp. The F-ratios change from F = (41.8 ± 0.1)% to (8.5 ± 0.1)%, and those B-factors remain in the range of B = 0.85 to 1.64 at 100 kVp. Among the attenuation properties for the x-ray protective materials, the most distinctive property is its lead equivalence. When they are compared with each other in terms of this property, e.g., for the δPb = 0.5 mm Pb thickness stipulated by standards, it is found that some of the investigated materials did not meet this criterion when exposed to X-radiation at diagnostic beam qualities. This result clearly indicates that the quality control tests of any protective material should always be performed to verify its compliance to the attenuation requirements before it is used in medical X-ray facilities for the radiation protection of the personnel.

Keywords: Protective material, lead-apron, lead equivalent, radiation protection, radiology


1.          INTRODUCTION

Lead aprons, garments and/or thyroid guards made from some special materials are most commonly used as tools to protect medical personnel and patients against X-rays in the medical field. However, in practice, some lead apron or garment protective materials are, in general, relatively heavy because they are lead alloyed, have a surface area of 0.5 m2 and are approximately 4.5 kg in mass. If a lead apron includes 0.5 mm of relined lead, its shielding effectiveness is the same as that of 4.5 kg of protective material, but its mass will be 2.6 kg.

It was noted by Jones and Wagner1 that lead aprons or garments are considered to be hazardous toxic waste for disposal and are quite heavy, causing back strain and other orthopaedic problems when worn for longer periods of time. Additionally, McCaffrey et al.2 indicated that the protective materials manufactured from the powder form of lead are poisonous and noted the decreasing lead ratio of the protective material with the use of lead alloyed or including non-lead materials. Therefore, it is a fact that the heavier lead aprons cause more ergonomic problems for medical doctors and technicians. Because of these facts, in recent years, manufacturers produced new protective materials, especially from particular plastic-based materials because of their light weights relative to lead, and they are preferred as protective materials in the diagnostic X-ray energy range. Most of these new developed protective garments are elastomeric or rubber fabric materials, which are generally manufactured by incorporating high-Z elements of about Z = 50 or higher such as In, Sn, Sb, Cs, Ba, Ce, etc. Hence, research on the production of novel protective materials incorporates the lower-Z elements rather than Pb. In newly developed protective materials, it is a fact that lead is replaced with elements having non-toxic high-Z elements such as Sn, Sb, Ba and W, whose K-edge absorption and photoelectric interactions can attenuate incoming radiation. Nevertheless, it is important to test these materials in reference to lead (Z = 82) because the K-absorption edges of such elements are always lower than the Pb K-absorption edge. It is still important to demonstrate whether the thickness of any newly developed protective material will meet the desired shielding effectiveness as well as the lead equivalent.

In this context, it is well known that various commercial protective garments or clothes manufactured from non-lead composite materials are used as protective tools or shielding materials in the medical sector. Moreover, it is generally claimed by their manufacturers that these newly developed protective materials have good radiation shielding effectiveness against X-rays in the radiologic energy range in which low energy (or superficial) X-rays are generated at tube potentials lower than or equal to 100 kVp, and medium energy (or orthovoltage) X-rays are generated at tube potentials higher than 100 kVp, as classified in AAPM’s TG-61 protocol, as referenced in Ma et al.3 However, beam qualities below 150 kVp are commonly employed in radiology practice. This study measures the attenuation properties of some protective materials used for aprons/garments and thyroid guards that are medically used for personnel protection against diagnostic X-ray energies in the range of 60 to 120 kVp.

It is important to measure the radiation attenuation properties of any protective materials and demonstrate the conformity of the radiation shielding effectiveness to the requirements stipulated by the EN 61331-1 international standard.4 This can be achieved by implementing an appropriate verification procedure in which the testing of any protective material or device is based on the evaluation of the measured quantities, for example, in terms of the lead equivalent, build-up factor and attenuation ratio.

In the literature, the shielding effectiveness of lead aprons was determined by performing simple transmission experiments. For this purpose, a polymethyl methacrylate (PMMA) body phantom was used and placed at the back of lead aprons having nominal 0.25 mm and 0.50 mm lead equivalent. Next, the transmission tests were performed to determine the attenuation ratio of the lead apron with an ionisation chamber interposed between the lead apron and phantom, as explained by Christodoulou et al.5 Aside from the lead apron, the attenuation ratio and lead equivalent values were calculated for four different non-lead protective materials, and it was shown how the radiation shielding changed with increasing X-ray tube voltage, as described by Vaiciunaite et al.6 Additionally, in the diagnostic energy range, the conformity to standard requirements was tested on the thyroid guard and lead apron materials that are manufactured from the lead alloyed (Hx-Pb) and non-lead materials (e.g., tungsten, rubber, elastomers and Greenalite), i.e., its structural formula: Fe+2 + 4.5Fe+3 + 1.0(Si4O10)(OH)8) given by Steadman and Youell. 7

In this work, a radiometric bench with a suitable X-ray device having an energy range between 40–150 kVp was used to provide broad-beam geometry (BBG) and narrow beam geometry (NBG) conditions in order to validate a full procedure. In addition, inverse broad-beam geometry (IBG) can also be discretely used for testing a protective material, as suggested by Büermann.8 It is worth noting that the IBG condition is only an alternative method to the BBG condition, but it is not a compulsory method to measure the attenuation ratio, FB, of the BBG. In fact, IBG measurements can be conducted in the beam qualities of the same X-ray facility, but a flat ionisation chamber needs to be used. However, the present work does not cover the IBG condition because a flat ionisation chamber with a wide area is not available in the laboratory for this purpose.


The main purpose of this work is to determine the radiation attenuation properties of some protective materials used as thyroid guard and lead apron/garments against an X-ray beam in the diagnostic energy range (40–150 kVp) by employing an appropriate procedure.

2.          EXPERIMENTAL

2.1        X-ray Irradiation and Measurement System

The irradiations were made by a Varian Rad 21 X-ray tube with an Italray High Voltage Generator (Scandicci, Florence, Italy) located in the X-Ray Calibration Laboratory, Ankara University Institute of Nuclear Sciences. The X-ray calibration system’s frequency is 50/60 kHz, the kV range in radiography mode is 40–150 kV and 40–125 kV in fluoroscopy mode, and the mA range in radiography mode is 25–600 mA and 0.5–6 mA in fluoroscopy mode. The anode material of the X-ray tube is tungsten, and the anode angle is 12°. A voltage divider is used to measure the applied voltage to the X-ray tube by the GiCi-PM generator, which has a kV range of 0–150 kV.

The air kerma (dose) measurements were carried out using a calibrated PTW type (TM 32005) ion chamber (Freiburg, Germany). The main technical specifications of the ion chamber are given in Table 1. The PTW UNIDOS Webline model (S/N: T10021-0049) electrometer was used together with the ion chamber. Additionally, different thicknesses of copper filters (0.15 mm and 0.25 mm) were used to obtain beam qualities (energies) specified within the requirements of the EN 61331-1 standard. A photograph showing an X-ray tube and a radiometric bench used for the attenuation measurements of the thyroid guards and lead aprons is shown in Figure 1. In this setup, the necessary fixing items were used for a suitable alignment of the measurement geometry.

Table 1:      Technical specifications of a calibrated ion chamber.
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Note: *Ionisation chamber and electrometer used for the measurements were calibrated by Secondary Standard Dosimetry Laboratory (SSDL), Physikalisch-Technische Werkstatten (PTW), Freiburg, Germany.
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Figure 1:      A photograph of a radiometric bench used for measurement of attenuation properties of X-ray protective materials.



2.2        Description of the Measurement Configurations

In this work, the standard method defined in the EN 61331-1 standard was chosen to determine the attenuation properties of protective materials. This method involves the testing of materials used as protective clothes against X-ray radiation qualities up to 400 kV and a total filtration of up to 3.5 mm Cu. The method can also be applied to measure the shielding effectiveness of X-ray absorber equipment besides radiation protective materials or devices. The following conditions are provided to implement the method in accordance with the EN 61331-1 standard: a) in NBG, the X-ray beam width consists of a diameter of 20 mm ± 1 mm radiation beam at the distal side of the test object; b) in NBG, the test object has dimensions of at least 100 mm × 100 mm; and c) in BBG, the test object has dimensions of at least 500 mm × 500 mm. In these measurements, the ionisation chamber has a sensitive volume of 28 cm3, its diameter is no more than 50 mm, and the energy dependence of this detector is less than ±5%, as given in Table 1.

The NBG conditions are shown in Figure 2. The first condition is related to the geometric configuration, that is, α ≥ 10 · max(D, t), where D is the detector diameter and t is the diaphragm aperture. The second condition is related to the signal to noise ratio, that is, [image: art], where [image: art] is the air kerma rate with the test object in the radiation beam, and [image: art] is the air kerma rate with the test object in the beam replaced by a sheet of material of the same shape with an attenuation ratio greater than 105. A lead sheet of 1.5 mm was used in this work, thus reducing the background radiation to almost zero. This choice always leads to a better factor than the expected factor of 105.
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Figure 2:      Narrow beam geometry, NBG.4
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Figure 3:      Broad-beam geometry (BBG).4



The BBG conditions are shown in Figure 3. The first condition is related to the geometric configuration, that is, a ≥ 3 · t and t > 10 · b, where b is the distance between the detector centreline and the test object, and t is diaphragm aperture. The second condition is related to the signal to noise ratio, i.e., [image: art]. Several additional dose measurement points are indicated in Figure 2 to determine the scattered radiation arising from the environment structure.

The a (mm) and b (mm) parameters shown in Figure 2 and Figure 3 are the distance (mm) from the distal side of the test object to the reference point of the radiation detector. The difference [W-w] is the distance between the dose measurement point of Kls and the dose measurement points of Ko, Ki and Ks. As seen in Figure 3, d is the distance between the focal spot of the X-ray tube and the measurement point of Kc. The distance between the measurement points of Kc and Koc is defined as the e (mm) parameter. The distance between the measurement points of Ko and Ks is defined as the f (mm) parameter. The distance between the focal spot of the X-ray tube and the test object is 1500 mm, and the distance between the focal spot of the X-ray tube and the detector is 1550 mm.


The air kerma values (K) measured by the ionisation chamber are defined using different subscripts, as follows:

Ki = Air kerma rate in the attenuated broad beam,

K0 = Air kerma rate in the unattenuated broad beam,

Ke = Air kerma rate in the attenuated narrow beam,

Kc = Air kerma rate in the centre of the broad beam measured between the radiation source and the test object and at the same distance from the radiation source as Koc,

Koc = Air kerma rate outside the broad beam emerging from the beam limiting system of the radiation source, which is measured at the same distance from the radiation source as Kc,

Ks = Air kerma rate inside the projection of the initial broad beam but outside the radiation beam limited by the diaphragm,

Kls = Air kerma rate in the attenuated broad beam but measured at the same distance from the radiation source as Ks.

The attenuation properties are defined in terms of three parameters. These are: 1) the attenuation ratio; 2) the build-up factor; and 3) the lead equivalent.

1) The attenuation ratio, FN or FB, can be evaluated as follows:

[image: art]

where FN denotes the attenuation ratio measured with a narrow beam condition, whereas FB denotes the attenuation ratio measured under broad-beam conditions.

2) The build-up factor, B, defines the air kerma rate in an attenuated broad beam and the build-up effect on the material while attenuating air kerma rates in a narrow beam. It is simply expressed as:
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This factor can also be calculated as B = Ki/c · Ke if the measurements of Ke are carried out for the material being tested and compared with the thickness of a layer of the reference material, resulting in the same value of Ke. The factor c = [(a + 1500)/1550]2 is dimensionless and used for correcting the differences of the measuring point distances from the radiation source.


3) The lead equivalent, δPb, is determined by the measurements of Ke for the material being tested and by comparison with the thickness of a layer of the reference material (one lead layer or extra lead layers), resulting in the same value of Ke. In this work, the thyroid guard and lead apron are used as the test material or test object.

2.3        The Tests for X-ray Protective Materials

The attenuation properties can be measured with different X-ray beam qualities, as shown in Table 2, and they are defined in terms of their total filtration and first half-value layers (HVLs). From these, the most representative beam energies are 80 kVp and 100 kVp beam qualities in radiology practice. It was determined that these kVp values are enough to determine the attenuation parameters in the diagnostic energy range. However, other X-ray tube voltages up to 400 kVp can be employed on demand for protective material testing.

Table 2:      Standardised X-ray beam qualities.4



	X-ray tube voltage (kVp)

	Total filtration* (mm Cu) nominal

	First HVL (mm Al) nominal




	30

	0.05

	0.99




	50

	0.05

	1.81




	80

	0.15

	2.77




	100

	0.25

	3.44




	150

	0.7

	5.17




	200

	1.2

	14.16




	250

	1.8

	16.8




	300

	2.5

	18.6




	400

	3.5

	20.8





Note:* These are also equal to 2.5 mm Al for beam qualites up to 150kVp.

In this work, high purity (99%) lead sheets were used as reference materials to compare the attenuation properties of the investigated protective materials. First, transmission measurements were made at NBG and BBG conditions using 0.5, 1 mm and 1.5 mm thick lead sheets. Then, a nominal thickness of δPb = 0.5 mm lead equivalent thyroid guard, a nominal thickness of δPb = 0.5 mm lead equivalent thyroid guard and lead aprons belonging to manufacturers, which are labelled here as letters A and B, were tested. A nominal thickness of δPb = 0.5 mm lead equivalent lead apron is called here C for the relevant manufacturer.


3.          RESULTS AND DISCUSSION

3.1        Dose Measurements at NBG Conditions

NBG and BBG conditions, shown in Figure 2 and Figure 3, were set up to determine the attenuation properties of the protective materials. The measured distances in Table 3 were chosen at these geometries to meet the standard requirements. While choosing the distances and tube currents, the X-ray exposure rates were adjusted to give at least between 0.6 to 0.9 mGy s−1 1 m from the source. The distances given in Table 3 were fixed to measure accurate doses in the nominal dose range of the ionisation chamber.

Table 3:      The fixed distances for the dose measurements.



	Parameters

	Length (mm)




	a

	100 ± 1




	b

	100 ± 1




	d

	940 ± 9.5




	e

	 400 ± 4




	f

	300 ± 3




	W–w

	50 ± 0.5





As given in Table 4, the X-ray tube voltages were measured by means of a voltage divider, as mentioned in Section 2.2, after a suitable total filtration value was chosen. Air kerma value Ke measurements in NBG conditions were taken at least three times using 0.5 mm, 1.0 mm, 1.5 mm lead layers. These dose measurements were then used to calculate the lead equivalent, δPb, of the investigated thyroid guard materials compared to that of the known nominal lead equivalent.

Table 4:      X-ray beam qualities used for measurement of the samples.



	Beam quality

	Total filtration




	Nominal kVp

	Measured* kVp

	Nominal total filtration (mm Cu)

	Obtained total filtration** (mm Cu)




	80

	79.2

	0.15

	0.14




	100

	99.2

	0.25

	0.24





Notes:

*      It was measured by using voltage divider.

**    Inherent filtration of X-ray tube is 1.2 mm Al. Copper equivalent of this value was calculated as 0.04 mm Cu with using Xcomp5r spectrum software.


As given in Table 5, the weighted mean values calculated from at least three measurements of the air kerma Ke values were given. The air kerma (dose) uncertainties varied between 2.66%–3.70%. The measurement sensitivity of the ion chamber decreased with increasing lead thickness as a result of decreasing the dose values, and hence, the dose uncertainties increased at low dose values.

Table 5:      Measured Ke air kerma values when reference lead materials are interposed between X-ray tube and detector.



	Thickness (mm Pb)

	X-ray tube voltage (kVp)

	Total filtration (mm Cu)

	Weighted air kerma values at NBG conditions* Ke (µGy)




	0.5

	80

	0.15

	30 ± 0.3




	0.5

	100

	0.25

	129 ± 4




	1.0

	80

	0.15

	3.17 ± 0.01




	1.0

	100

	0.25

	25 ± 0.2




	1.5

	80

	0.15

	0.53 ± 0.01




	1.5

	100

	0.25

	6.58 ± 0.01





Note: *These are the weighted mean values calculated from at least 3 measurements.

Reference lead materials were replaced by thyroid guard materials that interposed between the detector and the X-ray tube in a predefined location. Then, the measurements were performed in NBG conditions, and the measured air kerma values, Ke, are given in Table 6.

Table 6:      Measured Ke air kerma values and calculated lead equivalents when reference thyroid guard material interposed between X-ray tube and detector.



	X-Ray tube voltage (kVp)

	Total filtration (mm Cu)

	Narrow beam air kerma value, Ke (µGy)

	Nominal thickness (mm Pb)

	Lead equivalent, δPb (mm Pb)




	80

	0.15

	26.64 ± 0.74

	0.50

	0.53 ± 0.02




	100

	0.25

	119 ± 3

	0.50

	0.53 ± 0.02





Lead thickness versus dose graphs were plotted with obtained dose (air kerma) values in reference to lead material measurements, as shown in Figure 4 and Figure 5 for 80 and 100 kVp beam qualities, respectively. The measured dose values approximately decrease exponentially with increasing lead thickness, as expected. The regression coefficients were found to be R2≅0.992–0.993.
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Figure 4:      Relationship between reference lead thickness and measured dose at X-ray tube voltage of 80 kVp.
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Figure 5:      Relationship between reference lead thickness and measured dose at X-ray tube voltage of 100 kVp.



The lead equivalent of the reference thyroid guard material at 80 kVp was calculated as δPb = 0.53 ± 0.02 mm. Similarly, the lead equivalent of the reference thyroid guard material at 100 kVp was calculated as δPb = 0.53 ± 0.02 mm.

The uncertainty sources of these measurements are due to the distance between the X-ray tube focal spot and the test object (±%1), the distance between the test object and the ion chamber (±%1), the X-ray tube voltage (≤%1), the sensitivity of using the ion chamber and the electrometer (<%2), and systematic uncertainties (<%2).

3.2        Dose Measurements at BBG Conditions

The attenuation ratio and build-up factors of the reference thyroid guard material were calculated according to Equation (1) and Equation (2) by measuring the K0 and Ki air kerma values at BBG conditions, as shown in Figure 2. The measured results are given in Table 7 together with the calculated attenuation ratios and build-up factors at two different beam qualities. The attenuation ratios of the thyroid guards are found to be 24.5 and 10.6 material at 80 kVp and 100 kVp beam qualities, respectively. It was observed that the thyroid guard material prevented the X-radiation at approximately 96% at 80 kVp beam quality and 91% at 100 kVp beam quality. This protection level of the present thyroid guard material seems to be reasonable, but it can still be enhanced by approximately 8%–9%.

Table 7:      Measured K0, Ki, Ke air kerma values and calculated attenuation ratio and build up factors for reference thyroid guard material.
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Notes:

F = Attenuation Ratio, c = Correction Factor, B = Build up Factor

* Here, c coefficient was calculated from Equation (3) for the distance of a=100 mm

The Kc, Koc, Kls and Ks values measured the protective material’s other radiation attenuation parameters at BBG in accordance with the EN 61331-1 standard, and the results are given in Table 8. Koc ≤ 0.05·Kc was met by the boundary condition of the Koc air kerma value. In a similar way, Ks ≤ 0.01·Kls was met by the boundary condition of the Ks air kerma value. If these conditions can be met at BBG, it means that the scattered radiation arising from the environmental structure and walls around the X-ray setup is unimportant at the BBG measurement condition. Therefore, both the NBG and BBG conditions specified in the described method used in this work were entirely met.


Table 8:      Measured Kc, Koc, Kls ve Ke air kerma values.
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3.3        Measurements for the Shielding Effectiveness of the Thyroid Guard and Lead Apron

The shielding effectiveness parameters (attenuation ratio, build-up factor and lead equivalent) of the thyroid guards and lead aprons manufactured by various manufacturers were calculated at NBG and BBG measurement conditions, as explained in Section 3.1 and 3.2. For this purpose, the products of the various manufacturers were coded as A, B and C. To conform to standard tests of protective materials manufactured by various manufacturers and calculate their lead equivalent values of the thyroid guard and lead apron materials, the Ke values belonging to the reference lead materials (0.5 mm, 1 mm and 1.5 mm Pb), given in Table 5, were used. The measured air kerma values and calculated lead equivalent values at NBG conditions are given in Table 9 for thyroid guard and lead apron materials.


Table 9:      Measured Ke air kerma values and calculated lead equivalents for the investigated protective materials.
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Note: In this work, A, B, C letters are arbitrarily assigned to indicate different manufacturer’s products.

The K0 and Ki air kerma values at the BBG and the Ke air kerma values at the NBG of the investigated thyroid guard and lead apron materials are given in Table 10. For the samples, the attenuation ratio from Equation (1) and the build-up factor from Equation (2) are calculated. The results show that the lead equivalent values of the thyroid guard and lead apron materials of the A and B coded manufacturers are close to the nominal value of δPb = 0.5 mm Pb. However, only the lead equivalent value of δPb = 0.69 ± 0.03 mm Pb of the lead apron material of the C coded manufacturer is higher than nominal value of δPb = 0.5 mm Pb.


Table 10:      Measured K0, Ki, Ke air kerma values and calculated attenuation ratio and build up factors for investigated protective materials.
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The results show that the obtained attenuation ratio and build-up factor values of the protective materials (Table 10) increase with increasing attenuation ratio values (Table 9). For example, the attenuation ratio of the lead apron manufactured by the C coded manufacturer is F = 41.8 ± 0.1 at 100 kVp. The shielding effectiveness (i.e., protection level) of this material was calculated to be 97.6% from the measured data given in Table 10. Similarly, the attenuation ratio of this material is F = 8.5 ± 0.1 at 100 kVp for the lead apron manufactured by the A coded manufacturer. The shielding effectiveness of this lead apron against X-rays was calculated to be 88.2% from the measured data given in Table 10.

The lead equivalent values, δPb, of the thyroid guard and lead apron materials obtained from Table 9 and Table 10 are generally close to the conventionally accepted nominal value of δPb = 0.5 mm Pb. Concordantly, the attenuation ratio values of the investigated guard and apron materials at 80 kVp and 100 kVp are compatible with each other. However, the lead equivalent value of the lead apron provided by the C coded manufacturer was determined to be δPb = 0.69 ± 0.03 mm Pb, which is relatively higher than the nominal value of δPb = 0.5 mm Pb by 38%, which means that this value is the best one.

4.          CONCLUSION

The results indicate that there are significant differences relating to the shielding effectiveness of commercial protective materials. The essential point is that the shielding effectiveness of such protective material complies with at least one of the measured parameters, such as “lead equivalence.” However, a complete procedure should always be completed whether the material being tested “passes” or “fails” in regard to the radiation protection criteria according to the requirements stipulated by the standard. Hence, after performing X-ray transmission tests on the protective materials, the complete analysis of the obtained results regarding the key parameters, such as the build-up factor, attenuation ratio and shielding effectiveness percentage, for any protective material is essential for the acceptance of the pre-usage of these types of materials in X-ray working places such as hospitals. Moreover, periodically performing quality control (QC) tests of the lead apron and thyroid guard materials is suggested. In these tests, it is also important to observe the laceration, buckling, puncture and fracture of the protective materials with fluoroscopic examination and also to observe the size of the puncture and fracture of the lead equivalent materials. It is necessary to protect medical personnel and to decide whether the materials are acceptable or not. These tests strongly suggest performing radiation transmission tests of protective materials for their acceptance, especially considering the radiation protection of personnel or workers.

It is worth noting that these types of materials are being increasingly used for personnel protection during diagnostic imaging in medical centres. In addition, their usage has also increased significantly for the protection of personnel working in other harsh radiation environments, such as in handling and transportation and industrial X-ray or gamma-ray applications.
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