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Abstract: The stress and lattice constants in zinc oxide (ZnO) nanoparticles play a major role in determining the distortions that occur in the crystal during the preparation of the sample as a result of exposure to several factors, such as external strain, temperature, pressing and structural defects (oxygen vacancies and zinc/oxygen interstitials). ZnO nanoparticles (20 nm) were used to make high-density ZnO discs via uniaxial pressing at 4 ton cm–2 and sintering at 1200°C for 1 h. Structural, elemental and optical characterisations were then performed on the samples using various techniques. High-oxygen thermal annealing significantly affected the ZnO discs, particularly in enhancing the growth of the grain even at a low annealing temperature (450°C). The strong solid-state reaction during annealing may be attributed to the high surface area of the 20 nm ZnO nanoparticles that exhibited a strong surface reaction even at low annealing temperatures. The annealing treatment also improved the grain crystallinity, as shown by the transition of the intrinsic compressive stress to tensile stress based on the XRD lattice constant and full-width at half-maximum data. Therefore, high-oxygen thermal annealing can be used as a new technique in controlling the stress in nanoparticle-based ZnO discs and produce discs with improved structural and optical properties.
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1.      INTRODUCTION

Considerable interest has been focused on zinc oxide (ZnO) in recent years because of its wide direct bandgap and strong excitonic binding energy, which makes it a promising material for ultraviolet (UV) lasers with low thresholds,1 field emission arrays,2,3 surfacial acoustic devices,4 and transistors and biosensors.5 Aside from the typical nanowire, nanorod, nanobelt and nanotube morphologies, other fascinating ZnO nanoparticle structures include the hierarchical and tetrapod nanowhiskers, nanocombs and nanopins, which have been synthesised via different routes.6,7

Thermal annealing treatment is a widely used, effective technique for improving the crystalline quality of ZnO. The annealing temperature plays an important role in controlling the intrinsic defects in ZnO and the properties of the samples. Recrystallisation can occur at higher annealing temperatures, and the concentration of the defects changes with the annealing temperature and the ambient atmosphere. Other important annealing parameters include the ambient gas, time and gas flow rate.

Previous studies8–11 have shown that an optimum annealing treatment improves the crystal quality of ZnO and changes the Zn/O ratio as well as the intrinsic defects of the sample. Meanwhile, a number of studies have focused on determining the effect of thermal or oxygen partial pressures on the stress and structure of ZnO.12,13 These two parameters are known to strongly affect the residual stresses in ZnO discs. However, thermal annealing significantly affects the ZnO structure because thermal energy improves the crystallisation of ZnO discs.14 The stress arises during the growth process; hence, a perfect, stress-free crystallisation of ZnO can be achieved by adjusting the temperature and oxygen flow rates under optimal conditions. In other words, the intrinsic growth stress in the ZnO disc can be controlled by adjusting the conditions of the annealing process. The current study aims to demonstrate the conversion of stress from compressive to tensile during the annealing of ZnO discs by controlling the thermal annealing temperature at a fixed oxygen flow rate (2 L m–2). The correlation between the stress during annealing and the lattice constant is also investigated. Therefore, this study presents the effect of high-oxygen thermal annealing at various temperatures on the stress and lattice constant of ZnO nanoparticle-based ZnO discs.

2.      EXPERIMENTAL

ZnO discs were prepared via the conventional ceramic processing method involving ball milling, drying, pressing and sintering (1200°C). ZnO (20 nm) powder (MK Nano, > 99.8% purity) was obtained from the industry and used in producing ZnO discs.

ZnO nanopowder was blended with polyvinyl alcohol (PVA) by mixing with distilled water in a ball milling jar for 6 h. ZnO slurry was air-dried at 60°C for 1 h. The dried material was granulated by sieving through a 20-mesh sieve. The resulting granules were pressed under 4 ton cm–2 pressure to produce 26 mm wide and 3 mm thick green ZnO discs. Finally, the green discs were sintered at 1200°C in air for 1 h.

The as-grown ZnO samples were annealed in oxygen atmosphere at various temperatures from 450°C to 850°C for 1 h. The oxygen flow rate was 2 L min–1.


The microstructure of the ZnO discs was examined using scanning electron microscopy (SEM) and Energy dispersive X-ray spectroscopy (EDX) system (model: JSM – 6460 LV) and the grain size was determined by the ZnO-ZnO grain boundary crossing method. The crystalline phases were studied using a high resolution X-ray diffractometer (XRD) equipment (PANalytical X′ Pert PRO MED PW3040) with Cu Kα radiation (λ =1.5406 Å). Room temperature photoluminescence (PL) spectra were obtained using a Jobin Yvon HR 800 UV spectrometer system at room temperature. Raman spectroscopy was conducted as a supplementary tool to identify structural information (514.5 nm, argon ion laser, Labram-HR).

3.      RESULTS AND DISCUSSION

Figure 1 shows the SEM micrographs of unannealed and annealed ZnO discs at 450°C, 550°C, 650°C, 750°C and 850°C. The surface morphology of the samples strongly depended on the annealing temperature, indicating that the average grain size of ZnO increased with temperature. The as-grown ZnO discs consisted of co-joined grains (average grain size = 1.3 μm) and exhibited a highly porous morphology [Figure 1(a)].

The ZnO grains increased in size to approximately 1.4, 1.6, 1.9, 2.4 and 2.7 μm as the annealing temperature was increased to 450°C, 550°C, 650°C, 750°C and 850°C, respectively [Figures 1(b) to 1(f)]. The grains became more structurally arranged as they increased in size, resembling polygons/hexagons; at the same time, the porosity decreased, indicating that a higher annealing temperature promotes internal atomic diffusion, which is responsible for grain growth and pore elimination.

The ZnO nanoparticles had small-grains sized structures with the morphology changing according to the variation in the annealing temperatures. The SEM images show that the grain boundaries were fewer and the grains grew much bigger with further increase of annealing temperature. The high annealing temperature provides more activation energy to atoms to grow larger grains. Lin et al.32 described that high temperature can stimulate the migration of grain boundaries and cause the coalescence of more grains during the annealing processes. Fang et al.8 further indicated that at high temperature, more energy should be available for the atoms to acquire so that they may diffuse and occupy the correct site in the crystal lattice and grains with lower surface energy will grow larger at high temperature.
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Figure 1: Typical SEM images of (a) as-grown ZnO discs, and annealed at (b) 450°C, (c) 550°C, (d) 650°C, (e) 750°C and (f) 850°C temperatures.



Interestingly, tiny, distinct white spots of ZnO nanoparticles (approximately 80 nm to 100 nm) were found on the specimens, particularly for the 850°C sample shown in Figure 1(f). At a very high annealing temperature, the atoms have enough diffusion activation energy to occupy the correct site in the crystal lattice and the free zinc in the samples have a high energy to interact with oxygen during the annealing process which in turn leads to the appearance of the large white spots during annealing in this temperature. The larger white spots may be the agglomerates of ZnO nanoparticles. Excess zinc naturally produced from sintered ZnO may have provided this free zinc that was oxidised into ZnO during the oxygen-rich annealing treatment. The EDX spectra [inset of Figure 2(f)] for the white spots in samples annealed at 850°C show that presence of only Zn and O, suggesting pure ZnO nanoparticle composition of this white spots.


Figure 1 also shows the layer-by-layer growth of several grains. The growth of the secondary layer occurred during the oxygen-rich annealing, particularly at temperatures above 650°C. This polycrystalline layer is approximately 80 nm to 120 nm thick. The growth of the secondary layer may have been due to a high concentration of free zinc in the localised grains exhibiting multilayer growths.

Significant grain growth occurred in the ZnO discs even at a low annealing temperature (450°C), in addition to a secondary growth involving ZnO nanoparticles and multilayer grains. This interesting phenomenon may be attributed to the strong surface reaction during annealing due to the very large surface area of the 20 nm nanoparticles used in creating the ZnO discs. Increasing the annealing temperature resulted in the compression of the ZnO grains towards the centre of the disc and the growth of grain size. The increased annealing temperature was led to the oxygen concentration in the disc and caused a distortion in the form of the grains; this result indicates the presence of tensile stress in ZnO discs.

The EDX scan data (Figure 2) for the all area show that the oxygen content in the ZnO discs increased with increasing annealing temperature because of the increase in the oxygen diffusion energy. The observed high oxygen content in the annealed sample may be attributed to the interaction of ZnO with atmospheric oxygen during the annealing process under ambient conditions. The EDX results also reveal the presence of trace amounts of other elements such as Si (impurities) in the ZnO discs, which were introduced during the preparation and annealing processes.

The XRD spectra (Figure 3) of the ZnO disc specimens are characterised by major peaks at (101), (100), (002) and (110), which confirm the polycrystalline nature of the discs. The increase in the annealing temperature resulted in higher and narrower diffraction peaks with smaller full-widths at half-maximum (FWHM), indicating better crystallinity, as observed in the sample annealed at 850°C [Figure 3(f)]. This result is in contrast to the lower intensity peaks of the sample annealed at 450°C [Figure 3(b)].
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Figure 2: EDX spectra of (a) as-grown ZnO discs, and annealed at (b) 450°C, (c) 550°C, (d) 650°C, (e) 750°C and (f) 850°C temperatures.



The intense (101) peak of the as-grown ZnO disc increased from 2θ = 36.10° to 2θ = 36.14° after annealing at 450°C, indicating the occurrence of residual stress in the ZnO disc. The (101) peak (Figure 4) became narrower, less asymmetric and gradually shifted to higher 2θ values as the annealing temperatures increased, which resulted in the decrease in the lattice constant (Table 1). Moreover, the FWHM of the (101) diffraction peak decreased with the increasing temperature (Table 1), suggesting that the thermal annealing temperature improved the crystallisation of the ZnO nanoparticles.



[image: art]

Figure 3: XRD patterns of (a) as-grown ZnO discs, and annealed at (b) 450°C, (c) 550°C, (d) 650°C, (e) 750°C and (f) 850°C temperatures.






[image: art]

Figure 4: An enlarged view of the (101) X-ray diffraction peak of ZnO discs showing a shifting of this peak at different annealing temperatures.



Table 1: Summarised data from SEM images, XRD patterns and PL spectra.
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The stress in the ZnO discs may have been introduced via two mechanisms. One is that the intrinsic stress is due to the crystallite deficiency during growth, as well as the impurities and defects in the discs. Another is that the growth parameters, such as pressure, gas mixture, power and deposition temperature, may have caused the intrinsic stress. Previous studies9,15 have revealed that the intrinsic stress of the as-grown ZnO is compressive. By contrast, extrinsic stress can be generated during pressing, sintering, and annealing processes. The thermal stress in the discs results from the difference in the coefficient of thermal expansion α due to the variations in the annealing temperature.

The magnitude of the compressive stress component during the growth process was increased until it was converted to the thermal (tensile) stress component at a very high annealing temperature; therefore, an overall compressive residual stress was observed in the as-grown ZnO. The increase in the tensile stress with increasing temperature may be attributed to the increasing diffusion rate of oxygen on the surface of the disc, as well as the increase in the rate of reaction between the free Zn in the sample and oxygen at high annealing temperatures, which lead to an increase in the oxygen concentration in the ZnO disc. On the other hand, increasing the annealing temperature increased the energy for the diffusion of oxygen in the ZnO disc, which leads to tension in the lattice constant during the growth process.

The lattice constant (c) of the ZnO samples was obtained from the peak positions of the ZnO (002) planes. The results are summarised in Table 1. These values are comparable to the lattice constants of bulk ZnO (c0) at 5.208 Å.16 Using these data, the stress (σ) in the ZnO disc was calculated using the strain model for hexagonal crystals, as shown in Equation 1:17,18
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where C11 = 209.7 GPa, C12 = 121.1 GPa, C13 = 105.1 GPa, C33 = 210.9 GPa, co and c refer to the mean stress in the ZnO sample, the elastic stiffness constants of bulk ZnO, the lattice constant of strain-free bulk ZnO and the lattice constant of the ZnO disc, respectively. The numerical value of the elastic stiffness constants of bulk ZnO is approximately –453.6 GPa. The estimated values for σ in the ZnO disc for the (002) plane grown at different annealing temperatures are listed in Table 1. The increasing order of the stress values is as follows: σ(a) < σ(b) < σ(c) < σ(d) < σ(e) < σ(f). The negative value of the compressive stress indicates that the lattice constant is elongated compared with that of the stress-free sample.16 The positive values of samples d, e, and f indicate a tensile stress that results from the stretching crystal size, indicating that the lattice constant decreased compared with that of the stress-free sample.

The photoluminescence (PL) spectra in [Figure 5(a)] show two emission bands for the ZnO discs, particularly in the UV and blue-green-red regions. The UV emissions with band peaks at 365 nm to 369 nm have lower intensities compared with the broad, visible band peaks at 527 nm to 550 nm. The characteristic UV band edge PL peak of the as-grown ZnO disappeared as the annealing temperature increased because of the high intensity of the blue-green-red emission.19,20 The broad visible emission may be attributed to the electronic transitions from the near-conduction band edge to deep level acceptors, as well as to the transitions from the deep donor levels to the valence band.21 The visible emission was produced from the recombination of shallowly trapped electrons with deeply trapped holes in the Vo++ centres.22 Previous studies23,24 have attributed the increase in the green emission to Zn/O interstitial centres.
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Figure 5: Illustration of (a) PL spectra of ZnO discs at different annealing temperatures in the visible region and in the UV region (INSET), and (b) variation of the band-gap energy as a function of the different stress on the ZnO discs.



In the current study, the increase in the blue-green-red visible PL emission may be attributed to an extremely high concentration of structural defects in the starting raw material (20 nm ZnO nanoparticles). The structural defects were intrinsic (oxygen vacancies and zinc interstitials) and acted as deep-level acceptors for electronic transitions with the near-conduction band edge.

The broad PL visible emission of the samples increased as the high-oxygen annealing temperature increased, whereas the UV emission decreased [Figure 5(a)]. Oxygen absorption on the ZnO disc surface may have increased as the annealing temperature increased from 450°C to 850°C and may have driven the photogenerated electron-hole pairs in the depletion region to move to opposite directions.25 The enhanced oxygen absorption at high annealing temperatures (450°C and 550°C) also caused a blueshift in the PL emission peaks of ZnO, which may be attributed to compressive stress. The blueshift turned into a redshift when the annealing temperature was increased to 650°C, 750°C and 850°C, resulting in an increase in stress. As a result, the bandgaps of the ZnO nanoparticles decreased with increasing annealing temperature, and the tensile stress became more dominant as the grain size increased. The shift in the band-gap energy is related to the structural property. The inherent tensile strain in the ZnO disc can be relaxed by providing sufficient thermal energy, which lowers the band-gap energy. The band-gap was found to vary within the 450ºC to 850ºC annealing temperature range, which agrees with the reported value.26 The variation in the energy band-gap as a function of stress was measured (Table 1) and plotted in Figure 5(b) to determine the effect of stress on the energy band-gap. The band-gap energy can be determined using the following equation:
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where Eg = band-gap energy, h is Planck’s constant and c is light speed.

The variation in the energy band-gap and stress with different annealing temperatures is shown in Figure 6. The observed shift in the energy band-gap from a higher to a lower value may be attributed to the conversion of the compressive stress to a tensile stress with increasing annealing temperature. A decrease in the UV emission peak was observed at higher annealing temperatures as the compressive stress increased because of the increase in the grain size. Hence, the variation in the band-gap with temperature significantly correlated with the stress in the disc, indicating that the increase in the annealing temperature induced an increase in the grain size, and caused a reduction in the quantum size effect (or in the energy band-gap) in the ZnO nanoparticles.14,27,28 At the same time, the increased temperature promoted the diffusion of oxygen on the discs and led to a decrease in the ZnO lattice constant, consequently increasing the tensile stress in the sample.16,27,29
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Figure 6: Variation in band-gap (Egbulk–Eg) and stress in the ZnO discs with different annealing temperature.



This study shows that a decrease in the PL emission peaks and energy bandgap with increasing annealing temperature plays an important role in increasing the stress. Similar results were also obtained using Raman spectroscopy and SEM, indicating that the stress significantly affects the structural and optical properties of ZnO nanoparticles.

Figure 7 shows the Raman spectra for the ZnO discs at different thermal annealing temperatures. Raman scattering is very sensitive to the microstructure and can be used to obtain additional information on the structure of the ZnO nanoparticles. Single-crystalline ZnO has eight sets of optical phonon modes at the Г point of the Brillouin zone, wherein the Raman active modes are E2(low), E2(high), A1(TO), E1(TO), A1(LO) and E1(LO). Generally, the E2(high) optical phonon mode of the ZnO nanoparticle represents a wurtzite structure. Compared with the stress-free bulk ZnO (437 cm–1),30 the different positions and intensity of the E2(high) mode (shifting up or down) indicate a change in the band structure of the ZnO nanoparticles and provide information on the stress. In a similar manner, an increase in the E2(high) phonon frequency indicates the occurrence of compressive stress in the crystal, whereas a decrease in this mode is attributed to tensile stress.31 The E2(high) positions for the discs annealed at 450°C and 550°C were observed at 439.4 cm–1 and 438.6 cm–1, respectively, indicating an upward shift of approximately 2.4 cm–1 and 1.6 cm–1. The upward shift in the position of the E2(high) phonon mode is attributed to the compressive stress in the ZnO discs. On the other hand, the position of the E2(high) phonon mode for the discs annealed at 650°C, 750°C and 850°C shifted downward to 436.8 cm–1, 436.2 cm–1 and 435.1 cm–1 (corresponding to shifts of 0.2 cm–1, 0.8 cm–1 and 1.9 cm–1), respectively, indicating the occurrence of tensile stress in the ZnO discs, which increased with temperature. Two Raman-active optical phonons were assigned in all the annealed samples. The peaks appearing at 110 cm–1 and 595 cm–1 correspond to the E2(low) and E1(LO) phonon modes of ZnO, respectively. The E1(LO) peak centred at 595 cm–1 is attributed to the formation of defects such as oxygen vacancies and Zn interstices.31
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Figure 7: Raman spectra of (a) as-grown ZnO discs, and annealed at (b) 450°C, (c) 550°C, (d) 650°C, (e) 750°C and (f) 850°C temperatures.



4.      CONCLUSION

ZnO discs were prepared via the conventional ceramic processing method and then annealed at different temperatures. SEM, EDX and XRD were used to characterise the disc morphologies and crystal structures of the samples. The crystal quality of the ZnO discs was highly dependent on the annealing temperature. Increasing the annealing temperature from 450°C to 850°C resulted in a larger grain size and improved grain crystallinity, as indicated by the decreased intrinsic compressive stress deduced from the XRD lattice constant and FWHM data. The XRD analysis at 2θ shows that the ZnO disc suffers from a slight compressive stress at low annealing temperatures; this stress is then converted to tensile stress and gradually increases with increasing temperature. The PL spectra of the ZnO nanoparticle show the effect of stress on the energy bandgap. The change trend of the energy bandgap relative to the as-grown ZnO indicates a change in the band structure of the ZnO nanoparticles and provides information on the stress. The upward shift in the energy bandgap corresponds to the occurrence of compressive stress in the crystal, whereas the decreased value of this bandgap is due to tensile stress. The shift in the E2(high) optical phonon mode of the ZnO nanoparticles indicates the effect of stress on the wurtzite structure. All these results indicate that high-oxygen thermal annealing can be used as a new technique in controlling the different properties of nanoparticle-based ZnO discs and obtain high-quality discs with improved structural properties and minimal stress.
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Abstract: Sago starch (SS) based polymer nanocomposites (PNCs) were produced with presence of inorganic nanofiller (zinc oxide nanorods). The percentage of zinc oxide nanorods (ZnO-N) was varied from zero to 10 wt% with increment of 2%. Dielectric and conductivity behaviour of SS/ZnO-N polymer nanocomposites were characterised using LCR-frequency analyser. Structural and composition of ZnO-N filler and PNCs were characterised using field emission scanning electron microscope (FESEM), transmission electron microscope (TEM) and Fourier-transform infrared (FTIR) spectroscopy. By increasing the amount of ZnO-N filler in PNCs, a huge difference in properties was observed especially on relative dielectric constant and electrical conductivity. As the ZnO-N filler content was increased to 10% of total solid, the electrical conductivity and relative dielectric constant of PNCs were observed to increase by 53% (to 0.95 μS cm–1) and 60% (to 44.1), respectively. The tangent loss in PNCs without filler was measured to be 78% larger (at 7.3) than that of BNC film (at 1.6) with 10% filler content. The highest obtainable room temperature conductivity was 0.95 × 10–6 S cm–1 for sample with 10 wt% ZnO-N filler. FESEM micrographs showed no particles agglomeration of ZnO-N in all film samples indicating a uniform distribution of nanoparticles inside the polymer films. Ultraviolet (UV) absorbance shows total absorption of light below 380 nm in all film samples except control film. PNCs with ZnO-N also show zero light transmission below 380nm. FTIR analysis revealed that there was no presence of new functional groups after the application of ZnO-N into PNCs samples indicating that the interaction between ZnO-N and SS polymer was physical in nature.

Keywords: Polymer nanocomposites, zinc oxide nanorods, relative dielectric, tangent loss, UV absorbance, UV transmission

1.      INTRODUCTION

Interest in the study of biopolymer system has been continuously growing in recent years due to the various potential applications such as in electronics,3 medical,4 food packaging,5 bioplastics6 and coating.7 Characteristics such as being biosafe, renewable, biodegradable and carbon neutral have made application of biopolymer important in production of environmental friendly product.1,2 However, conventional polymer has been reported to have a few limitations in their properties. Research suggested that addition of inorganic nanofiller into the polymer will result in enhancement of polymer properties, which greatly differ from the conventional polymer and exhibit unexpected properties.8–11 Therefore, different types of nanofiller have been produced for this purpose. Some of the most reported metal oxide inorganic nanofillers in the literature include TiO2, Al2O3, SiO2 and ZnO.12–15

ZnO-N is a multifunctional n-type semiconductor that has a wide band gap (3.4 eV), large exciton binding energy (60 meV), effective ultraviolet absorbance and good chemical stability.18 It shows great potential in application of solar cell,12 gas sensor,19,20 varistor,21 cosmetic material22 and so on. ZnO is reported to be nontoxic and environmental friendly which makes it valuable for bio-application.23 In addition, ZnO also exhibits anti-bacterial properties that are useful for pharmaceutical application. Starch, on the other hand, is an organic compound which can be found commonly in food. It was known for its use in textile and food industries for decades. Biocompatibility properties of starch have driven more research group to work on this material for various types of applications including in medical16 and pharmaceutical.17 A recent application of starch is in pharmaceutical capsules as a potential replacement for the conventional animal gelatin capsule. However, application of starch-based polymer in food packaging may not be suitable due to its limitation especially the anti-bacterial properties of the polymer. Therefore, the main purpose of having ZnO-N incorporated in starch-based polymer is to improve the quality of the end product in terms of anti-bacterial properties.

As reported in literature, ZnO nanoparticles carry proven anti-bacterial properties. Many research groups reported to have ZnO nanoparticles in the inhibition of bacteria growth.29 However, the exact in-action mechanism of ZnO nanoparticles is still unknown. Zhang et al. suggested that bacteria inhibition occurs through direct interaction between ZnO nanoparticles and the cell surface.31 This interaction affects the cell membrane permeability, causing the nanoparticles to enter the cell system and inducing the oxidative stress in the bacterial cell. This will result in the inhibition of bacterial growth and cause bacterial death. Since the ZnO nanoparticles are trapped between the polymer matrix after incorporation with PNCs, the suggestion does not seem suitable to describe the anti-bacterial mechanism of ZnO nanoparticles in starch-based PNCs. This is because the trapped ZnO nanoparticles are not capable to enter the cell system and inhibit the bacterial growth.


Zhang et al. also suggested another cause of bacteria inhibition, which is the electrostatic force interaction between ZnO nanoparticles and cell surface.31 This interaction will create opposing charges between the bacteria and nanoparticles that will generate an electrostatic force. This electrostatic force will strongly bind the bacteria and ZnO nanoparticles together and consequently cause cell membrane damage. This suitably describes the anti-bacterial properties of ZnO nanoparticles in PNCs, since ZnO nanoparticles are an n-type semiconducting material which unintentionally carries charge carrier in each individual particle. On the other hand, the behaviour of charge carrier in SS/ZnO-N PNCs has not been reported before. Further, their behaviour under the influence of frequency with different concentration of ZnO nanoparticles is still unknown. For this purpose, analysis on relative dielectric, electrical conductivity and tangent loss properties of SS/ZnO-N PNCs have been performed. The aim of these studies is to get a better understanding on the electrical behaviour of charge carrier in PNCs with different concentration of ZnO-N, which then will contribute to the anti-bacterial properties of SS/ZnO-N PNCs. The relations between these properties have been clearly described in the results and discussion part.

Besides electrical, ZnO nanoparticles also exhibit promising optical behaviour that may contribute to the anti-bacterial properties of SS/ZnO-N PNCs. Many research groups reported having ZnO nanoparticles in UV-shielding applications. Since conventional polymer such as starch cannot provide UV-shielding capability, the incorporation of ZnO nanoparticles in starch-based PNCs are expected to provide this property. Therefore, studies on starch-based polymer nanocomposites on UV shielding with presence on ZnO-N at different filler concentration has been done in order to get better understanding on how different concentrations of ZnO-N will effect the UV absorption and transmission of PNCs.

2.      EXPERIMENTAL

Nano zinc oxide was synthesised using a method introduced by Shahrom et al. known as catalyst-free combust-oxide mesh (CFCOM) process.32 Sago starch (13.4% moisture), food grade glycerol and liquid sorbitol were obtained from SIM Company Sdn. Bhd. (Penang, Malaysia). ZnO-N powder was dispersed in water at different concentrations (2, 4, 6, 8 and 10%, w/w of total solid) and mixed with 40% (w/w of total solid) of sorbitol and glycerol (3:1). Film without addition of ZnO-N served as control. The choice and ratio of plasticiser used was based from Abdorreza et al. and the concentration of plasticiser applied was constant throughout all samples.33 The mixture was sonicated in ultrasonic bath (Marconi model, Unique USC 45 kHz, Piracicaba, Brazil) for 10 min. Then, 4% (w/w) of sago starch were mixed with the ZnO-N solution and heated up to 90 ± 5°C for 45 min with constant agitation. Upon completion, the solution was cooled down to room temperature and the solution was cast on Perspex plate fitted with rims around the edge. The thickness of samples was controlled through weight-control method, where 90 ± 2 g of solution was cast on Perspex plate. The average thickness of each sample was 0.14 ± 1 mm. The yield area of film formation was 16 × 16 cm2. The cast solution were placed in an oven at 40°C for 24 h and then were peeled and stored at room temperature with 50 ± 5% relative humidity (RH). The thickness of BNCs film was measured before tested at five different location centre and edge to the nearest 0.01 mm using digital micrometer screw gauge (Mitutoyo, Tokyo, Japan).

The structure of zinc oxide nanorods were examined using TEM before embodiment with starch-based polymer. Dispersion of ZnO-N after embodiment with starch-based polymer was examined using Gemini Supra 50 VP FESEM. Energy dispersive X-ray spectroscopy (EDX) was used to detect type of element present in PNCs and analysis of ZnO-N interaction with starch-based polymer has been performed using FTIR spectrometer model Perkin Elmer Spectrum GX in spectra range between 400 and 4000 cm–1. UV absorption and transmission have been performed using Shimadzu UV-1800 UV-Vis spectrometer in the range of wavelength 1100 to 250 nm. The dielectric permittivity, conductivity and tangent loss properties of starch-based polymer nanocomposites were examined using Agilent 4284a Precision LCR meter in frequency range between 0.01 kHz and 1000 kHz.

3.      RESULTS AND
DISCUSSION

3.1    FESEM and
TEM Analysis

The TEM micrographs of zinc oxide nanorods are as shown in Figure 1(a) and (b). The TEM micrographs shows ZnO-N having widths of 30–100 nm and lengths of 100–300 nm. The physical looks of SS/ZnO-N PNCs with different filler concentration were shown in Figure 1(c). It can be observed that as concentrations of nanoparticles reduce, the PNCs tend to become transparent. As suggested by literature, light penetration capability through polymer composites is dependent on inter-particle distance and structure of the filler.30 High concentration of filler is reported to result in formation of filler multilayer inside the polymer that reduces the intensity of light passing through polymer films. Besides multilayer effect, it was also suggested that the inter-particle distance of nanofiller decreases as the amount of nanofiller in polymer nanocomposites increases. Figure 1(d) shows the elemental peak of PNCs composition using EDX. Figure 1(e) shows a dispersion of ZnO-N at the cross section of PNCs film with 10% (w/w of total solid) filler content. It can be seen that no agglomeration of nanoparticles were observed in PNCs film. The EDX analysis as in Figure 1(d) shows zinc (Zn), oxygen (O) and carbon (C) were presence in PNCs and no impurities were detected. The results also suggest that carbon having the highest percentage in PNC composition. It is due to the nature of organic composition, which is made up of carbon. Presence of gold (Au) was due to the coating of samples for SEM purpose.
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Figure 1: Illustration of (a) and (b): TEM micrographs of ZnO nanorods; (c) SS/ZnO-N BNCs with different filler content; (d) EDX elemental analysis; and (e) nanoparticles dispersion of ZnO-N in BNCs with 10% filler concentration.



3.2    FTIR and UV-Vis Analysis

The study shows that SS/ZnO-N bionanocomposite with different filler concentration demonstrate the same spectra in the range of wavenumber 400 to 4000 cm–1. As the concentration of ZnO-N increases in BNCs, neither sharpening nor shifting was detected. It reveals that only physical interaction between ZnO-N filler and starch-based polymer was taking place in polymer nanocomposites. The FTIR spectra of the polymer nanocomposites with different ZnO-N filler concentration are shown in Figure 2(a). Figure 2(b) and (c) show the absorption and transmission spectra of SS/ZnO-N PNCs in the range of wavelength 1100 to 250 nm. The absorption spectra in Figure 3(b) show that the amount of light absorbed by PNCs increased as the wavelength was reduced. In addition, more light was absorbed as the concentration of filler in PNCs increased. The absorbance level was observed to peak between the wavelength range of 360 and 375 nm. These results indicate that the SS/ZnO-N PNCs exhibit an obvious blue-shift phenomenon. Similarly, the amount of light transmitting through the PNCs was reduced as the amount of filler concentration increased. Therefore, it is suggested that the presence of ZnO-N in starch-based polymer improved the UV-shielding property of the polymer. This property is important especially in the application of pharmaceutical capsules since the drug inside the capsules can be protected from unwanted rays that might change its properties or cause damage.
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Figure 2: Illustration of (a) FTIR spectra; (b) UV-Vis absorption; and (c) UV-Vis transmission of SS/ZnO-N BNCs at different filler concentration.
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Figure 3: Illustration of (a) relative permittivity behaviour; (b) dielectric loss; and (c) conductance in a function of frequency of SS/ZnO-N BNCs.



3.3    Dielectric and Tangent Loss Behaviour

The term relative permittivity (ϵr) or dielectric constant (k) was known to describe the dielectric permittivity of free space. The dielectric response of the nanofiller in the bionanocomposite at various frequencies is described in term of complex permittivity (ϵ*) which is represented by a real and imaginary part.
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where ϵ′ is the dielectric permittivity and ϵ″ is the dielectric loss. The dielectric loss tangent (tan δ) is defined as
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The relative permittivity as a function of frequency for different ZnO-N concentrations at room temperature is compared in Figure 3(a). Dispersion of permittivity over frequency was observed in low frequency region followed by a nearly frequency independent behaviour above 1 kHz. There is a significant effect of ZnO-N on ϵr value of PNCs at lower frequency region. The permittivity of the unfilled polymer obtained is less than the polymer with filler where it shows a significant change as the concentration of filler increased. The values of permittivity reduce over a wide range of frequencies but further increase in filler loading will result in an increase in permittivity values. The embodiment of ZnO-N filler in polymer nanocomposites may result in more localisation of charge carriers along with mobile ion and this produces higher ϵr value with strong low frequency dispersion.25,26 Literature has reported that interactions between nanofiller with polymer chain may also affect the values of effective permittivity. The physical interaction may result in hindrances of the mobility of nanocomposite and this may contribute to lower value of relative permittivity and conductivity.27 However, the physical interaction between ZnO-N filler and SS polymer shows encouraging behaviour of relative permittivity where higher ϵr value was obtained as concentration of filler increased. Hence, it suggests that the interaction between ZnO-N filler with SS polymer does not preclude in mobility of PNCs. The decrease in relative permittivity, ϵr with frequency may attribute to the electrical relaxation process.

Figure 3(b) shows the variation of loss tangent with frequency at different concentrations of ZnO-N in PNCs at room temperature. At low frequency region below 1 kHz, it can be observed that the loss tangent of unfilled polymer is higher compared to biopolymer with filler. In general, tan δ values are expected increase as concentration of filler in the material increase. However, such observation could not be made here. Literature reported that such cases can occur due to the charge transport through different chain or interfaces and defects.26,27 At lower nanofiller loading, the number of nanofiller present in polymer is less. Hence, less free charge carriers from filler are present in PNCs. In this case, the inter-particle distances are high and this may result in higher charge trapping sites, which reduce the conducting path. These conditions increase the probabilities of charge trapping and charge neutralisation. It reflects the condition where at lower nanofiller loading, the tangent delta obtained is similar or less than the unfilled polymer. Whereas, higher nanofiller loading will result in higher free charge carriers from the nanofiller to accumulate in the polymer. This condition may reduce the inter-particle distance of nanofiller and decrease the charge trapping sites and probability of charge neutralisation. Hence, higher electrical conduction behaviour of PNCs will be obtained and these conditions result in the tangent loss to be significantly smaller than that of unfilled polymer.

3.4    Conductivity of SS/ZnO-N Bionanocomposite

Figure 3(c) shows the variation of conductivity, σ with variation of frequency at different concentration of ZnO-N filler. The conductivity of unfilled polymer obtained is less than that of polymer with filler where significant changes were observed as the concentration of filler increases. The conductivity exhibits a nearly frequency-independent behaviour at low frequency region and dispersion at higher frequency. Further increase in filler loading will increase the conductivity values, which keep increasing over a wide range of frequencies. The maximum conductivity of 0.95 × 10–6 S cm–1 was achieved for samples with 10% (w/w, of total solid) filler content. There are various factors that may influence the conductivity which include the number of charge carriers, mobility of free charge and the availability of connecting the polar domain as the conduction pathway.28

In the case of bionanocomposite, the increase in conductivity values could be attributed to the increment of charge carrier due to the embodiment of ZnO-N filler in bionanocomposite. The variation of SS/ZnO-N bionanocomposites conductivity was observed to follow the universal dynamic response as suggested by the literature. The nature of universal dynamic response has been widely observed in disordered materials like conducting polymers and conducting glass. According to jump relaxation model at very low frequency (ω→0) an ion can jumps from one sites to its neighbouring vacant site. Such behaviour may contribute to the occurrence of DC conductivity. However, at higher level of frequencies the probability for the ion to go back again to its initial sites increases due to the short time periods available. Table 1 shows the overall electrical behaviour of SS/ZnO-N polymer nanocomposites.


Table 1: Dielectric and conductance behaviour of SS/ZnO-N bionanocomposites.



	ZnO-N (%)

	Relative permittivity, ϵ [At f = 0.01 kHz]

	Tangent loss, δ [At f = 0.01 kHz]

	Conductance (µS cm–1) [At f = 1 MHz]




	0

	14.4

	7.3

	0.61




	2

	20.5

	6.2

	0.69




	4

	28.5

	6.1

	0.73




	6

	33.8

	5.9

	0.80




	8

	39.0

	5.2

	0.82




	10

	44.1

	4.9

	0.95




4.      CONCLUSION

Incorporation of ZnO-N as nanofiller in the polymer nanocomposites plays an important role in enhancing their electrical and optical properties. Adding low-level nanofiller concentration in PNCs will result in a huge difference in both properties. The optical properties showed an improvement especially on absorption and transmission of light in blue region. This suggests that the presence of ZnO-N in starch-based polymer can provide UV-shielding properties to conventional starch polymers. Besides optical properties, SS/ZnO-N PNCs also showed promising electrical properties. From the results, the charge carriers of ZnO-N in starch-based polymer are present along with the addition of ZnO-N. Their behaviour varied with the concentration of ZnO-N and frequency applied. The localisation of charge carriers in the polymer suggests that the mechanism of anti-bacterial of SS/ZnO-N PNCs can be achieved. This is due to enhancement of the anti-bacterial properties of starch-based polymer through electrostatic discharge between ZnO-N and bacteria. However, in order to prove that the localisation of charge carriers in starch-based polymer may preclude the growth of bacteria, further research such as in-vitro studies is required. As a conclusion, the early studies on optical and electrical properties of ZnO-N presence in conventional polymer such as starch-based polymer is proven to improve the UV shielding and provide localisation of charge carriers, hence improving the electrical properties of conventional polymer.
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Abstract: Silica-ruthenium-tryptophan catalyst was synthesised from rice husk via a simple solvent extraction and sol-gel technique at room temperature. The catalyst was labelled as RH-Ru-T and characterised by various physico-chemical methods. RH-Ru-T had a high specific surface area at 399 m2 g–1 and a bimodal pore size distribution between 30–50 Å. The catalyst was found to be amorphous. Transmission electron microscopy image revealed the formation of wormlike structure. The use of RH-Ru-T as catalyst in the benzylation of toluene resulted in a conversion of 99.9% and 86% selectivity for the mono-substituted (ortho- & para-) products within a short reaction time.

Keywords: Sol-gel preparation, rice husk silica, bio-template, silica-ruthenium

1.      INTRODUCTION

Rice husk (RH) is an agricultural waste produced from the milling of rice. RH is the outer cover of the rice that constitutes about 20% by weight of the paddy. A typical RH composition contains 18.8–23.3% of silica, 28–38% of cellulose, 9–20% of lignin and other metallic impurities.1 RH is a source of environmental problem if improperly disposed. The uncontrolled burning of RH can generate undesirable atmospheric pollutions.2 In addition, rice husk ash generated can cause breathing problem due to its fine particle size which is easily transported by air.3 Due to this, many scientists have used the abundant rice husk waste to transform it into more valuable products such as silica.

Silica is stable both thermally and chemically.4 It has high surface area and pore size ranging from microporous to mesoporous (5–500 Å) and is one of the major reasons for its effectiveness as a catalyst support material. Silica is an attractive support for metals because it is only mildly acidic and is relatively inert. Amorphous silica is well known and commonly used as support material for metals due to its high surface area. The silica obtained from rice husk can be used as raw material for production of construction material, fillers, adsorbents, chromatographic agents, catalyst and as catalytic supports.5,6


Today, one of the most challenging issues in the synthesis of porous silica is the ability to control the pore size and pore structure. In order to tailor the pore structure of these mesoporous supports, suitable templates are required. Many templates have been used for the synthesis of mesoporous silica. Some examples of the templates include bio-templates such as amino acid, yeast, enzyme and chitosan.7–10 These templates are useful to develop structured material for a wide range of applications. Among the amino acids, tryptophan has not been used as a template before. Since most of the templates used as structure directing agents contain nitrogen atoms, it was thought that the use of tryptophan might result in the generation of new structures which might have important properties that can be explored.

In this study, silica-ruthenium-tryptophan complex was successfully synthesised by solvent extraction and sol-gel technique at room temperature. To promote green chemistry, the biomass RH and bio template (tryptophan) were used to prepare the catalyst. The synthesised catalyst was characterised by powder X-ray Diffractometry (XRD), nitrogen sorption analysis, transmission electron microscope (TEM) and scanning electron microscope – energy dispersion X-ray (SEM-EDX). The prepared catalyst was evaluated in the benzylation of toluene under mild reaction condition to yield substituted diphenylmethanes. Diphenylmethanes are industrially important compounds and are used as pharmaceutical and in fine chemical synthesis.

2.      EXPERIMENTAL

2.1    Raw Materials

Rice husk (RH) was obtained from a local rice mill in Penang, Malaysia. The following chemicals were used in this work: Nitric acid (QreC, 65%), sodium hydroxide (QReC, 99%), acetone (QRec) and ruthenium(II) chloride (R&M Chemical). All chemicals are of AR grade and used as received without further purification.

2.2    Preparation of RH-Ru-T Catalyst

Preparation of sodium silicate was carried out as reported in a previous study.11 0.2670 g of tryptophan (5% w/w) was weighed and added into the prepared sodium silicate solution and stirred until a homogeneous solution was formed. The solution was titrated with 3 M HNO3 containing 10.0% (w/w) Ru3+ (1.0959 g of RuCl3.xH2O) until it reached pH 3. The resulting suspension was kept in a covered container and aged for 10 days. The aged gel was recovered by centrifuge and washed with distilled water and finally acetone. The gel was then left to dry in an oven at 110°C for 24 h. The catalyst was ground to fine powders and labelled as RH-Ru-T. The mass of RH-Ru-T obtained was 3.8439 g.

2.3    Catalytic Reaction

The benzylation of toluene over the prepared catalyst was carried out in a magnetically stirred two-neck flask with a reflux condenser. 15 mL of toluene was pipetted into the 50 mL round bottom flask that contained 1 mL of benzyl chloride as the reactant and 1 mL of decane as the internal standard. 0.2 g of the catalyst (activated at 110°C for 24 h) was weighed and transferred directly into the flask. The reaction was carried out under refluxing for 6 h. The reaction mixture was analysed by gas chromatography – mass spectroscopy.

3.      RESULTS AND DISCUSSION

The N2 adsorption-desorption isotherm and the pore size distribution of RH-Ru-T are shown in Figure 1. The sample exhibited a type IV isotherm and H2 hysteresis loop according to IUPAC classification.12 The hysteresis loop was observed in the range of 0.4< P/P0 <1.0, which was a result of capillary condensation taking place in the mesopores. The specific surface area of RH-Ru-T was found to be 399 m2 g–1 and the pore volume was 0.006 cc g–1. The catalyst showed a bimodal pore size distribution with 2 different pore ranges, i.e., at 30 to 35 Å and 35 to 50 Å.
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Figure 1: The nitrogen adsorption analysis of RH-Ru-T: (a) The isotherm showing the hysteresis loop; and (b) The bimodal pore size distribution found in the catalyst.



XRD analysis of RH-Ru-T is shown in Figure 2. No crystalline phase was detected in the X-ray diffractogram of the prepared catalyst. The catalyst showed a broad spectrum which indicated the amorphous nature13 of the material at 2θ = 23°.
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Figure 2: The X-ray diffractogram of RH-Ru-T showing the broad diffraction at 2θ = 23°.



The morphology and the pore structure of RH-Ru-T was examined by transmission electron microscope and shown in Figure 3. RH-Ru-T consisted of disordered channels forming wormlike networks. Some aggregation of particles was observed in the micrograph. The surface morphology of RH-Ru-T was examined by scanning electron microscope (SEM). As shown in Figure 4, RH-Ru-T at low magnification (5 k) showed a layered arrangement.
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Figure 3: The TE micrographs of RH-Ru-T (at magnification 150,000 times).
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Figure 4: The SE micrograph of RH-Ru-T showing layered structure (at magnification 5,000 times).



The chemical composition of RH-Ru-T was determined by energy dispersive X-ray (EDX) analysis. EDX analysis (Table 1) detected the presence of carbon, oxygen, silicon and ruthenium. The presence of the 7.15% of ruthenium in the silica matrix is quite close to the amount of ruthenium loading in the preparation procedure. Hence, the ruthenium had been successfully incorporated in the silica matrix. The presence of carbon is consistent with the incorporation of tryptophan. No attempt was made to remove the organic template in this study. This is because removal of the template will involve calcination at high temperatures, which will increase the cost of preparation of the catalyst.


Table 1: The elemental composition of RH-Ru-T.



	Element
	Average Weight %



	C
	5.38



	O
	56.21



	Si
	31.26



	Ru
	7.15



	Total
	100.00



The prepared RH-Ru-T was evaluated in the benzylation of toluene under refluxing condition (Figure 5). As the reaction time increased to 6 h, the conversion of benzyl chloride was 99.9% with high selectivity to mono-substituted products of ~86%. The mono-substituted products were further identified as the ortho- and para- isomers. As the reaction time increased, the mono-substituted products decreased. This was due to further benzylation of mono-substituted product to form di-substituted product as a result of the prolonged contact time.


[image: art]

Figure 5: The catalytic profile of RH-Ru-T in the benzylation of toluene. The conversion and the product distribution are shown.



4.      CONCLUSION

In this study, an attempt has been made to use silica from rice husk to produce RH-Ru-T. No attempt was made to remove the bio-template in this study. This is a cost effective and energy efficient method to produce the catalyst for the benzylation of toluene. In the reaction, the mono- substituted (ortho- and para-) products were obtained as the major constituent. The catalyst showed excellent catalytic performance with almost complete conversion (99.9%) towards benzylation of toluene and high selectivity (86%) to the mono-substituted products.
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Abstract: Density and viscosity of benzimidazolium dichromate and 2-methyl imidazolium dichromate have been determined in water and aqueous mixtures of dimethyl sulphoxide (DMSO) (10, 20, 30, 40 and 50% by volume) at 298.15, 303.15, 308.15 and 313.15K. From the experimental data, the related parameters such as: apparent molar volume (Vφ); limiting apparent molar volume (Vφ0) and their associated constant (Sv); transfer volume (ΔVφ0) from water to aqua organic solution of DMSO; and B-coefficients of Jones-Dole equation were evaluated. Such parameters vary as a power series of temperature. The molecular interactions such as ion-ion, ion-solvent and solvent-solvent are identified and discussed in the light of structure making and structural-breaking behaviour of Cr-complex in the solvent mixture.
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1.      INTRODUCTION

Knowledge of ion-solvent interactions in aqueous and non-aqueous media is of considerable fundamental and technological importance. Accurate knowledge of the physico-chemical properties of solutions has great relevance in theoretical and applied areas of research. Such properties are functionally dependent on temperature and composition of solutions. The potentialities of non-aqueous solvents in thermodynamic, kinetic and analytical techniques in organic and inorganic synthesis as well as industrial applications have well been recognised.1,2

Dimethyl sulphoxide (DMSO) is aprotic and is strongly associated due to highly polar S=O group. The study of DMSO is important because of its utilisation in a broad range of applications in medicine.3 It easily penetrates biological membranes, facilitates chemical transport into biological tissue and is well known for its protective effects on biological systems.4 It is also used as an anti-inflammatory agent. Additionally, it has been utilised as an in-situ free radical scavenger for various cancer treatments.5 The unique properties of DMSO also give rise to its wide use as a solvent.


Many drugs contain an imidazole ring such as antifungal drugs and nitro-imidazole.6–9 The substituted imidazole derivatives are valuable in treatment of many systemic fungal infections.10

The experimental measurement of density and viscosity and the derived parameters such as apparent molar volume and transfer volume of such systems will provide some significant information regarding the state of interactions in solution. Studies of solutions have been carried out by many researchers.11–13 Ionic association and electrostatic interactions are the primary factors that must be considered in solution. In view of the above-mentioned importance, an attempt has been made to elucidate the molecular interactions of Cr complexes of substituted imidazole in water and aqueous solutions of DMSO at 298.15, 303.15, 308.15 and 313.15K. The aim of the present study is to generate new information on ion-ion, ion-solvent and solvent-solvent interactions that are interesting from chemical and biological point of view.

2.      EXPERIMENTAL

DMSO is spectroscopic reagent (SR) grades of minimum assay of 99.9% obtained from SD Fine Chemicals, India, which is used as such without further purification. Deionised water was distilled and used. Benzimidazolium dichromate and 2-menthyl imidazolium dichromate were prepared as reported in literature.14 The density was determined using specific gravity bottle by relative measurement method with accuracy of ± 0.1 mg. An Ostwald’s viscometer (10 ml) was used for the viscosity measurement and efflux time was determined using a digital stopwatch. To maintain the temperature constant, a thermostat with accuracy of ± 0.01K was used. An ice bath with a stirrer was equipped to maintain the temperature below room temperature. The densities and viscosities of benzimidazolium dichromate and 2-methyl imidazolium dichromate were evaluated at different compositions between 0.01 and 0.05 m in water and in DMSO + H2O mixtures in the range 10–50% (v/V) of DMSO.

All the binary aqueous mixtures of DMSO were prepared by v/V ratio in terms of mole fraction and the solutions of complexes were made by weight, and the conversion of molality (m) into molar concentration (c) was done using the standard expression:
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where d is the solution density and M2 is the molecular weight of the complex.


The apparent molar volume (Vφ) is calculated as

[image: art]

where d0 is the density of the pure solvent.

The limiting apparent molar volume (VΦ) is calculated by Masson’s equation,
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Transfer volume (ΔVφ0) of each complex from water to aqueous DMSO solution were calculated using the equation as:
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The entire viscosity data have been analysed using the Jones–Dole equation:15
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where A is known as Falkenhagen coefficient, which characterises the ionic interaction and B is Jones-Dole or viscosity B- Coefficient, which depends on the size of the solute and nature of solute-solvent interactions.

3.      RESULTS AND DISCUSSION

The structures of benzimidazolium dichromate and 2-methyl imidazolium dichromate are as follows:
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The experimental values of density (d) and viscosity (η) for the solutions of Cr complexes, i.e., benzimidazolium dichromate and 2-methyl imidazolium dichromate in water and DMSO + H2O (10, 20, 30, 40, 50% by weight of DMSO) at 298.15, 303.15, 308.15 and 313.15K are tabulated in Table 1 and Table 2 respectively. The values of apparent molar volume (Vϕ), limiting apparent molar volume (Vϕ0) and associated constant (Sv) for both the system in water and DMSO + H2O at different temperatures are listed in Table 3 and Table 4, while the transfer volume (ΔVϕ0), A and B are tabulated in Table 5.

It is evident from Table 1 that the values of density and viscosity increased with the increase in molar concentration of Cr Complexes. The increase in density was due to the shrinkage in the volume, which was caused by the presence of solute molecules. An increase in density may be attributed to the structure maker of the solvent due to the added solute. Viscosity is a measure of cohesiveness or rigidity present between either ions or ion-solvent or solvent-solvent molecules present in the solution. The values of viscosity (η) increased with the increase in complex concentration in all the system, but decreased with the rise in temperature. This increasing trend indicated the existence of molecular interaction occurring in these systems, while the decreasing nature was due to greater thermal agitation and reduction of attractive forces between the ions.

The apparent molar volume (Vϕ) decreased with molar concentrations of both the systems observed in Table 3 and 4. The values of Vϕ of benzimidazolium dichromate in water are positive and increase with the rise in temperature. The higher value of Vϕ is obtained for benzimidazolium dichromate solution as compared to 2-methyl imidazolium dichromate indicating that strong molecular association is found in benzimidazolium dichromate. Such values of Vϕ suggest that ionic and hydrophobic interactions are occurring in such system, indicating presence of ion-solvent interactions. This may also support the possibility of stacking interaction between Cr metal and water.

But in case of DMSO + H2O mixtures, the values of Vφ are all negative over the entire range of concentrations of benzimidazolium dichromate and 2-methyl imidazolium dichromate. These negative values indicate the electrostrictive salvation of ions.16,17 The values of Vφ increased with increase in concentration of complex and decrease with increase in mole fraction of DMSO indicating the solvent-solvent interactions in DMSO having high polar S=O group. However, a reverse trend was obtained for water.


Table 1: The values of density (d) and viscosity (η) for benzimidazolium dichromate in water and DMSO + water at different temperatures.
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Table 2: The values of density (d) and viscosity (η) for 2-methylimidazolium dichromate in water and DMSO + water at different temperatures.
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Table 3: The values of apparent molar volume (Vϕ), limiting apparent molar volume of benzimidazolium dichromate and 2-methylimidazolium dichromate in water and DMSO-water at different temperatures.
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It is also clear from Table 3 that the values of limiting apparent molar volume (Vφ0) are positive for benzimidazolium dichromate (Figure 1) and negative for 2-methyl imidazolium dichromate in water (Figure 2) as shown in Table 4, at different temperatures. The positive value of Vϕ0 indicates strong solute-solute interactions. The values of Vφ0 in benzimidazolium dichromate increased approximately 2 times with the increase in temperature. In case of aqueous solution of 2-methyl imidazolium dichromate, the value of Vφ0 was negative at lower temperature, but turned positive with increase in temperature. This clearly indicates that the solute-solute interaction was becoming more prominent in 2-methyl imidazolium dichromate with the increase in temperature.


Table 4: Values of transfer volume (ΔVφ0)and experimental slope (Sv)of benzimidazolium dichromate and 2-methylimidazolium dichromate at different temperatures.
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Figure 1: Variation of apparent molar volume (Vφ) with c1/2 for benzimidazolium dichromate in water at different temperatures.



Table 5: Values of and coefficients of Jone-Dole equation in benzimidazolium dichromate and 2-methylimidazolium dichromate at different temperatures.
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The value of Vφ0 became more negative with the increase in mole fraction of DMSO, showing increase in ion-solvent interaction in solution of benzimidazolium dichromate, but it increased with increase in temperature. The ion-solvent interaction is much weaker in benzimidazolium dichromate at an increased temperature. But having more negative value of Vφ0 means that the 2-methyl imidazolium dichromate ion-solvent interaction is more prominent as compared to benzimidazolium dichromate. The values of Sv were negative for benzimidazolium dichromate and positive for 2-methyl imidazolium dichromate. A very strong ion-ion interaction is observed in benzimidazolium dichromate having negative Sv values and less complexation formation. But in case of 2-methylimidazolium dichromate, the positive Sv values suggest that the presence of ion-solvent interaction, which decreases at higher temperature is confirmed by negative Sv values. The negative values of Vϕ0 and positive Sv values for both the complexes are shown in Figure 3 and 4 respectively.
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Figure 2: Variation of apparent molar volume (Vφ) with c1/2 for 2-methyl imidazolium dichromate in water at different temperatures.



From the magnitudes of Vφ0 and Sv, it has been shown that ion-solvent interaction dominated the ion-ion interactions in 2-methyl imidazolium dichromate in water as compared to benzimidazolium dichromate. In aqua-organic solutions, ion-solvent interaction is much stronger in 2-methyl imidazolium dichromate than benzimidazolium dichromate. This was confirmed with the Vφ0 and Sv values.
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Figure 3: Variation of apparent molar volume (Vφ) with C1/2 for benzimidazolium dichromate at different mole fractions of DMSO at 298.15K.
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Figure 4: Variation of apparent molar volume (Vφ) with C1/2 for 2-methylimidazolium dichromate at different mole fractions DMSO at 298.15K.



According to co-sphere model,18,19 hydrophilic-ionic group of interaction contribute positively whereas ionic hydrophobic group contribute negatively to the transfer volume studies (ΔVφ0) of ion-ion interactions. It is noticed from Table 5 that the ΔVφ° values were negative in both systems and decreased with rise in temperature. This clearly suggests that the latter types of interactions are dominating over the former. The calculated values suggest that the ion-ion interaction is much weaker in 2-methyl imidazolium dichromate, having less negative values than benzimidazolium dichromate both in water and aqua-organic solvents.

From Table 5, it is also observed that the values of A (Falkenhagen Coefficient) are negative in both systems since A is a measure of ionic interaction. B-coefficient is also known as a measure of order or disorder introduced by the solute into the solvent. It is also a measure of solute-solvent interaction and relative size of the solute and solvent molecules. The values of B-coefficient are positive in both the Cr complexes. Such type of results is also shown by Eyring.20 In water and aqua-organic solvent 2-methyl imidazolium dichromate is having higher positive values of B-coefficient than that of benzimidazolium dichromate. So benzimidazolium dichromate in water and aqua-organic solvent having less positive B-coefficient and low negative A values suggest the larger of ion-ion interaction and weaker ion-solvent interaction.


4.      CONCLUSION

The present investigation of molecular interactions of both the Cr complexes in water and DMSO + water at varying temperatures can be summarised as follows. In the present system, 2-methyl imidazolium dichromate is an effective structure-maker in aqueous medium over benzimidazolium dichromate. The transfer volume studies, which predict the solute-solute interaction, suggest the ionic-hydrophobic interaction exists in the systems under study. At lower temperature, the transfer volume was positive for 2-methyl imidazolium dichromate but became negative with the increase in mole fraction of DMSO. A very strong ion-ion interaction is noticed in the benzimidazolium dichromate solution. The ion-solvent interaction was stronger in 2-methyl imidazolium dichromate system. The elevation of temperature led to the weakening of molecular associations in the present system due to thermal dispersion forces. The presence of bulkier group in the system reduced the ion-solvent interaction. From the experimental data, it can be concluded that the ion-solvent interaction of 2-methylimidazolium dichromate was stronger than benzimidazolium dichromate in aqueous DMSO of the order:

2-methyl imidazolium dichromate > Benzimidazolium dichromate

Probability of steric effect of benzimidazolium dichromate reduces the possibility of ion-solvent interaction.
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Abstract: Rice husk ash silica bimetallic heterogeneous catalyst loaded with 5 wt% chromium and 5 wt% silver was synthesised via a simple sol-gel, template free method at pH 3. The energy dispersive X-ray (EDX) analysis confirmed the presence of chromium and silver in the silica catalyst. The X-ray diffractogram showed that the catalyst was semi-crystalline. The catalyst exhibited a high specific surface area of 429 m2 g–1 and a narrow pore size distribution. The catalytic activity of RHA-5Cr5Ag was tested in the liquid phase oxidation of n-heptane in the presence of H2O2 as oxidant and acetonitrile as solvent at 353K. The catalyst was found to be active in the oxidation of n-heptane with a high n-heptane conversion of 89.54% with good selectivity towards heptanones. The products obtained from the oxidation of n-heptane were identified as 2-heptanone, 3-heptanone, 4-heptanone, 1-heptanol, 2-heptanol, 3-heptanol, 4-heptanol and heptanal.

Keywords: Rice husk ash silica, bimetallic catalyst, sol-gel technique, oxidative functionalised, n-heptane.

1.      INTRODUCTION

Oxidative functionalisation of alkanes (saturated hydrocarbon) to oxygen containing compounds is very important for chemical and pharmaceutical industry.1 Only few reports are available on the oxidation of heptane.2–4 This is presumably due to the un-reactive nature of alkanes which is a saturated hydrocarbon.5 The high ionisation energy and low electron affinity of alkanes make it less reactive and result in low selectivity.6

Several studies on the oxidation of n-heptane have been reported. Liu et al.2 had investigated the plasma phase oxidation of n-heptane at 188K and reported a yield of 16% conversion and ca. 66% and 31% selectivity to heptanol (mixture of 2-heptanol, 3-heptanol and 4-heptanol) and heptanone (mixture of 2-heptanone and 3-heptanone) respectively. Molecular sieves (SAPO-5, SAPO-11, BEA and MCM-41) were used for the oxidation of n-heptane at 573K and 6.8 bar pressure to yield 2-heptanone, 3-heptanone, 4-heptanone and heterocyclic compounds.3 Anisia and Kumar4 had reported the oxidation of n-heptane at 523K using [1, 2-bis(salicylideneamino)phenylene] zirconium complex as heterogeneous catalyst to yield cyclohexanone, 2-methylpentane, methylcyclopentane, 4-methylpent-1-ene and toluene.

Chromium and silver are known to be active in various oxidation reactions.7,8 We thought that it would be interesting to prepare a chromium-silver bimetallic heterogeneous catalyst and evaluate it in the oxidation of n-heptane. Rice husk ash silica exhibits high surface area and high porosity,9 hence it was used as the catalyst support for the chromium and silver bimetallic catalyst in this study. The supported bimetallic catalyst was tested in the oxidation of n-heptane under mild reaction conditions.

2.      EXPERIMENTAL

2.1    Preparation of RHA-5Cr5Ag Catalyst

The preparation of RHA and the catalyst was carried out following published procedures.10 In a typical preparation, 3.0 g of RHA was dissolved in 0.8 M NaOH and filtered. The filtrate (sodium silicate) was titrated with 3.0 M HNO3 containing 5 wt% Cr3+ and 5 wt% Ag+ ions with constant stirring till pH 3.0. The apple green gel formed was aged for 2 days. The gel was recovered by centrifuging, washing with water followed by acetone. The recovered gel was dried at room temperature and calcined at 773K for 5 h. The Cr-Ag ions modified silica was ground to powder and labelled as RHA-5Cr5Ag. The yield was 2.38 g.

2.2    Catalyst Characterisation

The as-synthesised catalysts were characterised by FTIR spectroscopy (Perkin Elmer System 2000), Nitrogen adsorption-desorption analysis (Micromeritics Instrument Corporation model ASAP 2000, Norcross), powder X-ray Diffractometry (XRD), Siemens Diffractometer D5000, Kristalloflex), Scanning electron microscopy – Energy dispersive X-ray (Leica Cambridge S360 with EDX Falcon system) and Atomic adsorption spectroscopy (Perkin Elmer AAnalyst 100).

2.3    Catalytic Activity

Typically, prior to the reaction, 0.1 g of RHA-5Cr5Ag was preheated overnight at 110°C. The round bottom flask equipped with a condenser was set up in a temperature controllable oil bath at 353K. 2.0 g of n-heptane in 10.0 mL of acetonitrile was placed into the flask. 2.27 g H2O2 (30%) was added drop wise into the reaction vessel. The reaction was carried out for 6 h. During the reaction, 0.5 mL of sample was withdrawn periodically, filtered and analysed by gas chromatography (Perkin Elmer Clarus 500) equipped with Elite Wax column (30 m × 0.2 mm ID) and further confirmed by GCMS (Perkin Elmer, Clarus 600) analysis. The following are the GC and GCMS conditions used: initial temperature = 313K, final temperature = 388K, ramp 1 = 5K min–1, total run time = 15 min.

3.      RESULTS AND DISCUSSION

3.1    Characterisation of RHA-5Cr5Ag

Figure 1 shows the FTIR spectrum of the prepared catalyst. The transmission band at 1641 cm–1 was attributed to trapped water molecules in the silica matrix. The band at ca. 1080 cm–1 was due to the structural siloxane bond (Si–O–Si). A shoulder at 964 cm–1 was attributed to the stretching vibration of silanol group. The bands around 804 cm–1 and 467 cm–1 were due to the stretching and bending modes of Si–O bond. The band observed at 576 cm–1 could be attributed to the stretching vibration of Ag/Cr–O bond. This band was not observed in the pure RH-silica.11
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Figure 1: The FTIR spectrum of RHA-5Cr5Ag.



The XRD diffraction pattern of RHA-5Cr5Ag is shown in Figure 2. It shows a broad peak at 2θ = 23° which indicated the formation of amorphous silica.11 However, there were several diffraction peaks found at 2θ of 32°, 35°, 38°, 45° and 55°. The peaks at 2θ = 32° and 2θ = 35° assigned as Ag2O3. Whereas, the peaks at 2θ = 38° and 2θ = 45° were attributed to crystallised silver metal.12 The peak at 2θ = 55° can be attributed to Cr2O3. Thus, the catalyst was found to be a semi-crystalline amorphous powder.
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Figure 2: The X-ray diffractogram of RHA-5Cr5Ag.



The textural properties of RHA-5Cr5Ag was determined by N2 sorption analysis and BET analysis. Figure 3 shows the nitrogen sorption isotherms and the pore size distribution of the catalyst (shown inset). According to IUPAC classification, the isotherm obtained was attributed to Type VI with H2 hysteresis loop, which is characteristic of an ink bottle shaped mesopores.13 The specific surface area of the catalyst was found to be 429 m2 g–1 and the pore volume was 0.3 cm3 g–1. The catalyst showed a narrow pore size distribution centred at ca. 2 Å.
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Figure 3: The nitrogen sorption isotherm and the pore size distribution of the catalyst (inset).



Figure 4 presents the SE micrograph of RHA-5Cr5Ag. It revealed small particles which were well distributed in a smooth surface. The nanoparticles lead to the formation of high specific surface area. From the EDX analysis, the catalyst was made up of Ag and Cr which were distributed homogeneously on the surface of the silica matrix. This analysis showed that Cr and Ag were well incorporated onto the silica.
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Figure 4: The scanning electron micrograph of RHA-5Cr5Ag at 10,000 times magnification.



3.2    Catalytic Activity

The main products from the oxidation of n-heptane with H2O2 are 2-, 3-, 4-heptanones, 1-, 2-, 3-, 4-heptanol and heptanal. The identification of these compounds was done by GC-MS analysis. In this study, reaction temperature, mass of catalyst molar ratio of substrate to oxidant and the reusability of the catalyst were studied to optimise the catalytic activity of the prepared catalyst.

The effect of reaction temperature on the oxidation of n-heptane was studied by varying the temperature from 333K to 353K over RHA-5Cr5Ag (100 mg) with other parameters kept constant (H2O2 = 2.27 g, n-heptane = 2.00 g, acetonitrile = 10 mL and reaction time of 6 h). The conversion of n-heptane increased with an increase in temperature as shown in Table 1. The catalyst was found to have higher selectivity toward heptanone with 76.45% compared to heptanol and heptanal with 19.08% and 4.47% respectively. Since H2O2 decomposed very fast at high temperature, temperature above 353K was not studied. Thus, the optimum reaction temperature was found to be at 353K.


Table 1: The effect temperature on the oxidation of n-heptane.



	Temperature (K)

	Conversion (%)

	Selectivity (%)




	Heptanone

	Heptanol

	Heptanal




	333

	61.02

	87.73

	9.49

	2.78




	343

	86.45

	71.05

	22.52

	6.43




	353

	89.54

	76.45

	19.08

	4.47




Note: Reaction conditions: molar ratio of n-heptane:H2O2 = 1:1, catalyst mass = 100 mg, solvent = 10 mL of acetonitrile, reaction time = 6 h.

The oxidation of n-heptane was studied with various catalyst weights (50–100 mg) and the results are presented in Table 2. The conversion was found to increase as the mass of the catalyst increased from 50 mg to 100 mg. Increase in mass of the catalyst could increase the amount of active sites which participated in the reaction, thus promoted the conversion of n-heptane.14 Moreover, the selectivity of heptanone was increased from 50.35% to 76.45% as the mass of the catalyst increased from 50 mg to 100 mg. Hence, 100 mg was chosen as the optimum catalyst mass.


Table 2: The effect of catalyst’s mass on the oxidation of n-heptane.



	Mass (mg)

	Conversion (%)

	Selectivity (%)




	Heptanone

	Heptanol

	Heptanal




	50

	75.85

	50.35

	32.55

	17.10




	70

	82.07

	71.85

	23.93

	4.22




	100

	89.54

	76.45

	19.08

	4.47




Note: Reaction conditions: molar ratio of n-heptane:H2O2 = 1:1, temperature = 353K, solvent = 10 mL of acetonitrile, reaction time = 6 h.

The conversion of n-heptane at different molar ratio of n-heptane to H2O2 was studied and the results are tabulated in Table 3. With 1:1 molar ratio of n-heptane to H2O2, the catalyst exhibited an excellence catalytic activity with the conversion of 89.54%. The n-heptane conversion decreased to 77.85% as the molar ratio of n-heptane to H2O2 was increased to 1:3. Lower conversion of n-heptane was observed at high amount of H2O2. This may be due to the catalyst poisoning by the water formed from the decomposition of H2O2.15 The deactivated catalyst decreased the efficiency of the catalytic activity. Thus, the 1:1 molar ratio of n-heptane to H2O2 was fixed as the optimum molar ratio.


Table 3: The effect n-heptane to H2O2 molar ratio on the oxidation of n-heptane.



	Molar ratio

	Conversion (%)

	
Selectivity (%)




	Heptanone

	Heptanol

	Heptanal




	1:1

	89.54

	76.54

	19.08

	4.47




	1:2

	80.63

	52.62

	27.72

	19.66




	1:3

	77.58

	52.17

	27.48

	20.35




Note: Reaction condition: catalyst mass = 100 mg, temperature = 353K, solvent = 10 mL of acetonitrile, reaction time = 6 h.

Under the optimised reaction conditions, the catalyst showed excellent catalytic activity towards the oxidation of n-heptane. The product selectivity towards heptanone, heptanol and heptanal at this optimum condition were 76.45%, 19.08% and 4.47% respectively. In a previous study, Liu et al.2 reported 15.1% conversion with ~ 66% and 31% selectivity for heptanol and heptanone under plasma oxidation of n-heptane in the liquid phase. Since no catalyst was used in the reaction, it resulted in low conversion. Moreover, a low temperature (188K) was used for the reaction, which is not suitable in the industrial. Stoylkova’s research group3 had investigated the oxidation of n-heptane over different molecular sieves (SAPO-11 BEA and MCM41). They found that SAPO-11 was the most active catalyst for the oxidation of n-heptane with 55.3% conversion. However, a high reaction temperature (523K) coke formation occurred, resulting in low efficiency of the catalyst. Anisia and Kumar4 had synthesised zirconium complex incorporated onto silica for the oxidation of n-heptane. The catalyst showed good catalytic activity with ~80% conversion in 8 h. However, the multi step preparation of the zirconium complex is complicated and the reactor pressure of 100 psi was not economical. It is quite clear that RHA-5Cr5Ag is a better catalyst for the oxidation of n-heptane under mild reaction conditions.

The reusability of RHA-5Cr5Ag for the oxidation of n-heptane was tested for 2 cycles and the results are shown in Table 4. After the second reuse of the catalyst, the conversion of n-heptane dropped about 18%. Hence, a leaching test of the catalyst was carried out by AAS analysis to identify the heterogeneity of this catalytic system. The result showed that only 0.02% of Cr was leached. However, Ag was found to be completely leached out after the reaction. Thus, it can be said that Ag was not incorporated well in the catalyst. This may cause the lower catalytic activity. The objective of the present study did not involve any attempt to improve the incorporation of Ag in the silica matrix. However, further work is in progress to improve the preparation of well incorporated metal/silica catalysts.


Table 4: The reusability of RHA-5Cr5Ag catalyst for the oxidation of n-heptane.



	Catalyst

	Conversion (%)

	
Selectivity (%)




	Heptanone

	Heptanol

	Heptanal




	Fresh

	89.54

	76.54

	19.08

	4.47




	1st used

	75.00

	94.74

	–

	5.27




	2nd used

	71.54

	81.94

	–

	18.06




Note: Reaction conditions: catalyst mass = 100 mg, temperature = 353K, molar ratio of n-heptane:H2O2 = 1:1, solvent = 10 mL of acetonitrile, reaction time = 6 h.

4.      CONCLUSION

In summary, a Cr/Ag bimetallic heterogeneous catalyst had been successfully synthesised from the biomass (RHA-silica) via simple sol-gel technique. We have developed a simple, cost-effective and green route to investigate the liquid phase oxidation of n-heptane using RHA-5Cr5Ag as the catalyst and H2O2 as the oxidant under mild condition. The product selectivity toward heptanone, heptanol and heptanal at the optimum condition were 76.45%, 19.08% and 4.47% respectively. This study showed that using an appropriate catalyst, alkanes (which are unreactive) can be oxidised into beneficial compounds under mild reaction conditions.
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Abstract: Cobalt phyllosilicate was successfully synthesised via a simple template-free sol-gel technique at room temperature. The synthesised catalyst had been characterised by various physico-chemical analyses. The X-ray diffraction (XRD) pattern confirmed the formation of phyllosilicate as supporting material. Co-O bending vibration was detected in the Fourier-transform Infrared (FTIR) spectrum. The presence of cobalt in the silica matrix was confirmed by Energy-dispersive X-ray (EDX) analysis and atomic absorption analysis (AAS analysis). The sample showed a high specific surface area with 350.3 m2 g–1 and a bimodal pore size distribution. The solvent free mineralisation of cyclohexene was carried out in the temperature range 303–353K over cobalt phyllosilicate at atmospheric pressure resulting in 99.6% conversion and 98.2% selectivity to syngas at 353K. The catalyst can be reused for four cycles in the oxidation of cyclohexene. The catalyst was calcined to regain a good conversion. Cobalt phyllosilicate also showed excellent activity in the mineralisation of iso-octane and toluene.
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1.      INTRODUCTION

Syngas is a mixture of hydrogen and carbon monoxide. It is very useful for manufacturing ammonia, methanol, pure hydrogen and hydrocarbon through Fischer Tropsch reaction.1–4 Hydrogen is an ideal energy carrier that does not contain nitrogen and sulphur compounds and is the by-product of splitting steam or water.5 Hydrogen has been used for power generation in fuel cell technologies.6 Hence, an efficient method to generate hydrogen can reduce the need of petroleum and natural gas.

The technologies for producing syngas are catalytic partial oxidation,7 CO2 reforming8 and steam reforming9 as shown in Equation 1 to 3.
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All these methods have the ability for C–H bond cleavage to form syngas. However, all these technologies require high temperature10–14 (973–1273K) and sometimes even high pressure13,14 (8–20 atm) to convert the hydrocarbon to syngas.

Phyllosilicate is a class of material that has layer dimension, shape selectivity and small particle size.15 It has a high thermal stability and does not alter its physical nature after incorporating with metals.16 The inertness of phyllosilicate towards chemical reaction makes it a suitable material to be used as a catalyst support.

In this study, rice husk17 was used as a source of silica to synthesise cobalt–phyllosilicate heterogeneous catalyst. The prepared catalyst was used for the solvent-free catalytic oxidation of cyclohexene to syngas at ambient reaction condition. The oxidation of cyclohexene to syngas was accidentally discovered while trying to oxidise it to allylic alcohols and ketones using H2O2 as shown in Equation 4.
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2.      EXPERIMENTAL

2.1    Raw Materials

Rice husk (RH) was obtained from a local rice mill in Penang. Nitric acid (QreC, 65%), sodium hydroxide (QReC, 99%) and cobalt(II) nitrate (R&M Chemical) were used as received. All chemicals were AR grade.

2.2    Preparation of Cobalt Phyllosilicates

The sodium silicate was prepared according to the procedure by Adam et al.18 30.0 g of dried RH was weighed and transferred into a plastic container. 600 mL of 1.0 M HNO3 was added in the container and was stirred for 24 h in order to remove unwanted metal ions. The acid washed RH was filtered and washed with distilled water until it reached a constant pH (4.5–5.0) and dried in an oven at 383K overnight. The dried RH was stirred in 500 mL of 1.0 M NaOH for 24 h. The mixture was suction filtered to obtain a dark brown filtrate (sodium silicate), which was kept in a covered plastic container. The prepared sodium silicate was titrated slowly with a mixture of Co(NO3)2 and 3.0 M HNO3 until it reached pH 9. The obtained colloid gel was aged in a covered container for two days. The prepared gel was recovered by centrifuge (Zentrifugen Hettich) at 4000 rpm, suction filtered and finally followed by washing with distilled water. It was dried in an oven at 383K for 24 h. The hot solid was allowed to cool in a desiccator. Finally, the product was hand ground into fine powder and labeled as cobalt phyllosilicate.

2.3    Characterisation of Catalyst

The cobalt phyllosilicate was characterised by Fourier-transform infrared (FTIR) spectroscopy (Perkin Elmer system 2000), powder X-ray diffraction (Siemens diffractometer D5000, Kristalloflex), nitrogen sorption analysis (Nova 2200e, surface area and pore size analyser), transmission electron microscopy (TEM) analysis (FEI CM12), scanning electron microscope (SEM) (LEICA Cambridge S360) and energy dispersive X-ray – mapping analysis (Edax Falcon system).

2.4    Catalytic Activity

Typically, prior to the reaction, cobalt phyllosilicate was activated at 383K overnight. The round bottom flask equipped with a condenser was set up in a temperature controllable oil bath at 343K. 2.46 g (30 mmol) of cyclohexene was placed into the flask. 6.80 g (60 mmol) H2O2 (30%) was added drop wise into the reaction vessel. The reaction was carried out for 4 h. During the reaction, 0.5 mL of sample was withdrawn periodically, filtered and analysed by gas chromatography (Perkin Elmer Clarus 500) equipped with Elite Wax (30 m × 0.2 mm ID) column and further confirmed by GCMS (Perkin Elmer, Clarus 600) analysis. The following are the GC and GCMS condition used: initial temperature = 333K, final temperature = 503K, ramp 1 = 10K min–1 to 403K, ramp 2 = 20K min–1 to 503K, total run time = 13 min.

Reusability of cobalt phyllosilicate was studied for 4 cycles under the optimum reaction conditions. The first three cycles of catalyst was regenerated by washing with water. The 3rd reused catalyst was regenerated by calcination at 773K for 5 h to remove organic moieties.

For the qualitative identification of the gaseous products, two common and simple procedures were used. For the determination of the presence of hydrogen gas, the burning splint test was carried out. While, the limewater test was used to confirm the presence of carbon dioxide in the reaction. The evidence for these can be found in the supplementary files supplied.

The water displacement method (Figure 1) was used to collect and quantify the hydrogen gas. The reaction was carried out under the optimised reaction conditions and the resulting gases were collected in an inverted measuring cylinder in downward displacement of limewater. The use of limewater instead of water was to dissolve the carbon dioxide and collect the hydrogen gas. Carbon dioxide is easily removed by absorption into water3 and limewater was used as an added measure to remove it completely.
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Figure 1: The reaction set up (on the right) and the arrangement for the downward displaced collection of the hydrogen gas (left measuring cylinder).



3.      RESULTS AND DISCUSSION

Cobalt phyllosilicate was examined by FTIR in the range of 4000–400 cm–1 (Figure 2). The adsorption band around 1016, 793 and 462 cm–1 belong to Si–O–Si bending and stretching vibrations.19 A previous investigation involving the synthesis of phyllosilicate showed that a band ca. 1020 cm–1 is responsible for 2:1 phyllosilicate structural arrangement15 (evidenced later). A bending vibration appeared for the trapped water molecules in the silica matrix at 1630 cm–1. While the presence of a broad band at ~3462 cm–1 is due to O–H stretching vibration of the silanol or adsorbed water molecules on the silica surface. The Co-O bending vibration mode is responsible for the band at ca. 662 cm–1.20,21 This is a reasonable evidence for the successfully incorporated of cobalt into the layered silica matrix. No such band was observed in pure silica in our previous research study.17
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Figure 2: The FTIR spectra of cobalt phyllosilicate.



Powder XRD pattern of cobalt phyllosilicate is shown in Figure 3. It shows a small peak at 2θ = 2 2° which indicate the amorphous nature of the silica.22 While the presence of 2θ = 34° and 2θ = 59° are characteristic of the typical 2:1 layered phyllosilicate-like structure.23,24 Similar observation was made by Carta et al. for synthesising phyllosilicate structure.25 The absence of crystalline peak indicates a good dispersion of cobalt in the silica matrix. This is in accordance with EDX-Mapping result (evidenced later). The (001) line corresponding to the basal spacing was not detected at low angle XRD pattern (not shown), this may be due to the weak c–axis of phyllosilicate which contains two layer at most. This was typical for the phyllosilicate synthesised at room temperature. A similar observation was reported by Trujillano’s research group.24

Nitrogen adsorption-desorption isotherm of cobalt phyllosilicate is shown in Figure 4. The sample exhibited type IV isotherm and H3 hysteresis loop according to IUPAC classification.26 H3 hysteresis loop is a characteristic of mesoporous material consisting of slit-shape capillaries.27 This is in accordance with TEM result (evidenced later). The sample possessed high BET specific surface area of 350 m2 g–1 and pore volume of 0.51 cc g–1. It showed a bimodal pore size distribution (PSD) centred at 3.7 nm and 15.8 nm respectively, which was derived from BJH model.
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Figure 3: X-ray diffractogram of cobalt phyllosilicate.
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Figure 4: Nitrogen adsorption analysis of isotherm and pore size distribution.



The morphology of cobalt phyllosilicate was examined by transmission electron microscope and shown in Figure 5. The silica/cobalt complex showed a nano-needle like morphology. Similar morphology of the complex was reported by Carta et al.25 The formation of the nanoneedle structure may be due to the strong electrostatic adsorption which is maximising the interaction between cobalt ion and negatively charged silicate in basic condition.28
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Figure 5: TEM micrographs of cobalt phyllosilicate with 650 K magnification.



The surface analysis for cobalt phyllosilicate was investigated by SEM and shown in Figure 6a. The SEM showed that the complex is granular and porous. The chemical composition of cobalt phyllosilicate was determined by energy dispersion X-ray (EDX) – Mapping. The EDX showed the presence of cobalt, silicon, oxygen (and carbon which may be impurities from RH). EDX-Mapping (Figure 6b) showed cobalt particles were homogeneously dispersed. To further confirm, atomic absorption analysis (AAS) was carried out for the cobalt phyllosilicate. This analysis showed an average cobalt loading of 18.8%.
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Figure 6(a):  SEM micrograph of cobalt phyllosilicate and Figure 6 (b): Elemental mapping of cobalt phyllosilicate.



The formation of syngas was detected as soon as the H2O2 was added into the reaction. After 4 h, 99.5% of cyclohexene was converted to syngas. The hydrogen produced was detected by the simple burning splint test. A popping noise was heard as the hydrogen began to evolve. The formation of the products are shown in Equation 5. This is different from the typical catalytic oxidation process used in closed systems, i.e., autoclave. Carbon dioxide was detected by the limewater test (see supplementary Figure 1). Hence, the carbon monoxide formed from the oxidation was believed to undergo the water shift gas reaction29 as shown in Equation 6. The enthalpy change of equation 6 was calculated by Hess’ law. It is a mild endothermic reaction.
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The other possibility resulting in the formation of the excess hydrogen can come from the splitting of water.
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However, this possibility can be ruled out in this work, because oxygen was never detected. Therefore it is safe to say that the excess hydrogen comes from the reaction shown in equation 6. Neverthless, literature review indicates the reaction shown in Equation 6 occurs only at high temperature (473K).29 In this work, the reaction in Equation 6 takes place easily at 343K although the enthalpy of the reaction in slightly endothermic. Apparently this small positive enthalpy was easily overcome with the catalyst employed in this study.

Literature reviews30–32 showed that cyclohexene can undergo allylic oxidation as well as epoxidation to yield cyclohexen-1-ol, cyclohexen-1-one and cyclohexane epoxide. Surprisingly, in our study, we only detected trace amounts of these expected products (ca. 2%) in the gas chromatogram with the selectivity being cyclohexen-1-ol, cyclohexen-1-one and cyclohexene epoxide.

The effect of reaction time on the conversion of cyclohexene over cobalt phyllosilicate is shown in Table 1. The reaction was carried out with 50 mg of the catalyst using a cyclohexene:H2O2 ratio of 1:2 at 353K. The initial conversion of cyclohexene during the first hour was 34.8% and it gradually increased to 99.6% in 4 h. Hence, 4 h is the optimum reaction time for the reaction to achieve maximum catalytic conversion.

The effect of reaction temperature in the range of 303–353K at a fixed contact time of 4 h was investigated. On increasing the reaction temperature, the conversion of cyclohexene increased. The selectivity to the syngas was ≥ 98% with some traces of by-products (Equation 4) detected in the reaction. The product variation with temperature is shown in Table 2. No reaction was carried out above 353K as H2O2 will dissociate too rapidly.


Table 1: The effect of reaction time.



	Reaction time (h)

	Conversion (%)




	1

	34.8




	2

	78.2




	3

	98.7




	4

	99.6




Reaction conditions: 50 mg of catalyst, cyclohexene (30 mmol), H2O2 (60 mmol), refluxed for 4 h at 353K.


Table 2: The effect of reaction temperature toward conversion and selectivity.



	Temperature (K)

	Conversion (%)

	Selectivity to syngas (%)




	303

	87.6

	99.0




	323

	98.6

	98.8




	343

	99.5

	99.1




	353

	99.6

	98.2




Reaction conditions: 50 mg of catalyst, cyclohexene (30 mmol), H2O2 (60 mmol), refluxed for 4 h.


Table 3: The effect of molar ratio of H2O2 toward conversion and selectivity of syngas. The selectivity of syngas was calculated based on the difference with the minor organic products from the GC.



	Molar ratio of cyclohexene: H2O2

	Conversion (%)

	Selectivity to syngas (%)




	1:1

	78.3

	99.6




	1:2

	99.5

	99.1




	1:3

	96.0

	99.8




Reaction conditions: 50 mg of catalyst refluxed at 343K for 4h.

The effect of H2O2 was studied by varying H2O2 molar ratio from 1 to 3 at a fixed molar amount of cyclohexene as shown in Table 3. The conversion increased from 78.3% to 99.5% for 1:1 and 1:2 molar ratios respectively. With the molar ratio of 3:1, the conversion decreased slightly. Two layers of reactants were observed up to the first hour of reaction. However, at the end of 4 h, only the aqueous phase remained, which contained the expected organic products. Generally, decomposition of H2O2 produces water as a by-product. The water and oxidant can compete for the cobalt active sites and the excess of water might inhibit the reaction.33


The influence of mass of catalyst (Table 4) was also studied by varying the catalyst mass from 30 mg to 80 mg at constant reaction temperature of 343K. The conversion of cyclohexene was found to increase from 95.3 to 99.5% for 30 and 50 mg. However, further increase in the catalyst mass to 80 mg resulted in a decrease in conversion of cyclohexene to 91.8%. This could be due to the decomposition of H2O2 at higher mass of catalyst.34 The higher mass of catalyst provides more surface area for the decomposition of H2O2 to occur and retard its catalytic activity. There was however, no noticeable change in the selectivity for syngas.


Table 4: The effect of mass of catalyst towards conversion and selectivity.



	Mass (mg)

	Conversion (%)

	Selectivity to syngas (%)




	30

	93.5

	99.3




	50

	99.5

	99.1




	80

	91.8

	99.4




Reaction conditions: cyclohexene (30 mmol), H2O2 (60 mmol) re fluxed at 343K for 4 h.

Reusability of the catalyst was studied for 4 cycles at the optimum reaction condition and the results are shown in Table 5. From the fresh catalyst’s reaction till the 3rd cycle, the conversion of the catalyst decreased slightly from 99.4% to 92.5%. Some organic impurities were expected to adsorb onto the silica matrix, hence resulting in blockage of the pore and caused lower conversion. The used catalyst was calcined at 773K in order to remove the impurities. The calcined catalyst showed good catalytic activity with conversion of 98.4%. An experiment without the catalyst was also carried out. However, no product was observed when the catalyst was not present.


Table 5: The reusability of the catalyst. The first three cycles of catalyst were regenerated by washing with water. The 3rd reused catalyst was regenerated by calcination at 773K for 5 h.



	Cycle

	Conversion (%)




	Fresh catalyst

	99.5




	1st reuse

	99.1




	2nd reuse

	92.2




	3rd reuse

	98.4




Reaction conditions: 50 mg catalyst, cyclohexene (30 mmol), H2O2 (60 mmol) were refluxed at 343K for 4 h.

To test the universality of the catalyst, a variety of hydrocarbons were used in the study. Since cyclohexene is too valuable a chemical to be used as liquid fuel and as a chemical intermediate, we tried other hydrocarbons to form syngas. At the optimum reaction condition, iso-octane and toluene were used as reactants for producing syngas. The cobalt phyllosilicate showed good catalytic activities with conversion of 97.4% and 99.2% respectively. For these two studies, no minor product was detected. Cobalt phyllosilicate was effective as a catalyst for the oxidation of hydrocarbons to syngas at ambient reaction condition. The experiments were carried out in triplicate and the results are shown in Table 6. Toluene produced the highest amount of hydrogen, and followed by cyclohexene and iso-octane.

However, it was found that the hydrogen produced was not stoichiometric with respect to the reactants used. The volume of hydrogen produced was found to be always in excess of the stoichiometric amount. This may be due to the formation of hydrogen via Equation 6. It may also be due to other unknown phenomena which need to be investigated in greater depth.


Table 6: The volume of hydrogen gas produced from different hydrocarbons in the oxidation using the Co-phylosilicate.



	Hydrocarbon Used
	*Average volume of hydrogen produced (mL)

	*Average mole of hydrogen produced (mmol)




	Cyclohexene (5 mmol)
	833.3

	33.5




	Toluene (5 mmol)
	880

	35.4




	Iso-octane (3 mmol)
	725

	29.2




*All data are average for 3 runs. Reaction condition: 50 mg catalyst, 1:2 molar ratio of reactant and H2O2 were refluxed at 343K for 4 h.

4.      CONCLUSION

A solvent-free oxidation process at low temperature and atmospheric pressure was developed to convert cyclohexene to syngas. The cobalt phyllosilicate was shown to effectively act as the catalyst for the mineralisation of cyclohexene as well as toluene and isooctane. A range of reaction temperature, the effect of molar ratio, mass of catalyst and reusability of catalyst were studied and a high conversion of cyclohexene and high selectivity to syngas was obtained. This novel method offers a new and cost effective approach for mass production of hydrogen from hydrocarbon. It is believed that this process has important implication in future green energy production and in the possible elimination of hydrocarbon pollutants from the environment.
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Abstract: In this paper, the drying characteristic of Empty Fruit Bunches (EFB) of oil palm is presented. The EFB, a waste of oil palm processing was used as the test sample and dried using a solar drying system that was built. The system used was comprised of six double-pass solar collectors with porous media in the second channel, which were connected in a series of three collectors in two banks and a drying chamber. Two conditions of the EFB sample were considered in the drying test; treated and untreated. A simple water washing treatment was used to treat the first sample to reduce its ash content whereas the second sample was untreated in its original condition. The EFB samples were dried until equilibrium moisture content below 10 mf wt% was reached, a condition required to achieve a number of purposes in energy applications and storage of biomass material. From the results obtained, it was found that the samples were successfully dried from an initial moisture content of 170.68 mf wt% to final moisture content of 3.85 mf wt% for the untreated sample and from 376.14 mf wt% to 4.36 mf wt% for the treated sample in 66 hours of solar drying.
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1.      INTRODUCTION

Malaysia is the largest producer of palm oil in the world and has around 4.3 million hectares of oil palm plantation. The country also produces an average of 81.5 million tonnes of fresh fruit bunches. Among other contributors, palm oil industry represents the highest contributor of solid wastes and generates more residues during harvesting, replanting and milling processes. The residues that come from the milling processes are fruit fibres, shells and empty fruit bunches (EFB) which have good potential as energy resources. Other residues which include trunks and fronds are also abundant at the plantation area.1 These wastes are currently left on the ground or burned due to the inconvenience of handling and transporting the wastes to a proper site which are causing many environmental problems. For example, open burning is not only causing air pollution and green house effects but also creates other health issues.

Biomass is an organic matter that can be converted into useful energy. There are many processes available for converting biomass waste into valuable fuels such as fuel oil, fuel gas or higher value products for chemical and biotechnology industry. The waste can be converted into useful energy by direct combustion, pyrolysis, liquefaction or gasification.2–4 However, before the waste can be used effectively in these processes, some pre-treatment processes should be applied to the sample such as size reduction, drying treatment and washing treatment.

Biomass products are dried to achieve standard value of moisture content to avoid damage from infestation of microorganisms and other pests, and also to increase the yield of the products. However, if the products are over dried, it will cause a decrease in its value.5 Biomass with moisture content of less than 10 mf wt% is required to avoid microorganism attack which affects the end-product quality and to achieve a number of purposes in energy applications and storage of biomass material. At this rate, the enzymes inside the products become inactive.6,7

Solar drying system has three types of drying modes: direct, indirect and mixed-mode. In the direct mode dryer, the product is directly exposed to solar radiation. This type of dryer mainly consists of a drying chamber that has a transparent glass or plastic cover. Biomass product is placed on a perforated tray to be heated rather directly.8 In the indirect mode, the product is not directly exposed to direct solar radiation. The dryer basically consists of a solar collector and a drying chamber. Biomass product is placed in an opaque drying chamber, which is heated by the air from the collector connected to it. However, the performance of the indirect mode dryer depends on the efficiency of the collector. This type of dryer is more efficient than the direct mode dryer or open sun drying and was reported that it could produce higher operating temperature.9 As for the mixed-mode solar dryer, the performance is found to be most effective and particularly promising in tropical humid areas where climatic conditions favour direct sun drying for agricultural products. This type of dryer basically consists of a cabinet-type solar dryer with a transparent top cover and connected to a solar collector. Normally, natural convection works the best for the mixed-mode dryer since it utilises heat from direct solar radiation as well as the convective energy of the heated air from the collector.

The purpose of this study was to dry EFB, a waste from palm oil industry in a solar drying system that was designed until moisture content of below 10 mf wt% is reached. The solar drying system which comprised of six double-pass solar collectors with porous media in the second pass were built and connected in a series of three collectors in two banks and a drying chamber. A simulation study on a double pass solar collector with porous media reported that in order to produce the highest outlet temperature and efficiency, the height of the upper pass must be at 1.00 cm and for the second pass at 10.00 cm. This was based on the effective length of the collector which was between 240 cm to 280 cm, while the effective width of the collector was between 100 cm to 140 cm.10 Therefore, in this study, the collectors constructed were based on this suggestion.

1.1    Review of a Solar Drying System

Ramana Murthy11 reviewed several types of solar driers developed in several countries of Asia-Pacific region, and he found that the highest potential for drying and the popular ones are the natural convection cabinet type, the forced convection indirect type and the green house type. These types of dryer are a combination of the direct and indirect modes. Ekechukwu and Norton9 also reviewed on the classification of solar energy dryers. They found that there are two generic groups of solar energy dryers, which can be identified as passive or natural circulation solar energy dryers and active or forced convection solar energy dryers. In addition, there are three sub-groups of these dryers that can be identified as the integral type (direct mode), distributed type (indirect mode) and mixed-mode type.

The performance of the solar drying system is highly influenced by the performance of the collector. Therefore, several researches have been conducted in order to improve the performance of the solar collector and to produce better quality end product. As an example, Bolaji and Olalusi12 studied the design, construction and performance of a mixed-mode solar dryer for food preservation. In the construction of the solar dryer, they designed the drying cabinet that was able to absorb solar radiation directly through the transparent walls and roof. At the same time, heated air from a separate solar collector is passed through a grain bed. They found that the temperatures inside the dryer and solar collector were much higher than the ambient temperatures during day time. Tarigan and Tekasakul13 did a research study on a mixed mode natural convection of solar dryer integrated with a simple biomass burner and bricks for storing heat. The dryer was used to dry 60–65 kg of unshelled freshly harvested groundnuts. The drying efficiency of the solar component alone and the efficiency of the burner with heat storage in producing useful heat were 23% and 40%, respectively. Forson et al.14 had designed a prototype of the mixed-mode natural convection solar crop dryer for drying cassava and other crops. They found that a minimum of 42.4 m2 of solar collection area was required to obtain the drying efficiency of 12.5%.

Sopian et al.15 designed and fabricated a solar assisted drying system which consisted of a solar collector array, auxiliary heater, drying chamber and air distribution system. The solar collector was a double-pass type with an upper and lower channel. The lower channel of the solar collector was filled with porous media that increased the outlet temperature and improved the performance of the system as the porous media acted as heat storage. They found that the drying system was capable of drying oil palm fronds from moisture content of about 63 mf wt% to moisture content of about 15 mf wt% with drying time of about 7 h. The overall system efficiency was about 25%. Naphon16 studied numerically the heat transfer characteristics and performance of the double-pass flat plate solar air heater with and without porous media. They found that the solar air heater with porous media gives 25.9% higher thermal efficiency than that without porous media.

The heat transfer characteristics and thermal performance of five different characteristics of solar air heaters were studied numerically by Naphon and Kongtragool.17 They found that the conventional solar air heater with a single glass cover produced the lowest thermal efficiency because the forced convective and radiative heat losses were dominant. They also found that the position of the absorber plate was an important factor to increase the thermal performance of the solar air heater. Liu et al.18 did a parametric study on the thermal performance of a solar air collector with a v-groove absorber with the objective to enhance the heat transfer rate between the air and the absorber by increasing the heat transfer surface area. They found that the v-groove collector has considerably superior thermal performance to the flat-plate collector.

A solar dryer for drying pineapple which comprised of a drying chamber, a biomass stove and a solar collector was developed by Elepaño and Satairapan.19 The drying chamber was a cabinet type with a capacity of 50 kg of sliced pineapple per batch for drying. The biomass-stove was fueled by coconut shell or wood charcoal. The solar collector of size 90 cm × 120 cm was attached at the backside of the drying chamber and tilted at 15° from the horizontal. They found that, about 50 kg of pineapple with an initial moisture content of 85% can be dried to a final moisture content of 20% based on wet basis for about 18 hours at average temperature of 60°C while consuming 2.0 kg per hour of coconut shell/wood charcoal.

El-Beltagy et. al20 studied the indirect forced convection solar drying system for strawberries, which consisted of a solar collector with a W-corrugated black aluminum sheet absorber and a drying chamber. A fan was used to force the air in the solar collector. The heated air was directed to the drying chamber through the bottom side of the dryer. The drying system can be tracked continuously to face the sun on movable wheel. A single layer of pretreated strawberries was placed on the trays inside the dryer that took about 10 h to dry. They found that the temperature of 47°C was adequate for drying strawberries, as this drying system was successful in drying the strawberries from initial moisture content of 88.3% to final moisture content of 40% on wet basis. Mohanraj and Chandrasekar21 had designed and fabricated a forced convection solar dryer for drying copra. This system comprised of a flat plate solar air heater with dimension of 2 m × 1 m that was connected to a drying chamber. One side of the collector was fixed with a fan to force the air in the collector. They found that the copra’s initial moisture content of about 51.8 mf wt% was successfully reduced to 7.8 mf wt% and 9.7 mf wt% in 82 h for trays at the bottom and top layer of the drying chamber, respectively.

Banout et al.22 studied the comparison between the performance of a new designed double-pass solar dryer (DPSD) with a typical cabinet dryer (CD) and a traditional open-air sun drying to dry red chilli in central Vietnam. They found that the samples were successfully dried to moisture content of 10% on wet basis in 32 h using the DPSD and 73 h using the CD. However, the drying time of open-air sun drying took more than 93 h. The overall drying efficiencies of the DPSD and CD were 24.04% and 11.52%, respectively while the overall drying efficiency of open-air sun drying to reach the final moisture content of 15% on wet basis was at 8.03%.

1.2    Heat Transfer Mechanism

The principle involved in collecting the solar energy is rather simple depending strongly on the receiving surfaces, which are able to absorb as much as possible of the incoming solar flux. Heat losses poised the main problem, which does not just rely on the absorbing surface. It is evident that heat transfer processes are therefore essential and play a major role in the design of a flat plate collector.

The actual useful energy gain of the flat-plate solar collector is as follows; with the assumption that the losses based on the inlet fluid temperature is negligible:23
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where S is the absorbed solar radiation, UL is the overall heat loss coefficient, AC is the effective collector area that is exposed to the incoming solar flux, Ti is the inlet temperature of the working fluid, Ta is the ambient temperature and FR is the heat removal factor. The absorbed solar radiation, S is obtained from the meteorological data and the heat removal factor is calculated as follows:24
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where J is the mass flow rate, cP is the constant pressure specific heat capacity, and FP is the plate efficiency factor.


Solar collector efficiency is calculated by taking the ratio of the total solar energy absorbed to the total solar energy received by the collector. When the heat losses of the collector increase, the efficiency of the collector will reduce. The major heat losses in a collector are from the upper side (top cover). It is due to the top face of the collector, which cannot be insulated. As a result, the thermal losses in a collector increases when the temperature of the absorber plate and glass cover increases. However, the sides and back of the collector can be insulated adequately.25 The total heat loss of a solar collector is defined as follows:
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where UT, US and UB is the heat losses from top cover, sides and bottom of a collector.

The upper loss UT is the total sum of energy lost from the top surface of the solar collector to the surroundings by convection and radiation process. The heat loss through the upper side of the collector is caused by the difference in temperature between the glass cover and the ambient temperature. The basic equation for UT is proposed by Hottel and Woertz26 as in equation below:
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C, d, e, f and g are the function or constants of equation (3.4) and given by Malhotra et al 27 as follows:
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A study done by Garg et al.28 showed that in order to find the value of UT, the proposed equations of Malhotra et al. is suitable to be used because it gives the best agreement with iterated values. The sides and bottom loss of the collector can be calculated by the following equations by Sukhatme.29

Side:
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Bottom:
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The efficiency of the collector is calculated as follows:30
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where Nu is the Nusselt number, RaL is the Rayleigh number, L is the effective length and β is the thermal expansivity and calculated as follows:
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2.      EXPERIMENTAL

A solar drying system has been designed and constructed in Universiti Sains Malaysia USM), in the northern region of Peninsular Malaysia. The system consisted of a drying chamber and six solar collectors of double-pass type with porous media in the second pass of the collector.


The length of each collector was 240 cm and the width was 120 cm. The collector was designed according to the measurements suggested by Ooi10 in his research work. He found that the bigger the surface area, the higher the heat transfer rate to useful energy is. However, collectors with small surface area gave a higher efficiency but lower output temperature. Therefore, an optimisation of parameters was found to obtain the best output. In order to produce the highest outlet temperature, an absorber plate made of aluminium sheet was placed between the upper and bottom channel of each collector with height at H1 = 1.0 cm at the top pass and H2 = 10.0 cm at the bottom pass as shown in Figure 1. The plate was painted matt black to increase the absorber’s absorption capacity. The collector’s frame was made of plywood, which was also painted black and a single sheet of glass was used as top cover. The bottom and sides of the collector were insulated with polystyrene to minimise heat losses. Solar radiation through the transparent glass cover of the collector was absorbed by the absorber that heated the air inside the first pass of the collector, before flowing to the second pass. The porous media acted as a good thermal storage and assisted in maintaining high temperatures in the later part of the afternoon.
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Figure 1: The side view of the solar collector.



The dimensions of the drying chamber were 120 cm × 120 cm × 240 cm as shown in Figure 2. The external walls were made of plywood which was painted black while the internal walls were made of zinc and insulated with polystyrene of thickness 5 cm. The heat absorbed by the interior walls was greatly influenced by direct solar radiation through the top glass cover on the roof besides the heated air from the collectors. There were three different levels of wire mesh trays inside the chamber where the samples were dried. A small exhaust outlet on the upper side of the drying chamber was made to facilitate air movement out of the chamber.
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Figure 2: The side view of the drying chamber.



The layout of the solar drying system is as shown in Figure 3. There were two sets of three collectors connected in series with air entrance inlet in the upper channel of the first collector for each set. The heated air from the two banks of solar collectors was finally directed to the drying chamber by connected insulated hoses. The solar collection area in this work was 17.3 m2 which was about two and a half times smaller than a similar system in another research study as in Forson et. al14 but utilising porous media as heat storage.

For the drying experiment, EFB were taken fresh from a local oil palm industry in whole bunches which had gone through the sterilisation process and were very wet. Two conditions of the EFB samples were considered in this study, which were treated and untreated samples. All samples were cut into smaller size ranging around 2–3 cm and divided into two. The first EFB sample was treated using a simple water washing treatment to reduce the ash content by soaking in tap water for about 20–30 min. For every 100 g of sample, 5 l of tap water at room temperature was used.31 After undergoing the water washing treatment, the sample was drained for 30 min. On the other hand, no treatment was applied to the other EFB sample.
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Figure 3: The configuration of the solar drying system.



Since there are three tray levels in the drying chamber, a total of 8–10 kg of biomass can be dried at once. However in this work, only one level tray was used where both the treated and untreated EFB of around 2.5 kg in total were placed on the middle tray level inside the drying chamber next to each other. The weight of the samples before and after the drying process on each day was measured and the moisture and ash contents were also determined. The samples were dried until equilibrium moisture content of below than 10 mf wt% was reached. As a part of this study, the hourly solar irradiance were measured using a Kipp and Zonnen Pyranometer and a Meteon Datalogger. Data were taken every second started from 9.30 AM to 5.00 PM during the period of drying. The weather condition of each drying period were also observed.

The equilibrium moisture content was assumed reached when the weights of the samples did not change significantly during the drying period. During the drying process, water was gradually removed from the biomass sample until it reached equilibrium weight where most of the water has been evaporated. The moisture content of the samples on each drying day was determined by ASTM E871 Method.32 The samples were placed inside the oven for about 24 h at 105°C. The moisture content of a sample is defined as the weight of water in the sample as a percentage of its dry weight determined by the following equation:33,34
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After the required moisture content was reached, the ash content of the samples (both washed and unwashed) was determined. The ashing test was conducted to study the effect of water washing pre-treatment on the percentage of the ash content of the samples. The measurement of the ash content of the samples was determined using the National Renewable Energy Laboratory (NREL) Standard Analytical Method LAP005.35 The sample was placed in a muffle furnace for about 6 h at 575ºC. After 6 h, the samples was removed and cooled in a desiccator for one hour before the weight was taken. The ashing test is normally carried out directly after the moisture content measurement was done as biomass sample such as EFB is hygroscopic in nature. The ash content of the sample can be calculated by the following equation:35
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3.      RESULTS AND DISCUSSION

3.1    Drying Experiment of a Mixed-mode Solar Dryer

The drying experiment to investigate the weight loss and moisture content of the EFB samples was carried out for 9 days continuously (66 h) at which the average solar radiation ranged between 293–733 W m–2. The lowest solar irradiance throughout the whole nine days of drying process was at 22 W m–2, which was recorded on day 8 during raining at 9:35 AM. The highest maximum solar irradiance of 1181 W m–2 was recorded at 12:49 PM on day 9, which was considered as a sunny day. In a solar drying system, the intensity of the solar radiation received on each drying day will affect the efficiency of the system. More radiation received means more heat will be obtained in the solar drying system.36 It was recorded that the average temperature of the drying chamber for the period of drying varied between 36–45ºC at ambient temperature of 23–28°C. Most of the days were cloudy with some sunny mornings, which are the typical weather in Malaysia.37 It was noted that it had rained on the eighth day.

The temperature of the drying chamber plays an important role in the drying efficiency. When the drying chamber’s temperature becomes higher, it will speed up the drying process, hence making the drying time shorter. In this experiment, the heated air was supplied from the solar collectors to the drying chamber through the insulated hoses and from the top glass cover on the roof of the drying chamber. However, it was observed that the average temperature of the drying chamber was much lower compared to the temperature of the solar collector. The heat losses due to ineffective insulation and the exhaust outlet in the drying chamber were probable causes. In addition, the high moisture content of the samples also affected the temperature of the drying chamber causing the heated air to become moist and reduced the temperature rather significantly.

Figure 4 shows the weight of the treated and untreated EFB samples for each drying day. The weight of the samples before and after drying was measured for each drying day. The treated sample as described in Section 3 was placed in the drying chamber at the same level with the untreated sample for drying at all times. The weight of the samples for both treated and untreated was initially 1552.31 g and 1000.04 g, respectively.
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Figure 4: Weight of samples for each drying day.



From the results obtained, it can be seen that the weight for both treated and untreated samples decreased drastically in the first three days even though the average solar radiation intensity at that time was between 450–570 W m–2. However, it is clearly seen that the weight of both samples became stable after three days for the untreated sample and four days for the treated sample. This happened when the surface of the samples reached the hygroscopic threshold and entered the deceleration zone where the evaporation inside the sample began. At this time, water (in liquid form) did not exist anymore but instead appeared in vapour form.38 In the next five or six days of drying, the weight of both samples showed very little change or no change at all which means that the equilibrium weight for both samples was achieved even though the average solar radiation intensity was higher than the first three days except when it was raining. It was also observed that in the morning before the start of the drying process for that day, the weight of both samples was slightly higher than the previous day. This happened due to its hygroscopic nature, which is capable of absorbing moisture from a humid environment and losing moisture in a dry environment.31 At the end of the experiment, the untreated sample was found to be heavier than the treated sample even though the treated sample was much heavier initially. This is due to the washing treatment that was applied which has removed some of the dirt, ash and oil off the sample.

At the beginning of the experiment, the initial moisture contents for both treated and untreated samples were 376.14 mf wt% and 170.68 mf wt% (equivalent to 79.00% and 63.06% in wet basis), respectively. Referring to Figure 5, after nine days of drying, the moisture content of the treated sample reached 4.36 mf wt% (equivalent to 4.18% wet basis) while the untreated sample 3.85 mf wt% (equivalent to 3.71% wet basis). Moisture content of below 10 mf wt% was reached in only two days (13.5 drying hours) for the untreated sample and three days (21 drying hours) for the treated sample. After three days of drying, the moisture content for both samples did not change much as they have reached the equilibrium state and that most of the moisture have been evaporated.

It was found that the ash content of the untreated sample was at 4.98 mf wt% which is higher than the treated sample which was at 2.86 mf wt%. This result indicated that the treated sample which achieved ash content of below 3 mf wt% had met the condition required for the purpose of other energy applications such as fast pyrolysis process to derive high quality bio-oil.39
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Figure 5: Moisture content of sample for each drying day.



3.2    Thermal Efficiency of a Mixed-mode Solar Dryer

In a mixed-mode type solar dryer, the direct solar radiation through the top transparent cover of the drying chamber plays an important role together with the heated air from the solar collectors in the drying of the EFB samples. For the solar collector, the average temperature obtained for the nine days of drying period were between 52.79–73.68°C. The average temperature for the absorber plate was between 61.38–87.76ºC whereas the average temperature of the drying chamber was between 35.86–45.22°C. The decrease in temperature in the drying chamber was mostly due to the exhaust outlet on the top part of the chamber. Besides, the high moisture content of the EFB samples had affected the temperature of the drying chamber as well resulting in the heated air becoming moist while lowering the temperature of the drying chamber. In addition, the average solar radiation during the nine days was around 524.1 W m–2 and the average upper loss UT of the solar collector was found to be around 4.32 W m–2 K–1 which was rather high causing the useful gain of heat only around 60%. However, the back and side losses are much smaller which was around 28% of the total loss due to ineffective insulation.

Since the drying system was operating in natural convection, the efficiency of the collector was found to be rather low of around 2–6%. The surface area of the solar collector dominated by the number of collectors used has not much effect on the efficiency of the drying system as the system was operating in natural convection and hence, a low efficiency is expected.

In this study the drying efficiency is discussed in terms of the drying rate percentage. The percentage of the drying rate is calculated from the following equation:12

[image: art]

The results obtained for both treated and untreated samples are presented in Figure 6. It is seen that the percentage of the drying rate was decreasing with increasing drying time. During the first 30 h, it was observed that the drying rate decreased very quickly. After 30 h of drying, the drying rate decreased very slowly because most of the water in the samples has been evaporated. When the moisture content of the surface reached equilibrium, the drying rate further decreased towards zero.
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Figure 6: Drying rate of washed and unwashed samples.



4.      CONCLUSION

From the results obtained, it can be concluded that the double-pass solar drying system with porous media designed and used in this work has great potential in drying EFB in a rather short time than most work elsewhere. It has been successful in drying EFB from a very high moisture content exceeding 170 mf wt% to below 10 mf wt% in 13.5 h for the untreated sample and 21 h for the treated sample. The solar collection area is smaller by two and a half times compared to another work utilising similar mode system, hence making it more economically viable.
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Abstract:  The activity concentrations of naturally occurring and anthropogenic radionuclides in soil, grass and plant were measured in this work with an aim to determine the transfer factors of radionuclides from soil to grass and plant collected from Chittagong city in Bangladesh. The average activity concentrations of 226Ra, 232Th, 228Th, 40K and 137Cs in soil were found to be 22.13 ± 2.30, 38.47 ± 2.72, 50.47 ± 4.75, 451.90 ± 24.89 and 2.41 ± 0.18 Bq kg–1 respectively while in grass, their values were 1.26 ± 0.11, 3.66 ± 0.31, 7.02 ± 0.49, 134.95 ± 3.68 and 0.17 ± 0.02 Bq kg–1 respectively. In branches of the plant, the concentration values of these radionuclides are higher than those for leaves. For soil to grass, the transfer factor values were found to be 0.056, 0.089, 0.137, 0.275 and 0.054 respectively for 226Ra, 232Th, 228Th, 40K and 137Cs. For plant, soil to branch transfer factor values (0.062, 0.098, 0.136, 0.274 and 0.064 respectively for 226Ra, 232Th, 228Th, 40K and 137Cs) are higher than those for soil to leaves (0.054, 0.088, 0.127, 0.266 and 0.061 respectively).

Keywords: Soil-to-plant transfer factor, natural and anthropogenic radionuclides, activity concentration, tropical environment

1.      INTRODUCTION

Both routine and accidental releases of nuclear wastes result in radionuclides sipping into the environment and ground. The plants take in deposited radionuclides from soil, commonly expressed as soil-to-plant transfer factor (TF), which is widely used for calculating radiological human dose via the ingestion pathway. The soil-to-plant TF is regarded as one of the most important parameters in environmental safety assessment for nuclear facilities.1 This parameter is necessary for environmental transfer models, which are useful in the prediction of radionuclide concentration in agricultural crops for estimating dose impact to human being.

Generally, the soil-to-plant transfer of radionuclides depends on soil type, pH, solid/liquid distribution coefficient, exchangeable K+ and organic matter contents. Absalom et al. presented a model which predicts the soil-to-plant TF of radionuclides (clay content, organic carbon content, exchangeable potassium and pH).2 The Absalom model has been tested in Europe with successful prediction of the fate of Chernobyl and weapons fallout of 137Cs.3,4 However, testing and validation of this model for the tropical food chains in many countries in South Asia is very limited. As countries in the South Asian region like Bangladesh is expanding applications of nuclear technology, a comparable model is required to predict the impact of deposited radionuclides based on the regional parameters derived for wet-dry tropical environments. In order to apply the Absalom model and/or to modify the model, regional databases for model validation need to be developed for the tropical environments of Bangladesh. Nevertheless, very few data for Bangladesh are available in the open literature.5–7

As rice and vegetables are the main foods of the people of Bangladesh, in the present work, the activity concentrations of naturally occurring and anthropogenic radionuclides deposited in the soil and plant and soil-to-plant TF are measured in the Prabartak hill in Chittagong city of Bangladesh. A total of 60 soil samples (15 from each of 4 different depths), 10 grass (Allium cepa, Amaranthus spinosis, Chenopodium album, Cynodon dactylon, Cyperus rotundas, Echinochloa crussgali, Eleusine indica, Mimosa pudica, Murdnnia nudiflora and Portulaca oleracea) and 5 plant (Acalypha indica, Bacopa monniera, Lantana camera, Solanum nigram and Syndrella nodiflora) species were selected to investigate the concentration of radionuclides and TF values of natural radionuclides and 137Cs in the soil-plant system. The radionuclides 232Th, 238U and their daughter are of great importance in the fuel cycle. Radium radionuclide is of radiological importance to human; water and aquatic lives and plants contain radium radionuclides taken from soil and water.

2.      EXPERIMENTAL

2.1    Study Area

Chittagong city is situated on the banks of river Karnaphuli in the southern part of Bangladesh. It is the largest seaport of Bangladesh and is located at latitude 22°22′N and longitude 91°51′E. The city covers an area of about 160.7 km2. It is bound by hills with closed canopy forest nurtured by heavy seasonal precipitation. The average annual rainfall in the area is about 2870 mm and mean annual temperature is about 26°C. The total duration of rainy season is about 5 months, from May to September. The south-west monsoon causes heavy rainfall between June and July. The soil in the study area is predominantly ultisols, brown hilly, sandy textured and low in organic matter.


2.2    Sample Collection

An area of about 3 m2 was marked and the top layer of the soil which contained vegetation and root was removed. A total of 60 soil samples, 10 grass samples and 5 plant samples were collected for the present study. Soil samples were collected from different depths viz. 0–5, 5–10, 10–15 and 15–20 cm using a core sampler as tabulated in Table 1. In each case of plant samples, leaves and branches well exposed to the atmosphere were collected separately. In the case of grass, whole plant was collected. Soil samples were collected from the same location from where vegetation samples were collected. The category of soil samples at different depths are given below:


Table 1: Category of soil.



	Category of soil

	Depth (cm)




	Soil A

	0–5




	Soil B

	5–10




	Soil C

	10–15




	Soil D

	15–20




2.3    Sample Preparation

Grass and plant samples were cleared by fresh water for removing the dust and mud. All the samples were then dried under direct sun and humidity condition for 2 days. Soils were well mixed after removing extraneous materials such as roots, mat portions, pieces of stone and gravel. Samples were weighed and dried into an electric oven at 110°C for 4 days until a constant dry weight was obtained. After crushing and mixing thoroughly, soil samples were shaken in a sieve shaker and were scaled in a plastic cylindrical container of about 250 cm3. Plant and grass samples were individually dried for 4 days in an electrical oven of 110°C to obtain a constant dry weight. The samples were charred and then ashed, and finally ground into fine power. The ash was then stored tightly in a 250 cm3 container with a cap and wrapped with thick vinyl tapes. These samples were a stored for about 30 days to allow 214Bi and 208Tl to reach a secular equilibrium with 238U and 232Th and their respective daughters. Further, the containers were preserved airtight by plastic packets to ensure that 222Rn and 220Rn is confined within the volume.8

2.4    Activity Determination (Gamma-ray Spectrometry)

A 344cc P-type coaxial HPGe detector with a relative efficiency of 35% and a resolution (FWHM) of 1.81 keV at 1.33 MeV (with associated electronics) was employed for the measurement of 226Ra, 232Th, 228Th, 40K and 137Cs activity. The following classical formula:
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Where



	CPS
	= net count per second,



	E
	= counter efficiency,



	I
	= Intensity of gamma ray, and



	W
	= weight of the sample



was used to determine the activities in the prepared samples of the soil, grass and plant by the mentioned detector and eventually to determine the TFs due to natural and anthropogenic radionuclides from soil to plant. The detector was enclosed in a 5.08 cm thick graded lead shield. The counting of the samples were obtained by analysing the spectra acquired (by the detector) by employing a PC-based 8K multichannel analyser and associated software (Assayer 3.80). International Atomic Energy Agency (IAEA) standard reference samples RGU-1, RGTh-1 and RGK-1 were used for efficiency calibration. The energy efficiency calibration curve is shown in Figure 1. The standard materials and samples were taken using containers of same size (having a diameter of 6.5 cm and a height of 7.5 cm) and type so that the detector geometry remained identical. The counting time sample was kept enough to minimise the counting error. After adjustment of necessary parameters, the airtight containers contained the standard, soil and ashed samples were placed on the top of the detector and counted for 20,000–80,000 s. The gamma spectrum of the soil, grass and plant samples were taken. Most prominent gamma energy peaks of 238.63 and 300.09 keV (for 212Pb); 241.98, 295.21 and 351.92 keV (for 214Pb); 338.40, 911.07 and 969.11 keV (for 228Ac); 583.19, 860.56 and 2614.53 keV (for 208Tl); 609.31, 1120.29, 1238.11, 1377.82, 1764.49 and 2204.22 keV (for 214Bi); 727.17 keV (for 212Bi); 1406.75 keV (for 40K); 661.66 keV (for 137Cs) and 795.85 keV (for 134Cs) respectively were considered for our calculation.

The lower limit of the detector (LLD) 212Pb, 214Pb, 228Ac, 208Tl, 214Bi, 137Cs and 40K were 0.0293, 0.0187, 0.2018, 0.1145, 0.0140, 0.0545 and 1.9050 Bq kg–1 respectively (at 95% confidence level) for a counting time of 68,000 s and the sample was kept in a 250 cc cylindrical container.



[image: art]

Figure 1: Energy Efficiency curve of the detector.



2.5    Transfer Factor (TF)

The soil-to-plant TF measured the transfer of radionuclides from soil to plant taken through the plant roots. From observed activity concentrations of the radionuclide in the plant and in the corresponding soil, the TF values were calculated according to the equation:9
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Grass, grass/root vegetation and small plant grown in tropical Bangladesh are selected to measure TF values.

3.      RESULTS AND DISCUSSION

3.1    Radionuclides Concentration in Soil

The activity concentrations of natural radionuclides 226Ra, 232Th, 228Th, 40K and anthropogenic radionuclide 137Cs in soil samples collected from the Prabartak hill in Chittagong city of Bangladesh are shown in Table 2. The ± values are shown because of the 2σ variation due to counting errors. The activity concentration of 226Ra ranges from 15.27 to 27.52 Bq kg–1 with an average of 22.13 ± 2.30 Bq kg–1, 232Th ranges from 26.75 to 57.62 Bq kg–1 with an average of 38.47 ± 2.72 Bq kg–1, 228Th ranges from 26.75 to 57.62 Bq kg–1 with an average of 50.47 ± 4.75 Bq kg–1 and 40K ranges from 279.02 to 647.82 Bq kg–1 with an average of 451.90 ± 24.89 Bq kg–1. The worldwide average concentrations of these radionuclides as reported by UNSCEAR are 35, 30 and 400 Bq kg–1 for 226Ra, 232Th and 40K respectively.10 Therefore, the obtained results for 232Th, 228Th and 40K have high values of activity concentrations, as compared to the worldwide average values. However, for 226Ra, these values are less than the worldwide median values. The anthropogenic radionuclide 137Cs was found in all samples with an average of 2.41 ± 0.18 Bq kg–1 and ranges from 0.18 to 5.07 Bq kg–1 which is lower than the worldwide average value.10

Figure 2 shows the distributions of 226Ra, 232Th, 228Th, 40K and 137Cs in the surface (Soil A) soil samples. The natural radioactivities did not have a uniform distribution as the soil of the study area is ultisols and sand textured. The sample numbers of high activity concentrations for each of four radionuclides are 5, 7 and 4; particularly for sample 5, which had a very high concentration of 40K (Table 2). Conversely, low activity concentrations were detected in samples 8, 11 and 10. In all samples, the activity concentrations of Thorium are higher than those of Uranium, as Uranium is relatively more susceptible to be soluble whereas Thorium is easily absorbed by the soil.

Table 2: Activity concentrations of radionuclides in soil samples.



	Sample no.

	Activity (Bq kg –1 dry wt)




	226 Ra

	232 Th

	228 Th

	40 K

	137 Cs




	1

	19.99 ± 1.98

	45.13 ± 2.01

	49.09 ± 3.43

	550.29 ± 20.16

	1.43 ± 0.08




	2

	23.41 ± 2.29

	44.14 ± 2.32

	56.63 ± 4.73

	544.45 ± 23.99

	0.77 ± 0.07




	3

	20.74 ± 2.30

	38.83 ± 2.29

	50.69 ± 4.62

	480.05 ± 23.61

	2.07 ± 0.12




	4

	26.87 ± 3.33

	48.37 ± 3.18

	57.14 ± 6.90

	594.08 ± 33.24

	4.45 ± 0.29




	5

	27.52 ± 2.86

	57.62 ± 3.36

	73.76 ± 6.78

	647.82 ± 32.13

	3.14 ± 0.21




	6

	20.41 ± 2.25

	37.03 ± 2.77

	46.54 ± 5.48

	418.51 ± 25.74

	5.07 ± 0.29




	7

	26.84 ± 3.06

	41.99 ± 3.12

	56.60 ± 6.77

	599.87 ± 33.74

	2.26 ± 0.21




	8

	18.78 ± 2.59

	33.41 ± 2.76

	42.27 ± 5.13

	279.02 ± 21.50

	1.01 ± 0.12




	9

	23.98 ± 2.23

	38.78 ± 2.71

	53.84 ± 4.52

	443.95 ± 18.75

	3.64 ± 0.23




	10

	15.27 ± 2.03

	26.80 ± 3.39

	33.88 ± 3.13

	318.12 ± 17.27

	1.93 ± 0.20




	11

	20.50 ± 1.62

	36.82 ± 2.59

	54.13 ± 3.54

	300.82 ± 21.05

	2.17 ± 0.17




	12

	16.49 ± 1.62

	33.57 ± 2.62

	45.11 ± 4.30

	348.30 ± 24.42

	2.37 ± 0.20




	13

	24.97 ± 2.46

	35.46 ± 3.01

	53.70 ± 5.01

	447.11 ± 27.34

	3.10 ± 0.24




	14

	21.04 ± 1.96

	26.75 ± 2.09

	35.21 ± 3.28

	370.25 ± 25.84

	0.18 ± 0.06




	15

	25.21 ± 1.97

	32.35 ± 2.58

	48.48 ± 3.62

	435.94 ± 24.52

	2.72 ± 0.20




	Average

	22.13 ± 2.30

	38.47 ± 2.72

	50.47 ± 4.75

	451.90 ± 24.89

	2.41 ± 0.18




	Range

	15.27–27.52

	26.75–57.62

	33.88–73.76

	279.02–647.82

	0.18–5.07
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Figure 2: Activity concentrations of radionuclide in different soil samples.



The 137Cs activities were found to vary from 0.18 ± 0.06 to 5.07 ± 0.29 Bq kg–1 in different samples, which were very small compared to the specific activities of the other radionuclides. Notably, 137Cs does not exist in soil naturally; the man-made radionuclide deposited in the soil was presumably a result of a nuclear power plant accident and atmospheric nuclear weapon tests around the world. The 137Cs was readily mixed with soil and by rain. However, the potential radiological impact on humans from such low levels of 137Cs is insignificant.11,12

Table 3 compares the activity concentrations of 226Ra, 232Th, 40K and 137Cs in soil samples observed in the present study with those by other investigators in different locations of the world. In comparison, it was found that the range of 226Ra is lower compared to worldwide values. However, the values for 232Th and 40K were almost matching those of other countries. It was also observed that, the measured 137Cs activity concentration range is below the reported range in Cairo (Egypt), Louisiana (USA), Aoh in Rila Mountain (Bulgaria), Patras Harbour (Greece), Majorca (Spain), Kocaeli Basin (Turkey) and northern Jordan rift valley (Jordan), but is higher than Tamilnadu (India).


Table 3: Comparison of activity concentrations of 226Ra, 232Th, 228Th, 40K and 137Cs in Bq kg–1 in the soil samples of the different parts of the world with the present study.



	Region/Country

	226Ra

	232Th

	40K

	137Cs

	References




	Cairo, Egypt

	5.3–66.8

	5–37.3

	41.5–418

	0–35.7

	13




	Taiwan

	44.7-10.6

	12.2–44.2

	195.3-640

	0–12.1

	14




	Louisiana, USA

	34-95

	4–130

	43–719

	5–58

	15




	Argentina

	–

	–

	540–750

	–

	10




	China

	2–440

	1–360

	9–1800

	–

	10




	Hong Kong SAR

	20–110

	16–200

	80–1100

	–

	10




	India

	7–81

	14–160

	38–760

	≤1–2.88*

	10,16*




	Japan

	6–98

	2–88

	15–990

	–

	10




	Korea, Rep. of

	–

	–

	17–1500

	–

	10




	Iran

	8–55

	5–42

	250–980

	–

	10




	Savar, Bangladesh

	32–49

	19-29

	129-527

	2–3

	17




	Denmark

	9–29

	8–30

	240–610

	–

	10




	Belgium

	5–50

	5–50

	70–900

	–

	10




	Luxembourg

	6–52

	7–70

	80–1800

	–

	10




	Switzerland

	10–900

	4–70

	40–1000

	–

	10




	Bulgaria

	12–210

	7–160

	40–800

	287.9–827.1*

	10;17*




	Poland

	5–120

	4–77

	110–970

	–

	10




	Romania

	8–60

	11–75

	250–1100

	–

	10




	Greece

	1–240

	1–190

	12–1570

	1.8–11.1*

	10, 19*




	Portugal

	8–65

	22–100

	220–1230

	–

	10




	Spain

	6–250

	2–210

	25–1650

	10–60*

	10, 20*




	Kocaeli, Turkey

	10–58

	–

	161–964

	2–25

	21




	Jordan

	16.3–57.3

	7.6–16.2

	121.8–244.8

	1.9–5.3

	22




	Present study

	15.27–27.52

	26.75–57.62

	279.02–647.82

	0.18–5.07

	–




	World Average

	35

	30

	400

	10




3.2    Variation of Concentration with Depth of the Soil

Table 4 presents the concentrations of radionuclides at different depths. The results are shown in Figure 3 reveals that for all nuclides, the activity concentrations decreases with depth up to 10 cm which support the results of Copplestone et al. After 10 cm, an increase in activity concentrations was observed which contradicts the distribution expected based on earlier studies of undistributed soils collected away from coast.23 This equate to a variation in activity concentrations (Bq kg–1) from 23.55 (0–5 cm) to 22.94 (15–20 cm) for 226Ra, from 40.07 (0–5 cm) to 40.64 (15–20 cm) for 232Th, from 51.25 (0–5 cm) to 54.74 (15–20 cm) for 228Th, from 472.61 (0–5 cm) to 461.85 (15–20 cm) for 40K and from 2.6 (0–5 cm) to 1.9 (15–20 cm) for 137Cs. Therefore, it can be concluded that the radionuclide distribution at different soil depths is independent of the soil’s mineral content and is due to the rapid percolation of water through channels between sand grains which support the results obtained by Copplestone et al.23


Table 4: Activity concentrations (Bq kg–1) of radionuclides in different depth of soil sample.



	Depth (cm)
	Activity (Bq kg–1 dry wt)



	226Ra

	232Th

	228Th

	40K

	137Cs




	0–5

	23.55

	40.07

	51.25

	472.61

	2.6




	5–10

	21.64

	35.34

	46.83

	434.38

	1.87




	10–15

	20.42

	37.85

	49.07

	417.61

	2.78




	15–20

	22.94

	40.64

	54.74

	461.85

	1.9
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Figure 3: Variation of activity of radionuclides with depth of soil.



3.3    Radionuclide Concentrations in Grass and Transfer Factor (TF)

The results of the activity concentrations of 226Ra, 232Th, 228Th, 40K and 137Cs radionuclides in 10 grass samples collected from the site of the present study area as well as their TFs are presented in Table 5. It was observed that, the activity concentration varies with grass species and it is different for different radionuclides. For all the species, 40K showed a higher concentration than the other radionuclides which were similar to the results obtained by Karunakar et al.24 The averages concentration of 226Ra, 232Th, 228Th, 40K and 137Cs were 1.26 ± 0.11, 3.66 ± 0.31, 7.02 ± 0.49, 134.95 ± 3.68 and 0.17 ± 0.02 Bq kg–1 respectively having the order 40K > 228Th > 232Th> 226Ra> 137Cs.

At 95% confidence level, and considering all the sampling points, the TF values obtained for the two thorium isotopes (232Th and 228Th) are distinguishable statistically, with average values of 0.089 and 0.137 respectively. For grass growing in a hilly area, TF values had been reported three order magnitude lower than those obtained in the present work.25 Other authors studied the uptake of thorium by thyme, forage and barley stems around a thorium ore deposit, and obtained TF values one order of magnitude lower for washed plants.26 TF values of between 0.048 and 0.089 for 232Th, and between 1.07 and 2.63 for 228Th were found in a uranium mine for grass-pasture.27 For different vegetable crops grown on a contaminated lake bed, for 232Th the TF value found by Whicker et al. was in the range of 0.000021 to 0.0023.28 Finally, the published TF mean value for thorium in grass is 0.011, with a range between 0.0011 and 0.11, compatible with the results obtained in the present work.9 Almost for all grass, it was seen that the TF values for 228Th is higher by one order of magnitude than that for 232Th. The excess of 228Th in vegetation versus 232Th must be explained by the higher absorption of radium, in particular 228Ra. Therefore, the excess of 228Th arises from 228Ra decay in the plant and the uptake of 228Th itself.29

The TF average value for 226Ra in grass was 0.056, which is lower than the value reported in the work by Vera Tomé et al.27 Similar results were obtained for radium in grass with a TF mean value of 0.08, and a range between 0.016 and 0.4.30 Lower mean values are usually found for this element both in vegetables and rice (about 0.001).31 However, the TF values for radium in native plants growing in a uranium mine are in the range 0.07 to 0.15 which is higher than the results obtained in this work.32

From the TF values comparison, we can conclude that the uptake of 228Th is higher than those for the other two radionuclides.


Table 5: Activity concentrations of 226Ra, 232Th, 228Th, 40K and 137Cs radionuclides in grass and their transfer factors.



	Grass species
	
Activity (Bq kg–1 dry wt)




	226Ra

	232Th

	228Th

	40K

	137Cs




	Allium cepa
	0.70 ± 0.13

	3.11 ± 0.24

	6.14 ± 0.35

	95.81 ± 2.04

	0.08 ± 0.01




	Amaranthus spinosis
	1.42 ± 0.26

	4.36 ± 0.34

	8.08 ± 0.48

	180.74 ± 4.26

	0.24 ± 0.04




	Chenopodium album
	1.51 ± 0.15

	4.60 ± 0.85

	9.21 ± 0.74

	205.03 ± 4.64

	0.15 ± 0.03




	Cynodon dactylon
	1.55 ± 0.07

	2.89 ± 0.17

	6.31 ± 0.20

	112.21 ± 2.87

	0.32 ± 0.05




	Cyperus rotundus
	1.47 ± 0.05

	2.45 ± 0.17

	6.04 ± 0.33

	74.28 ± 2.26

	BDL




	Echinochloa crussgali
	1.01 ± 0.15

	2.60 ± 0.05

	6.82 ± 0.66

	120.03 ± 3.01

	0.23 ± 0.02




	Eleusine indica
	1.03 ± 0.06

	5.15 ± 0.59

	6.54 ± 0.84

	146.49 ± 5.85

	0.17 ± 0.02




	Mimosa pudica
	1.32 ± 0.11

	3.71 ± 0.12

	6.51 ± 0.54

	148.47 ± 3.15

	BDL




	Murdannia nudiflora
	1.38 ± 0.10

	4.72 ± 0.42

	7.48 ± 0.60

	140.46 ± 4.08

	0.05 ± 0.01




	Portulaca oleracea
	1.21 ± 0.10

	3.08 ± 0.24

	7.13 ± 0.21

	126.02 ± 4.68

	0.13 ± 0.03




	Average
	1.26 ± 0.11

	3.66 ± 0.31

	7.02 ± 0.49

	134.95 ± 3.68

	0.17 ± 0.02




	TF values




	Allium cepa
	0.045

	0.116

	0.181

	0.301

	0.041




	Amaranthus spinosis
	0.052

	0.090

	0.141

	0.304

	0.053




	Chenopodium album
	0.054

	0.079

	0.124

	0.316

	0.047




	Cynodon dactylon
	0.075

	0.078

	0.135

	0.268

	0.063




	Cyperus rotundus
	0.078

	0.073

	0.142

	0.266

	NM




	Echinochloa crussgali
	0.042

	0.067

	0.126

	0.270

	0.063




	Eleusine indica
	0.038

	0.122

	0.115

	0.244

	0.075




	Mimosa pudica
	0.056

	0.084

	0.114

	0.272

	NM




	Murdannia nudiflora
	0.069

	0.104

	0.152

	0.255

	0.034




	Portulaca oleracea
	0.058

	0.079

	0.140

	0.262

	0.062




	Average
	0.056

	0.089

	0.137

	0.275

	0.054




3.4    Radionuclide Concentrations in Plant and Transfer Factors (TF)

The activity concentrations of 226Ra, 232Th, 228Th, 40K and 137Cs radionuclides in branches and leaves of different plant species are presented in Table 6. It can be observed from the results of 226Ra that the concentration in branches of a particular plant species is higher than the leaves of the same plant except Solanum nigram which showed a higher concentration in leaves. Similar observation had also been reported by Karunakara et al.24 The reported values of 226Ra activity in stem and leaves of Clerodendrum viscosum vent. (Ittovu) from Kaiga region, India was 5.9 ± 0.9 and 4.6 ± 1.1 Bq kg–1 dry wt respectively.24

Continuous accumulation of 226Ra through root uptake may be the reason for the higher concentration level in branches.

The actual concentration of radium in the part of the plant species depends on the radium content of soil, including its availability to the plant and the metabolic characteristics of the plant species. In view of the fact that the radium content of soil varies fairly widely, corresponding variations in radium levels in land crops may be expected. Chemical factors such as the amount of exchangeable calcium in the soil will determine the rate at which radium will be absorbed by plants.33


Table 6: Activity concentrations of 226Ra, 232Th, 228Th, 40K and 137Cs radionuclides in plant and transfer factors.



	Plant species
	Plant part
	
Activity (Bq kg–1 dry wt)




	228Th

	226Ra

	232Th

	137Cs

	40K




	Acalypha indica
	Leaves

	0.91 ± 0.11

	3.02 ± 0.13

	5.30 ± 0.26

	92.51 ± 1.96

	0.18 ± 0.05




	
	Branch

	1.05 ± 0.15

	3.29 ± 0.11

	6.55 ± 0.29

	94.66 ± 2.10

	0.18 ± 0.04




	Bacopa monniera
	Leaves

	1.02 ± 0.13

	2.72 ± 0.14

	4.51 ± 0.10

	90.23 ± 2.03

	BDL




	
	Branch

	1.57 ± 0.15

	2.89 ± 0.25

	4.97 ± 0.18

	94.12 ± 2.34

	BDL




	Lantana camera
	Leaves

	1.26 ± 0.16

	3.71 ± 0.03

	7.06 ± 0.22

	92.38 ± 2.68

	BDL




	
	Branch

	1.44 ± 0.22

	4.00 ± 0.14

	7.76 ± 0.24

	95.63 ± 3.06

	BDL




	Solanum nigram
	Leaves

	1.40 ± 0.20

	2.29 ± 0.08

	5.98 ± 0.51

	104.59 ± 3.30

	0.22 ± 0.02




	
	Branch

	1.12 ± 0.17

	3.03 ± 0.30

	4.61 ± 0.40

	107.30 ± 3.19

	0.20 ± 0.05




	Syndrella nodiflora
	Leaves

	1.35 ± 0.13

	2.87 ± 0.19

	7.45 ± 0.22

	124.11 ± 4.76

	0.11 ± 0.04




	
	Branch

	1.54 ± 0.24

	3.04 ± 0.24

	8.14 ± 0.44

	126.24 ± 5.06

	0.15 ± 0.03




	Average in leaves
	
	1.18 ± 0.14

	2.92 ± 0.11

	6.06 ± 0.26

	100.76 ± 2.04

	0.17 ± 0.03




	Average in branches
	
	1.34 ± 0.18

	3.25 ± 0.20

	6.40 ± 0.31

	103.59 ± 3.15

	0.17 ± 0.04




	TF values




	Acalypha indica
	Leaves

	0.048

	0.101

	0.128

	0.243

	NM




	
	Branch

	0.074

	0.108

	0.141

	0.254

	NM




	Bacopa monniera
	Leaves

	0.061

	0.100

	0.130

	0.037

	NM




	
	Branch

	0.070

	0.108

	0.143

	0.317

	NM




	Lantana camera
	Leaves

	0.056

	0.064

	0.111

	0.233

	0.070




	
	Branch

	0.045

	0.085

	0.085

	0.239

	0.064




	Solanum nigram
	Leaves

	0.053

	0.088

	0.153

	0.284

	0.040




	
	Branch

	0.061

	0.093

	0.167

	0.289

	0.055




	Average in leaves
	
	0.054

	0.088

	0.127

	0.266

	0.061




	Average in branches
	
	0.062

	0.098

	0.136

	0.274

	0.064




BDL-Below detection limit, NM – Not measured

The values of 232Th activity concentration in branches and leaves of plant species varied from 2.89 ± 0.25 to 4.00 ± 0.14 Bq kg–1 and 2.29 ± 0.08 to 3.71 ± 0.03 Bq kg–1 respectively. In the present study, 232Th activity was observed to be higher in plant branches than leaves. The maximum concentration of 232Th activity was observed in Lantana camera branch and it is 4.00 ± 0.14 Bq kg–1. In all plants species 228Th activity concentrations were higher than thase of 232Th. The highest concentration of 8.14 ± 0.44 Bq kg–1 was observed in Syndrella nodiflora branch.


The results of 40K measurements in various plant species are presented in column 4, Table 6. All the species show a considerable amount of 40K in branches and leaves and it varied from 90.23 ± 2.03 to 126.24 ± 5.06 Bq kg–1. The 40K content of branches is higher when compared to leaves. It is reported that the 40K activity in banana leaves from Rawatbhata environment was 1220.9 Bq kg–1 and in Mango tree leaves from Kaiga environment it varied from 141.9–837.7 Bq kg–1.33,34 In the present study, maximum concentration of 40K activity is observed in Syndrella nodiflora branches whereas minimum concentration is observed in Bacopa monniera leaves. As discussed in the case of 226Ra, this may be due to the continuous accumulation of 40K through root uptake over a period of time. It is well known that as an essential element of metabolism, plants take up potassium from soil in varied amounts depending upon their metabolism and 40K respectively.24

Column 5, Table 6 presents the range of 137Cs activity in leaves and branches of different plant species from Chittagong environment. 137Cs activity in plant leaves is in the range of BDL to 0.22 ± 0.02 Bq kg–1 and for branches it varies from BDL to 0.20 ± 0.05 Bq kg–1. Joshi et al. reported that 137Cs activity in the leaves of Mangifera indica (Mango) and congress leaves was in the range of 0.4–2.8 Bq kg–1 and 2.5–5.8 Bq kg–1 at Kaiga, India. In the same area, the 137Cs activity in the mango leaves was in the range of 0.7 to 1.2 Bq kg–1 and in the leaves of Tectona grandis Lf, it was in the range of 3.10–3.42 Bq kg–1. In the present study, for different plant species, the TF for 226Ra, 232Th, 228Th, 40K and 137Cs were found to have the ranges of 4.5 × 10–2–7.4 × 10-2, 6.4 × 10–2–10.8 × 10–2, 8.5 × 10–2–16.7 × 10–2, 3.7 × 10–2–31.7 × 10–2 and 4 × 10–2–7.5 × 10–2 respectively.33,35 The TF of 226Ra for aerial part of pasture from Mediterranean grass land ecosystem was reported to be 0.11 ± 0.06.36 It can be observed that the TF for plant branches are relatively higher when compared to that for leaves except for Solanum nigram. Further, the TF for 40K was significantly higher than that the other radionuclides which suggests higher levels of uptake of 40K. It is interesting to note that although all the plant species are grown in soils of similar characteristics, the TFs are different for different species. TFs of 226Ra for plant leaves vary from 0.03 to 0.65 in the Kaiga region.33

Soil-to-plant TF of 226Ra for crop plants were found to range from 0.009 to 0.276 and for grass pasture near a uranium mine area was reported to vary from 0.097 to 0.504.27,37 IAEA has compiled soil-to-plant TF of 226Ra for leaves of herbs from tropical environment and the mean value reported is 0.11 with a minimum of 1.1 × 10–2 and maximum of 1.0.38 The observed values of soil-to-plant TF in the present study are within the range of reported values.

TFs corresponding to 232Th and 228Th are distinguishable with an average of 0.088 and 0.127 for plant leaves, and 0.098 and 0.136 for plant branches. The TF values for soil to branch were slightly higher than those of soil to leaves for all species except Solanum nigram. TF of 232Th was found at maximum in Bacopa monniera branches and minimum in Solanum nigram leaves while for 232Th it was the highest in Syndrella nodiflora branches and the lowest in Solanum nigram branches. For edible vegetables growing in an area of enhanced natural radioactivity, TF values were reported three orders of magnitude lower than those obtained in this study (mean value of 6 × 10–5).25 TF values between 0.013 and 0.270 for 232Th, and 0.0.517 to 4.31 for 228Th were found in a uranium mine for grass-pasture.27 The mean TF value for thorium in grass is 0.011, with a range between 0.0011 and 0.11, compatible with the results obtained in this present work.9 The higher TF values of 228Th in plant species versus 232Th may be explained by the higher absorption of radium, in particular 226Ra. Therefore, the excess of 228Th arises from 226Ra decay in the plant and the uptake of 228Th itself.27

Soil-to-leaf TF of 40K calculated for plant leaves were found to vary from 0.037 to 0.284 and in branches it varied from 0.271 to 0.317. The reported geometric mean value of transfer coefficient of 40K for banana leaves from Rawatbhata environment29 is 2.42. Soil-to-leaf TF for teak leaves from Kaiga, India33 is reported as 1.95. The variation observed in TFs for the same species is due to various factors such as age of the plant/tissue and the environment in which the plant is grown. Patra reported that the extent of absorption of minerals and its distribution in the plant depends upon the bioavailability of the minerals in the soil, structure of root and shoot system.19 The data compiled by IAEA38 for soil to plant transfer factor of 40K in leaves was in the range of 0.49–5.6 with a mean of 1.4. In the present study the mean values of TF for each plant species was found to be lower than IAEA value. TF value of 40K activity in plant branches was found to be higher than that of plant leaves.

Soil-to-leaf and branch TF of 137Cs for different plant species was calculated by using 137Cs activity concentration in plant leaf and branch, and the mean value of 137Cs activity in soil. As shown in Table 6, TF value for 137Cs is in the range of 0.04–0.266. Al-Qudar et al. reported that geometric mean of the soil-to-branch TF of 137Cs for Olive tree is 1.55 and for soil to leaves it is 2.06.39 The reported average TF value of 137Cs for rice7 from Dhaka, Bangladesh is 1.9 × 10–2 and for tomato5 it is 0.28. TF of 137Cs for branches show slightly higher value of TF than leaves as shown in Figure 4. TF factor for 137Cs is found to be less than that of 232Th, 228Th and 40K in all plant species. This indicates that 137Cs is less efficiently transported from soil to plants than232Th, 228Th and 40K. It was reported that soil-to-plant TF depends on soil properties such as nutrient standard, exchangeable K content, pH and moisture content.40 In the present study, the average values of transfer factors plant parts was found to be in close agreement with IAEA38 mean value of 137Cs for leaves of herbs which was in the range of 0.02–3.2.


[image: art]

Figure 4: TF of radionuclides for different parts of plant.



4.      CONCLUSION

The activity concentration of naturally occurring and anthropogenic radionuclides in soil, grass and plant, and TF for grass and plant were measured in Chittagong city of Bangladesh. 226Ra, 232Th, 228Th, 40K and 137Cs activity in soil sample are 22.13 ± 2.30, 38.47 ± 2.72, 50.47 ± 4.75, 451.90 ± 24.89 and 2.41 ± 0.18 Bq kg–1 respectively while in grass they have the values of 1.26 ± 0.11, 3.66 ± 0.31, 7.02 ± 0.49, 134.95 ± 3.68 and 0.17 ± 0.02 Bq kg–1 respectively. In branches of the plant, the average activity of 226Ra, 232Th, 228Th, 40K and 137Cs are 1.34 ± 0.18, 3.25 ± 0.20, 6.40 ± 0.31, 103.59 ± 3.15 and 0.17 ± 0.04 Bq kg–1 respectively which are higher than plant leaves. Soil-to-grass TF for 226Ra, 232Th, 228Th, 40K and 137Cs at the study area are 0.056, 0.089, 0.137, 0.275 and 0.054 respectively. Soil-to-leave TF for 226Ra, 232Th, 228Th, 40K and 137Cs are 0.054, 0.088, 0.127, 0.266 and 0.061 respectively which are lower than the corresponding values of 0.062, 0.098, 0.136, 0.274 and 0.064 for branches. In grass, the TF varies in the order of 40K > 228Th > 232Th > 226Ra > 137Cs and in all plant species it is in the order of 40K > 228Th > 232Th > 137Cs > 226Ra. The studied radionuclides are of radiological importance to human; water and aquatic lives. Thus, the collected data from this study will help to develop a reference database on this important issue so that any change in this respect in future due to nuclear phenomenon can be ascertained and radiation safety measurements may be taken accordingly.
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