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Abstract: Nano-composite layers were synthesised by pulsed laser deposition (PLD) combined with magnetron sputtering, ion gun modification and RF discharges, and by dual pulsed laser ablation using simultaneously two KrF excimer lasers and two targets. Diamond-like carbon (DLC), Cr-containing diamond-like carbon (Cr-DLC), silver-doped hydroxyapatite (Ag-HA) and silver doped 316L steel and Ti6Al4V were prepared by hybrid laser technologies for potential coating of medical implants. Growing DLC films were modified during the laser deposition (10 J cm–2) by ion bombardment. Energy of argon ions was in the range between 50 eV and 210 eV. Content of sp2 “graphitic” and sp3 “diamond” bonds, doping, structure, mechanical and biocompatible properties were tested. Deposition arrangements and experiences are presented.
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1.            INTRODUCTION

Laser is a unique device which can be used for fabrication of thin films of multicomponent materials, thin nanocomposite films, nanocrystalline, amorphous, polycrystalline or monocrystaline films, and multilayers and superlattices. Hybrid laser based systems were historically used for deposition of special types of layers and multilayers. Usually, combinations of pulsed laser deposition (PLD) with magnetron or PLD with discharges were used.1–7 In our work, we present a wide range of laser based hybrid systems for creating novel and special types of biocompatible materials. Over the last years it has become apparent that a very few materials implanted in the body are truly biocompatible.8 Therefore, there is a goal to develop novel types of biocompatible layers to cover implant materials and hence improve biocompatible and mechanical properties. The main focus is on the diamond like carbon (DLC) layers, hydroxyapatite (HA) layers, TiO2 layers, and on the doped modifications of DLC, HA and TiO2 materials.

DLC is a metastable form of amorphous carbon containing bonded carbon atoms in sp1, sp2 and sp3 hybridised orbitals. Properties of DLC layers are impressed with sp3/sp2 bond ratio and concentration of hydrogen or other elements in layers. DLC layers exhibit extreme mechanical hardness, good biocompatibility, high chemical inertness, nano-smooth surfaces and a low coefficient of friction (lowest among solids).9 DLC layers have potential applications in cardiovascular areas for coating and improving hemocompatibility of prosthetic valves, stents, artificial heart and heart-lung machines; orthopedic areas for coating of hip and knee implants; ophthalmic areas for improving lenses; and for conformal coating of medical and surgical instruments. Content of sp3 bonds can be modified using ions bombardment.

The problem with DLC layers is their poor adhesion to biomedical alloys such as steel, titanium and cobalt alloys. This problem can be overcome using interlayers and doped DLC layers.10 Some of the interlayers which can be used are carbides, nitrides, metal layers and the gradient layers. Dopants in DLC layers change the hardness, coefficient of friction, surface roughness, adhesion and biocompatibility, etc. For example, the hemocompatibility of implants can be improved by doping the DLC with phosphorus,10 fluorine,11,12 nitrogen,13,14 silicon15,16 and silver.17 Their biocompatibility was found to be better than that of low-temperature isotropic carbon (LTIC).10,14,17

Silver-doped DLC has an excellent antibacterial effect.17,18 Also, phosphorus-doped DLC upholds growth of cortical neurons.19 This property has been used for generation of neuronal networks. Silicon-doped DLC has a better adhesion15 and the layers are more hydrophilous.20 Silver, argon, nitrogen and fluorine-doped DLC layers shows a decrease in the sp3-hybridised C bondings,18,21,22 while silicon doped shows an increase.16 The surface roughness of the fluorine and silicon-doped DLC layers is very low.22,23 Chromium24,25 and titanium26,27,28 doping DLC layers exhibit better adhesion to the substrate than without the doping. Chromium and titanium reduce internal stress and lower the risk of cracking and peeling layers from the substrate.24–28

Metallic silver and silver compounds such as HA silver composites are widely used in medical devices and healthcare products.29 Besides the mechanical properties, the antibacterial properties and cytotoxicity are important for medical applications. Bacterial infections are usually caused by the adherence and colonisation of bacteria on coated implants.2,30 Silver and silver ions have long been known to have strong inhibitory and bactericidal effects as well as a broad spectrum of anti-microbial activities.30 Various opinions concerning silver biocompatibility have been presented in the literature.31 The conclusions published in the mentioned studies are somewhat different and making a comparison is a challenge. This is because the properties of doped materials depend on the dopand concentration, shape of material (bulk, thin layer, nanoparticles) and on the methods and parameters used to introduce silver into the material.

In this hybrid laser research, we concentrated on development and construction of new technological systems, and on the study of DLC, doped (nanocomposite) DLC, doped HA and doped metallic layers for medical applications.

2.            EXPERIMENTAL

Our PLD system consists of excimer laser and deposition chamber (Figure 1). Laser beam is focused on a target, placed in a vacuum chamber. Chamber input window is large in diameter to be able to scan laser beam over the target and to ensure the same conditions for material evaporation. Laser beam evaporate (ablate) target material is in a form of plasma plume.
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Figure 1:      Scheme of PLD deposition chamber. 1: laser beam, 2: reflecting mirror, 3: focusing lens, 4: carousel with four targets, 6: rating table with substrate, 7: vacuum system, 8 and 9: vacuum gauge.



Material condensates on a substrate are placed on a heating element. The stream of material from a target (plasma plume) is very directional and is perpendicular to the target. Simple deposition of multilayers is one of the advantages of PLD. In this case, several different targets are placed in a deposition carousel. The substrate is usually heated during the deposition process. For majority of materials, the substrate temperature is not higher than about 800°C. Another PLD advantage is in its stoichiometric deposition and relatively simple and economical pumping system (10–3 Pa). The spectrum of materials created using PLD is very wide. With PLD, the majority of inorganic materials and composites can be created.

2.1          Hybrid PLD

In some cases, it is better to use combination of PLD with some other deposition techniques or discharges. Here, we are referring to hybrid PLD. For example, when we tried to synthesise the beta phase of C3N4, we were not able to reach PLD due to high content of nitrogen in the created layers. Using combination of PLD and discharges (13.56 MHz) we managed to reach PLD because additional RF source for higher excitation of nitrogen was used.1–3 Hybrid PLD can be used for creating nanocrystalline diamond embedded in carbon matrix to produce crystalline BN or TiO2 layers at lower substrate temperatures, etc.

Another example of hybrid PLD is a combination of PLD and Magnetron Sputtering (PLDMS) deposition (see scheme in Figure 2). We see that streams of materials from PLD target and from MS target intersect on the substrate. The combination of high energetic material flow from PLD and low energetic from MS makes it possible to synthesise materials of new properties at technologically reasonable conditions. By changing the laser repetition rate and magnetron power, it is possible to modify flows of materials on the target and to create gradient layers or layers with a special material distribution along a thickness profile. Using this method we synthesised TiC, TiCNx and SiC films.4–7
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Figure 2:      Scheme of hybrid PLD with magnetron deposition system (left) and photo of real chamber (right).




Another type of hybrid system is based on a combination of two lasers, depositing material from two targets (Figure 3). By changing the repetition rate of lasers, the multilayer systems, and doped and graded layers can be easily fabricated. We tested such system for deposition of DLC doped with Cr. The Cr content changed from 2.2 to 17.9 at%. The contact angle of Cr-DLC films (90°) was higher than DLC film (70°) and surface free energy of Cr-DLC films (43 mN m–1) was lower than DLC film (33 mN m−1). Their biological properties were also studied.32
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Figure 3:      Hybrid PLD system, combining two laser beams with ion beam gun.



All hybrid systems can be combined with ion beam gun. The ion gun can be used to modify growing film, e.g., to increase film density, crystallinity and to improve morphology, etc. (see Figure 3). The ion gun has been successfully tested in fabrication of DLC films. The ion energies up to 210 eV for cathode currents of 0.15 A and 0.5 A were adjusted. We found the influence of ions energy and cathode current on the development of sp3 bond. The maximum of sp3 bond (81%) was measured for layer bombarded with argon ions of energy of 40 eV and cathode current of 0.15 A. Compared to non-bombarded DLC layers the increase in sp3 bonds was from 68% to 81%.33

Using segmented target (HA covered with a plate of silver), the hydroxyapatite layers with silver dopation from 0.06 at% to 14 at% were prepared by laser deposition. Films were amorphous or polycrystalline in dependence on deposition temperature (from RT to 600°C). The antibacterial efficacy changed with silver dopation from 70% to 99.9%. Cytotoxicity was studied by a direct contact test. Depending on dopation and crystallinity, the films could be non-toxic or mildly toxic.31

Nanocomposite silver doped titanium alloy (Ti6Al4V) and 316L steel can be a suitable antibacterial material to reduce the possibility of infection or severity of infection complications in patients after the surgical treatment of fractures. Silver doped layers of titanium alloy and steel were prepared by dual laser ablation using a KrF excimer laser and target composed from metal and silver segments. Concentration of silver in metal was up to 13 at% (depending on deposition conditions). The adhesion of coating to metallic prostheses was outstanding. The prepared layer exhibits good antibacterial properties for gram negative and gram positive bacteria.34

3.            CONCLUSION

Laser based hybrid systems for depositing new composite biomaterials have been described. The arrangements of combination of PLD with RF discharges, magnetron sputtering, ion gun and dual laser ablation were applied to create nanocomposite biomaterials. Schemes and photos of real systems were presented. Thin films of DLC, DLC doped with chromium, hydroxyapatite, hydroxyapatite doped with silver, and chromium doped titanium alloy and steel were fabricated and characterised. Materials of new properties can be synthesised. Finally, the results were explained.
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Abstact: Ramie reinforced poly(lactic acid)(PLA) composites have been receiving a lot of research attention due to their excellent biodegradability. However, poor flammability of the composites limits their application in a few areas such as automobile and aircraft interior. In the present study, 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) as flame retardant was incorporated into the ramie fibre reinforced composites to render the environment friendly character of the biocomposites in flame-retarded composition. Flame retardancy of the composites was greatly improved according to the UL94 vertical test and limiting oxygen index (LOI) measurements. The composites could achieve a UL94 V-0 rating and LOI value increases from 21.6 for ramie/PLA to 27.5 for the flame-retarded ramie/PLA. Enhanced char yield at higher temperatures was observed according to the thermogravimetric analysis (TGA) results. The influence of DOPO on the mechanical properties of the composites was also studied. DOPO can influence the mechanical properties of the composites. Observation can be made directly from scanning electron microscope (SEM) image that the compatibility between PLA and ramie fibre is disturbed by DOPO introduced into the composites. Not a lot of research has been done on the flame retardancy of natural fibre reinforced PLA composites. Therefore, this study offers benefits for future research on composites flame retarding.

Keywords: Ramie, poly(lactic acid), 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO), composite flammability, mechanical properties, biodegradability studies

1.            INTRODUCTION

Biodegradable materials have received a lot of research attention due to the increasing pressure on the world’s resources and concerns about the disposal of materials. In the past decade, poly(lactic acid) (PLA) with high strength and modulus has been identified as a perfect eco-material for many studies for its potential in renewable engineering materials. PLA exhibits good aesthetics and easy processability in a lot of equipment. In manufacturing and processing, the price and inherent brittleness are the most limitation for its wide practical applications.1,2 Natural fibres are obtained from the leaves or the stems of plants. As a naturally growing material, they sell at low price, possess low density and high specific strength and modulus, poses no health risks, are easily available in some countries, and environmental friendly.3 By adding fibres including sisal, wood, bamboo, ramie and recycled newspaper, etc., or other filler material including nano-calcium carbonate, nano-titanium dioxide and multi-walled carbon nanotube, etc., the mechanical properties, biodegradability and thermal stability of the PLA based composites can be significantly improved and the price of PLA products can be lowered.4,5 However, similar to other polyester resins, PLA and natural fibre have a very poor resistance to fire due to their molecular structure and intrinsic chemical composition, hence the modification of flame retardancy is indispensable.

Throughout the past decade, a number of methods have been performed to synthesise flame-retardant biocomposites. These include using halogen-free flame-retardants to obtain biocomposites with non-toxic and smoke-suppression properties, surface treatment, and flame-retardant compatibilisation and miniaturisation. Nanotechnology has also been used to produce biocomposites with good mechanical properties. Additionally, flame-retardant synergism is used to improve the flame-retardant efficiency of biocomposites.

Low cost and high efficiency are the development directions for flame-retardant biocomposites.6,7 A lot of halogen-free flame retardants that contain phosphorus/nitrogen have been thoroughly researched and reviewed for their low toxicity and high efficiency. At high temperature, most organophosphorus flame retardants form phosphoric acid and prevent the substrate burning via a condensed phase mechanism. In our previous work, APP was added into ramie/PLA biocomposites, and the flammability of the composites was improved. However, the blossoming of transference phenomenon of APP can be found which could influence the flammability of the composites.8, 9

9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) is a type of cyclic phosphate exhibiting a diphenyl structure (Figure 1). It possesses high thermal stability, and good oxidation and resistance. DOPO exhibits excellent flame-retarding properties. Thereby DOPO can either act only in the gas phase by flame inhibition, or in the gas phase and in the condensed phase (by char formation) at the same time.10,11
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Figure 1:      Structure of DOPO.




In the present study, DOPO was used to induce flame retardancy to ramie/PLA biocomposites. The flammability of the composites was thoroughly investigated via UL94, limiting oxygen index (LOI) and thermogravimetric analysis (TGA) measurement. The compatibility among PLA, ramie fibres and DOPO was observed with scanning electron microscope (SEM). Additionally, the influence of DOPO and formulation process on the mechanical properties were investigated. The experimental results obtained may contribute to the design of biocomposites with flame retardancy for various engineering applications.

2.            EXPERIMENTAL

2.1          Materials

PLA (NatureWorks® 4032D, having Tg of 52–58°C, Tm of 150°C and Mw of 140,000) was purchased from NatureWorks Co. Ltd. Ramie yarn was supplied by Shanghai Qian-Cong Ramie Products Co. Ltd. (China). DOPO was obtained from Jiangyin Hanfeng Science & Technology Co. Ltd (China).

2.2          Preparation of Flame Retardant Ramie/PLA Composites

Ramie yarn, PLA resin and DOPO were dried at 50°C in a vacuum for 10 h, respectively. Then the dried PLA and DOPO were well mixed. Next, the PLA, DOPO and ramie yarn were blended in a co-rotating twin-screw extruder (F = 20 mm, L/D = 40; Jieya Nanjing, China) at operating temperature between 155°C and 175°C. The extrudate was later quenched in a water bath, cut into pellets and dried in a vacuum oven at 50°C for 8 h. The composite compositions are tabulated in Table 1. The biocomposites obtained were then molded into sheets by hot pressing at 170°C and 20 MPa for 4 min. This was followed by cooling to room temperature at 5 MPa. The sheets were made ready for structure characterisation and property measurements.


Table 1:      Compositions of the composites.



	Sample

	Ramie
/wt%

	PLA
/wt%

	DOPO
/wt%




	F0

	15

	85

	0




	F1

	15

	80

	5




	F2

	15

	77

	8




	F3

	15

	75

	10




	F4

	15

	72

	13




	F5

	15

	70

	15






2.3          Characterisation

LOI values were measured with an LOI instrument (HC-3 Analytical Instrument Factory, China) according to Chinese Standard GB 2406-82 with test specimen bars (100 × 6.5 × 3 mm3). All of the specimens (125 × 13 × 3 mm3) were tested by vertical burn test instrument WC 5400 (Kunshan Wancheng Analytical Instrument Co., China) according to ASTM D 3801 UL-94 standard. TGA was performed on a STA 449 C thermogravimetric analyser (NETZSCH, Germany) at a heating rate of 20°C min–1. Samples were tested under flowing air (80 ml min–1) over a temperature range from ambient to 600°C. Observation and analysis were done on the morphologies of the impact fractured surfaces of the composites using SEM (Quanta 200 FEG, FEI Company). This was done at room temperature. The samples were coated with gold using a vacuum sputter coater, and were viewed perpendicular to the fractured surface.

The composite specimens were tested for tensile strength according to GB 13022-91 standard using a CMT5105 Materials Testing Machine (Shenzhen Sansi Material Instruments Ltd., China). The composites were then tested for flexural strength under three point bending in a DXLL-5000 machine (Shanghai Jiedeng Instruments Ltd., China) in accordance with GB 1449-83.

3.            RESULTS AND DISCUSSION

3.1          Combustion Performance

The flammability properties of ramie/PLA composites with different DOPO content were evaluated by UL-94 test and LOI measurement. The UL-94 results were shown in Table 2. Ramie/PLA composite without DOPO is highly combustible and it was not classified in the UL-94 test. The flame retardancy of ramie/PLA composite is clearly improved with loading of DOPO, and the self-extinguishing can be detected. Only 5 wt% DOPO was added to the composite, the UL-94 test results of the composites can achieve V-0 and serious melt dripping appeared during burning.

Although flame retardancy of the composite was not improved with the increasing content of DOPO, melt dripping was lightened. This can be observed from Figure 2. The effects of different content of DOPO on the LOI value of the composites are presented in Figure 3. When 5 wt% DOPO was added to ramie/PLA composite, the LOI values are levelled up from 21.6% to 32.5%. The LOI values of the composites showed a slight increase with increasing DOPO content. It is suggested that DOPO can improve flame retardancy of the composites sharply.


Table 2:      Flame retardancy of the composites.



	Specimens

	t1(s)

	t2(s)

	UL-94

	Dripping




	F0

	> 30

	–

	NR

	Yes




	F1

	0.4

	0.6

	V-0

	Yes




	F2

	0.3

	0.4

	V-0

	Yes




	F3

	0.4

	0.5

	V-0

	Yes




	F4

	0.4

	0.3

	V-0

	Yes




	F5

	0.4

	0.4

	V-0

	Yes
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Figure 2:      Specimens after UL94 Test.
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Figure 3:      LOI value of the composites.




3.2          Thermal Stability

The thermal stability of the ramie/PLA composite without and with DOPO was investigated by TGA, and the results are presented in Figure 4. Thermal degradation of ramie/PLA without DOPO showed completely in a single stage and occurred at 335.1°C. The Tonset of F2 is similar to that of F0. It shows that the improvement of thermal stability of the composites can be negligible with the addition of DOPO. When the temperature increased above 400°C, the matrix and the flame retardant began to fully develop a bonded char structure. During formation of the char, the heat and the burning amount of the volatile products were drastically reduced, and thermally stable char in high temperature contributed to the thermal and flame protection to matrix. Moreover, it can be observed that the residue left at 600°C increased significantly with the addition of DOPO. The results can explain the improvement of flame retardancy of the composites.
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Figure 4:      TGA curve of the composites.



3.3          Mechanical Properties

The composites with different content of DOPO were further evaluated by tensile and flexural testing. Data related to the tensile properties are shown in Figure 5. It can be seen that the tensile strength and tensile modulus of ramie/PLA composite without DOPO were 32.09 MPa and 1.61 GPa respectively. The tensile strength and tensile modulus have slightly increased with the addition of DOPO. For example, after adding 8 wt% DOPO, the tensile strength and tensile modulus reached 38.76 MPa and 2.25 GPa respectively. It shows that DOPO acts as reinforcing filler in the composites in some way.
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Figure 5:      Tensile properties of the composites.



Moreover, the tensile strength of the composites decreased when the adding content of DOPO increased to over 8%. Figure 6 shows the flexural properties of the composites with different content of DOPO. The flexural strength and flexural modulus of the composites sharply decreased with the addition of DOPO. When adding 8% DOPO to the composites, the flexural strength and flexural modulus decreased from 95.23 MPa to 36.36 MPa and 5.35 GPa to 4.31 GPa respectively. This may be due to the fact that high loading of DOPO influenced the bonding of PLA and ramie fibres.

The compatibility between fibres and PLA is poor. The mechanical properties of fibre-reinforced composites are greatly influenced by the interfacial bond strength. The compatibility between the polymer matrix and the ramie fibres was made worse by hindering interaction at the polymer/fillers interface. The results indicate that the addition of DOPO to the ramie fibres reinforced PLA composites decreases the composite mechanical properties.
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Figure 6:      Flexural properties of the composites.



3.4          Morphology Analysis

SEM micrographs of the impact fracture surfaces of the samples are represented in Figure 7. As shown in the figure (illustration A), the ramie fibres dispersed in the form of a separated fibre. The DOPO is well dispersed in the PLA/ramie composites (B). No large agglomerates of the DOPO and good adhesion between the matrix and DOPO have been observed. This should play an important role towards improving flame retardancy. DOPO adsorbed on the surface of ramie fibres or blended in PLA matrix influenced the interfacing between ramie fibres. It can be seen from Figure 7 that there are obvious voids between the fibres and PLA. This observation indicates that there is weak interfacial adhesion between PLA and nature fibres.
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Figure 7:      SEM micrographs of the composites (A = F0, B = F2).



4.            CONCLUSION

The flammability and mechanical properties of ramie/PLA composites were explored using DOPO. The composite can achieve UL 94 V-0 rating with the addition of DOPO. According to the TGA results, DOPO can effectively increase char residue at high temperature, which results in the improvement of flame retardancy. From SEM image, it can be directly observed that DOPO introduced into the composites disturbs the compatibility between PLA and ramie fibres. DOPO can influence the mechanical properties of the composites.
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Abstract: A wider adoption of emerging thermosetting composite materials using Boron and Kevlar-49 fibres will be facilitated by establishing their mechanical properties and production costs. This study aims to characterise these reinforced composites on the basis of performance and economic considerations that can be readily used by manufacturers and designers. Composites with polyimide and polyester thermosetting plastics were prepared and tested in tension, compression and bending. The results are compared with those predicted by several micromechanics models and their limitations have been identified. The developed composites are ranked on a cost-performance basis that can be used for different applications.
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1.            INTRODUCTION

Continuous fibre reinforced thermosetting composites are being used in large-scale structures such as aerospace, marine, automotive and so on. Characterisation of the tensile, flexural and compressive properties as well as the anisotropic nature of composites is more complicated compared to conventional materials.1 There are a limited number of studies on properties of Boron and Kevlar-49 thermosetting composite laminates which exhibit excellent mechanical properties.2 Boron fibres are not only strong in tension but also facilitate strong compression in composites. Kevlar-49 reinforcement has been seldom used in high-performance structural applications but its good mechanical properties combined with low density need further exploration. Polyimide is used in the composite and microelectronics industries3 and its composites possess high mechanical strength, acceptable wear resistance, good thermal stability, good anti-radiation and good solvent resistance.4 Low Modulus (LM) unsaturated polyester resin is the most important resin system commercially, accounting for around 80% of the relevant market. A comparative cost analysis is necessary to assess the potential deployment of composites in an economical way.


2.            EXPERIMENTAL

2.1          Materials

In this study, continuous fibres of Boron 5521 (from Specialty Materials Inc.5) and unidirectional Kevlar-49 aramid fibre monofilament (from DupontTM de Numours) were selected as reinforcements. Thermosetting materials used as matrix were: (i) polyimide resin PMR-15 (Kapton HN® DuPont Nemour) which required an elevated temperature of 315°C for curing; and (ii) unsaturated polyester resin (Scott Bader® CrysticTM 196E) which is a low modulus thermosetting matrix that can be cured at 35°C after preparing the composite. The basic physical and mechanical properties of fibres and matrix materials used in this study are listed in Table 1 and 2. Notations for the prepared composites are as follows:

Composite 1: F1S1 – fibre F1 (Boron) with thermosetting plastic S1 (Polyimide)

Composite 2: F1S2 – fibre F1 (Boron) with thermosetting plastic S2 (LM Polyester)

Composite 3: F2S1 – fibre F2 (Kevlar) with thermosetting plastic S1 (Polyimide)

Composite 4: F2S2 – fibre F2 (Kevlar) with thermosetting plastic S2 (LM Polyester)


Table 1:      Properties of Boron and Kevlar-49 fibres.
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#as provided by the manufacturer, Specialty Materials Inc.

*as provided by the manufacturer, Dupont Inc. USA

Notes: Column headings are as follows: (1) Fibre notation; (2) Fibre type; (3) Fibre diameter, df, (μm); (4) Density, ρf (kg m–3); (5) Longitudinal Modulus, Ef1 (GPa); (6) Transverse Modulus, Ef2 (GPa); (7) Longitudinal Shear Modulus, Gf1 (GPa); (8) Longitudinal Possion’s Ratio, vf1; (9) Longitudinal Tensile Strength, σfT (MPa); and (10) Longitudinal Compressive Strength, σfC (MPa).


Table 2:      Properties of the thermosetting plastics used as matrices.
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Notes: Column headings are as follows: (1) Matrix notation; (2) Matrix material; (3) Density, ρm (kg m–3); (4) Modulus, Em (GPa); (5) Shear Modulus, Gm (GPa); (6) Tensile Strength, σmT (MPa); (7) Compressive Strength, σmC (MPa); and (8) Shear Strength, τm (MPa).


The architecture, manufacturing and quality control in preparing the test specimens had followed the established recommendations.6 The composites were manufactured and post-cured for 16 h in air. The volume fraction of Boron and Kevlar-49 fibres used in the preparation of the two sets of composites was maintained at 61% of the composite volume. As Kevlar-49 fibres have poor interfacial adhesion with the thermosetting matrix resin due to low surface energy and chemically inert surface of the fibre, following the improvements reported,7,8 a chemical treatment of Kevlar-49 fibres was done using 10 wt% phosphoric acid (H2PO4) solution on a laboratory scale apparatus. Prior to using them in the manufacture of composite, the residual chemicals were removed by boiling with acetone at 80°C for 2 h followed by washing with distilled water and drying in a vacuum oven at 80°C for 24 h.

All the composites were prepared in a sheet form of 5 mm thickness (+10%) by pultrusion using RDXLL-5000 (Shanghai D&G Instruments Co., Ltd) injection moulding machine according to GB 1040-79 (China). Melt and mold temperature of 260°C and 80°C, respectively, have been used. A schematic of the matrix injection pultrusion process used for producing the thermosetting composites is shown in Figure 1. The manufactured composites were cured for 16 h in air at 315°C for polyimide case, followed by cooling at the rate of 1.3°C min–1. In the case of polyester resin, the composite is allowed to cure at near ambient conditions after emerging from pultrusion machine.
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Figure 1:      Schematic of the matrix injection pultrusion process used for the preparation of thermosetting composites.



2.2          Mechanical Testing of Composites

Specimens for different mechanical tests were cut from the 5 mm thick sheets of the four types of composites produced using pultrusion process. The specimens were stored in desiccators before testing on a computer controlled 30 kN MTS Alliance RT/30 testing machine equipped with a digital controller and computer data acquisition.


2.2.1       Uniaxial tensile test

Dog-bone shape specimens having 10 mm width and 60 mm gage length were tested following BS 2792 Part 3 Method 321:1994 at ambient conditions using an extension rate of 1 mm min–1. The elastic modulus and the tensile strength were calculated from the maximum load and the actual cross-sectional area of the specimen.

2.2.2       Compression test

Specimens with gage length of 10 mm and width of 10 mm were used following BS 2792 Part 3 Method 345A:1993 standard. From the data recorded during the test, the compressive modulus and the compressive strength corresponding to the maximum load at failure could be determined.

2.2.3       Three-point flexural test

Rectangular specimens of 10 mm width and a span length of 40 mm (span length to thickness ratio was 8:1) were used. The radius of the loading roller tip was 5 mm. The flexural strength and modulus were calculated following BS 2782 Part 3 Method 335A:1993 using the measured load−crosshead displacement curve.

More details about the specimen dimensions and tests are given in an earlier publication.9

3.            RESULTS AND DISCUSSIONS

3.1          Longitudinal Tensile Properties

Figure 2(a) illustrates the load-displacement responses of Boron and Kevlar-49 fibre reinforced samples. F1S1 and F1S2 samples showed higher peak loads than those of F2S1 and F2S2. All the four composites exhibited some nonlinear response. High strength of Boron fibre leads to higher levels of strength compared to those of Kevlar-49 composites. The extension/elongation of Boron based composites is less than those exhibited by Kevlar-49 based ones. Though the mechanical properties of the two chosen matrices, especially in tensile strength, are significantly different (Table 2), the mechanical properties of the respective composites in tension are almost identical, indicating the critical contribution and limiting role of the fibres in the performance of the composites.
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Figure 2:      The load-displacement curves obtained from (a) uniaxial tension tests, (b) compression tests, and (c) flexural tests of the four prepared composites.



Boron and Kevlar-49 thermosetting composites exhibited either elastic non-linear or plastic behaviour after a certain elongation. Occasionally, during pultrusion process, unpredicted fibre curvatures or misalignments happened that resulted in a non-linear tension stress-strain curve having a slope that decreased with rising stress. Resin flow during wetting of fibres is another major factor which led to fibre curvatures. It is observed that higher non-linearity responses of Kevlar-49 based thermosetting composites was found when compared to Boron based composites. It is also because the fibre diameter of Kevlar-49 fibres is about 10 times less than Boron fibres. The small radii of Kevlar-49 fibres would easily cause fibre curvature and those fibres would bend around another fibre leading to development of slip bands by shear plastic deformation of the polymer.

3.2          Longitudinal Compressive Properties

The compressive load versus displacement responses of the tested composites loaded along the in-plane direction is shown in Figure 2(b). The curve slopes indicate that the compressive moduli of composites manufactured by Polyimide matrix are generally higher than the LM polyester composites. It is observed that the load-displacement behaviour of all the tested specimens show nearly linear elasticity up to the yield point. There is a sudden drop of the stress after the maximum yield stress and failure occurred rapidity indicating the loss of composite integrity for both types of composites. Prior to yield point, F1S1 exhibited approximately twice the compression strength of F1S2. Kevlar-49 based thermosetting composites reached the yield strength with small compressive deformation compared to Boron-based ones.

In addition, compression strengths of the prepared unidirectional thermosetting composites are significantly lower than their tensile strengths. The failure of composites in compression is usually triggered by fibre microbuckling, when individual fibres buckle inside the matrix. The buckling process is controlled by fibre misalignment.

For Kevlar-49 based composites, the fibre fails plastically in compression at a stress of only a fifth of their respective tensile breaking stress. The fineness of the fibres can also present a problem as the contraction of the resin which occurs during curing and cooling can cause the fibres to buckle. Such buckled fibres may not be able to withstand applied compression loads. This effect does not arise with large diameter fibres, like Boron fibres which have diameters of 140 µm compared with 12 µm for Kevlar-49 fibres. This correlates well with the comparatively small values of compressive properties of Kevlar-49 based thermosetting composites absorb much less energy, which means that they have great tenacity for brittle fibres when they are broken in comparison with Boron fibres. This is because the fibre can deform plastically in compression.

An elastic fibre can be bent to a minimum radius of curvature at which the tensile stresses in the convex surface attain the breakage stress of the Kevlar-49 based composites. The oscillating nature of the load-displacement curves immediately after yielding and continuous dropping load up to failure is the common feature for all the tested composites. The misaligned fibres begin to buckle when the matrix is yielding. The matrix surrounding the fibres harden after yielding occurs. This failure process repeats itself and this mechanism is responsible for the oscillating nature of the load-displacement curve.

3.3          Transverse Flexural Properties

Figure 2(c) shows the experimentally obtained stress-strain curves from the three-point bending tests for the four thermosetting composites under normal orientation. They showed that the tested composites failed gradually and strains at maximum stress remained nearly the same. F1S1 exhibits highest strength and flexural modulus, followed by F1S2, F2S1 and F2S2. Kevlar-49 based composites generally failed gradually at comparatively larger deflections. Its composites generally fail gradually at larger strains when compared to that of fibre glass reinforced plastics, indicating increasing energy absorption and better damage tolerance. When the loading was in normal orientation, strains at maximum stress remained constant with strain increases. F1S1 and F1S2 exhibit highest strength and flexural modulus, followed by F2S1 and F2S2.

3.4          Cost Analysis

The manufacturing cost can be estimated with a rigorous consideration of the process-performance-cost interrelations based on the fundamental data. The total manufacturing cost of a part is obtained10 by summing the costs incurred during each operation of the manufacturing sequence, and the following equation can be used:
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When some of the manufacturing operations are not performed in house, the expression in square brackets for the relevant operations is replaced by the cost of subcontracting the relevant operation(s). The explanation of the relevant symbols can be found in Table 3.

The composites produced for this study had a C-channel configuration with a girth of 320 mm and in lengths of 6000 mm, and 6 pieces were produced at a time. Quantities of fibres and matrix used for the estimation of total manufacturing cost are given in Table 3. All input parameters for the calculation of total manufacturing cost for Boron and Kevlar-49 thermosetting composites are also shown in the table.


Table 3:      Model input data for the manufacturing cost estimation of Boron and Kevlar-49 selected thermosetting composites by pultrusion.
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The quantity of material is the total weight of constituents per cubic mm while material purchasing price shows the total material cost of constituents including additives in USD per kg. This cost evaluation procedure is relatively simple and applicable to a wide range of manufacturing processes. The model considers the manufacturing cost as the sum of the material cost, the labour cost and the overhead cost, and the estimated values are shown in Table 4. The economic potential of the composites can be derived on the basis of cost per unit property (strength or modulus), and the results are shown in Table 5. A comparison of the results obtained in this study indicates that the best results are obtained with F1S2 (followed by F1S1, F2S2 and F2S1) for tensile properties, F1S1 (followed by F1S2, F2S1 and F2S2) for flexural properties and F1S1 (followed by F2S1, F1S2 and F2S2) for compressive properties. The results can assist a designer to choose the most suitable composites during preliminary engineering design stage itself.


Table 4:      Results of cost for manufacturing of the Boron and Kevlar-49 selected thermosetting composites.



	Composite Cost in USD
	Notation

	F1S1

	F1S2

	F2S1

	F2S2




	Total manufacturing cost per 6 m length
	x

	399.79

	372.70

	250.70

	216.83




	Unit cost for the chosen section (per meter)
	y = x/6

	66.63

	62.12

	41.78

	36.14




	Unit cost for 1 m × 1 m × 5 mm thickness sheet
	Z = y/0.32

	208.23

	194.12

	130.58

	112.93




	Cost per m3
	z/0.005

	41,645

	38,823

	26,115

	22,587




	Cost per kg
	–

	22.21

	20.99

	21.15

	18.59




	Reference price of constituents (USD):



	Cost per m3 of fibre
	–

	34,072

	34,072

	13,467

	13,467




	Cost per kg of fibre
	–

	12.96

	12.96

	9.18

	9.18




	Cost per m3 of matrix
	–

	6,293

	4,385

	6,293

	4,385




	Cost per kg of matrix
	–

	5.17

	3.77

	5.17

	3.77






Table 5:      Cost comparison on the basis of tensile, compressive and flexural properties of the tested composites.
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Notes: Column headings are as follows: (1) Cost per kg (USD); (2) Strength (MPa): (3) Cost to Strength Ratio (USD/MPa); (4) Modulus (GPa); (5) Cost to Modulus Ratio (USD/GPa); and (6) Order of Preference in Cost Ratio (per unit cost).

4.            CONCLUSION

The mechanical properties of uniaxial thermosetting composites with Boron and Kevlar-49 fibres reinforced in polyimide and low modulus polyester matrix were investigated. It was found that the Boron based reinforced thermosetting composites had higher strength and elastic modulus than those obtained for Kevlar-49 composites, especially compressive strength and moduli. The consolidated results indicate that tensile strength values are similar to respective fibre composites since they are fibre dominated. The compressive strengths are lower and appear to be matrix dependent. From the cost analysis, Boron-polyester composite provides the best performance in terms of cost per unit tensile properties whereas Boron-polyimide composite provides the best performance in terms of cost per unit compressive and flexural properties. The results can serve as ready reference to designers to choose the most suitable composites during preliminary engineering design stage.
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Abstract: The effect of kenaf short fibres (KF) on thermoplastic sago starch (TPSS) film was investigated for its water absorbency, biodegradability and structure morphology. The TPSS reinforced KF biocomposite film was prepared via casting method at varying TPSS/KF weight percentage of 100/0, 95/05, 90/10, 85/15 and 80/20, while the plasticiser was at a constant amount of 30%, relative to the weight of starch. The result of water absorbency tended to increase for both pure TPSS (100/0) and biocomposite film with prolonged testing days and that the incorporation of KF improves the water resistance of the biocomposite film. Moreover, biocomposite film at 15 wt% of KF content demonstrated the highest weight loss of 39% after 40 days of soil burial for biodegradability test. Scanning Electron Microscopy (SEM) analysed the morphology of the film and revealed good wetting of matrix over the fibres that lead to better adhesion of fibres with the TPSS matrix.

Keywords: Sago starch, kenaf fibres, biocomposite film, thermoplastic starch, biodegradability, structure morphology

1.            INTRODUCTION

Despite being a very convenient and durable material, plastics generate numerous environmental problems. Over 200 billion pounds of plastics are produced each year with much of them used for packaging,1 consequently leading the nondegradable plastics to end up as waste. Depletion of petroleum resources, landfill problem and pollutions add to the list of plastic drawbacks. This has led to an increasing interest in the production of bio-based polymers which are independent of fossil fuels and can help sustain the environment. One alternative is by blending the plastics with natural polymers such as starch.

Research on thermoplastic from various starches has been widely studied such as potato, corn, wheat and cassava starch.2 Sago starch (Metroxylon sagu) from the trunk of sago palm is also a natural carbohydrate semicrystalline polymer with polysaccharide chains consisting of 27% linear chained amylose and 73% branched chain amylopectin.3,4 These chains facilitate the formation of sago starch into a thermoplastic with the addition of a plasticiser through the disruption and gelatinisation of starch polymer chains at a specific critical temperature.5 The possibility of converting sago into thermoplastic starch has gained considerable interest due to sago’s unique characteristics such as having a satisfactory thermal stability, easy to gelatinise and moulded, and possess high viscosity.6

Despite being an environmental friendly material, thermoplastic starch, however has poor performance in water resistance and poor mechanical properties. In order to improve these properties whilst upgrading biodegradability, thermoplastic starch can be reinforced with natural fibres.7 Natural fibres have been replacing synthetic fibres in various composite applications due to their lower weight and production cost, higher processing and operational safety, enhanced biodegradability and biocompatibility, higher strength and stiffness as well as ability to improve product’s acoustic effect.8,9

Kenaf reinforced composites are one of the most current biocomposites researched areas. Kenaf fibre (KF) or Hibiscus cannabinus is a natural plant fibre that consists of stiff fillers called cellulose fibres that can replace wood. It grows rapidly under a variety of soils and weathers up to 3 m in height in approximately 5 months.10,11 The hemicellulose and lignin within the KF contribute to the biodegradation, moisture absorption and thermal stability of the fibre.7 KF also possesses excellent toughness as well as high aspect ratio, tensile strength and modulus.7 Normally used in paper production, textiles and ropes, the versatility of KF has made it an attention as a reinforcement in thermoplastic composites.7,11 It is reported that composites could attained a 50% increment in tensile and flexural strength when reinforced with KF.12

Therefore, the aim of the present work is to produce TPSS reinforced with KF in the form of biocomposite film whilst investigating the effect of the KF on the water absorption, biodegradability and morphology of the biocomposite film.

2.            EXPERIMENTAL

2.1          Materials

Sago starch powder was purchased from Hup Seng Heng Sdn. Bhd., Malaysia. The particle size of the starch was approximately 50 µm with density of 0.577 g cm–3 and 13% moisture. The non-chemically treated kenaf bast fibres were supplied by Institute Tropical Forestry and Forest Product (INTROP), Malaysia and were cut into an average length of 0.5 mm. The non-volatile glycerol, with 95% purity and density of 1.261 g cm–3 was supplied by Merck KGaA. Distilled water in this experiment acted as co-plasticiser.

2.2          Preparation of Biocomposite Film

The biocomposite film was fabricated by film casting method with TPSS/KF weight percentage of 100:0, 95:5, 90:10, 85:15 and 80:20. Glycerol was at constant amount of 30 wt%, relative to the weight of dry starch. The starch was first dried in a vacuum oven at 80°C for 24 h. Starch, glycerol and 150 ml of distilled water were mixed until starch gelatinisation at 80°C to form TPSS and KF were added to the solution. The solution was continuously stirred for 15 min and casted onto a glass plate to form a flat film. The composites film was subjected to dryness at 60°C for 24 h to obtain a dry film. The film sample was kept in the dessicator for 72 h prior to testing.

2.3          Characterisation

2.3.1       Water absorption test

The water absorption test was performed in accordance to ASTM D 570–98 where the film samples were first dried for 24 h at 50°C, cooled in a desiccator and immediately weighed. The films were then immersed in distilled water at ambient temperature. After specific immersion period, the samples were removed from the water, gently wiped off all surface water with dry cloth and weighed to the nearest 0.001 g. The differences in initial and final masses for five replicates of sample for 3, 6, 9, 12, 15, 18 and 21 days were calculated using Equation 1.
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where, Mfinal = weight of the sample after immersion in water (g) and Minitial = weight of the sample before immersion in water (g).

2.3.2       Biodegradability test

Film of 30 mm × 40 mm in size was buried in mineral soil at 25 ± 2°C and 60 ± 5% relative humidity. The sample was buried at a depth of approximately 3 cm. In every specific time interval, the film was removed and rinsed gently with distilled water to remove the soil. The weight loss (%) due to degradation was determined every 10 days and calculated using Equation 2.
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where Minitial = weight of the sample before soil burial and Mfinal = weight of the sample after soil burial.

2.3.3       Scanning electron microscopy (SEM)

The surface structure or morphology of the non-reinforced and reinforced kenaf biocomposite films was visualised by SEM (Quanta 200 MK2) at 5 kV. The samples were sputter coated with gold layer to avoid electrostatic charging during examination.

3.            RESULTS AND DISCUSSION

Biocomposite film performance is influenced by the composite absorption behaviour as well as the resilience and stability of the natural fibre under water. The water absorption of biocomposite film at different immersion time for various TPSS/KF ratios is presented in Figure 1 which shows that the unreinforced film (100% TPSS) has higher water absorption rate compared to the biocomposite film. This is in agreement with report elsewhere.13 The unreinforced film absorbed 40% of water after three days of immersion.

Meanwhile, approximate reductions of 5%, 9%, 11% and 17% of water absorption were obtained with the increment of 5 wt%, 10 wt%, 15 wt% and 20 wt% of fibre content, respectively, as measured for the first three absorption days. During film immersion in water, the amylase and amylopectin structures in starch as well as the hydrogen and oxygen in both starch and glycerol formed bonds with water. Due to this, the unreinforced film with the highest starch content experienced the highest water absorption. In addition, the hydrophilic characteristic of fibre is less than that of starch14 and the higher KF content formed a rigid network that hinders water diffusion during matrix swelling13,15 resulting in lesser water absorption for the KF reinforced composites.
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Figure 1:      The water absorption of pure TPSS and biocomposite film at different KF loading at different immersion time



There is also an upward trend of water absorbency as a function of time. From Figure 1, all samples show an increment of water absorption with prolonged immersion time. A sharp absorption rate, however, occurred at the early immersion indicating a rapid water penetration into the films and a slower rate after day nine. The absorption later reached an equilibrium, demonstrating a Fickian’s behaviour.16 The rapid absorption is attributed to the water penetrating and capillary action phenomenon. The intermolecular forces between water and KF had caused the water to actively penetrate into the swelling KF16 while the slower rate was induced by the fully occupied hydroxyl groups in the biocomposites molecular structure in the beginning of immersion days.

A soil burial test had been carried out on a laboratory scale to examine the film biodegradability in terms of weight loss. Biodegradable is used to describe materials that can be broken down or degraded by enzymatic action of natural living organisms. Figure 2 shows an increment of weight loss with burial period for the TPSS and biocomposites film.

At the beginning of the burial stage, all samples experienced an average weight loss of 24%. The diffusion of water from the soil that had caused swelling effect in the polymer boosted microorganism attack17 and enhanced microbial activity. Microbial growth is dependent on the presence of water and oxygen. After 40 days, the percentage weight loss had increased between 34% to 39% for all the samples, with 15 wt% KF content biocomposites film experienced the highest weight loss. There was also an enhancement of biodegradability with the addition of KF content as cellulosic materials were favourly attacked by microorganism in the soil environment.18 The samples were hard, fragile and discoloured after 40 days of test, approving the degradation criterion, as shown in Figure 3.
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Figure 2:      The biodegradability test of pure TPSS and biocomposite film at different KF loading at different burial period.
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Figure 3:      Films condition after 40 days of soil burial for TPSS/KF at (a) 100/0 wt%, (b) 95/05 wt%, (c) 90/10 wt%, (d) 85/15 wt%, and (e) 80/20 wt%.




The living microorganism succumb water from the swelling film for survivability which resulted in hard, fragile and brittle sample. There were also black spots on the surface of the samples indicating microorganism invasion. Furthermore, the biocomposite film with 20 wt% KF content had cracks and disintegrated, also presenting a sign of degradation.

Figure 4 presents the SEM micrograph of unreinforced and reinforced TPSS at 500× magnification. Pure TPSS film, as shown in Figure 4(a) shows a smooth and continuous surface indicating miscibility between the starch and the plasticisers while Figure 4(b) and (c) reveal the dispersion of KF in the TPSS matrix in a randomly oriented manner. At lower fibre content of 10 wt%, the surface is smooth, unlike the biocomposites film at 20 wt% of KF content. The KF are well coated with the TPSS matrix signifying a good adhesion of the fibres with the matrix. It can be postulated that the biocomposite film experienced good dispersion efficiency as there is no agglomeration of fibres observed. Furthermore, there is no phase separation in the polymer due to the same polarity of starch, plasticisers and fibres.


[image: art]

Figure 4:      SEM micrographs of TPSS/KF at (a) 100/0, (b) 90/10 and (c) 80/20 wt%.




4.            CONCLUSION

The reinforcement of KF with TPSS to produce biocomposite film significantly improves the water absorption, biodegradability as well as adhesion of fibre and matrix of the composites. The increment of KF content from 5 wt% to 20 wt% caused a reduction of 5% to 17% of water absorption as higher amount of fibre formed a rigid network that hindered the water diffusion into the matrix. Biodegradation of the biocomposites was contributed by the presence of KF that supported microorganism attack. The weight loss due to degradation had increased between 34% to 39% for all the unreinforced and reinforced samples after 40 days of soil burial. The micrographs results from SEM indicate good fibre-matrix affinity and unseparated phase in the polymer due to the same polarity of TPSS matrix and KF.
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Abstract: Mineral fillers namely talc, calcium carbonate, mica, glass and carbon fibres are common fillers used in plastic industry that can alter thermoplastic properties. With the incorporation of fillers, significant outcome can be observed especially in the mechanical properties of polymer composites produced apart from its rigidity and resistance to temperature. Properties of single and hybrid fillers filled polypropylene (PP) composites were studied in this research work. Mineral fillers such as talc, mica and calcium carbonate (CaCO3) were incorporated into PP composites. Realising the advantage of each mineral filler and the effect of hybrid fillers, CaCO3/Talc (CC/T) and CaCO3/Mica (CC/M) at 40 wt% were investigated. Generally, the results demonstrated that CC/M has higher tensile modulus than CC/T and both hybrids composites did not give significant effect on the tensile strength. Thermogravimetric analysis (TGA) results revealed that CC/M increased thermal stability of PP composites when compared to CC/T. Flammability testing on PP hybrid composites was carried out where lower burning rate indicates better flammability. From the results, it shows that CC/M system have better flammability compared to CC/T system.

Keywords: Calcium carbonate, polypropylene composites, calcium farbonate, mineral fillers, mica, thermogravimetric analysis

1.            INTRODUCTION

Polypropylene (PP) is found to be an interesting matrix for filled materials due to its combined properties such as having good mechanical performance and low in cost.1 As polymer composite is filled with isotropic filler such as CaCO3 and talc, increase in modulus, and reduction in strength and deformability can be observed.2 Talc, calcium carbonate and mica are common fillers used in PP. These fillers could provide enhanced properties through their own characteristics and can affect crystallisation behaviour of PP.3 As mica is filled in PP, this mineral filler can help to improve properties of PP as they are packaged with favourable characteristics such as high strength, and good thermal stability and corrosion resistance.4


Many studies have been done on PP filled with a single mineral. On contrary, only a few have been reported on hybrid mineral involving calcium farbonate/talc and calcium carbonate/mica. The main aim of this study is to investigate the tensile properties, thermal degradation temperature and the rate of burning of these hybrid mineral filler filled PPs.

2.            EXPERIMENTAL

2.1          Materials

PP (Titanpro 6431) manufactured by Titan Polymer (M) Sdn. Bhd. with melt index of 7 g 10 min–1 and density of 0.9 g cm–3 was used as the polymer matrix in this study. Mineral fillers used are mica, talc and calcium carbonate that have been processed via jet mill and undergone a fine-grinding process according to our previous work.5 The properties of the mineral fillers are shown in Table 1. All fillers used are under the average size of ≤ 1 micron.


Table 1:      Properties of mica, silica and CaCO3 fillers.



	Properties
	Mica

	Talc

	CaCO3




	Mean particle size (µm)
	1

	0.82

	0.73




	Relative span ratio
	3.16

	2.95

	3.75




	Surface area (sq m g–1)
	2.29

	2.90

	2.70




	Shape
	Flake

	Flake

	Elongated




	Density (g cm−3)
	2.5

	2.50

	2.70





2.2          Sample Preparation

All mineral fillers were dried in an oven at a temperature of 100°C for 3 h to drive out moisture. This was followed by the mixing process of fillers and PP using Haake internal mixer at a temperature of 180°C for 12 min. PP composites were compounded at the ratio of 10:30, 20:20, 30:10, 40:0 with pure PP as the control sample. In this study, two types of hybrid filled PPs were prepared: mica (M) hybrid with calcium carbonate (CC) and mica (M) with silica (Si). This was followed with compression moulding in an electrically heated hydraulic press at temperature setting of 180°C. The sample is pre-heated for 8 min, hot compressed for 2 min followed by cooling for 4 min.


2.3          Testing Details

Tensile properties were measured by INSTRON 3366 according to ASTM D638. Average of tensile properties using five specimens was reported. The samples were tested at the crosshead speed of 5 mm min–1 and gauge length of 100 mm. 1-mm thick dumbbell shapes were prepared from each composition and measured at ambient temperature. The strength and modulus of the specimens were obtained from the recorded data. Perkin Elmer Pyris 6 TGA Analyzer was used in Thermogravimetry Analysis (TGA) in a nitrogen atmosphere that was set at 20 ml min–1. This analysis was employed to measure the changes of samples weight as the function of temperature and time. 10 mg of samples were used and heated from 50°C to 600°C at heating rate of 20°C min–1.

Initial degradation temperature, thermal stability and amount of filler content were obtained from this analysis. Three samples were used to study the flammability characteristics of the composites specimens. This flammability characteristic referred to relative linear rate of burning that was measured according to ASTM D635. Composite samples were mounted horizontally in flammability chamber with the flame applied at 45° to the samples. The extent time of burning per constant length of 100 mm is measured using Equation 1 after the flame reach 100 mm mark.
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where L = original length of sample (mm) and t = time takes for the sample to burn until 100 mm mark(s).

3.            RESULTS AND DISCUSSION

3.1          Tensile Properties

Young’s modulus and strength of pure PP and hybrid mineral filler filled PP are presented in Figure 1. From the bar graphs, it can be observed that as 40 wt% of CaCO3 is included in PP, the value of Young’s modulus is increased. The increasing trend continues at 30/10, 20/20 and 10/30 wt% for both CC/T and CC/M hybrid components. The increase in modulus can be explained by the filler presence in PP that limits mobility and deformability of the matrix through the introduction of mechanical restraint in the composites system.3
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Figure 1:      Bar chart and graph line indicates Young’s modulus and strength, respectively for CC/T and CC/M. Filler loading is fixed at 40 wt%.



Moreover, the results showed that Young’s modulus increase with the increase of talc and mica filler. This indicates that rigid particles such as talc and mica could increase Young’s modulus of PP. On the other side, tensile strength of PP composites is not significantly improved with the existence of fillers. This might be due to the fact that flaky talc and mica can form cracks in polymer matrix easily as there is no adhesion between these particles with PP matrix as has been reported in a previous work.6 As the comparison between CC/M and CC/T is made, CC/M hybrid system showed better tensile strength. This indicates that more stress is transferred from PP matrix to CC/M compare to CC/T system.7

3.2          Thermal Stability

The degradation temperature at T5% and T50% of pure PP and hybrid mineral filler filled in PP is presented in Table 1. From the data, it can be observed that the incorporation of filler into PP improved thermal stability of PP composites component as the degradation temperature at T5% and T50% are both increased compared to the pure PP. As the comparison between hybrid component of CC/T and CC/M, it can be observed that at T5% weight loss, CC/M demonstrated higher thermal stability than CC/T.

In a previous study,8 particulate mica was incorporated into polymer composites in an attempt to improve heat stability of the thermoplastic. Mica, which has low specific heat in room temperature can lower the degradation temperature and have the shielding effect that can raise the stability of PP composites. Thus, hybrid systems with mica showed higher thermal stability compare to those of CC/T system.


Table 1:      Degradation temperatures for unfilled PP and hybrid mineral fillers PP composites at 40 wt% of filler.



	Sample
	Initial degradation temperature at 5% (T5%) weight loss (°C)

	Initial degradation temperature at 50% (T50%) weight loss (°C)

	Weight residue (wt%)




	PP
	432.24

	477.66

	0




	10CC30T
	442.20

	492.84

	40.85




	20CC20T
	434.35

	480.20

	38.90




	30CC10T
	437.80

	486.47

	39.53




	10CC30M
	459.62

	489.17

	38.59




	20CC20M
	462.88

	489.76

	39.29




	30CC10M
	445.13

	486.14

	38.98





3.3          Flammability

Variations of burning rate of pure PP and hybrid mineral fillers filled PP can be observed in Figure 2. When fillers are added into PP, the burning rate of PP composites is decreased. Lower burning rate indicate better flammability of the system,9 thus it could be said that filler improved the flammability of PP as can be seen in the bar chart. When comparison between CC/T and CC/M is made, it is concluded that CC/M has better flammability as it shows lower burning rate. Better flammability of CC/M hybrid system is contributed by mica filler. Referring to the previous research done,10 mica is known to delay the time taken for polymer to ignite and improved thermal stability of polymer composites. In addition, higher thermal stability of CC/M components compared to CC/T as indicates by the initial degradation temperature at 5% in TGA also play an important role. With higher thermal stability, the time taken for the sample to burn until the end is slower and thus results in lower burning rate.
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Figure 2:      Variations of burning rate of hybrid mineral fillers filled PP composites.



4.            CONCLUSION

In this present study, comparison between CC/T and CC/M hybrid PP composite system is made based on tensile properties, degradation temperature and burning rate. Addition of fillers into PP improved tensile modulus in which CC/M demonstrated higher tensile modulus compare to CC/T. Both hybrid composites did not give significant effect on tensile strength. In thermal stability, CC/M component have higher thermal stability and better flammability compared to CC/T.
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Abstract: The study was focused on the tensile properties, morphology, water absorption and thermogravimetric analysis (TGA) of degradable composites which are produced from high density polyethylene (HDPE)/thermoplastic soya spent (TPSS) powder with the addition of spear grass filler. HDPE/TPSS at the ratio of 90:10 was used as matrix in the composites. In this ratio, the tensile strength of the HDPE was not much deteriorated by TPSS. However, significant effect on degradation was observed based on previous research. The addition of spear grass filler has further reduced the tensile strength of the composites, yet the tensile modulus of the composites was improved. Nevertheless, the tensile strength, elongation at break of the composite was improved with the presence of polyethylene grafted maleic anhydride (PE-g-MA) as a compatibiliser. The water absorption shows the increase of the water uptake with the addition of spear grass filler.
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1.            INTRODUCTION

Biocomposites are a combination of natural fibres and polymers, currently attracting the interest of both academic and industrial. The matrices from the biocomposites can be natural-based or petroleum-based polymer.1 The biocomposites are also attractive with their superior mechanical, physical and chemical properties. Most importantly, the fibres are a renewable resource. According to Le Duigou et al.,2 the utilisation of natural fibres provides alternative end-of-life scenarios to incineration, as they are recyclable and compostable. In recent years, many researches are focusing on biodegradable polymers as composite matrices such as polylactic acid (PLA), thermoplastic starch, celluse and biodegradable polyester. However, the availability of the matrices is poor and the price of biodegradable polymers is expensive compared to petroleum based polymer.

The matrices from the blends of petroleum-based polymer and natural polymer are alternatives to produce a biocomposites with good mechanical properties and low cost. The studies with good mechanical and thermal properties of using polyolefins/starch as blends as matrices are low density polyethylene (LDPE)/corn starch,3 LDPE/sago starch,4 LDPE/potato starch5 and LDPE/rice starch.6 However, the addition of starch into the plastic has raised the global food issue. The incorporation of crop-based material might increase the food depletion problem of the world. Thus, non-crop based plant product as a blend with plastic is one of the alternative to produce degradable polymers. Soy spent powder blends with high density polyethylene (HDPE) was used in this study. Soy spent powder is mostly a soy carbohydrate fraction in soybean and it is mostly an insoluble carbohydrate after most of soy protein and soy whey, a soluble carbohydrate, are removed from defatted soy flour. Most importantly, soy spent powder is a by-product or residue in the commercial extraction process of soy protein isolate. Therefore, it is an abundant and inexpensive renewable material.7

Natural fibres have many advantages including low cost, abundance, low density, high specific properties and lack of residues upon incineration.1 The natural fibres that are commonly used in biocomposites are sugar cane,8 bast,9 fuzzy10 and jute fibre.11 In this study, spear grass was used as natural fibre to produce biocomposites. Spear grass is one of the worst weeds of the world as it is considered a pernicious pest plant due to its ability to successfully colonise, spread, and subsequently displace vegetation and disrupt ecosystems.12

In the current study, thermoplastic soy spent (TPSS) powder was blended with HDPE. Spear grass fibre was added into the blends. Polyethylene grafted maleic anhydride (PE-g-MA) was used as a compatibiliser in the blends. The tensile properties, thermal properties and water absorption of the specimens were investigated.

2.            EXPERIMENTAL

2.1          Materials

HDPE was supplied by Polyethylene Malaysia Sdn. Bhd. Soya powder with a melt flow index of 1.0 g (10 min)–1 was purchased from Hasrat Bestari (M) Sdn. Bhd. The moisture content was 3.12% and the protein content was 60%. Spear grass was collected from the area in Perlis, Malaysia. PE-g-MA with appropriate 3 wt% grafted level was supplied by Aldrich Chemical Company (Milwaukee, USA).

2.2          Preparation of TPSS

Soy spent powder was dried in a vacuum oven for 24 h at 70°C. TPSS was prepared by premixing soy spent powder with 35 wt% liquid glycerol in a kitchen blender with a capacity of 150 g. The mixture was considered ready when the starch was fully covered with the liquid glycerol after mixing for 5 min. The mixture was stored in a drying cabinet for 24 h at room temperature. After 24 h, the mixture was melt-mixed again using heated two-roll mills at 150°C for 10 min.

2.3          Filler Preparation

The spear grass fibre was ground in a table-type pulverising machine at a speed of 2850 rpm and was sieved with a 70-mesh.

2.4          Mixing of spear grass filled HDPE/TPSS composites

HDPE was blended with TPSS, varying spear grass fibre content between 5 and 20 wt%, using a Haake Reodrive 5000 internal mixer maintaining the operating temperature at around 150°C and rotor speed of 50 rpm. The ratio of blends is shown in Table 1. The concentration of PE-g-MA was 30 wt% based on spear grass fibre content. Spear grass filled HDPE/TPSS composites were compression molded by using a hot press. The hot press temperature was maintained at 150°C. Moulded samples were cut into dumb-bell shapes according to ISO 527.


Table 1:      Composition of HDPE/spear grass composites.



	Materials
	Formulation (wt%)



	HDPE
	100% HDPE



	HDPE/5% spear grass
	95% HDPE + 5% spear grass



	HDPE/10% spear grass
	90% HDPE + 10% spear grass



	HDPE/15% spear grass
	85% HDPE + 15% spear grass



	HDPE/20% spear grass
	60% HDPE + 40% spear grass




*Similar formulations of HDPE/spear grass composites were prepared with PE-g-MA as compatibiliser. 50% of PE-g-MA based on spear grass loading was used.


2.5          Tensile Properties

Five dumbbell-shaped samples were subjected to tensile test. The tensile tests were carried out with an Instron Universal Testing Machine (Model Instron 3366) with a crosshead speed of 50 mm min–1. Five samples were tested and the average was taken. The parameters obtained were tensile strength, elongation at break (Eb) and Young’s modulus.

2.6          Water Absorption

Specimens were dried at 80°C in a vacuum oven until a constant weight before immersed into distilled water. The water absorption tests were performed for 30 days at room temperature. Weight gains were recorded by periodic removal of the specimen from the water container and weighing on a balance with a precision of 1 mg. The percentage gain at any time t, Ma as a result of moisture absorption, was determined by the following equation:
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where Wi and Wf denote the initial weight and weight after exposure to water absorption weight, respectively.

3.            RESULTS AND DISCUSSION

3.1          Tensile Properties

Figure 1 shows the comparison of tensile strength of HDPE/TPSS-spear grass fibre composites. It can be seen that the tensile strength of the composites increased up to 10 wt% spear grass fibre and thereafter decreased. The reason is that the fibre had reinforcing effect to the composites. However, the composites with higher filler content might have poor filler distribution in the matrix. The addition of PE-g-MA as a compatibiliser had improved the tensile strength of the matrices and composites. The improvement of the matrices is due to the compatilising effect of PE-g-MA on hydrophilic group of TPSS and hydrophobic group of HDPE. In Figure 1, the compatibilising effect of PE-g-MA increased after the addition of spear grass fibre. This is due to the increased of hydrophilic group in spear grass fibre.
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Figure 1:      Tensile strength of HDPE/TPSS-spear grass fiber with and without PE-g-MA.



Figure 2 demonstrates the elongation at break (Eb) of the grass fibre filled composites. The results indicate that the Eb was improved with the incorporation of spear grass fibre. The optimum content for the spear grass fibre to achieved maximum value of the Eb was also 10 wt%. The fibre is well distributed in lower loading consequently give reinforcing effect to the composites. The reduction of the Eb at 15 wt% was due to the agglomeration of the filler in the matrix. The agglomeration of the spear grass fibre resulted in the stress cannot be transferred to the matrix under tensile load, therefore the Eb decreased in high fibre content. Nevertheless, the addition of PE-g-MA has enhanced the agglomeration effect of the fibre by increasing the interfacial adhesion between matrix and the fibre.13

Figure 3 shows the Young’s modulus of the spear grass fibre filled composites with and without compatibiliser. It can be seen that the addition of spear grass fibre had increased the Young’s modulus of the composites. This indicated that the fibre gave stiffening effect to the composites. The enhancement of the interfacial adhesion between fibre and the matrix resulted in the increment of Young’s modulus.
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Figure 2:      Elongation at break of HDPE/TPSS-spear grass fibre with and without PE-g-MA.
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Figure 3:      Young’s modulus of HDPE/TPSS-spear grass fibre with and without PE-g-MA.



3.2          Water Absorption

Figure 4 shows the variation in water absorption with time of immersion. Moisture uptake increased with immersion time and increasing filler loading. As can be seen in the figure, a rapid water uptake can be observed for all samples at the beginning of the immersion, thereafter increase gradually until 10 days of immersion. After 10 days, the water uptake of all the composites became slower as the equilibrium state was achieved. It can be observed that increasing the spear grass fibre content had increased the water uptake. In the HDPE/TPSS-spear grass fibre composites, the water uptake is mainly contributed by the spear grass.
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Figure 4:      Variation of spear grass fibre content and immersion period of HDPE/TPSS-spear grass fibre.



The decrease in the rate of water uptake with time of immersion could be due to a concentration gradient across the matrix and fibre. Initially, water molecules attach to the spear grass has been found to be strongly bonded as in a hydrate. After some time, the available hydroxyl groups are used up in this way, further water absorbed is held less firmly.14 The similar result was reported by Danjaji et al.15 The addition of PE-g-MA had reduced the water uptake of all the composites. This might be due to the linkages formed between the matrix and the spear grass fibre blocked the water penetration into the composites.

4.            CONCLUSION

In conclusion, the addition of spear grass fibre in HDPE/TPSS had improved the tensile strength and Eb up to 10 wt% loading. On the other hand, the higher the grass fibre content, the higher the Young’s modulus was. The addition of the PE-g-MA had further enhanced the tensile properties of the composites. The water uptake of the composites increased with the incorporation of spear grass fibre. However, the presence of PE-g-MA in the composites had reduced the water uptake for all fibre contents.
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Abstract: The objective of this work is to propose a reaction mechanism and develop a model for the synthesis of isoamyl acetate from isoamyl alcohol and acetate anhydride by using lipase from Candida antarctica in a solvent-free system. Ping-Pong Bi-Bi reaction mechanism with acetic anhydride and acetic acid inhibition is found to be the mechanism which is able to describe this reaction. Unknown parameters of the model developed are obtained by minimising deviation of model prediction from experimental result and it is performed by the Solver Tool in Microsoft Excel. The model prediction is found to match the experimental data quite well (average percentage error = 8.08%).
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1.            INTRODUCTION

Ester is a class of chemical compounds which contains carbonyl group (–COO–) as the functional group. Many short-chain esters have distinctive fruit-like odours, and many esters exist naturally in the essential oils of plants.1 Generally, different esters are responsible for different specific fruity fragrances. However, very often one single compound plays a leading role. Due to its unique characteristic, esters are widely used in flavour, fragrance, food, cosmetic and pharmaceutical industries.2

Isoamyl acetate is an ester which is a clear, colourless liquid with a banana-like odour. It appears as one of the most important esters in food industries, with a production capacity of 74,000 kg per year.3 Due to its characteristic fruity odour, isoamyl acetate is used widely as a component in perfumes and flavouring. Apart from that, isoamyl acetate possesses high solvency property and is used as solvents for paints, coatings, adhesives, cellulose, plastics, fats and wood stains.4

Generally, there are three ways to produce ester: (i) extraction from plant materials; (ii) chemical synthesis; and (iii) biological synthesis. However, extraction from plant materials is not practical for ester production as it is too expensive, which is caused by the bulky property of plant materials. Hence, tremendous amount of processing work is required to produce only minor quality of ester.5,6

The production of esters through chemical synthesis is much cheaper compared to plant extraction. However, acid must be employed to catalyse the reaction and hence the product will be greatly polluted.7 With the increasing orientation toward ‘natural’ production, biotechnology has become more important in the recent years.8 By applying biotechnology, the ester production is catalysed by enzyme under milder conditions. Esters produced by this manner will obtain the ‘natural’ label.7 Biological processes for ester productions are widely employed in the last decade because they are more environmental friendly. The enzyme can also be reused so that less waste will be discarded.2

In enzymatic esterification, lipase can be free or immobilised. However, immobilised lipase is preferred because unit operation required to separate lipase from product stream can be omitted. Furthermore, less amount of enzyme will be needed since immobilised enzyme can retain high catalytic activity over a long time.9 Based on the review from several literatures, it can be observed that Candida antarctica has the best and most stable catalytic performance since it always give high maximum ester conversion.2,3,5–13

Although high ester conversion can be achieved in organic solvents such as n-hexane, toxicity can be a problem in most applications.14 Furthermore, some of the solvents are too expensive to be utilised in a large-scale ester production.6 Therefore, solvent-free system has been explored for enzymatic synthesis of isoamyl acetate. Solvent-free system facilitates downstream processing as less components exist in the reaction mixture at the end of the reaction and helps in reducing operating cost and reduce environmental impacts.

In isoamyl acetate synthesis process, acetic acid and acetic anhydride are the most common acyl donors. Isoamyl acetate conversion is found to be drastically reduced as the acetic acid concentration increases.9 This is because acetic acid may be bound to the enzyme intermediate which causes dead-end inhibition and dissolves in the microaqueous layer that surrounds the enzyme, causing protein denaturation. Conversely, as acyl donor in esterification process, acetate anhydride is more superior compared to acetic acid.

Based on the justifications listed above, enzymatic synthesis of isoamyl acetate from isoamyl alcohol and acetic anhydride catalysed by lipase from Candida antarctica in solvent-free system is studied. A theoretical model is developed according to Ping-Pong Bi-Bi mechanism and it is further discussed later.

2.            EXPERIMENTAL

2.1          Chemicals

The chemicals used in this study are analytical grades. The purity, usage and supplier for all chemicals used in this study are listed in Table 1.


Table 1:      List of materials/chemicals used.



	Materials/Chemicals
	Purity (%)
	Usage
	Supplier



	Isoamyl alcohol
	99.8
	Production medium
	Merck Co.



	Acetic Anhydride
	98
	Production medium
	ACROS Organics



	Acetic acid
	100
	GC standard
	Merck Co.



	Isoamyl acetate
	100
	GC standard
	Merck Co.



	Candida antarctica immobilized lipase
	N/A
	Production medium
	Sigma-Aldrich



	n-Hexane
	99.8
	GC standard
	Merck Co.




2.2          Equipment

The enzymatic synthesis of isoamyl acetate from acetic anhydride ad isoamyl alcohol is carried out at lab scale. Throughout the experiment, the synthesis of isoamyl acetate is carried out by using 100 ml Erlenmeyer flasks with stopped rubber which are then placed in incubator shaker. The incubator shaker is used to maintain the mixing rate and control the temperature. Next, Flame Ionization Detector Gas Chromatography (GC-FID) is used to analyse the concentration of all compounds in the samples which are taken out from the reaction mixture in certain period of time. Table 2 shows the list of equipment used in this study.


Table 2:      List of equipment used.



	Equipment
	Usage
	Brand



	Mini incubator shaker
	Production
	Benchmark (Incu-shaker mini)



	Gas chromatograph
	Analysis
	Agilent Technologies (7820A GC system)





2.3          Synthesis Procedure

Isoamyl acetate synthesis is carried out without any organic solvent (solvent-free system) in 100 ml stopped rubber Erlenmeyer flask with a working volume of 15 ml. An appropriate amount of enzyme is added into the reaction media which contains a mixture of isoamyl alcohol and acetic anhydride at a variety of temperatures. The reaction mixture is then incubated in an incubator shaker (Benchmark) at 150 rpm for 360 min. Samples are taken at different time intervals and analysed with GC-FID for isoamyl acetate content.

2.4          Analysis

After esterification reaction is done, 0.5 ml of the reaction mixture is withdrawn from the reaction medium at certain time intervals. Samples are analysed by gas chromatograph (Agilent Technologies 7820A). Quantification of data is done by calibration with standard samples. Compounds which have different chemical and physical properties are separated at a different retention time, while the amount or concentration of the compound in the sample is represented by the peak area.

2.5          Determination of Compound Concentration

The concentration of isoamyl acetate is determined by gas chromatography analysis. Before processing the samples of product from the mixture, a standard analysis of the compound in the samples is carried out. Pure materials are used and diluted with n-hexane to achieve certain concentration of the compound. Then it is analysed with gas chromatography to get standard calibration curve for each compound.

3.            MODELLING

3.1          Derivation of Rate Equations

Since mathematical model plays a vital role in process control and optimisation, a set of rate equations for esterification is desired to be derived. In the following derivation, Ping-Pong Bi-Bi mechanism is assumed since it has been proven to describe plenty of enzymatic esterification quite well.9 Most of the models of initial esterification rate developed by using this mechanism produce satisfactory result, hence, this mechanism is used to further develop the model such that the concentration profile of all substrates and products can be predicted based on initial condition. The esterification process of acetic anhydride and isoamyl alcohol is occurring via two reactions as shown below:2


Reaction 1 (main reaction):

[image: art]

Reaction 2 (secondary reaction):
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Assumption is made that both Reaction 1 and Reaction 2 stated above follow Ping-Pong Bi-Bi mechanism. Both Reaction 1 and Reaction 2 are illustrated in Figure 1(a) and (b) respectively.
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Figure 1:      Illustration of the esterification process between acetic anhydride and isoamyl alcohol to produce isoamyl acetate, with (a) main reaction, and (b) secondary reaction.



From Figure 1, the reaction mechanism can be described by Equations (1) to (3).
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For Reaction 1, acetic anhydride (A) binds first to the free enzyme (E) forming non-covalent enzyme-anhydride complex (EA) which is transformed by a unimolecular isomerisation reaction to an enzyme-acyl intermediate (E*) with the release of the first product, acetic acid (P). In the second step, the second substrate, isoamyl alcohol (B), binds to the binary enzyme-acyl complex (E*) to form a ternary complex enzyme-acyl-alcohol (E*B). This complex will be isomerised by a unimolecular reaction to an enzyme-ester complex (EQ), which results in the release of the second product, isoamyl acetate (Q), while the enzyme recovers its initial conformation (E).

For Reaction 2, the product from Reaction 1, acetic acid (P) serves as the substrate in this reaction since it binds with free enzyme (E) to form enzyme-acid complex (EP) which is isomerised unimolecularly into enzyme-acyl intermediate (E*) with the release of water (R). Next, the enzyme-acyl complex follows the same route with Reaction 1 as it binds with isoamyl alcohol (B) to form ternary complex enzyme-acyl-alcohol (E*B) which is further transformed into isoamyl acetate (Q) and enzyme in initial form (E).

It has been well known that subtract inhibition is playing an important role in esterification process. In addition to the reactions shown in Equations 1 to 3, acetic anhydride (A) and acetic acid (P) may combine with the other site of free enzyme to form enzyme-anhydride (EAi) and enzyme-acid (EPi) complex which is unable to further undergo isomerization to form enzyme-acyl complex. On the other hands, isoamyl alcohol does not involve in the enzyme inhibition. The enzyme inhibition reactions are shown in Equations 4 and 5.16
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According to Pseudo Steady State Hypothesis (PSSH), the net rate of reaction intermediate is equal to zero as it is highly energetic, disappears virtually as fast as it forms, and present in very low concentration.17 During the esterification process, E, EA, E*, E*B EP, EAi and EPi are behave as reactive intermediate. Hence, their rate of formation is equal to zero, which are shown in Equations 6–12.
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By assuming enzyme is conserved throughout the reaction,
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Rearranging Equations 6–13, the rate of reaction of ester, acetic acid, acetic anhydride and isoamyl acetate can be obtained.
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Nij and Dij are multiples of various rate constant at the expression is shown in Table 3.


Table 3:      Expression of Nij and Dij from Equations 14 to 17.



	NQ1 = k1k2k3k4(k−5 + k6)

	NQ2 = k3k5k6(k−1 + k2)




	DQ1 = k1k2(k−3 + k4)(k−5 + k6)

	DQ2 = k3k4(k−1 + k2)(k−5 + k6)




	DQ3 = k5k6(k−1 + k2)(k−3 + k4)




	DQ4 = k1k2k3(k−5 + k6) + k1k3k4(k−5 + k6)




	DQ5 = k3k4k5(k−1 + k2) + k3k5k6(k−1 + k2)




	NA1/NP1 = k12k22k3k4(k−5 + k6)2

	NA2 = k1k2k3k4k5k6(k−1)(k−5 + k6)




	NP2 = −k3k4k52k62(k−1 + k2)2




	DA1/DP1 = k12k22(k−3 + k4)(k−5 + k6)2

	DA2/DP2 = k52k62(k−1 + k2)2(k−3 + k4)




	DA3/DP3 = k1k2k3k4(k−1 + k2)(k−5 + k6)2




	DA4/DP4 = k3k4k5k6(k−1 + k2)2(k−5 + k6)




	DA5/DP5 = 2k1k2k5k6(k−1 + k2)(k−3 + k4)(k−5 + k6)




	DA6/DP6 = k12k2k3(k2 + k4)(k−5 + k6)2

	DA7/DP7 = k3k52k6(k4 + k6)(k−1 + k2)2




	DA8/DP8 = k1k2k5(k−1 + k2)(k−5 + k6){k2(k4 + k6) + k6(k2 + k4)}





According to Arrhenius equation, rate constant varies exponentially with temperature which is shown in Equation 18.18
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	where
	A = frequency factor



	
	E = activation energy



	
	R = gas constant



	
	T = temperature




Since parameters Nij or Dij in Equations 14–17 are multiples or quotients of various rate constants,
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	where
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From Equation 19, it can be observed that all parameters Nij or Dij in Equations 14–17 are following Arrhenius equation as AT and ET are constant for a particular parameter.

3.2          Model Fitting

Microsoft Excel is used to fit the models and evaluate unknown parameters of Equations 13–17. Solver Tool is employed to minimise the deviation of model prediction from experimental result by evaluating the values of unknown parameters. This tool is chosen to fit the model because it is the powerful tool that is able to present the way of problem solving in a transparent and systematic approach. In addition, it is easier to set up and solve the problem by using Microsoft Excel spreadsheet.

Equations 10–12 cannot be solved analytically due to their complication. The complication is mainly due to the high degree of non-linearity of the differential equations. Since analytical approach is not practical to solve the problem, numerical method is employed in model fitting. Euler method is used in the present work, which is given by Equation 20, is a first-order numerical procedure for solving ordinary differential equations with a given initial value.19
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	where
	yn+1
	= (n+1)th value of y



	
	yn
	= nth value of y



	
	h
	= step size



	
	f(tn, yn)
	= gradient of the curve point n




Euler method is chosen due to its simple algorithm and it is able to give high degree of accuracy when step size is small.

The model fitting is based on 14 runs of experimental data in different set of operating conditions (temperature, Ac/Al ratio and concentration of enzyme). Solver Tool in Microsoft Excel is used to find value of all parameters so that the deviation of model prediction from experimental result is minimised. The parameters to be evaluated are frequency factor, A and activation energy, E for each parameter (Nij and Dij). The best solution for the model parameters is listed in Table 4.


Table 4:      Solution of parameters for the model.



	Parameter
	A

	E (kJ mol–1)




	NA1/NP1
	2.568 × 105

	1.850 × 104




	NA2
	3.505 × 1011

	5.555 × 104




	NP2
	7.148 × 1015

	8.932 × 104




	DA1/DP1
	8.404 × 105

	1.647 × 104




	DA2/DP2
	8.013 × 1017

	8.027 × 104




	DA3/DP3
	1.272 × 1015

	8.483 × 104




	DA4/DP4
	1.103 × 1015

	8.446 × 104




	DA5/DP5
	1.929 × 1015

	8.591 × 104




	DA6/DP6
	1.236 × 1015

	8.475 × 104




	DA7/DP7
	1.030 × 1015

	8.428 × 104




	DA8/DP8
	1.037 × 1015

	8.430 × 104




	NB1

	8.228 × 1010

	4.707 × 104




	NB2

	2.828 × 1015

	8.691 × 104




	DB1

	9.956 × 1014

	8.419 × 104




	DB2

	2.726 × 109

	3.839 × 104




	DB3

	1.894 × 1015

	6.161 × 104




	DB4

	9.865 × 1014

	8.417 × 104




	DB5

	9.860 × 1014

	8.417 × 104




	KiA

	1.027 × 1016

	6.601 × 104




	KiP

	9.696 × 1015

	9.012 × 104





By using this solution, the average percentage error for model prediction and actual value is given by 8.08%. The model prediction and experimental result for arbitrary run of experiment is shown in Figure 2. From the figure, it can be observed that the model developed is able to predict the trend of the experimental result and match the experimental data quite well.
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Figure 2:      Comparison between model prediction and experimental data for arbitrary run of experiment.



Nevertheless, the model cannot fit the experimental data perfectly. The deviation of model prediction from experimental data occurs due to several reasons. First, the data obtained from experiment may not represent the true value because the sample is not quenched (stop the reaction) when it is taken out from the reaction mixture for composition analysis. The reaction will proceed when the sample is brought to gas chromatograph (GC) in order to determine its composition. Generally, there is a time delay of 5–10 min and the experimental data may not represent the exact value of the particular period.

Second, the model may not be the best model to describe the esterification process as enzyme deactivation is not considered during the derivation of the mathematical model. In contrast, enzyme deactivation is an important factor that affects the reaction rate throughout the reaction.20 Third, the parameter values in Table 4 may not the best solution to the model as it is there are a lot of solution to this problem depending on the initial guess. There is possibility of the existence of solution for the unknown model parameters which give is able to give prediction that can match the experimental findings better.

4.            CONCLUSION

The production of isoamyl acetate through esterification of acetate anhydride and isoamyl alcohol catalysed by immobilised lipase from Candida antarctica in a solvent-free system has been studied and investigated. During the development of the model, Ping-Pong Bi-Bi mechanism is assumed throughout the reaction. By using PSSH, a set of differential equations is obtained and it is able to be solved by numerical method to predict the concentration profile for each substrate, if initial value is given, throughout the reaction. Experimental data is used to fit the model (by evaluating the model parameters) and the best solution obtained is found to match the experimental data quite well, with the average percentage error of 8.08%. The model can be used to predict the concentration profile of each substrate under different temperature, enzyme concentration and initial condition.
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Abstract: The aim of this work is to visualise the velocity profile and concentration profile of the mixing element of standard slit interdigital micro mixer (SSIMM) by simulating it in computational fluid dynamic (CFD). Since the micro mixer uses pressure-driven flow as its fluid actuation, the effect of change of the inlet pressure towards these profiles is observed. These preliminary study would give the general overview of the properties of the mixing element which will contribute to further studies later on in the mixing performance of this type of micro mixer.

Keywords: Slit interdigital micro mixer, computational fluid dynamics, inlet pressure study, velocity profile, micro mixers

1.            INTRODUCTION

The number of research works on micro-scale devices in chemical engineering has increased significantly during the past years. The main advantage of the micro reactor is the high area-to-volume ratio which considerably enhances the mass transfer and heat transfer rates that offer better yield and selectivity than the conventional reactors.1 Several researchers studied the mixing behaviour in various types of micro mixer, particularly T-shaped2,3 and Y-shaped4,5 micro reactors by using experimental6–8 works or via computer simulation.

One of the micro mixers that receives a considerable attention in pharmaceutical9,10 and liquid dispersion study11 is the Standard Slit Interdigital Micro Mixer (SSIMM). SSIMM is an assembly of three components, and is namely a Lithographie, Galvanoformung und Abformung or Litography, Electroplating and Molding (LIGA) device containing the mixing element which is embedded in a two-piece housing.

The LIGA devices are made of nickel on copper (i.e., a nickel layer with microchannels on a copper base plate) or of silver. The stainless steel housing is made up of two pieces, the top and bottom plate connected to inlet and outlets (see Figure 1 and 2). The design of the mixing element is based on a layer containing 18 or 15 sinusoidally shaped fluid channels for each fluid with a width of 25 or 40 µm, respectively and a depth of 300 µm supported by a base plate (see Figure 3)12 and it has an outlet slit length of 4000 µm and width of 60 µm (see Figure 4).
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Figure 1:      The photograph of SSIMM.
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Figure 2:      Explosion drawing of the SSIMM.
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Figure 3:      The mixing element.
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Figure 4:      The schematic presentation of the assembly in the micro mixing system (Institut fur Mikrotechnik Mainz GmbH).



The objective of this work is to visualise the velocity and concentration profile along the mixing element without the presence of microchannel (the mixing element) and profiles along the outlet slit. The mixing element slot has a unique shape as the inlet is the circular form followed by a rectangular shape and the mixing chamber is trapezoidal. This type of micro mixer uses pressure-driven flow of fluid actuation where the fluid is pumped through the device inlets via positive displacement pumps such as syringe pump. The fluid flows from a higher pressure on the inlet to the low pressure on the outlet. Thus, this work presents a simulation of mixing element model of SSIMM as in Figure 5 at different inlet pressure and the resulted velocity profile and concentration profile is observed.
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Figure 5:      The model structure of SSIMM in COMSOL Multiphysics.



In this work, simplification of the actual geometry of the mixing device whereby the corrugated wall of micro channel is excluded and the mixing devices were cut in half. These simplifications were done due to the limitation of the computational power of the current setup.

2.            COMPUTATIONAL FLUID DYNAMIC MODEL OF SSIMM

The mixing element inside the micro mixer is depicted as in Figure 5. The geometry of the mixing slot was built in COMSOL Multiphyisic 4.2a software based on the details given by Institut fur Mikrotechnik Mainz GmbH. There are two inlets and one outlet slit. As mentioned earlier, the geometry of the mixing device is cut in half and the microchannel corrugated wall is omitted for simplicity of the simulation and reducing high computational work. The computer work was done by using a numerical solution into solving the Navier Stokes Equation together with convection–diffusion equation.

2.1          Navier Stokes Equation

[image: art]


In the equation, v, p, ρ and η denote respectively the velocity vector, the pressure, the density of the fluid and the dynamic viscosity. In the following, the norm of the velocity vector, v, will be noted v. The density and the viscosity data are those of water (ρ = 1 × 103 kg m–3 and n = 1 × 10−3 Pa s).13

The system applies pressure on the inputs to drive the flow through the mixing slot to outlet at zero pressure. On the chamber wall, it is assumed to have a none slip boundary condition. Mixing is obtained by diffusion of the various species. The transfer equation is the convection–diffusion equations with a reaction term:
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where C is the concentration, D is the diffusion coefficient and R is the reaction rate. In this model, R = 0 because the concentration is not affected by any reaction. There is a concentration of 1 mol m–3 on the one of the input boundary while zero concentration on the other one. At the output boundary, the substance flows through the boundary by convection.13

3.            RESULTS AND DISCUSSION

The visualisation of velocity profile and concentration profile again the arc length are plotted as below. The arc length referring to length of mixing slot and the length of the outlet slit. The inlet pressure denoted as p0 is varies from 10 Pa to 40 Pa. The velocity and concentration profile at different pressures are shown in Figures 5–11 on the next page.
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Figure 6:      Velocity profile along the outlet slit.
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Figure 7:      Velocity profile in mixing element.
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Figure 8:      Velocity gradient of overall mixer.
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Figure 9:      Concentration profile along the outlet slit.
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Figure 10:    Concentration profile in mixing element.
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Figure 11:    Concentration gradient of overall mixer.




3.1          Velocity Profile

The velocity profile along the outlet slit and mixing element without microchannel for different inlet pressure can be seen in Figure 6, 7 and 8. The outlet slit has higher velocity for higher inlet pressure as in Figure 6. It can be seen that as the inlet pressure is increased from of 10 Pa to 40 Pa, the velocity increases from 0.001 m s–1 to 0.004 m s–1. Also, the variation of the velocity along the line is higher for higher inlet pressure which can be seen in Figure 6. As compared to velocity profile within the mixing element in Figure 7, the velocity profile shows two consecutive peaks of velocity.

The inlet 1 is at arc length equal to zero while the inlet 2 is at arc length equal to 6250 microns. The velocity of both inlets is increased and reduced as shown in Figure 8, the red area (marked A) represents the higher velocity or peaks as shown in Figure 7 while the blue colour (B) represents the lower velocity. The change of inlet pressure gives a higher magnitude of velocity but the same pattern of the velocity profile. This visualisation of the velocity profile is expected to change if the corrugated microchannel is included. The smooth line will not be as it is when stratified flow, vortex flow and engulfment flow might occurred as the fluid passes through the corrugated wall. These considerations will be taken into account in full simulation study of the micro mixer since the mixing is also being affected by this three type of flow.2

3.2          Concentration Profile

The concentration profile along the outlet slit and mixing area for difference inlet pressure can be seen in Figure 9, 10 and 11. The changes of inlet pressure do not have significant effects toward the concentration profile as the line overlaps with each other as in Figure 9 and Figure 10. The pattern of the concentration profile for all the values inlet pressure is the same. However we can observe that the concentration along the outlet slit is varies from 0.40 mol m–3 to 0.55 mol m–3. This variation occurs at the arc length of outlet slit less than 1500 microns as in Figure 9. In this region, the mixing of the two concentrations is not yet completed.

This also can be observed in Figure 11 as shown by the blue colour (B). The complete mixing is achieved after the arc length of outlet slit greater than 1500 microns. This complete mixing represented by the green color of concentration in Figure 11 and the concentration profile in Figure 9 that shows a straight line at a concentration of 0.5 mol m–3. The length of outlet slit has to be sufficient enough to ensure the complete mixing is achieved. This micro mixer was designed with a sufficient outlet length of 4000 microns which is beyond of the requirement. It can be predicted that with the presence of microchannel corrugated in the mixing slot, the possible output would be much better where the complete mixing is achieved at the arc length less than 1500 micron.

4.            CONCLUSION

The simulation gives visualisation of the velocity profile and concentration profile inside mixing element of the micro mixer that could be difficult to obtain via experimental work. The inlet pressure has no effect to the concentration profile and only a small effect on the velocity profile. However, this simulation result might be different as the corrugated microchannel is excluded, and complete structure (instead of half structure) of the mixing element is used in this work. With the presence of corrugated microchannel, the velocity profile would be changed together with the changes in Reynold number when the fluid passes through the corrugated shape. The three types of laminar regions consisting of stratified flow, vortex flow and engulfment flow would need to be considered. The effects of inlet pressure would be also significant towards the velocity and concentration profile. These preliminary study would give the general overview of the properties of mixing element which will contribute to further study which is the mixing performance of this type of micro mixer.
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Abstract: The aim of this paper is to predict the production of glucose using artificial neural network (ANN) and validation with the experimental values for hydrolysis process. The ANN consists of three layers which are input, hidden and output layer. The input layer is the manipulated variables in the case study, which are the activity of added cellulose, substrate initial concentration and hydrolysis time on the production of glucose while the output layer is the concentration of glucose. The performances of the model were evaluated using the coefficient of determination, mean square error and average relative deviation. The predictive model shows a good result as the coefficient of determination, 0.8361 was obtained with a small value of mean square error, 0.1947 and 5.644 as the average relative deviation. It clearly shows that ANN gives a good prediction on the enzymatic hydrolysis for the production of glucose.
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1.            INTRODUCTION

Agriculture residue such as rice straw is one of the raw materials potentially able to produce high-value products. Rice straw is mainly used as a source of glucose which is in demand for various processes such fermentation. Sustainable development has become an issue that draws a considerable attention worldwide. This issue has driven researchers and engineers to work hard in converting lignocellulosic waste materials such as rice straws for better use. In this case, rice straw is hydrolysed to produce a more valuable product, which is glucose.

In order to get a better process, a model that represents the hydrolysis process should be developed. By using the MATLAB software to develop a model for hydrolysis process, the simulation can be done in a short time with efficient result. The program can be run numerous times with different operating conditions to obtain a better result. Also, the cost needed to run the program is significantly lower than running the process in a pilot plant or lab scale. After a model is developed, a process with a high production rate should be achieved. From engineering perspective, this can be achieved with process optimisation. Operating process at its optimal state will help to reach maximum productivity with lowest possible cost while maintaining its quality.

In this paper, the model prediction for the enzymatic hydrolysis uses artificial neural network (ANN), an artificial intelligence tool commonly applied for a complex relationship. The ANN modelling can possibly be provided with more than two variables and can predict one, two or more outputs.1 The ANN is effective for approximating nonlinear function, pattern recognition and classification problem.7 Therefore, the ANN could recognise arbitrary nonlinear multiparametric discriminant functions directly from experimental value even without prior knowledge on the relationship of the process variables. Therefore, the ANN is used for stimulating and predicting the performance of the enzymatic hydrolysis of cellulose and then comparing the output performance with response surface model (RSM).

The paper aims to develop a predictive model for the production of glucose from the enzymatic hydrolysis of rice straw by using ANN. It also aims to do a comparative study between neural network model and RSM model for predicting glucose concentration during enzymatic hydrolysis of rice straw. The next section explains the procedure of the modelling using ANN and the verification of the prediction data obtained by ANN. Briefly, the ANN model’s performance is evaluated based on correlation of determination (R2), mean square error (MSE) and average relative deviation (ARD). The comparative study is done by comparing the prediction data with the experimental values and RSM values. The results obtained are discussed, and the final section concludes the findings.

2.            MODEL PREDICTION ON ENZYMATIC HYDROLYSIS

The study is conducted by identifying the effects of different parameters on hydrolysis process. The selected parameters are used in the development of the model using ANN and the performance validated. The prediction data obtained are verified through comparative study with the experimental values and RSM.

2.1          Identification of the Effects of Different Parameters on the Enzymatic Hydrolysis Process

Based on the case study, there are three parameters which identify the contribution on the production of glucose of hydrolysis process. The parameters involved are the activity of added cellulose (FPU), substrate initial concentration (g l–1) and time (h). The predictive model was developed by using ANN based the experimental data provided from literature of previous study.

2.2          The Development and Validation of the Model

The prediction model was developed based on the actual values extracted from literature. The model is run using ANN. The type of ANN used in this study is a multilayer perceptron (MLP) such as multi-layer feed forward neural network based on back propagation learning rule to predict the production of glucose from the enzymatic hydrolysis of rice straw. There are a few considerations required to develop an ANN-based model, such model structure (architecture) and ANN model training.

The MLP with one hidden layer of sigmoidal neurons and a layer of linear output neurons was employed in this study. The MLP mainly consists of three layers; an input layer, an output layer and one or more hidden layers, whose numbers of neurons for each layer represented by N, M and K respectively. The different number of neurons allotted are interconnected by adjustable parameters (weights ad biases) associated with them. The relationship is expressed in the following equation:
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where, wjt is the weight connecting the ith neuron in the input layer and the jth neuron in the hidden layer; θj the bias of the jth neuron in the hidden layer; Wkj the weight connecting the jth neuron in the hidden layer and the kth neuron in the output layer; bk the bias in the kth neuron in the output layer; and f(·) and F(·) the activation functions of the jth neuron in the hidden layer and of the kth neuron in the output layer, respectively.

The cross validation technique is used to find exact number of neurons in hidden layers and also to avoid the model from over-fitting while accomplish good generalisation from the training data set. These experimental data or data samples were required to split into training data set and a validation dataset. Then neural networks with different number of hidden nodes are trained with the training dataset. The performance of the model was evaluated on the ability to predict of the validation dataset by calculating mean square error (MSE) as express in Equation 2:
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where gk represents the prediction of the neural networks and dk is the desired output, which in this study is glucose concentration Y (g l–1). Figure 1 illustrates the general framework of the model-based approach proposed in this work. The inputs of the MLP neural network model are the activity of added cellulose, X1 (FPU), substrate concentration, X2 (g l–1) and the hydrolysis time, X3 (h) while the model output was glucose concentration, Y (g l–1). The systematic approach developed can be used to build models with more than two inputs such in this case; enzyme concentration varies from X1…Xn.
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Figure 1:      General framework of the model-based approach used in ANN and to optimise the enzymatic hydrolysis of rice straw.



2.3          The Verification of the Predicted Data

The predicted data obtained from the ANN model was compared with the experimental values and RSM values. The comparative step is done to test the capabilities of the model developed. Experimental data are obtained from literature2 were used to train, validate and test artificial neural networks (MLP) for prediction of glucose concentration during enzymatic hydrolysis. The range of experiment data used is shown in Table 1.


Table 1:      Range of experiment data used in this study.



	Parameter

	Unit

	Range




	Activity of added substrate
	FPU

	5–15




	Substrate concentration, Cc,0
	g l–1

	5–20




	Time
	h

	3–9





3.            RESULTS AND DISCUSSION

The model prediction is done using MATLAB R2009a software. It is used to generate a feed-forward back propagation neural network which predicts the production of glucose during enzymatic hydrolysis. The model prediction is accomplished when the number of neurons in the input layer corresponds to the number of input variables, and the number of nodes in the output layer is equal to the number of output variables. The input variables in this study as mention in previous section were the activity of added cellulose (FPU), substrate concentration (g l–1) and time (h) of hydrolysis also indicated as important factors to determine the extent of enzymatic hydrolysis. Meanwhile the output variable study was glucose concentration (g l–1). The number of neurons in the hidden layer was determined by calibration through several run tests.

3.1          Neural Network Model Prediction

The range of input data of Table 1 (refer section 2.3) mentioned previously is used to develop an ANN model. The input data are randomly divided into three sets: training, validating and testing ones.3 The first dataset was used to compute the gradient and update the network weights and biases, while the second dataset is used to prevent over fitting. The last dataset is not used during the training, but compared with different models.4 Usually, 30% of data are used for testing and the remaining 70% for training and validation.5

In this study, multi-layer feed forward neural network based on back propagation learning rule is used to predict glucose production from enzymatic hydrolysis of rice straw. This ANN consists of one input and one output layer, with several—but usually only one—hidden layer3 and information moves in only one direction, forward from the input layer through the hidden layer and then to the output.6 Many studies show that three layers (only one hidden layer) could model the continuous functions of any accuracy. The schematic of the MLP network with one hidden layer is shown in Figure 2. In order to optimise the number of neurons in hidden layer, average relative deviation (ARD) of testing data versus the number neurons in hidden layer is plotted (Figure 3).
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Figure 2:      Schematic representation of ANN to stimulate the enzymatic hydrolysis of cellulose from rice straw.
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Figure 3:      ARD of testing data versus the number of neurons in hidden layer.



In the present work, to test the prediction capabilities of the models, the predicted values obtained from ANN are compared with the experimental values. The coefficient of determination (R2), mean square error (MSE), and average relative deviation (ARD) were determined. The R2, MSE and ARD were calculated by following Equations (3), (4) and (5) respectively:
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where Xpre,i is the predicted output from observation I; Xexp,i the experimental (target) output from observation I; [image: art] the average value of experimental output; and n the total number of data. R2 must be close to 1.0, the MSE and the ARD between the predicted and experimental data must be as small as possible. The result are summarised and presented in Table 2.


Table 2:      Performance of neural network model.



	Statistical parameter

	Value




	R2

	0.8361




	MSE

	0.1947




	ARD

	5.644





3.2          Comparison of ANN Model and RSM

A comparative study is performed between RSM and multi-layer feed forward neural network to estimate their abilities for predicting glucose concentration. The measured values of glucose concentration by ANN model are almost identical with experimental values as compared to the predicted values by RSM. Table 3 shows the measured values by ANN model and predicted values by RSM and comparison with experimental value obtained from literature.2


Table 3:      Training samples for model building and comparison with experimental and RSM value obtained from literature.
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Apparently, all the outputs of the neural network were much closer to experimental values than that responded by RSM. At sample of (X1 = 10, X2 = 10, X3 = 6), the relative errors for both RSM model and ANN model are zero, which is accurately predicted compared with experimental values of 3.3772. However, the ANN model generates a good prediction as most of the relative errors for the ANN model are lower than the RSM model in Table 3. Besides, only at samples of (X1 = 10, X2 = 20, X3 = 3), (X1=15, X2=10, X3=3) and (X1=10, X2=5, X3=3), the experimental error points produced by ANN exceeded that of RSM. Thus, the accuracy of neural network model is more desired. It can be said that ANN is capable of simulating the enzymatic hydrolysis of cellulose effectively.

Figure 4 shows the plot of predicted glucose concentration by ANN and RSM against the experimentally determined values. The results showed that ANN has predictions that are closer to the line of perfect prediction than those of RSM, where ANN has better prediction accuracy than RSM. ANN is a superior and more accurate modelling technique as compared to RSM as it represents the non-linearity in a much better way.8–12 The ANN used is back-propagation network that consists of one input layer, one output layer and one and more hidden layers.
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Figure 4:      Values of glucose concentration predicted by ANN and RSM versus the experimental value.



3.            CONCLUSION

This study finds that neural networks provide good fits to experimental data. The results show that the training of an artificial neural network with the experimental data from the enzymatic hydrolysis of cellulose has been quite successful. ANN could exactly mimicked enzymatic reaction in the heterogeneous system. The ANN model is also clearly more accurate in comparison to RSM model. The neural network model is not complex because the estimation is realised by simple arithmetic operations. It is claimed that ANN models may act as a connection between isolated experimental data and led to a synergy between the independent studies. The applications of the artificial neural networks can be used for the on-line state estimation and control of enzymatic hydrolysis processes successfully.
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Abstract: The objective of this paper is to develop computational fluid dynamic (CFD)-population balance model (PBM) coupled model to predict a minimum fluidisation velocity in industrial polydisperse gas phase linear low-density polyethylene (LLDPE) polymerisation reactor. The population balance model (PBM) by direct quadrature method of moment (DQMOM) implemented in CFD framework was used to predict the minimum fluidisation velocity. The simulation results were validated by the operational data in terms of bed height and pressure drop. This CFD-PBM coupled model can be extended to investigate the flow field and particle kinetic through the reactor.
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1.            INTRODUCTION

Minimum fluidisation velocity (Umf) is an important fundamental hydrodynamic parameter that needs to be known in order to optimise the performance of process industry’s fluidised beds reactor with a wide range of particle size distribution (PSD). Although much research has been undertaken on the Umf, there are still problems often encountered in industrial applications which have not yet been thoroughly resolved. First, some of the results obtained are contradictory and based on the empirical equations. Second, there is variation of Umf for particles with wide PSD, and third, variation of fluidisation behaviour also occurs from laboratory to industrial scale.

Several studies have been conducted to investigate the potentials and limitations of the CFD-PBM modelling to study the PSD in fluidised bed reactor (FBR). Oliveira et al.1 investigated the Umf for biomass and sand mixtures in acrylic fluidised bed with an inner diameter of 0.05 m and height 1.52 m to study the effect of average diameter. Their proposed correlation was in good agreement with experimental data. They found that biomass size and shape have an important influence on Umf.


Caisedo et al.2 experimentally investigated the Umf in a 2D fluidised bed with different height and weight function for different PSD, with an inner diameter of 1 m. They reported that the Umf depends on the bed height, column width and particle diameter. Asif and Ebrahim3 also experimented on the Umf of five different binary-solid systems with a wide range of composition. They suggested that the minimum fluidisation velocity of binary mixture should be estimated from the physical properties of this mixture, such as composition, particle density and particle diameter, instead of measuring the minimum fluidisation velocity of each component.

In this paper, the proposed transient 2D CFD-PBM model is solved with a direct quadrature method of moments (DQMOM) to predict the Umf. The performance of the modelling framework application is then highlighted for the industrial linear low-density polyethylene (LLDPE) polymerisation reactor.

2.            GENERIC MULTIPHASIC CFD-PBM COUPLED MODEL

2.1          Problem Definition (Step 1)

The particle size distribution through the bed changes along with time. This is a crucial issue because PSD can affect the flow pattern, reactor efficiency and product quality. Therefore, successful CFD-PBM model for FBRs must be capable in predicting the observed changes in the particles characteristics.

2.2          Problem Specification (Step 2)

The simulated gas phase fluidised bed reactor in this research is the industrial scale LLDPE polymerisation reactor. The width of the square domain in simulation is equal to the diameter of actual reactor (D = 5 m). The reactors consist of three zones, namely, a fluidisation zone, a disengagement zone and a bulb section. The disengagement zone has a larger diameter (1-2D) than the fluidisation zone (D). The height of the reactor is 33.9 m. The fluidisation medium comprises a gas mixture of monomer (ethylene), co-monomer, hydrogen and inert gases.

2.3          Model Development and Solution (Step 3)

A generic CFD-PBM coupled modelling framework application for gas-phase polydisperse fluidised bed reactor was developed to couple the PSD in CFD framework. This modelling framework is a flexible platform and by changing the constitutive equation, its application can be extended to various polydisperse multiphasic FBRs. As shown in Figure 1, the generic model consists of four main steps including problem definition, problem specification, model structure/solution and model applications.
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Figure 1:      Generic CFD-PBM modelling algorithm for gas-solid poly-dispersed FBRs.



In order to investigate the potentials and limitations of the CFD modelling, the CFD-PBM with the Eulerian-Eulerian4 approach was used to investigate the effect of PSD on Umf. The direct quadrature method of moment (DQMOM) was used to take into account the PSD, whereas the kinetic theory of granular flow (KTGF) was employed to close momentum balance equation for the solid phases. The phase coupled SIMPLE algorithm was used to couple pressure and velocity. In addition, Workbench Ansys 14 was used to generate the 2-dimension geometry and grids, and the obtained minimum node needed to simulate the CFD in FBR was 52007. A small time-step (0.01 s) and the convergence criterion of 10–3 with around 20 iterations per time-step were chosen to ensure numerical stability is reached. Table 1 summarises the simulation condition to define the Umf.


Table 1:      Boundary condition and model parameters.



	Description
	Values
	Description
	Values



	Granular viscosity
	Gidaspow4
	Inlet boundary condition
	Velocity inlet



	Granular bulk viscosity
	Lun et al.4
	Outlet boundary condition

Wall boundary condition

	Pressure outlet

No slip for gas, free slip for solid phase




	Frictional viscosity
	Schaeffer4
	Initial bed height (m)
	10



	Restitution coefficient
	0.8
	Initial solid volume fraction
	0.5



	Granular temperature
	Algebric4
	Operating pressure (Bar)
	24



	Drag law
	Gidaspow4
	Time step (s)
	0.01



	Inlet boundary condition
	Velocity inlet
	Superficial gas velocity (m s−1)
	0.5



	Outlet boundary condition
	Pressure outlet
	Particle diameter (µm)

Particle density (kg m–3)

	800–1100

850




	Wall boundary condition
	No slip for gas, free slip for solid phase
	Gas density (kg m–3)

Gas viscosity

	20

1.2 × 10–5





2.3.1       The Eulerian-Eulerian CFD model

The multi-fluid continuum model assumes that different phases behave as interpenetration continuum and each solid species has been treated as a separate phase. Each particulate phase is characterised by the unique diameter, density and other features. A two-dimensional fluidised bed has been modelled based on an unsteady state. The continuity and momentum equations for q = gas and solid phases are:
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where [image: art] is the qth Phase (solid and gas) stress-strain tensor, [image: art] is an interaction between phases and P is the pressure shared by all phases. βgs is the momentum exchange coefficient between phases, βgs = βsg and [image: art] is the gravity vector.
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μq and λq are the shear and bulk viscosity of phase q. The Eulerian-Eulerian two-fluid model requires closure equations to describe the rheology of the solid phase. Due to collisions between particles in dense gas-solid systems, the concepts from gas kinetic theory can be employed to describe the motion of particles. Several drag models are considered for the gas-solid interphase exchange coefficient βgs. In this paper, the Gidaspow drag model4 has been utilised. The Gidaspow model is a combination of Wen and Yu model and Ergun equation.4 This model is recommended for dense fluidised beds.

2.3.2       The population balance model and DQMOM

A 2D CFD-PBM coupled model is based on the Eulerian-Eulerian model that incorporated the kinetic theory of granular flow (KTGF) and the PBM has been implemented to describe the gas-solid multiphase flow in the fluidised bed polymerisation reactor. In addition, The DQMOM was used to solve the population balance equation (PBE) and implement the combination of the CFD model and PBE, which represent the fundamental knowledge of the gas-solid flow pattern in the polymerisation reactor where the size is changing.

In the DQMOM each node (different solid phase) represents the solid phase properties, so in the Eulerian-Eulerian multi-fluid model each solid phase has its own momentum balance. This is in contrast to the QMOM where the moments are tracked with an average solid velocity. Thus, the DQMOM offers a promising capability in describing PSD undergoing particle kinetics in the context of CFD-PBM gas-solid modelling. This method has been described comprehensively elsewhere5,6 and here, only a brief review of the equations is provided. A polydisperse solid-phase can be modelled by the following multivariate distribution function.7


[image: art]

where x is the spatial coordinate and t is time. In Equation 5, S(L, us; x, t) is a source term that represents discontinuous changes in property space due to kinetic particles, whereas F is the force to accelerate each solid phase. The mean force, F, conditioned over the particle diameter L and defined as 〈F|L = Lk〉 acts to accelerate the particles of solid phase k. 〈us|L〉 is the mean velocity conditioned on the particles of diameter L. By definition, 〈us|L = Lsk〉 equals usk for the kth solid phase particles. The DQMOM approach also uses number density function n(L; x, t) and quadrature approximation by a summation of N Dirac delta functions:

[image: art]

where ωα is the weight of the delta function centred on the characteristic length, Lα. By inserting Equation 6 into Equation 5, and applying a moment transformation, the population balance in terms of the presumed finite mode PSD can be shown as in Equation 7.

[image: art]

The weights and abscissas can be correlated with the solid volume fraction and the effective particle diameter (length) for each solid phase. The transport equations for each weights and abscissas undergoing growth, aggregation and breakage rate can be written as follows7:
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where εi and εiLi are the volume fraction and the effective particle length, respectively. wi is the number of particles per unit volume and Gi is the growth rate at Quadrature point, while ai and bi can be computed through a linear system resulting from the moment transformation of particle number density transport equation using N Quadrature points.7 kv is a volumetric shape factor (equal to π/6 for spherical particles). Equation 8a represents the conservation equation for the volume fraction of the kth solid phase in the presence of growth rate, while Equation 8b is a conservation equation for the effective particle diameter. Further details on derivation and solving these equations can be found elsewhere.5–7

2.3.3       The CFD-PBM coupled model

In step 3 of the generic algorithm for coupling CFD-PBM modelling, the PBM model needs to be coupled with the multi-fluid CFD model. The algorithm for such coupling is as follows:

Step 1: Solve the multi-fluid Eulerian-Eulerian equations (Equations 1 to 4) at every grid point. From the CFD model, we obtain the hydrodynamic parameters such as solid volume fraction, particle diameter and particle velocity.

Step 2: Solve the PBM equations (8a and 8b) for the PSD using solid volume fraction and solid velocity of step 1, and particle growth rate for each solid phase.

Step 3: Using moment transformation to define sauter mean diameter of solid phases and update the hydrodynamic parameters, and repeat steps 1–3 for next iteration.

2.3.4       Model validation

The CFD-PBM coupled model has been validated by comparing the simulated results and the industrial data obtained by an industrial LLDPE gas-phase polymerisation reactor. To validate this work, the distribution of the particle sizes inside the reactor was considered to be similar to the product particle size distribution.

Figure 2 and Figure 3 show the transient behaviour of pressure drop and bed height and their comparison with the industrial data. As can be seen in Figure 2 and Figure 3, the whole simulation process can be identified as two stages: a start-up stage and a quasi-steady fluidisation stage. The steady state bed height in the gas-solid flow was reached after 73 s, while the pressure drop usually oscillates inside its operational range due to the fluidisation characteristics. The predicted pressure drop and the bed height profile along the time showed very good agreement with the industrial data, where 1.25% and 0.75% error were observed in predicting the pressure drop and bed height respectively (see Figure 2, Figure 3 and Table 2).


[image: art]

Figure 2:      Comparison of the CFD predicted bed height data with industrial data.
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Figure 3:      Variation of bed pressure drop superficial gas velocity.




Table 2:      Comparison between industrial data and CFD simulated results.



	Parameter
	Simulated result
	Industrial data
	% Bed height error
	% Pressure drop error



	Final bed height
	20.15
	20
	0.75
	–



	Average pressure drop
	0.578
	0.588
	–
	1.24




2.4          Model Application (Step 4)

2.4.1       Pressure drop and minimum fluidisation velocity

Figure 4 shows the variation of pressure drop for various superficial gas velocities to define Umf in the simulated reactor. With increasing gas velocity, the bed pressure drop increases along the fixed bed (Umf,f), where all small and large particles are still stagnant. After (Umf,f) the pressure drop deviates from the curve representing the performance of the fixed bed reactor. This is due to the segregation of small particles and partial de-fluidisation of solids at the bottom of the bed. This period reaches a peak at Umf,j. By further increasing the gas velocity, the pressure drop will be decreased slightly due to small particles which tend to fill the coarse inter particle voids although the coarse particles remain unchanged. At the point shown by (Uff), it is seen that the bed is steadily fluidised and effective bed mixing overshadows the de-fluidisation at the bottom of the bed. Also, at (Uff), the total pressure drop equals the weight of the whole bed.

The Umf condition of FBRs is defined at point A where the rising pressure drop line representing the state of fixed bed meets the constant pressure drop line representing the status of fluidisation state along with variation of the gas velocity. It can be assumed that both small and large particles are not fully fluidised at point A. This is an intermediate state between the minimum fluidisation velocity of small particles and the minimum velocity at which the bed is completely fluidised.



[image: art]

Figure 4:      Determination of Umf from the pressure drop with gas velocity.



In this study, the minimum fluidisation condition of polydisperse is defined as the point Uff. For the simulated reactor, Umf is equal to 0.14 m s–1. Here, the computational values of Umf based on Equation 94 are used to verify the CFD prediction. According to Equation 9, Umf for small and large particles can be obtained as 0.1 and 0.15 (m s–1) respectively. The comparison of these data proves that the CFD predictions are in good agreement with the results of Equation 9. The difference between the predicted values by two models in the present study is lower than 6.6%.

[image: art]

3.            CONCLUSION

In this study, a generic CFD-PMB framework was developed to investigate the effect of the method for estimating the Umf of PSD in polymerisation gas-solid fluidised bed reactor. Results of the model were first compared to the real industrial LLDPE FBR. The Umf value for PSD can be calculated by Wen and Yu4 with fairly good agreement. This generic CFD-PBM prediction will provide useful information for the design of FBR systems with potential application for dryers, polymerisation and solid catalysed chemical reaction.
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Abstract: To gain a better understanding on the application of computational fluid dynamics (CFD) towards extraction using supercritical fluid, a single particle study was carried out. The flow behaviour of an ambient supercritical carbon dioxide flowing through a heated black pepper particle in vertical direction was studied. The transfer of heat from the heated particle to supercritical fluid was examined. Various groups of parameters in the following ranges were carried out for the simulations: pressure 3000 psi, 4000 psi and 5000 psi; temperature 4°C, 50°C and 55°C; and solvent flow rate 5 ml min−1, 7.5 ml min−1 and 10 ml min–1. The contour of velocity magnitude and streamline of the flow along the particle were presented. Temperature profile and the local heat flux value on the heated particle surface were captured. The drag coefficients and average Nusselt numbers obtained from the simulations had shown a good agreement with the numerical correlations from literature.

Keywords: Supercritical fluid extraction, heat transfer, Nusselt number, drag coefficient, single spherical particle

1.            INTRODUCTION

The pharmaceutical value of black pepper’s essential oil in enhancing drugs’ bioavailability has increased the intention of the industry to develop black pepper extraction.1 Supercritical fluid extraction (SFE) appears to be the most promising alternative over the conventional processes as supercritical fluid preserves the extract from solvent-contamination and thermal degradation.2,3,4 Yet, the commercial applications of the SFE technology remain limited to a few high-value products due to high capital investment, and its novelty and complex operating system.2 To adopt SFE to black pepper oil production line, optimum design of the process for guaranteed production yield is therefore essential. The details of the complex flow and the transfer phenomenon within the fixed bed need to be comprehensively studied and understood.

The objective to apply Computational Fluid Dynamics (CFD) in the study of particle bed extraction is to visualise the complex interactions between flow, heat transfer, diffusion and reaction towards the changes of operating parameters in order to optimise the process and also to improve the empirical correlation of transport parameters that has been used for many years, but which has not yet yielded a satisfactory results. Constructing a correct particle bed which well defines the experimental set-up involves many difficulties such as contact points, meshes and the role of boundary layer. A single particle studies is therefore carried out to gain a better understanding on the application of CFD towards extraction using supercritical fluid.

In this paper, the flow behaviour of a supercritical fluid flowing through a single spherical particle and heat transfer between the particle and flowing supercritical fluid are studied. The interactions between flow and heat transfer towards the changes of operating parameters are investigated. The simulation results are validated by comparing with the literature correlations.

2.            EXPERIMENTAL

2.1          Geometry and Boundary Conditions

In order to attain the objectives above, a supercritical carbon dioxide with lower temperature flows through a 1 mm diameter black pepper particle which has higher temperature was simulated in Ansys Workbench version 14.5. The black pepper particle was defined as an isothermal static solid sphere. It was simulated in a cylindrical domain which has open boundary conditions as shown in Figure 1. The domain size is denoted by a × b × c where the dimensions are in multiples of particle diameter. Domain independent study was carried out to ensure that the cylindrical domain is “infinite” to the fluid flow through the solid particle and also to determine the appropriate domain sizes to be applied to all set-ups. The walls are set as moving wall which moves at the same velocity as the inlet flow, with a no slip boundary conditions imposed on them. The supercritical fluid was entering the domain with uniform velocity and at room temperature. A pressure outlet boundary was used and the gauge pressure was set to zero so that the absolute pressure will be equal to the operating pressure.



[image: art]

Figure 1:      Vertical flow through a single black pepper particle and asymmetrical 3D model developed in Ansys Workbench.



2.2          Materials and Parameters

A black pepper particle with 1 mm diameter was used for the simulations and carbon dioxide was used as the cycling fluid. The black pepper was defined as a solid body with constant properties of: density (1230 kg m–3), heat capacity (2906 J kg–1 K–1) and thermal conductivity (44 W m–1 K–1). The density of black pepper was determined experimentally by using pycnometer while the heat capacity and thermal conductivity was obtained from the correlation derived by Meghwal.5 The density of CO2 was defined by using the fluent-built-in Peng-Robinson correlation and a piecewise polynomial correlation defined in Yaws6 was applied for heat capacity. Meanwhile, the correlation defined by Fenghour7 was used for viscosity and a constant value of heat conductivity (0.0145 W m–1 K–1) was considered during the simulations. Various groups of parameters in the following ranges was carried out for the simulations: pressure 3000 psi, 4000 psi and 5000 psi; temperature 45°C, 50°C and 55°C; and solvent flow rates of 5 ml min−1, 7.5 ml min–1 and 10 ml min–1.

2.3          Meshing

The precision of the simulation results depends on the size of the mesh around the hot spherical particle. A fine uniform mesh gives an accurate results yet it significantly increase the mesh size and thus increase the computational time. Therefore, the “Advanced Size Function” approach was used to control the transition from small prism cells on the on the sphere surface to a larger unstructured mesh of tetrahedral cells in the non-critical regions of the domain. This would significantly reduce the cells number and yet yield precise results. For solutions that were sufficiently grid independent, up to 4.7 × 104 mesh cells were required, with the first layer of cells thickness of 8.35 × 103 times the sphere diameter. The curvature size function was chosen and the curvature normal angle was set to 15° and growth rate was set to 1.2.

2.4          Computational Procedure

Pressure-based steady state simulations were performed for all cases. Converge was monitored by continuity, x-velocity, y-velocity and z-velocity equations, as well as the drag coefficient and the particle Nusselt number with the absolute criteria of 1e-6. The “SIMPLE” scheme solution method was used for pressure-velocity coupling. Second order upwind interpolation was applied to solve the Momentum and Energy equations. Least squares cell based was used for gradient and Standard was used for pressure. The Under-relaxation factors were left at the FluentTM default values.

2.5          Validation

The heat transfer results were validated by comparing the dimensionless Nu to the empirical heat transfer relations by Ranz and Marshall,8 Whitaker,9 Achenbach10 and Feng and etc.11 for a single free sphere. The area-average Nu over the surface of the sphere was taken for comparison. The Nu of each cell on the particle surface was determined based on the local heat flux and temperature difference. The hydraulic length and reference temperature need to be correctly defined in order to get a precise value. The flow patterns were validated through the comparison of drag coefficients (CD) with the correlation by Feng et al.,11 Clift et al.12 and Haider.13 The drag coefficient of the simulation is readily available in post-processing stage. The direction of drag force was defined to be the same as the flow of inlet fluid, and since asymmetry geometry was used, half of the total surface area is taken as the effective area to be used in calculating drag coefficient in the simulation.

3.            RESULTS AND DISCUSSION

3.1          Domain-independence

The flow system defined was an isolated sphere in a flow of infinite domain, and since this must be computed in a finite domain, it is necessary to establish that the results are independent of the domain size. Domain independent studies were carried out and the results were tabulated in Table 1. The values of CD and Nu were used to justify the domain independency. The domain sizes were determined by referring to the findings of Dixon.14

It was noticed that when a relatively small domain size was used, the value of CD and Nu were dropped below the acceptable value. The domain size was therefore doubled up. When larger domain sizes were used, it was found that the changes in domain size had resulted in the difference below 8% in CD and below 1% in Nu. This was thought to demonstrate domain independence to a satisfactory degree and a domain of 10 × 5 × 20 was used for the simulations.


Table 1:      The results of domain-independent tests.



	Domain size a × c × b

	CD

	Nu




	10 × 5 × 20

	0.44

	40.76




	10 × 5 × 30

	0.41

	41.144




	10 × 10 × 30

	0.42

	40.12




	5 × 10 × 10

	0.348

	38.90




	10 × 5 × 10

	0.29

	42.079





3.2          Flow Pattern

The flow pattern of supercritical CO2 flow through a heated solid sphere in vertical direction is as shown in Figure 2. In general, all cases of simulation condition give a similar fluid flow pattern, where the fluid velocity is brought to rest at the forward stagnation point and increase with the increase of stagnation angle. A formation of ring eddy attached to the rear surface of the sphere is noticed after the separation angle. The ring eddy is drawn out in the downstream direction and decayed as another forms. Turbulence wake is formed behind the sphere. The length of the recirculation ring eddy region become pronounced when temperature and pressure of the sphere increases. It is expected that this recirculation would facilitate the heat transfer process. The angle of separation happens at 130° for the case of 3000 psi, 318K, 0.117 m s–1 and slightly increases when temperature, pressure and flow rate increase. The increases in temperature and pressure have also led to a higher velocity gradient on the surface of the particle.
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Figure 2:      Illustration of: (a) contour of velocity magnitude (m s–1); and (b) velocity vector for the case of fluid inlet velocity of 0.117 m s–1 and the particle temperature of 318K and operating pressure of 3000 psi.



3.3          Heat Transfer

The result of heat transfer is presented in Figure 3 as the temperature profile of the surrounded carbon dioxide and the local heat flux on the particle surface. It is noticed that higher temperature region is distributed along the ring eddy flow at downstream of the sphere. It proves that the recirculation of the flow above the sphere enhances the heat transfer. The lowest heat flux occurred at the stagnation point where the flow velocity is equal to zero while the highest heat transfer happens at the side of particle where the velocity is the highest. Higher heat flux is obtained when the particle is set to a higher temperature due to the larger driving force of transfer. The higher temperature region decreases significantly as the pressure increase.
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Figure 3:      Illustration of: (a) the temperature profile of the surrounded CO2 of a heated particle (K); and (b) the local heat flux value on the particle surface (W m–2) for the inlet velocity of 0.117 m s–1, particle surface temperature of 328K and operating pressure of 3000 psi.



3.4          Validation

The values of drag coefficient obtained from the simulations were compared with the literature correlations. The results are shown in Figure 4a. Overall, the drag coefficients predicted by CFD are lower than those determined from literature correlations. Higher agreement is achieved with the correlation of Feng11 with the highest difference no greater than 5%. Although the values are somewhat different with A. Haider correlation and Clift correlation, the response towards the changes of Reynolds number is the similar, where the drag coefficient decrease with increase of Re. The values show some fluctuation at the range of Reynolds number 1000–1500. A transition flow model should be used in this range of Reynolds number in order to improve the results.
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Figure 4:      Illustration of: (a) comparison of drag coefficient between CFD computed value and correlation of experiment result; and (b) comparison of Nu between CFD computed value and the literature numerical correlation.



The results of Nu are validated against the literature correlations and the comparison is shown in Figure 4(b). The results for Reynolds number < 1500 show excellent agreement with all of the literature correlations. Yet, the value seems to be under predicted for higher Reynolds number. Number of mesh near the particle surface should be increased during the simulation of higher Reynolds number case in order to capture the details of the heat transfer and obtain and precise results.


4.            CONCLUSION

The flow behaviour of a supercritical fluid flowing through the spherical particle in vertical direction was examined and the heat transfer phenomenon has been studied. The fluid velocity is found to bring to rest at the forward stagnation point of the particle and increases with the increase of stagnation angle. The ring eddy flow occurring after the separation point has enhanced the heat transfer process. The lowest heat flux occurs at the stagnation point where the flow velocity is equal to zero, while the highest heat transfer happens at the side of particle where the velocity is the highest. The flow pattern and heat transfer results are compared with the literature correlations. The drag coefficients are found to have the same trend towards the changes of Reynolds number as the prediction of the literature correlations, even though the overall values are lower than those estimated by the correlations. The Nu for Re < 1500 shows an excellent agreement with all of the literature correlations.
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