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ABSTRACT: Food waste generated from restaurants or food stalls needs to be processed correctly to minimise environmental pollution problems. One of the promising methods is pyrolysis process using low-power microwave energy reactor that can convert it into bio-oil. This process is strongly associated with the thermal heating process in a microwave reactor normally indicated by the reaction temperature, heating rate and the thermal efficiency. This work studies the thermal characteristics of microwave reactor during pyrolysis of food waste. A modified domestic microwave oven with a maximum output power of 418 W was used as the experimental reactor in this study. The samples with different moisture content (MC) of 11% and 24% were examined under various microwave power of 257 W, 362 W and 418 W for 1 h. The results showed that the thermal characteristics of microwave were influenced by the microwave powers and moisture contents of the food waste. High microwave power and low MC provide high reaction temperature, heating rate and thermal efficiency. Under investigated conditions, the optimum result was obtained at microwave power of 418 W and MC of 11% in which final temperature, heating rate and thermal efficiency of the pyrolysis process were 757°C, 12.1°C min–1 and 53%, respectively. These results indicated that the modified microwave reactor is capable for pyrolysis of food waste even at relatively low microwave power.
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1.           INTRODUCTION

Billions of tons of waste, particularly municipal solid waste (MSW) are generated annually worldwide. The waste amount constantly increases in line with the high population growth and needs. Hoornweg and Bhada-Tata reported that about 1.3 billion tons MSW is produced every year and it is expected to rise to 2.2 billion tons by 2025.1 Report by the Indonesia’s Ministry of Environment shows that the amount of waste increased from around 64 million tons in 2015 to 65 million tons in Indonesia in 2016. Of these, 48% of the waste was generated from households. In addition, based on its composition, organic waste occupies 60% of the waste generated. Among the MSW, food waste is one of the prominent wastes generated from canteens, restaurants, kitchens of residential societies, food industries, etc.2 Today, disposal of large amount of food waste has become a challenge. There is an urgent need for proper management, reuse or processing of food waste.

Chemically, food waste contains hydrocarbon materials such as lipids, carbohydrates, amino acids and other substances. Because of its high carbohydrate and lipid content, food waste contains more hydrogen and its H/C ratio is much higher than that of other biomasses.3 These materials can be converted into other forms of energy including gaseous, biodiesel, bioethanol, bio-oil, etc.4–7 Pyrolysis has been known as one of the effective methods for biomass processing. In this method, the biomass is thermally processed in the absence of air to produce products such as char, oil, combustible gases and valuable chemicals.8 So far, conventional heating sources such as electric and gas heater is the most used system by the researchers for biomass pyrolysis. Apart from the successful application of conventional heating, several recent literature works show that research activities on biomass pyrolysis in developing alternative energy resources under microwave heating have gained more attention. Biomass pyrolysis heated by microwave irradiation could be a more promising technique due to the unique feature of volumetric heating of materials. This feature could result in a more rapid heating process leading to significant energy and process time saving, yield improvement, fewer hazardous compounds generation and higher heating efficiency.9,10

Studies on MSW and food waste pyrolysis using microwave reactor have been reported.8,11 In general, the main used parameters for assessing the yield of products obtained from microwave processing of waste include microwave power, addition of absorber and catalyst, as well as moisture content of the material. It should be noted that to obtain better result, the microwaves should be able to enter the materials and generate heat. On this basis, the processed material that exhibits good dielectric properties can be used directly as it can absorb microwave energy and then convert it into heat. Nevertheless, materials have different responses to microwave heating which indicate that the dielectric properties of the materials vary widely.12

Although research on the processing of food waste using microwave heating has been done as described, the research mainly focuses on the production of liquid or gaseous fuels. In fact, there are many other important parameters that need to be investigated in detail in order to improve the performance of a microwave reactor. One of the crucial parameters is thermal characteristics of microwave reactor associated with the materials to be processed. Therefore, in this work, thermal characteristics of microwave reactor for pyrolysis of food waste in terms of temperature evolution, heating rate and thermal efficiency are investigated. With the aim to obtain optimal conditions and achievable technical performance, several parameters including microwave power, irradiation time and moisture content (MC) of food waste were studied.

2.           EXPERIMENTAL

2.1            Materials

The food waste used in this study consisted of a mixture of rice, vegetables and meats which was obtained from some bins of nearby restaurant. It was then separated into two parts. The first part was used as received while the other part was dried in the sun for a day before use. With these treatments, both samples had MC of 24% and 11%, respectively.

2.2            Experimental Apparatus

Figure 1 shows the schematic diagram of the experimental apparatus. It mainly consists of a microwave reactor and a cooling system as previously reported.13 A refractory reactor with a size of 84 mm inner diameter and 125 mm length was installed vertically in the microwave chamber and designed as a fixed bed reactor. The reactor had a thermocouple positioned at the centre of the reactor and contained food waste to be processed. Commercial microwave oven with a frequency of 2.45 GHz was modified to allow pyrolysis processes. The microwave oven has an input and a maximum output power of 450 W and 700 W, respectively. To monitor the temperature of the microwave cavity, a thermocouple was also applied. In order to avoid damage of the microwave unit, the temperature of microwave cavity should be kept below 200°C. In this work, temperatures of the reactor and microwave cavity were measured using a 3 mm outer diameter K-type stainless steel sheathed thermocouple that satisfies measurement of temperature in electromagnetic field. Grounding of the metallic sheath to the chamber is required to avoid arcing. The cooling system consisted of a double pipe condenser and a liquid collector of 250 ml glass bottle. Teflon and copper pipes with a size of 9.5 mm inner diameter were used for transporting volatile substance from refractory reactor to liquid collector generated during pyrolysis process.
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Figure 1:      Schematic diagram of the experimental apparatus.



2.3            Thermal Heating Experiment

Various parameters including microwave power and moisture content of food waste were employed to study thermal characteristic of microwave reactor in terms of temperature evolution, heating rate and thermal efficiency. There were three levels of microwave power, i.e., medium (257 W), medium-high (362 W) and high power (418 W), and two levels of moisture content (11% and 24%) applied in the experiments. In each experimental test, the amount of food waste treated within the reactor was kept constant at 300 g and tested for 60 min of irradiation time. During the experiment, temperatures of the reactor and microwave cavity were recorded every 30 s. After the designated irradiation time, the microwave oven was automatically switched off. Then, the system was allowed to cool to ambient temperature. This procedure was repeated for each set of conditions investigated.

In this work, thermal efficiency (ηT) and absorbed microwave power (Pabs) were calculated based on the equations in the following.13
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where PMW is the chosen microwave power (W), m is the mass of material (kg), Cp is the heat capacity of material (J kg–1 K–1), T1 and T2 are the initial and final temperatures (K) respectively, t is the irradiation time (s), h is the convective heat transfer coefficient (W m–2 K–1), A is the area of the object (m2), ε is the emissivity of material, σ is the Stefan-Boltzmann constant (5.67 × 10–8 W m–2 K–4), and [image: art] is the average temperature within the microwave reactor (K).

3.           RESULTS AND DISCUSSION

3.1            Effect of Microwave Power

In order to evaluate the effect of microwave power on the thermal characteristics of microwave reactor consisting of temperature profile, heating rate and thermal efficiency, a series of studies were performed. Figure 2 shows temperature profile of microwave reactor at three different microwave powers during thermal decomposition of food waste with MC of 24%. As indicated in the figure, the reactor temperature is highly influenced by the microwave power. It increases with the increase of microwave power. The highest temperature was obtained at 418 W, which was the highest microwave power applied in this study. After 1 h of irradiation time, reactor temperature of 265°C, 442°C and 552°C could be reached using microwave power of 257 W, 362 W and 418 W, respectively. These results showed that the absorbed microwave power by the material inside reactor increased as the incident microwave power increased, therefore the temperature within the reactor would also increase. The results were in line with previous works which reported that the absorbed microwave power is highly influenced by the electric field.13–15 It should be noted that at maximum microwave power, the material in the reactor was exposed continuously by the high intensity of microwave energy (continuous mode), while at lower microwave power, the material was only exposed periodically by microwave energy (pulse mode).
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Figure 2:      Temperature profile of microwave reactor at various microwave powers for food waste with 24% MC during 60 min of irradiation time.



Figure 2 also shows three heating zones during thermal process of food waste indicated by the reactor temperatures evolution. The first is heat-up zone where the reactor temperatures increased rapidly up to around 100°C particularly for microwave power of 362 W and 418 W. The high MC of food waste that absorbs microwave energy well is considered as the main factor affecting reactor temperatures. The second is drying zone where reactor temperatures increased slowly up to about 170°C due to evaporation of water within the samples. The last is pyrolysis zone in which volatile materials were released. In this zone, thermal decomposition of organic materials into other products including carbon-rich solid products (bio-char), condensable (liquid) products and non-condensable (gaseous) products are formed. In this zone, the high increase of temperature during thermal process could be due to the formation of bio-char that absorbs microwave energy and converts it into heat. The literature showed that bio-char is one of good absorber materials in microwave processing.16

Figure 3 shows the heating rate of microwave reactor for food waste with MC of 24% at various microwave powers. It was evaluated every 5 min of irradiation time. In general, heating rate reduced gradually up to a specific irradiation time for all microwave power applied. After that time, heating rate increased slightly for microwave power of 362 W and 418 W whereas for lower microwave power of 257 W, heating rate seemed to be constant. It can be observed that the highest heating rates were reached in the first 5 min of irradiation, i.e., 7°C min–1, 9.4°C min–1 and 15.8°C min–1 for 257 W, 362 W and 418 W, respectively. At irradiation time of 60 min, the heating rates were only 3.92°C min–1, 6.87°C min–1 and 8.2°C min–1, respectively. Similar observation was also reported in other studies.13–15 The reduction of heating rate is due to the penetration depth of microwave power changes during processing. It will decrease when the material temperature rises. This change was strongly associated with relative values of dielectric constant and loss factor of material. These variables are primarily dependent on the temperature.
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Figure 3:      Heating rate of microwave reactor for food waste with 24% MC at various microwave powers.



Figure 4 shows thermal efficiency of microwave reactor at various microwave powers during thermal decomposition of food waste with MC of 24%. It was also evaluated every 5 min of irradiation time. As in the case of heating rate, below 30 min of irradiation, thermal efficiency generally decreased significantly for all microwave power applied, then increased due to the formation of carbon-rich solid products. High microwave powers provided better thermal efficiency. It can be observed from the figure that in the first 5 min of irradiation, thermal efficiencies were 30.82%, 29.07% and 41.79% for 257 W, 362 W and 418 W, respectively. While, at irradiation time of 30 min, thermal efficiencies were only 16.37%, 16% and 19.21%, respectively, showing the reduction of thermal efficiencies of about 49% on average. This condition occurred due to drying process of food waste where the absorbed microwave energy is mainly utilised for water evaporation rather than for heating process.17
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Figure 4:      Thermal efficiency of microwave reactor for food waste with 24% MC at various microwave powers.



3.2            Effect of MC

Effect of food waste MC on the reactor temperature, heating rate and thermal efficiency was tested at a fixed microwave power of 418 W for 60 min of irradiation. Figure 5 shows temperature evolution as a function of irradiation time at MC of 11% and 24%. The figure indicates that moisture content significantly affects reactor temperature. After 60 min of irradiation, reactor temperature reached 757°C and 522°C for MC of 11% and 24%, respectively. This result suggested that lower MC of food waste provided rapid increase of reactor temperature during thermal process. It could be observed from the figure that reactor temperature of about 170°C could be reached in short irradiation time of 1 min only for MC of 11%. In contrast, for MC of 24%, longer irradiation time of about 20 min was needed that could be attributed to water evaporation. The low water content is preferable in microwave heating of material.17 Nevertheless, beyond 170°C, the increase in reactor temperature was relatively similar for both 11% and 24% although the obtained maximum temperatures are different. This condition showed that formation of carbon-rich solid products played a major role in microwave thermal heating process. This result is in line with previous studies that the absorbed microwave power increased with the increase of amount of absorber material due to formation of carbon-rich solid products.16,18
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Figure 5:      Temperature profile as a function of irradiation time at various MC.



Studies on the effect of food waste MC on the reactor temperature also show three heating zones including heat up, drying and pyrolysis zones as shown in Figure 5. Nevertheless, special interest for lower MC of 11% due to rapid increase of temperature during heating process, only two heating zones could be observed, i.e., heat up/drying zone and pyrolysis zone. This result showed that material with low MC allows quick evaporation of water that contributes to reduction of energy consumption for heating processes.

The heating rate for two different food waste MC is presented in Figure 6. In general, heating rate decreased up to a certain irradiation time before becoming constant. The decrease of heating rate corresponds to reduction of water content contained in the sample during the process. It can be observed from the figure that heating rates of the microwave reactor with MC of 11% was much higher than that of the system with MC of 24%. It can be evaluated that during 60 min of irradiation, the average heating rates were around 12.12°C min–1 and 8.2°C min–1 for food waste MC of 11% and 24%, respectively. The high heating rates of the system with low MC not only provide high reactor temperature but also reduce the required heating time as depicted earlier in Figure 5. For example, reactor temperature of 250°C could be attained in 8 min with food waste MC of 11% whereas it needed about 33 min for MC of 24%.
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Figure 6:      Heating rate at various food waste MC.



Thermal efficiency as a function of irradiation time for food waste MC of 11% and 24% can be observed in Figure 7. In general, thermal efficiency decreased significantly during 25 min of irradiation before linearly increased. In this condition, the calculation results showed that the thermal efficiency of the system with MC of 11% decreased from 84.23% after 5 min to about 46.86% at final irradiation time studied. While for food waste MC of 24%, it was 41.79% to 31.51%, respectively. These results showed that in the range of irradiation time investigated, the food waste with low MC have higher thermal efficiency of microwave reactor compared to the other. It should be noted that the thermal efficiency of microwave reactor is influenced by various factors such as initial and final temperatures, irradiation time, heat capacity, etc., as given in Equations 1 and 2. In this case, the first two parameters are considered the main factors contributing to the high thermal efficiency of the sample with MC of 11%.
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Figure 7:      Thermal efficiency at various food waste MC.



4.           CONCLUSION

Thermal characteristics of microwave reactor for pyrolysis of food waste has been investigated. The results showed that the microwave power and moisture content of food waste were found to be the main factors affecting reactor temperature, heating rate and thermal efficiency. System with higher microwave power and lower MC were preferred for processing of food waste under microwave irradiation. Microwave power of 418 W and MC of 11% provided higher temperature, heating rate and thermal efficiency. As a whole, pyrolysis of food waste by using microwave reactor is highly potential to produce alternative fuel for power generation and transportation.
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ABSTRACT: Cast iron is widely used due to low price, good machining and good damping capability. However, it has huge friction. In certain automotive components such as cylindrical liner, cast iron is used. The biggest challenge in cylinder liner is obtaining lower friction and wear. The main aim of the paper is to experimentally investigate the characteristics of wear induced by the sliding contact piston ring cylinder liner without lubrication. The modified material of spherical graphite cast iron has been explored. The indenter load, hardness and wear are of main particular interest. The pin on disk tribotester is used to obtain the characteristics of wear volume, wear width and wear depth. The other purpose of this research is to observe the characteristics of cylinder liner wear of spheroidal graphite cast iron from Klaten, Indonesia. The results show that low indenter load causes wear depth and volume. This finding is in a good agreement with published works. In addition, it is found that the material hardness also greatly affects the wear depth, wear volume and wear width.

Keywords: Cast iron, pin on disc, spherical graphite, tribotester, wear

1.           INTRODUCTION

Today, performance requirement of spheroidal graphite cast iron in automotive component is becoming increasingly demanding. Cast iron graphite is used in the manufacturing and automotive components such as arms, sprockets and tool holders, whereas spherical graphite cast iron is utilised in the automotive field such as camshafts, crankshafts and gears. In many of the studies published, the wear is often of particular interest. Wear is the loss of parts due to the interaction occurring during motion of two surfaces.1

A great challenge in the development of cylinder liner piston ring contact is in obtaining optimal tribological performance of the moving parts. This is because the lubricant behaviour is different on micro- or nano-scale compared to macro-scale. On micro- or nano-scale, the boundary condition plays a significant role in determining the lubricant flow behaviour between the interacting components. The control of the boundary condition will allow a degree of verification over the hydrodynamic pressure in confined systems and is important in lubricated-contact.

Recently, studies have proven that the automotive contact can be beneficial. For example, the contact in slider bearing has been explored by Muchammad et al., which found that the contact in certain cases can enhance the hydrodynamic pressure locally, resulting in a higher load carrying capacity.2 Other researchers also explored tribological automotive components. One of them focused on wear and coefficient of friction on cylinder liner piston ring on the gray cast iron materials.3 The results showed that the steady-state wear rate was lower for the piston ring which has the cylinder liner. Aaron et al. studied the tribological performance of a flat piston ring prototype with partially textured surface by experimental method.4 The material of the piston ring was low carbon steel while the cylinder liner was made of cast iron. The results indicated that the ratio and optimal texture depth have a significant effect on the tribological behaviour and the reduction of friction. Pettavino et al. demonstrated that the theoretical model of the piston ring cylinder liner contact fully flooded lubrication with textured surfaces.5 The flat part of the geometry can be caused either by design or wear. Alternatively, design optimisation can require a combination of a parabolic and a flat geometry.

Based on simulation, Gu et al. found that the textured liner can result in considerable benefits on the tribological properties.6 However, the positive influence of the textured ring may remain unsteady under starved lubrication. Experimentally, Söderfjäll et al. reported that the piston ring cylinder liner contact largely contributes to mechanical friction losses in internal combustion engines.7 It is therefore important to have methods and tools available to investigate these frictional losses. It has been found that the oil control ring is significantly affected by the contact with the spring loading against the cylinder liner. As a consequence, the friction is also affected by such contact in special condition; in this case, the spring sticks on the back of the rings.


The main aim of the paper is to experimentally investigate the characteristics of wear induced by the sliding contact piston ring cylinder liner without lubrication. Different materials of spherical graphite cast iron have been explored. The main particular interest is to study the impact of material hardness with respect to wear depth and wear volume. The other purpose of this research is to observe the characteristics of cylinder liner wear of spheroidal graphite cast iron from Klaten, Indonesia. The finding of the present research can facilitate assessing the potential application of spheroidal graphite cast iron with chrome content in cylinder liner.

2.           EXPERIMENTAL

In this study, the pin-on disc tribotester is utilised, and graphite spherical cast iron is used as the material. Three models of graphite spherical cast iron hardness are proposed: Ferro Casting Ductile (FCD) 40, FCD 50 and FCD 60. The indenter’s material used is Strength Tensile (ST) 60 and adjustable pin size was used. The tribotester specifications used in this study are presented in Table 1. The composition of FCD material is 3.4% C, 1.5% Si, 0.6% Mn and the remaining is Fe. FCD 40 contains additional 0.01% Mg and 0.01% Cr. For FCD 50 contains 0.02% Mg and 0.02% Cr. Compositions of 0.03% Mg and 0.03% Cr were added into FCD 60. As is known, Mg and Cr have the ability to improve the basic material.

Table 1:    Specification of tribotester pin on disc.



	No
	Property
	Value



	1
	Movers
	Electric motor 3 phase ½ HP



	2
	Weights
	1 kg



	3
	Inventer
	Brand INVT, GD 10 max capacity 1 HP




The tribotester pin-on disk is shown in Figure 1. It includes a description of the component material of tribotester. The specifications of the component are shown in Table 2. The test material is rotated by electric motor and the indenter is stationary with external load. Sliding distance is recorded and varied. Rotation electric motor is controlled by inverter.
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Figure 1:      Tribotester pin-on disc.



Table 2:    Main component of tribotester pin-on disc.



	No
	Name of part
	Function



	1
	Pin
	Wear test



	2
	Holder
	Pin holder



	3
	External load
	Load regulator



	4
	Disc material
	Wear test



	5
	Inverter
	Electric motor control



	6
	Load arms
	Connecting external load and balancer



	7
	Load balancer
	Balancing the load



	8
	Electric motor
	Rotating disc




The material samples are tested with Rockwell hardness tester. The hardness test uses Brinell method (i.e., FCD 40, FCD 50 and FCD 60) to determine the hardness of disc. The material used is spherical graphite cast iron with varying contents of chrome.

Pin-on disc tribotester is used to determine the wear depth and wear volume. External load is set to 1 kg and sliding distance is varied at 200 m, 300 m and 500 m. Wear depth is analysed with scanning electron microscope (SEM) and wear volume is calculated using the Archard, Sarkar, and Kauzlarich and Williams formulae. The variation of disk used is classified into three models: disc with cast iron material A (FCD 40); disc with cast iron material B (FCD 50); and disc with cast iron material C (FCD 60).
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Figure 2:      Rockwell hardness tester.



The wear volume is calculated with Equation 1:
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where V is wear volume, W is track of wear width on the disc, d is the radius of wear, and R is the ball radius indenter.

In the present study, the wear volume is also calculated using other equations. Figure 2 shows the comparison of the present model with Archard, Sarkar et al., and Kauzlarich and Williams models.8–10 Equations 2 to 4 describe these models, with an addition of Stachowiak model shown in Equation 5.11
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For these equations, V is wear volume, FN is representation of normal load, s is sliding distance, H is hardness material, k is dimensionless wear coefficient, µ is friction coefficient, p is pressure contanct, N is number of revolution, and h is wear depth.

3.           RESULTS AND DISCUSSION

3.1            Wear Width

In this work, the first investigation deals with the effect of wear. It can be seen from Figure 1 that the sliding distance of 200 m, 300 m and 500 m affected the wear width. In the case of disc A (FCD 40 with hardness 79.5 HRB and external load 10 N), it can be observed that increase in sliding distance increases the wear effect. At a sliding distance of 200 m, the wear width is 0.6723 µm, which increases linearly with increasing sliding distance. These conditions also occur in other materials, but the harder materials will reduce the effect of wear. Detailed data of wear width is tabulated in Table 3. It shows the considerable effect of material hardness and sliding distance on the wear width. From Table 3, it can be seen that disc C has smallest wear width due to higher value of hardness.

In the case of disc B (FCD 50 with hardness 82 HRB and external load 10 N), it is found that the wear width also increases linearly with the increasing sliding distance. However, the wear width is still smaller compared to disc A under the same conditions. Disc C (FCD 60 at hardness 86.5 HRB and external load 10 N) has the best specification in terms of hardness, with smaller wear width. It can be concluded that hardness influences the reduction of wear.
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Figure 3:      Effect of the sliding distance on the wear width for material A.



Table 3:    Effect of sliding distance and type of materials on wear width.



	Materials
	Sliding distance (m)

	Wear width (mm)




	Disc A
FCD 40
	200

	0.672




	300

	0.839




	400

	0.913




	500

	1.249




	Disc B
FCD 50
	200

	0.640




	300

	0.792




	400

	0.891




	500

	1.170




	Disc C
FCD 60
	200

	0.618




	300

	0.667




	400

	0.778




	500

	0.896






3.2            Wear Volume

Based on Equation 1, the wear width on the disc is configured to obtain the wear volume. The results of the calculation of the wear width and wear volume of the experiment can be seen in Table 4.

Table 4:    Effect of sliding distance and type of materials on wear volume.



	No
	Disc

	Roughness (HRB)

	Sliding distance (m)

	Wear width (mm)

	Wear volume (mm3)




	1
	Disc A
FCD 40

	79.5

	200

	0.672

	1.671




	300

	0.839

	2.056




	400

	0.913

	3.097




	500

	1.249

	9.100




	2
	Disc B
FCD 50

	82

	200

	0.640

	1.189




	300

	0.792

	1.610




	400

	0.891

	2.656




	500

	1.170

	6.804




	3
	Disc C
FCD 60

	86.5

	200

	0.618

	0.781




	300

	0.667

	1.366




	400

	0.778

	2.472




	500

	0.896

	5.865





In addition to the experimental calculations, the wear volume is also calculated based on the geometry and wear volumes as described in the Archard model. Figure 4 shows the effect of sliding distance on the wear volume. Wear volume increases with increasing sliding distance and decreasing material hardness. The experimental result matches well with Archard, Sarkar, and Kauzlarich and Williams models in small sliding distance. The sliding distance of 500 m has different wear volume compared with other studies. This is because the flake of wear of the FCD material contributes in increasing the wear volume during the sliding process, which has not been taken into consideration in the previous models. FCD 60 has the greatest hardness and the experimental results show the smallest wear volume. The addition of Mg and Cr directly affects the wear volume. This phenomenon is accordance with the initial hypothesis that the cylinder liner material must be resistant to wear.
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Figure 4:      Effect of the sliding distance on the wear volume.



3.3            Wear Depth

By using simple Pythagoras, the wear width is configured to obtain wear depth, and then it is used to get the experimental volume. The wear depth obtained from the experimental can be seen in Table 5. The results show that wear depth is linier with the wear width and sliding distance. The wear depth decreases with increasing material hardness.

Based on Figure 5, it can be observed that the experimental wear depth has been compared with Archard, Sarkar, and Kauzlarich and Williams models. The present result is in a good agreement with other researchers in all sliding distance values. For example, at a sliding distance of 500 m, the wear depth by the work of Sarkar, and Kauzlarich and Williams is 0.041 mm. This value is close to the experimental data. This observation is consistent with the initial prediction that the hardness of the material will decrease wear depth. Comparing with other models is useful to predict the accuracy of the experimental results. The experimental results show that the wear depth value matches well with the other models.


Table 5:    Wear depth based on experimental method.



	No
	Disc

	Roughness (HRB)

	Sliding distance (m)

	Wear width (mm)

	Wear depth (mm)




	1
	Disc A
FCD 40

	79.5

	200

	0.672

	0.012




	300

	0.839

	0.019




	400

	0.913

	0.022




	500

	1.249

	0.041




	2
	Disc B
FCD 50

	82

	200

	0.640

	0.010




	300

	0.792

	0.016




	400

	0.891

	0.021




	500

	1.170

	0.036




	3
	Disc C
FCD 60

	86.5

	200

	0.618

	0.010




	300

	0.667

	0.012




	400

	0.778

	0.016




	500

	0.896

	0.021
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Figure 5:      Effect of the sliding distance on the wear depth.




4.           CONCLUSION

In the present study, the effect of sliding distance and material hardness on wear depth, wear width and wear volume were analysed. The experimental method based on a pin disk tribotester was used. A few summaries can be made in this study. First, the material hardness greatly affects wear volume; the higher wear volume occurs on material FCD 40 and lower wear volume occurs on FCD 60. Second, increasing sliding distance increases the wear volume, wear depth and wear width.
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ABSTRACT: Lead titanate (PbTiO3) ceramic was produced by solid state reaction via a vibratory ball milling machine and subsequent heat treatment. The effect of milling time on the particle and crystallite size of PbTiO3 powder was investigated. Powder samples were studied using particle size analyser (PSA). The annealing process was up to 1,000°C and the products were examined by X-ray diffractometer (XRD) to determine phase formation and crystallite size. It was found that the average particle size of powder initially increased due to laminated layers formation and then decreased to an asymptotic value of ~0.8 µm as the milling time extended even to a relatively longer time. Single-phase PbTiO3 were achieved at 600°C for 1 h holding time of annealing temperature. Annealing the sample of the particles at 1,000°C resulted in a dense compact and promoted the formation of particles containing nanocrystallites. The crystallite size of PbTiO3 increased as the function of temperature of annealing process.

Keywords: Lead titanate, particle size, crystallite size, solid state reaction, annealing

1.           INTRODUCTION

Ferroelectrics are materials with reversible spontaneous polarisation.1–4 Lead titanate (PbTiO3) is one of the fundamental ferroelectric materials with an ABO3 compound structure called perovskite and the highest spontaneous polarisation among all the ferroelectric perovskites.5–14 According to the first-principle calculations on ferroelectric perovskites, hybridisation between the electronic states of A or B atoms and the oxygen atoms is essential for ferroelectricity. PbTiO3 has highest tetragonal distortion (c/a ≈ 1.063) among all members of the perovskite’s family. This tetragonal distortion corresponds to the highest spontaneous polarisation among all the ferroelectric perovskites. Perovskite-type PbTiO3 has a high spontaneous polarisation of 86 µC cm–2, Curie temperature of 364°C–490°C, a relatively low permittivity, a large pyroelectric coefficient (250 µC cm–2 K–1) and small dielectric constant.5,10,15–17 The dielectric constant increased in the annealing range of 450°C–750°C. This trend is due to the increased grain size and higher crystallinity with annealing temperatures.18 The values of saturation polarisation (Ps), remanent polarisation (Pr) and coercive field (Ec) PbTiO3 are 13.1 µC cm–2, 3.2 µC cm–2 and 5.1 kV cm–1, respectively. Because of their character, ferroelectrics are widely used in many applications: the ferroelectric random-access memory field, pyroelectric infrared sensor, electro-optic devices, insulator gates in metal-insulator-semiconductor diodes, capacitors, transistor, piezoelectric actuators, high frequency ultrasonic transducers and so on.19–22

The PbTiO3 property within its applications depends on several aspects: the purity of materials indicated in stoichiometry number; and microstructure that consists of phase, particle’s size and then crystallite’s size. To obtain the stoichiometry, particle and crystallite size PbTiO3, different preparation methods have been introduced such as co-precipitation, emulsion or hydrothermal treatment sol-gel and spark plasma sintering sonochemical, besides the conventional solid-state reaction of mixed oxides or mechanical alloying.4,6,9–12,16,20,23–35 All methods will produce varying microstructures, processes and then manufacture temperature. The processing time must be determined for quick process and the better quality of final product; it has higher purity in single phase, and the particle and crystallite are formed in nanometer size. Chattopadhyay et al. conducted a detailed study on the influence of particle size on the ferroelectric properties of lead titanate.36 Studies revealed that size effects are important only below 100 nm. The usual method for producing the fine nanocrystalline materials is mechanical alloying and milling by a ball-milling technique, which has also been adapted into the preparation of lead titanite. The technique is considered simple and less costly for producing very fine particles. In this study, mechanical alloying and milling method has been developed to produce the fine nanocrystalline materials of PbTiO3 ceramics. Finally, the results were assessed on material characterisation consisting of particle and crystallite size.


2.           EXPERIMENTAL

PbTiO3 was obtained from the mixture of lead (II) carbonate (PbCO3) and titanium (IV) oxide (TiO2) powders by using high-energy ball milling and heat treatment processes. Stoichiometric quantities of the analytical-graded precursors PbCO3 and TiO2 with purity better than 98% were mixed and milled in a vibratory ball mill up to 60 h. The weight ratio of balls to milled material was 1:10. After milling process, the diameter sizes of examined powder particles were determined using particle size analyser (PSA) Malvern ZS Nanoseries. Phase analysis and crystallite size of milled powders were carried out using the X-ray Philips diffractometer equipped with CuKα radiation. The X-ray diffraction (XRD) patterns were recorded by “step-scanning” method. The powders were annealed in the electric chamber furnace (Nabertherm N31/H) at 500°C, 600°C, 700°C, 800°C, 900°C and 1,000°C in the air under atmosphere pressure up to 1 h. The Rietveld analysis was performed applying High Score Plus program that is an updated version for Rietveld refinement with PC and mainframe computers. The pseudo-Voigt function was used in describing the diffraction line profiles at Rietveld refinement. The crystallite sizes for PbCO3, TiO2 and also PbTiO3 phases were estimated using Williamson-Hall method.37 Intensity data during scanning of 2 s was taken for each step of the diffraction angle 0.005°. Diffraction peak width (B) is given by Equation 1 and the mean crystallite size (D) obtained from Equation 2:
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where λ is the X-ray wavelength, η is the strain in the materials and θ is the Bragg angle, while the peak width B is obtained after the correction due to instrument broadening according to Equation 3:
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Bo is the Full Width at Half Maximum (FWHM) of the test sample, and Bs is the FWHM standard samples that used silicon (Si).


3.           RESULTS AND DISCUSSION
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Figure 1:      XRD patterns of TiO2 and PbCO3 precursors.



The diffraction patterns of TiO2 and PbCO3 precursors shown in Figure 1 which were matched with diffraction patterns of TiO2 and PbCO3 in Inorganic Crystal Structure Database (ICSD) number 98-009-6946 and 98-016-6089 respectively. Based on the Rietveld analysis, the crystal system of TiO2 and PbCO3 are tetragonal and orthorhombic respectively.
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Figure 2:      The mean particle size of TiO2 and PbCO3 mixture with milling time.




Figure 2 shows results of evaluation for mean particle size of TiO2 and PbCO3 mixture up to 60 h of milling. All sample powders went through the four stages of the mechanical alloying process, namely: (a) initial stage; (b) intermediate stage; (c) final stage; and (d) completion stage.38 It shows that the mean particle sizes of mechanically milled TiO2 and PbCO3 mixture in initial or early stages of milling are characterised by the increase in the mean particle size due to incorporation of particles of component compounds. The mean particle size of the material increased from 4.2 μm to 17 μm at duration 1 h to 10 h of mixing. The core compounds experienced cold weld, namely the integration of the two particles of the basic compounds to form a close bond between the particles as a consequence of the ball mill impact. The process of impact between ball mills continuously occurred. The largest mean particle size were achieved after 15 h milling times, while the mean particle size of TiO2 and PbCO3 mixture is ~19 µm. As the milling time extended beyond 15 h, the mean size towards a settled value decreased progressively. Long terms of mechanical treatment during advanced stages of mechanical alloying caused the particles to experience embitterment due to accumulation of internal stresses.39 Continuous plastic deformations of the brittle particles caused further reduction in particle size towards an average value of ~0.8 µm and eventually settled down to that value even when the deformation continued to grow after the duration of 60 h milling time at completion stage.

The comparison of diffraction patterns of TiO2 and PbCO3 mixture after 1 h, 5 h, 10 h, 25 h, 40 h and 60 h of milling process is shown in Figure 3. Identification of the diffraction peaks ensured that all peaks matched with that of TiO2 and PbCO3 phase.

Figure 4 illustrates the evaluation of mean crystallite size in milled particles after milling process based on XRD patterns using Williamson-Hall method. Figure 4 shows the ball milling process for 60 h in a mixture of TiO2 and PbCO3 lead to a decline in the value of the average crystallite size. The average size of the TiO2 crystallites decreased not so significantly exponentially with time. In contrast to TiO2, after mechanical alloying of 60 h, the crystallite size of PbCO3 decreased significantly about 1.5 times smaller. It shows that the process of milling up to 60 h resulted in a more brittle and easily shattered PbCO3 when compared with TiO2. The mechanical milling process caused a decrease in the crystallite size of tested phases and led to homogenising of the milled mixture. The mean crystallite size of TiO2 and PbCO3 phases diminished to 87 nm and 80 nm, respectively of the milling time up to 60 h.
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Figure 3:      XRD patterns of TiO2 and PbCO3 mixture up to 60 h of milling.



The XRD investigations of TiO2 and PbCO3 powder mixture milled for 60 h and after different temperature and times of annealing treatment up to 1,000°C are shown in Figure 5.

At 500°C with a holding time of 1 h, the single phase PbTiO3 has not yet been formed where there is still another phase present, Pb5C3H2O12. Single phase PbTiO3 with tetragonal perovskite crystal structure was formed after annealing at 600°C up to 1,000°C in 1 h. XRD pattern of the sample which has undergone annealing process at 600°C for 1 h matched with the data based on the diffraction pattern on ICSD number 98-009-0693. The lattice constant calculated from the XRD data is a = b = 3.9116 Å and c = 4.0943 Å. The structure matches with the PbTiO3 that can be used in various applications. Based on the XRD patterns in Figure 5, the average size of crystallites of each phase can be found, where the result is shown in Figure 6.
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Figure 4:      The mean crystallite size of TiO2 and PbCO3 mixture up to 60 h of milling.



To support the result, the temperature and time of the most optimum were achieved in the transformation process into a single phase PbTiO3 phase in full, then tested with thermal analysis. The intensity and sharpness of the XRD peaks of PbTiO3 phase were found to increase with annealing temperature at 600°C up to 1,000°C. Based on Figure 6, it can be concluded that the average size of crystallites PbTiO3 increased exponentially with the rising annealing temperature. The increase in intensity and sharpness of the XRD peaks with annealing temperature may be attributed to the increase in the grain or crystallite size thereby increasing packing density of the samples annealed at higher temperature.
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Figure 5:      XRD profile of TiO2 and PbCO3 mixture after annealing up to 1,000°C.
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Figure 6:      The mean crystallite size of PbTiO3.




4.           CONCLUSION

Tests on a mixture of TiO2 and PbCO3 as a piezoelectric material, PbTiO3, after undergoing a process of milling and sintering, concluded that mechanical alloying process for 60 h in a mixture of TiO2 + PbCO3 caused the mixture of the two compounds to decrease their average particle size to 0.8 μm and a crystallite size of 87 nm and 80 nm, respectively. The reduction of the size of particle and crystallite was the result of the continuous collision between sample powder and ball mill. As a consequence, the samples underwent embrittlement and deformation. Another conclusion that can be reported is that PbTiO3 ceramic has been prepared by conventional solid-state reaction processing technique. The as-fired powder was found to be amorphous and crystallised to tetragonal PbTiO3 after annealing at 600°C up to 1,000°C for 1 h. The crystallite size of PbTiO3 increases as a function of temperature of annealing process.
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ABSTRACT: The purpose of this study is to investigate the effect of microwave power and irradiation time, as well as the effect of types of absorber on thermal characteristics of microwave reactor during pyrolysis of waste engine oil. This study is needed to provide basic knowledge into the fundamentals of microwave heating process for pyrolysis of waste engine oil. In this work, a domestic microwave oven with a maximum output power of 418 W was modified and used as the experimental reactor. Two types of absorber, i.e., wood char and coconut shell char were also employed to enhance reaction temperature. The char loading was tested in the level of 75 g. The samples were examined under various microwave power of 257 W, 362 W and 418 W for 60 min of irradiation. Microwave power and irradiation time significantly affect thermal characteristics of microwave reactor. The higher the microwave power, the higher the reactor temperature, heating rate and thermal efficiency. Coconut shell char provided better results compared to wood char as absorbers. Reactor temperature, heating rate and thermal efficiency of 639°C, 10.05°C min–1 and 25.53%, respectively could be obtained with the use of 75 g coconut shell char at 418 W microwave power. It can be concluded that waste engine oil can only be processed in microwave pyrolysis reactor with the aid of an absorber material.

Keywords: Thermal heating, microwave, pyrolysis, waste engine oil, coconut shell char

1.           INTRODUCTION

Rapid industrial development in the world has resulted in the increase of fuel consumption. Currently, fossil-based fuels are the most widely used fuels. Besides in industries, fossil-based fuels as the major source of energy are also used in various human activities. The high fossil-based fuel consumption contributes to the reduction of world’s oil reserves. In addition, the use of fossil-based fuels continuously has been identified as a major cause of air pollution and global warming.

To overcome the energy crisis due to the depletion of fossil energy reserves and environmental issues, ideas for treating various types of wastes as a source of energy have been explored. One of the types of waste that can be used as a fuel is waste engine oil (WEO). So far, WEO has been used as fuel in cement and lime kilns, in brick works and metallurgical furnaces, as well as for co-firing in a boiler.1–3 Chemically, WEO contains hydrocarbon materials including aliphatic, aromatic and olefinic hydrocarbons. The hydrocarbon structure of the WEO has been estimated to be 98.9% aliphatic hydrocarbons, 0.94% aromatic hydrocarbons and 0.08% olefinic hydrocarbons.4 It was reported that WEO is one of the most abundant residual pollutants produced in the world, reaching 24 million metric tonnes per year, most of which is disposed through landfill or in water.5,6 The high volume of WEO can actually be converted into valuable fuel products such as diesel and gasoline through chemical or thermochemical methods, without disposing it into the environment.7–9 In addition, utilisation of fuel products from WEO treatment by using diesel or gasoline engines not only reduces the fossil-based fuels consumption but also protects the environment from toxic and hazardous chemicals.6 It should be noted that pyrolysis has become one of the preferred methods to convert WEO into more useful fuel products in the form of liquid (diesel and gasoline), gases or solid fuels.5,9–12

Nowadays, research activities on wastes pyrolysis with the aid of microwave heating to produce fuels as alternative energy resources have gained more attention. The interest in using microwave technology is due to the unique feature of volumetric heating of materials which can significantly save processing time, improve process yields, produce fewer harmful compounds and provide higher heating efficiency.13,14 With regard to the advantages of microwave heating, treatment of various types of wastes under microwave heating has been successfully demonstrated, not only for lignocellulose biomass but also for automotive shredded residue, oil shales and waste automotive engine oil.13,15–20 Essentially, oil-based materials are transparent to microwave energy making it difficult to be heated in a microwave reactor. Therefore, to allow heating process running well, researchers used absorbers such as carbon materials that can absorb microwave energy to generate sufficient thermal energy.


Based on the above description, although studies on the treatment of various types of wastes in particular waste oils using microwave heating have been performed, the studies focused only on the production and characterisation of pyrolysis oils and gases. In fact, there are many other important parameters need to be investigated in detail to improve the performance of microwave reactors. One such parameter is the thermal characteristics of the microwave reactor associated with the material to be processed. Therefore, this study is focused on thermal characteristics of microwave reactor during processing of WEO. This study is very important to assess the technical performance of the microwave reactor in terms of temperature evolution, heating rates and thermal efficiencies. With the aim to obtain optimal conditions and achievable technical performance, various parameters including microwave power, irradiation time and types of absorber were studied.

2.           EXPERIMENTAL

2.1            Materials

WEO was collected from some local motorcycle workshops in Semarang, Indonesia. Before used, the WEO was heated at 100°C for 30 min in order to remove water content. After cooling to room temperature, the WEO was filtered using filter paper to separate the solid particles. Commercial wood char and coconut shell char were also employed as absorber materials to increase the reactor temperature. They were crushed to obtain char particles with a size of 0.5 cm cube.

2.2            Experimental Apparatus

Figure 1 shows a schematic diagram of the experimental apparatus. It consists of microwave reactor unit, cooling unit and controlling unit. Microwave reactor unit includes a microwave oven and a ceramic reactor containing a temperature detector (K-type thermocouple) at the centre of the reactor and WEO with and without char. The microwave oven has a frequency of 2.45 GHz with a maximum output power of 450 W. The ceramic reactor with 84 mm inside diameter (ID) and 125 mm length designed as a fixed bed reactor was vertically installed in the microwave chamber. A J-type thermocouple was also used to monitor microwave cavity temperature. The microwave cavity temperature should be kept below 200°C to avoid damage of the microwave unit. Cooling system consisted of a condenser, a water pump and a liquid collector of 250 ml glass bottle. Teflon and copper pipe with a size of 9.5 mm ID were used for transporting volatile materials produced during the process from ceramic reactor to liquid collector. Reactor and cavity temperatures were monitored and controlled using thermometer controllers.
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Figure 1:      Schematic diagram of the experimental apparatus.



2.3            Thermal Heating Experiment

Thermal heating experiments were performed to evaluate thermal characteristic of microwave reactor in terms of temperature evolution, heating rate and thermal efficiency. In each experimental run, the amount of WEO was kept constant at 200 ml and tested for 60 min of irradiation time. It was tested at three levels of microwave powers (257 W, 362 W and 418 W) and using three kinds of absorbers (without/no char, wood char and coconut shell char). The change of microwave reactor and cavity temperatures were recorded every 60 s. After the designated irradiation time, the microwave oven was automatically switched off. The system was allowed to cool to ambient temperature. This procedure was repeated for each set of conditions studied. With these parameters, a total of 300 data was collected during the experiments.

In this work, the obtained data were used to evaluate heating rate (HR) and thermal efficiency (ηT). The below equations were used to calculate thermal efficiency and absorbed microwave power (Pabs).21

[image: art]


where PMW is the chosen microwave power (W), m is the mass of material (kg), Cp is the heat capacity of material (J kg–1 K–1), T1 and T2 are the initial and final temperatures (K) respectively, t is the irradiation time (s), h is the convective heat transfer coefficient (W m–2 K–1), A is the area of the object (m2), ε is the emissivity of material, σ is the Stefan-Boltzmann constant (5.67 × 10–8 W m–2 K–4), and [image: art] is the average temperature within the microwave reactor (K).

3.           RESULTS AND DISCUSSION

3.1            Effect of Microwave Power

A series of experiments were performed to evaluate the effect of microwave power on thermal characteristic of microwave reactor indicated by the temperature profile, heating rate and thermal efficiency. In this study, the amount of WEO was fixed at 200 ml whereas the microwave powers were varied from 257 W to 418 W without addition of char as absorber. Figure 2 shows the reactor temperature evolution during 60 min of irradiation for each microwave powers applied. It could be observed that reactor temperature increased with the increase of microwave power. The highest temperature was obtained at 418 W in which after 60 min of irradiation, reactor temperature reached 269°C. These results showed that when the incident microwave power increases, the absorbed microwave power by the material inside reactor will also increase which leads to an increase in reactor temperature. Another reason is at maximum applied microwave power of 418 W, material in the reactor was exposed continuously by the high intensity of microwave energy (continuous mode), while at lower microwave power, the material was only exposed periodically by microwave energy (pulse mode). The results were in compliance with previous studies that the absorbed microwave power is strongly affected by the electric field.21,22
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Figure 2:      Reactor temperature profile as a function of irradiation time at various microwave powers.



Based on the results, although the highest temperature could be achieved at the highest microwave power applied, the obtained final reactor temperature has not yet reached the minimum pyrolysis temperature of 500°C for WEO.20 In addition, previous study found that optimum yield of liquid from pyrolysis of WEO could be obtained at 550°C.19 It confirmed that WEO cannot absorb microwave energy well so that it can be categorised as a non-absorber material in microwave processing.

Figure 3 shows the heating rate at various microwave powers. It was evaluated every 5 min of irradiation time. It can be observed that for microwave power of 418 W, the heating rate reduced gradually during 60 min of irradiation. Similar tendency was also reported by other studies.21–23 For microwave powers of 257 W and 362 W, initially the heating rate increased slightly up to a specific irradiation time before decreasing. The reduction of heating rate is caused by the change of penetration depth of microwave power during processing. It will decrease when the material temperature rises. This change was strongly associated with relative values of dielectric constant and loss factor of material. These variables primarily depend on the temperature.24,25
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Figure 3:      Heating rate at various microwave powers.



Figure 4 shows the thermal efficiency at various microwave powers that was also evaluated every 5 min of irradiation time. As shown in the figure, the highest microwave power used in this study (418 W) has better thermal efficiency compared to lower microwave powers although it experiences decreasing values during 60 min of irradiation. For instance, thermal efficiency was about 8.11% after 5 min and became to 6.63% after 60 min of irradiation. In contrast with 418 W, the obtained thermal efficiencies for 257 W and 362 W seemed to increase up to 20 min of irradiation. Beyond the time, thermal efficiency tended to constant. The low thermal efficiency for all microwave powers applied is a strong indication that WEO is not a good absorber material as previously revealed. Therefore, additional absorber material such as char is highly required to increase the reactor temperature so that the modified microwave reactor can be used for pyrolysis of WEO.
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Figure 4:      Thermal efficiency at various microwave powers.



3.2            Effect of Types of Absorber

Effect of types of absorber on reactor temperature, heating rate and thermal efficiency was examined at a fixed microwave power of 418 W and at a constant amount of absorber of 75 g for 60 min of irradiation time. Figure 5 shows temperature profile as a function of irradiation time for various types of absorber. The figure indicates that the use of absorbers significantly affected reactor temperature. By using wood char and coconut shell char, reactor temperatures increased considerably. After 60 min of irradiation, reactor temperature of 566°C and 639°C could be reached, respectively. The figure also evinced that the two char absorbers provided relatively different temperature profiles during processing. The use of coconut shell char not only provided high reactor temperature but also caused rapid increase in temperature. The literature showed that char derived from coconut shell has higher loss tangent value compared to wood-based char.13,26,27 The higher loss tangent of materials, the higher the absorbed microwave power is, and therefore the reactor temperature is also higher.
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Figure 5:      Reactor temperature profile as a function of irradiation time for various types of absorber.



Figure 5 also shows that the reactor temperatures suddenly rose dramatically at specific irradiation times after minimum temperature pyrolysis of 500°C was reached for both coconut shell char and wood char. This phenomenon occurred because when the pyrolysis temperature approached about 500°C, WEO in the reactor started to evaporate and partially transformed from liquid into vapour phase. In this condition, the contact between thermocouple probes with liquid WEO may be disturbed by gas bubbles formed in the oil, and as a result, the measured temperature fluctuated especially for the case of wood char as an absorber.

The heating rate for various types of absorber is presented in Figure 6. As can be seen from the figure that the systems with char as absorber provided higher heating rates than the system without char. Generally, the highest heating rates were reached in 5 min of irradiation time, i.e., 9.8°C min–1, 27.6°C min–1 and 38.8°C min–1 for without/no char, wood char and coconut shell char, respectively. Meanwhile, at irradiation time of 60 min, the heating rates were only 3.95°C min–1, 8.95°C min–1 and 10.05°C min–1, respectively. The high heating rates of the system with the presence of coconut shell char not only provided high reactor temperature but also reduced the required heating time as depicted earlier in Figure 5. For example, reactor temperature of 500°C could be attained in 35 min with the use of coconut shell char whereas it needed about 45 min for the case of wood char.
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Figure 6:      Heating rate for various types of absorber.



Thermal efficiency for various types of absorber can be observed in Figure 7. In the range of irradiation time investigated, the presence of coconut shell char and wood char as absorber materials was capable to enhance thermal efficiency of microwave reactor. Thermal efficiency decreased initially for irradiation time below 25 min and then increased significantly up to 60 min of irradiation. The increase of thermal efficiency of coconut shell char was much higher than that of wood char. In this condition, the calculation results show that thermal efficiency increased from 18.67% after 25 min to more than 25.5% at final irradiation time studied for coconut shell char. While for wood char, it was 18.61% after 25 min to about 22% at final irradiation time. From this result, it can be concluded that the high thermal efficiency of microwave reactor with coconut shell char as an absorber could be attributed due to better dielectric properties that can absorb and convert microwave energy into heat.13,26
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Figure 7:      Thermal efficiency of various types of absorber.



4.           CONCLUSION

Thermal heating of WEO under microwave irradiation has been investigated. The results showed that the presence of absorber material that has good capacity in absorbing microwave energy is crucial in pyrolysis of WEO under microwave energy. Microwave power and type of char were found to be the main factors influencing reactor temperature, heating rate and thermal efficiency. The higher the microwave power, the higher the temperature, the heating rate and the thermal efficiency are. This study also found that the use of coconut shell char provided better thermal characteristic compared to wood char. Under conditions investigated, reactor temperature of 550°C could be obtained after 45 min of irradiation with the use of 75 g coconut shell char at microwave power of 418 W. As a whole, the developed microwave reactor is eligible to be applied for pyrolysis of WEO.
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ABSTRACT: A preliminary study of thermolysis for producing liquid oil from electrical and electronic wastes (e-waste) has been carried out. Various efforts have been made to improve thermolysis process in order to obtain higher yield of liquid oil. The research aims to investigate the effect of temperature and types of e-waste on the yield of liquid oil. A domestic microwave oven was modified and used to produce liquid oil. It was connected with standard condensation unit with water circulating system. Three types of e-waste samples (computer or laptop case, hand phone case and electrical cables/wires) were employed. About 150 g of each samples was thermolysed at 350°C, 400°C and 450°C under nitrogen flow of 0.3 LPM using activated carbon as an absorber and a microwave power of 900 W. The samples were characterised using TGA and ultimate analyser whereas heating value of the optimum liquid product was analysed using bomb calorimeter. This study showed that thermolysis temperature and type of e-waste affect yield of liquid oil. Maximum yields of liquid oil were obtained at 450°C for hand phone case, 400°C for computer case and at 350°C for electrical cables. Among the e-waste studied, hand phone case provided the highest liquid oil yield of 56.2 wt%.

Keywords: Thermolysis, electronic waste, e-waste, microwave irradiation, liquid oil

1.           INTRODUCTION

Nowadays, the production capacity of electric and electronic equipment in the world has significantly increased due to the high demand of the products along with the socio-economic growth. In addition, it was also triggered by shorter duration of electronic product usage. In Asia, Indonesia is among the largest consumers of electronics equipment, which can be seen from the high production of electric and electronic devices. In 2007, Indonesia produced more than 3 billion units of household electronic appliances and IT equipment, 4.3 million units of television, 2.1 million units of refrigerator and 900,000 units of air-conditioning and washing machines, respectively.1 Based on the data from Indonesian Cellular Telephone Association, there were approximately 340 million mobile phone users in 2015. The large number of the products clearly contributed to the high volume of electric and electronic wastes (e-waste).

According to United Nations Environment Programme (UNEP) report, generation of e-waste reaches 40 million tons per year.2 This number is predicted to increase continuously in the future. Electronic plastic waste becomes one of the highest volumes of solid waste. In EU countries, the growth of electronic plastic waste increased three times faster than the average of municipal solid waste. The high amount of e-waste not only occurred in developed countries, but also in developing countries including Indonesia.

Plastics from e-waste have become a serious environmental problem as they generally contain toxic and fire-resistant halogens. These plastics are carcinogenic because of the formation of polybrominated dibenzo dioxins/furans during the production process of the plastics. In Vietnam, there was accumulation of polychlorinated biphenyls and brominated flame retardants in breast milk from women living in e-waste recycling sites.3

Although e-waste is harmful to the environment and health, it contains various precious metals such as copper, iron, gold, silver, etc.4 E-waste also has the potential to be processed into other products because it contains a number of hydrocarbon materials such as plastics and rubber.5 For this purpose, some literature works indicated that e-waste can be converted into liquid oil through pyrolysis process.5–7 In general, the pyrolysis process is carried out using a conventional reactor in which the heat transfer process is very limited. This has an impact on the low yield of liquid oil.8,9

In this research, pyrolysis/thermolysis of e-waste was done using microwave technology. This technology has been proven to overcome the limitations of conventional technology due to the rapid heating process of materials.9–11 This is certainly beneficial because temperature is one of the main factors affecting the yield of the products in pyrolysis processes. Although research on e-waste pyrolysis using microwave energy has been done, the available information is still limited.10,12 Previous studies focused on the processing of e-waste from printed circuit boards (PCBs) that contain a lot of metals. This paper emphasises on the processing of plastic materials obtained from three types of e-waste, i.e., computer case, hand phone case and electrical cables/wires. Therefore, this research aims to investigate the effect of temperature and types of e-waste on the yield of liquid oil with the aid of microwave irradiation.

2.           EXPERIMENTAL

2.1            Materials

E-waste from computer case, hand phone case and electrical cable were collected from several local landfills. Prior to use, the plastic parts were separated from the metal components of the raw material and then shredded into small pieces with an average size of about 5–15 mm. Activated carbon powder was used as an absorber material to increase the reactor temperature.

Proximate and ultimate analysis of e-waste were performed to evaluate their physical and chemical properties. Proximate analysis was conducted by using a Perkin Elmer Pyris 1 thermo gravimetric analyser (TGA) while ultimate analysis was carried out by using a Perkin Elmer 2400 Series II CHNS/O elemental analyser.

2.2            Experimental Apparatus

A schematic diagram of the experimental apparatus is presented in Figure 1. It consists of two main units: microwave reactor and cooling system. Microwave reactor includes a modified microwave oven and a ceramic reactor. The modified microwave oven has a frequency of 2.45 GHz with a capacity of 23 l. The maximum output power of the microwave oven is 900 W. A temperature detector was also attached to monitor microwave cavity temperature. A ceramic reactor with 120 mm internal diameter (ID) and 140 mm length was used and designed as a fixed bed reactor. It contains a K-type thermocouple at the centre of the reactor. Cooling system consists of a double pipe glass condenser and a liquid collector of 250 ml glass bottle. To transport volatile material from ceramic reactor to condenser, stainless steel pipe with a size of 0.5 in ID was used.
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Figure 1:      Schematic diagram of the experimental apparatus.



2.3            Pyrolysis Experiments

Before starting and during each experiment, pure nitrogen gas was supplied at 0.3 LPM to ensure inert environment within the reactor and other equipment and to sweep the pyrolysis vapour product from the reactor to the condenser. All experiments were performed using a microwave power of 900 W. The total amount of e-waste and activated carbon in the reactor was kept constant at 300 g with a ratio of 1:1. Pyrolysis processes were carried out at various temperatures of 350°C, 400°C and 450°C using three types of e-waste including computer case, hand phone case and electrical cable. After each experiment, the amount of char and liquid oil were weighed to obtain the yields of products, while the gases product was determined by the difference. Based on the obtained data, the optimum yield of liquid oil was then subjected to heating value measurement using a Bomb Calorimeter. Three samples were taken to obtain the average.


3.           RESULTS AND DISCUSSION

3.1            E-waste Characterisation

The e-waste samples used in this study were plastic materials separated from the metal parts. Plastic is the result of polymerisation that is a combination of monomers to form long chains. The types of plastic are very diverse, including plastic from e-waste. Tables 1 and 2 show the results of elemental and proximate analyses of the samples, respectively. The result of elemental analysis showed that carbon and hydrogen were found to be the main constituent elements of the samples. Among the samples, the highest carbon and hydrogen contents were obtained in computer case while the lowest were in electrical cable sample. In addition, nitrogen and sulphur were also found in the tested samples, in which the computer case has also the highest content. It shows that computer case is generally produced from acrylonitrile butadiene styrene (ABS) material.13 Meanwhile, the hand phone case sample did not contain any nitrogen, indicating it was composed of polymeric materials such as polycarbonate.6

Table 1:    Elemental composition of e-waste (wt%).



	Sample
	C

	H

	N

	S




	Electrical cables
	42.69

	3.38

	0.47

	0.16




	Computer case
	88.14

	6.68

	3.11

	0.34




	Hand phone case
	80.34

	4.99

	0.00

	0.14





Table 2:    Proximate analysis of e-waste (wt%).



	Sample
	Moisture content

	Volatile matter

	Fixed carbon

	Ash




	Electrical cables
	0.127

	70.888

	7.366

	21.619




	Computer case
	0.942

	97.076

	2.43

	0.448




	Hand phone case
	0.618

	91.153

	7.901

	0.328





Other important characteristics of the e-waste are volatile matter, fixed carbon, ash and moisture contents, as given in Table 2. As shown, all samples have high volatile matter contents. Plastics from computer and hand phone cases contain more than 90% volatile organic matter, reflecting a high potential to be converted into liquid oil and gas fuels. On the other hand, high content of inorganic material including ash was found in the electrical cable. It shows that plastics from electrical cable are normally made from polyvinyl chloride (PVC). Based on the report by British Plastics Federation, PVC is manufactured from the mixture of 57% chlorine and 43% carbon which makes PVC an excellent fire resistance, thus very suitable for electrical insulation.14 Its relatively low carbon content is confirmed also in this study as shown in Table 1.

3.2            Yield of Products

The yields of products, i.e., solids, liquids and gases obtained from thermolysis of electrical cable, computer case and hand phone case under microwave energy are presented in Figures 2, 3 and 4, respectively. The figures provide information related to the effect of temperature from 350°C up to 450°C on the decomposition process of the employed e-waste.

Figure 2 shows the yields of products at three different temperatures during thermal decomposition of electrical cable. As indicated in the figure, the yields of product were insignificantly influenced by the temperature. The main product in these samples was solid for all reactor temperatures investigated, occupying about 71 wt% on average. On the other hand, the highest yields of liquid and gas products were obtained at temperatures of 350°C and 450°C, respectively. These results indicated that electrical cable is mainly composed of inorganic material such as chlorine and ash, as presented in Table 2.14 The low yield of liquid oil suggested that plastics from electrical cables require pre-treatment process to remove chlorine before thermal decomposition to obtain more liquid oil as an alternative fuel.15
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Figure 2:      Product yield of electrical cable as a function of temperature.




Figure 3 presents the yields of products from thermolysis of computer case as a function of temperature. As shown, the yield of solid product tended to decrease with the increase of temperature. On the contrary, gas product increased considerably especially at the highest applied temperature of 450°C. Different result was found for liquid oil product, in which the optimum yield was obtained at middle temperature of 400°C. This confirmed that rapid decomposition process of plastics from computer case (generally fabricated from ABS polymer) under microwave heating could be expected at 400°C. The obtained result is different from previous study where the optimum yield of liquid oil is obtained at a relatively high temperature of 600°C.16 This difference is possible because of the different heating systems applied.
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Figure 3:      Product yield of computer case as a function of temperature.



Figure 4 shows the yields of products from thermolysis of hand phone case as a function of temperature. It can be observed from the figure that the yield of solid product decreased significantly with the increase of temperature. On the contrary, gas and liquid products increased considerably as the temperature increased. A particular attention should be given to the highly significant yield of liquid oil product which can reach more than 55 wt% at 450°C. This obtained result is in line with a previous study by de Marco et al.5 The liquid oils obtained in the thermolysis process were a complex mixture of organic compounds. Study by Hall and Williams reported that the largest component of the liquid oil from mixed wastes of electrical and electronic equipment (WEEE) was phenol, 4-isopropylphenol and styrene.16 The high concentration of phenol and phenol derivatives in liquid oil might be from polycarbonate as the main constituent of hand phone case.5
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Figure 4:      Product yield of hand phone case as a function of temperature.



Based on the results, plastic sample from hand phone case provided the highest yields of liquid oil compared with the other two samples. Thus, the measurement of the liquid oil heating value was carried out by using liquid oil product from thermolysis of hand phone case at 450°C. The result showed that the heating value of liquid oil product was quite high at 39.25 MJ kg–1. This value corresponded to the heating values of pyrolysis oil obtained from various plastic materials which were in the range of 28–43 MJ kg–1.14

4.           CONCLUSION

Plastics from three types of e-waste were successfully characterised and treated under various temperatures in a microwave reactor to produce liquid oil. The results of elemental and proximate analyses showed that computer case and hand phone case contained high carbon and volatile material. These contents illustrated that they have the potential as a source of hydrocarbon fuels. Thermolysis process results reinforced the information in which both samples were capable of producing high enough liquid oil product. The highest yield of liquid oil was obtained from hand phone case sample while the lowest was from electrical cable. Thermolysis temperatures also played a major role in the e-waste decomposition process. In this work, optimum liquid oil yield of about 56.2 wt% was found at a reaction temperature of 450°C.
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ABSTRACT: A novel configuration of photovoltaic-thermoelectric generator hybrid system (PV-TEG) device is proposed. This device integrates the system with a beam spectral splitter. This beam is called a hot mirror in which a shorter wavelength will be transmitted to PV module, while the longer one is for the TEG module. A mini USB Thereminospectrometer software is used to measure the wavelength connecting to laptop webcam. The heat radiation for the PV-TEG will be enhanced by sidewalls covered with a black painted plastic acrylic material leading to high conversion efficiency. This is because the material minimises heat losses of the light. The hybrid device uses artificial suns, namely light bulbs as an irradiation source located at the top of the system. Xenon, halogen and incandescent lights are chosen as light bulbs. These choices are based on some of the hybrid researchers. No experimental scenarios for those lamps are in laboratory scale. From the test, it has been showed that incandescent light bulb contributes the highest heat radiation of 54.76 W.nm and the lowest heat radiation is 25.65 W.nm by halogen before the hot mirror. After passing through the hot mirror, xenon light emits the highest visible light spectrum of about 479 nm, while halogen in range of 800 nm releases near-infrared, which is more needed by TEG.

Keywords: Spectral irradiance, hot mirror, wavelength, PV-TEG, photovoltaic-thermoelectric


1.           INTRODUCTION

Currently, people utilise more than 80% of natural resources derived from fossil fuels, namely oil, coal and natural gas. These are finite natural resources which are depleting at a rapid rate. While there are reports estimating that the fossil fuel reserves are enough for centuries, the effect of diminishing reserves will be felt much sooner. This is because many of these reserves are unconventional, which means that the extraction process is much more challenging and expensive. As a result, the supply-demand relationship is no longer elastic. Therefore, it is necessary to cope by looking for renewable energy sources that are abundant, free and do not pollute. Solar is the most promising source of energy which can be converted into electrical energy in various applications relying on an increase in efficiency and inexpensive technology.

Photovoltaic (PV) and thermoelectric generator (TEG) are semiconductor modules that can convert solar energy sources into electrical power by combining the two modules for increasing power output and their efficiencies. Unfortunately, the characteristics of PV require spectrum solar energy in short wavelength in terms of photons, namely ultraviolet and visible light, while TEG needs long wavelengths in the form of heat, i.e., near-infrared (NIR) and infrared (IR). In other words, PV needs photons energy approaching its band gap cell as shown in Figure 1 as explained by Leque and Hegedus.1
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Figure 1:      Photon absorption in a direct bandgap semiconductor for an incident photon with energy hv = E2 − E1 〉 Eg, with h Plank’s constant and ν speed of light.



Some studies on hybrid of PV-TEG which separated the wavelengths have been reported. Ju et al. conducted numerical analysis and optimisation of hybrid PV-TEG through simulation in which the modelling combined Fresnel lenses, glass dichroic, solar cell type of GaAs and TEG type of skutterudites (CoSb3) with an area that is considered to be the same, using heat sink as a coolant in the PV and TEG.2 Basically, the separation of the spectrum works on solar concentration and high temperatures. By using a beam splitter, solar radiation in units of W m–2 (Ein) vided into two wavelengths at the intersection of wave (λs = 770nm), where ETE is the irradiance at wavelengths of λs up to 4000 nm and EPV is in the range between 280 and λs nm, as apparent in spectrum group of AM1.5D, depicted in Figure 2. More details about solar cell and TEG efficiency on the spectrum group can be referred to Kraemer et al.11
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Figure 2:      Segmentation of AM1.5D spectrum in two regions of the CPV and TEG subsystems. The inset shows the converted power fraction of each subsystem when the cutting of wavelength point increases.



ηopt is the optical efficiency system, Cg is a geometric concentration ratio of Fresnel lens whose value is the ratio of the surface area of the Fresnel lens and TE thermal collectors or PV; Cg = AHC/AF = APV/AF where AHC, APV and AF are respectively the collector surface area of heat on the TE, the solar cell area and a Fresnel lens surface area, with AHC = APV.

Meanwhile, Mizoshiri et al. fabricated thermoelectric module measuring 18 × 18 mm of the thin-film type BI0: 5Sb1: 5Te3 (p-type) and Bi2Te2: 7Se0: 3 (n-type) which combined with the solar cell modules of Sanyo Electric (amorphous Silicon).4 To determine the best dimensions and surface temperature distribution of the TE module, Finite Element Method (FEM), with COMSOL Multiphysics v4.1, was used. The hot mirror was used to split the UV and VIS, and NIR (or IR). The reflection of IR on the hot mirror was again focused with cylindrical lens before being transmitted to the TE, while the UV and VIS lights were directed to the photovoltaic cell. The surface temperature of the hot PV mirror was 46°C, while without the hot mirror the temperature reached 50°C. In this hybrid, copper heatsink with 3-dimensional variations was used as a coolant in TEG and PV where the influence can be seen in the simulation. As a result, the hybrid voltage of PV-TEG increased by 1.3% compared with PV stand-alone. Unfortunately, the TEG output power decreased by 0.006% of PV power. The temperature difference between the hot and cold sides of the TEG was only 20°C.4

Elsarrag et al. in their study used cold mirror to split solar radiation. The principal difference is its working and economic costs.5 The cold mirror was mounted at 45° angle in which the IR spectrum solar radiation was transmitted, while UV and VIR were reflected. The obstacle is that mirror is much more expensive than the hot mirror. They carried out theoretical and experimental studies to enhance the performance of hybrid PV-TEG. However, the design of the test did not consider other light radiations that go into hybrid systems for PV-TEG modules. This is because the system did not cover light radiation from outside. This will affect the total radiation that splits and reaches the surface of both modules.

All designs on these references were modified by optimising the utilisation of artificial sun radiation from some types of light bulbs in laboratory scale. The proposed design is mostly suitable for indoor use and laboratory scale.

2.           EXPERIMENTAL

This study will design and construct a hybrid model of PV-TEG using artificial suns as radiation energy. The design model is depicted in Figure 3, where at the top model, the light was capped by material to protect spreading the lamp radiations. Basically, hot mirror’s elevation could be changed from 0° to 45° as shown in Figure 3 (Edmund Optics).8 Our proposed design is set at 45° angle of incidence in order to split VIS and IR. These high-performance hot mirrors feature a multi-layer dielectric coating optimised for greater than 90% transmission of visible light and greater than 95% reflection of IR wavelengths.


[image: art]

Figure 3:      Technical images on hot mirror, where angle of incidence = 45°.




The sidewalls of the designed system were covered with white painted acrylic material to protect other light sources and increase heat radiation simultaneously as shown in Figure 4.
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Figure 4:      Hybrid configuration of PV-TEG with hot mirror in laboratory scale.



In the illustration, 1–4 = PV module, heat sink and absorber; 5 = acrylic plastic black painted; 6 = fasteners; 7 = aluminum mounts base; 8 = hybrid frame; 9–11 = hot mirror frame; 12 = Fresnel lens; 13 and 14 = Fresnel lens; 15 = light bulb; 16 = light cover head; 17 = hot mirror; 18 = TEG module stand; 19–21 = TEG module, heat sink and absorber.

The selection of the artificial suns was based on the study of Doolittle that considers the mercury, xenon and halogen bulbs approaching the solar spectrum as depicted in Figure 5.6 Xenon has the most approaching Sun’s spectral irradiance, while mercury’s light has a random spectrum at the beginning of its irradiance till 600 nm in wavelength. For halogen, it starts having a shorter wavelength over 300 nm.
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Figure 5:      The spectral irradiance of xenon (green), halogen (blue) and mercury (red) light bulbs (left axis) compared to spectral irradiance from the sun (purple, corresponding to the right axis).



Furthermore, the dimensions of PV and TEG modules are considerably the same. It is desirable that the module area procures the same irradiation area with the bulb. To do that, firstly, the distance among the light bulb, Fresnel lens and PV module will be arranged in a manner based on the module area. Secondly, hot mirror position is set up at an angle of 45° from the horizontal line that covers light bulb radiation transmitting to PV module below the mirror.

With reference to the Fresnel lens, it has specification of a focal length in 182 mm, dimension 235 × 235 mm, groove pitch 0.5 mm, 3 mm thickness, CPV, with the PMMA materials placed under the cone cover.8 This lens is a concentrator to improve the number of suns leading to increasing PV cell efficiency as described in Figure 6.1 Heat radiation through the lens will be captured and split by the hot mirror as a wavelength spectrum beam splitting. The mirror type is HM-VS-1500 with extreme hot performance mirrors offering enhanced UV blocking. The average transmittance is T ≥ 85% T ≤ 1% 420–680 nm and 200–380 nm, while reflection on the average number of R ≥ 95% 730–1500 nm from Abrisa Technology.3,7

In the vertical line below the mirror is a mini solar cell PV of an epoxy system with dimensions 40 × 40 mm with 0.5 W, 5 V and 100 mA. This cell is acquired from online commercial platform Ebay.com. On the right side of the system, TEC1-12706 is installed.



[image: art]

Figure 6:      Efficiency of three PV cell junctions as a function of concentration.8



2.1            Radiation through Fresnel Lens

The amount of heat radiated by the light bulb passing through the Fresnel lens is calculated using the formula:
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where ∈ is the emissivity of the surface, σ is Stephan-Boltzmann constant (5.670 × 10–8 W m–2 K–4), A is area of the surface in m2, Ts is absolute temperature of the surface in K, and Tair is surrounding temperature in K.

Since the radiation passes through the hot mirror in the form of wavelength (λ), then Equation 1 becomes:
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The magnitude of the wavelengths (λ1 and λ2) are based on measurements using the Theremino Spectrometer V2.3 in which has an interval wavelength from 400 nm to more than 700 nm.

3.           WORKING MECHANISM

In Figure 7, the position of the bulbs is placed inside a cone-shaped cover in order to reduce heat losses to surrounding. The distance between Fresnel lens and the mirror is adapted to the extent of the falling light on the mirror dimension. The hot mirror will separate lamp heat radiation, where the short wavelengths (UV and VILS) will be transmitted to the cell underneath, while the long wavelength (NIR-IR) will be reflected thermoelectrically. With the specification of the mirror average transmittance, TA ≥ 85%, 420 − 680 nm and 200 − 380 nm TA ≤ 1% will be transmitted to the PV, while reflecting TEG at average rate RA ≥ 95%, 730 − 1500 nm. The amount of light radiation and the temperature will be measured by solar power meter TENMARS and digital thermometer, respectively. The solar meter will measure that the solar cells receive the light radiation in 1000 W m–2. The surface temperature of PV cell and thermoelectric is measured with a 5-sensor digital thermocouple. Power generated by PV-TEG system is measured with a power meter. The procedure will be adopted for 3 types of 100 W light bulbs, namely incandescent, xenon and halogen.
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Figure 7:      Hybrid of PV-TEG with hot mirror as wavelength spectrum splitter



Heat radiation of the bulb is collected by the Fresnel lens focusing and transmitting to the hot mirror. The two modules will be irradiated by the artificial suns through the hot mirror in two wavelengths spectrum based on the mirror specification as mentioned. The spectrum wavelength will be measured with a mini USB spectrometer connecting to a laptop using Theremino spectrometer software. This spectrometer has a light detector of at least 300 pixels and is usable in the visible range of the spectrum based on the webcam’s catch from the light. Thus, spectral splitting would be analysed. The geometric concentration ratio of the lens is determined by Cg = ATEG/AF = APV/AF where ATEG, APV and AF are thermoelectric module surface area, surface area of the solar cell and the lens area.2

Furthermore, after testing with artificial suns as heat irradiation, the system will be tested for certain conditions under the sun to compare the results. Unfortunately, due to the hybrid design configuration obstacles, outdoor testing under solar radiation can only be done at certain times. In terms of the power generated by TEG, the same parameters will be considered in completing our proposed system as explained by Goldsmid.9

4.           RESULTS AND DISCUSSION

4.1            Wavelength Spectrum of Lights Passing through Hot Mirror

The observed spectrum of the wavelength of light passing through the Fresnel lens and HM is shown in Table 1. The table shows spectrum ranges on 3 types of lamps, i.e., xenon, halogen and incandescent at 100 W lamp power. At the same wavelength of about 479 nm (VIS), the xenon light spectrum shows the highest intensity followed by incandescent. For wavelengths entering the NIR range of about 800 nm, halogen light displays the highest intensity. This indicates that xenon lights correspond to more PV characteristics requiring shorter wavelengths (VIS), while NIRs are more needed by TEGs.

The determination of the limit of the wavelength integral of light can be referred to Cengel and Ghajar as depicted in Table 2. The light ranges are visible lights.10

Table 2:    The wavelength ranges of different colours.



	Colour
	Wavelength band (µm)




	Violet
	0.40–0.44




	Blue
	0.44–0.49




	Green
	0.49–0.54




	Yellow
	0.54–0.60




	Orange
	0.60–0.67




	Red
	0.63–0.76






Table 1:    Spectrum range of different light bulbs passes through HM.
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4.2            The Amount of Heat Radiated by the Light Bulb in the Form of Wavelength Before Hot Mirror

By using Equation 2 and based on Table 1, the amount of heat radiated by the bulbs is as follows:
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The wavelength’s integral boundary is the same for each lamp type, so the total radiation of heat produced is 319.06 W.nm (incandescent lights) with the distribution of heat shown in Figure 8.


[image: art]

Figure 8:      Heat radiation of halogen, xenon and incandescent in the formed wavelength in 60 min.



Figure 8 shows that the incandescent lamp produces the highest heat radiation in the wavelength form, whereas the halogen produces the lowest. The maximum heat produced by incandescent is 54.76 W.nm and minimum is 14.04 W.nm. Xenon lamp produces a maximum power of 27.80 W.nm and a minimum of 7.12 W.nm. On the other hand, the smallest halogen heat bulb is 6.58 W.nm and the largest is 25.65 W.nm.

5.           CONCLUSION

The paper has demonstrated the hybrid system of a PV-TEG using artificial suns as heat irradiation, namely xenon, halogen and incandescent light lamps. The incandescent light lamp shows the best heat radiation prior to hot mirror introduction during the experiments. The average heat radiation generated by the bulbs are 13.85, 15.02 and 29.58 W.nm, respectively. The test has been conducted for 60 min and each second the data was recorded. However, after passing through the hot mirror, the wavelength spectrum that emits the best photons is the xenon light for the PV, while TEGs that require long wavelengths of around 800 nm are emitted by halogen lamps.
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ABSTRACT: Over-reinforced concrete beams with compression zones confined with double helix and double square shaped steel confinement reinforcements were studied with respect to flexural strength, shear strength and deflection. Seven reinforced concrete (RC) beams, 200 mm (width) × 300 mm (depth) × 3000 mm (length) with four incorporating 1.42 ρb and the remaining 1.64 ρb (where ρb is the balanced steel ratio) were tested under four-point static load tests. The confinements consisted of 6 mm diameter reinforcements with nominal yield stress of 275 N mm–2 and pitches of 50 mm. A previous investigation by the authors indicated that to utilise fully the ultimate bending strength of concrete beams with confinements in the compression zones, the shear strength of such beams should be enhanced by adopting the diagonal compressive strut angle (θ) of more than 22° recommended in Eurocode 2 (EC2). It was found that the failure loads are higher than the control beams’ calculated ultimate loads. Deflections of beams with confinement were less compared to the beams without confinements. Control beams failed in shear because of no shear strength enhancement whereas all confined beams failed in flexural/compression mode and gave fair warning against failure. The cracking behaviour was the same for all beams with vertical tensile cracks at the constant moment zone and inclined cracks at the shear span. After failure, it was found that the concrete core confined was still intact. To check on the concrete compressive strength, eight concrete cylinders of diameter 100 mm were prepared, six of them were confined with helical reinforcements with 50 mm pitch, and two without confinements. It was found that with confinements, the cylindrical compressive strength increased between 1.34 and 2.22 times that of unconfined concrete cylinder strength.

Keywords: Double helix, reinforced concrete, over reinforced beams, deflection, confined concrete

1.           INTRODUCTION

It is a well-known fact that links in compression members prevent buckling of longitudinal reinforcements and also act as a confinement to concrete, enhancing its ductility. The use of confinements minimises the Poisson’s ratio effect, i.e., less lateral strain would occur compared with the condition where there are no confinements in particularly high levels of stress. The use of continuous helical links in elements such as columns can tremendously reduce the fabrication time.

Confinement of concrete in reinforced concrete flexural members would have the same effect in reducing the developed strain values, enhancing the concrete ductility and resulting in higher absorbing energy of the concrete. This allows beams with confined concrete in the compression zone to sustain higher ultimate load. In addition, the beam will have a better warning against failure, especially for beam reinforced with a percentage of steel higher than the balanced steel ratio stipulated by most of current codes of practice. Therefore, with confinement, steel ratio higher than the balance can be used which can also be cost effective. With this regard, more techniques for concrete confinement need to be provided and more research is required to investigate other critical and practical aspects of shear and flexural failures in reinforced confined concrete beams.

As early as mid-1890s, experimentation has been done on concrete reinforcements adopting helical reinforcements which recognised that helical reinforcements offer better resistance compared to concrete adopting longitudinal bars with lateral ties.1 It is well established that there will be increase in compression strength for confined concrete because hooping prevents the swelling of the concrete and thereby the ability to resist higher pressures.2 The equation for the stress-strain relationship for plain concrete in compression in the form of serpentine was presented by Carreira and Chu and later, stress-strain relationship for compression for confined concrete was studied by Mander et al.3,4

Some researchers had carried out compression tests on 150 mm × 150 mm × 750 mm by varying the stirrup spacing but found that the compressive strength was unaffected. Their experiments were conducted on concrete column samples with non-continuous ties with spacing of 125 mm, 187 mm and 375 mm intended to determine the effects of link spacing and steel fibre volume on the ductility and compressive strength of concrete. It was revealed that the compressive strength was unaffected by both variables but ductility improved with lesser link spacing and higher steel fibre volume.5

In another experiment, samples of 150 mm × 150 mm × 1150 mm high strength and normal grade concrete were carried out and by varying stirrup spacing by 50 mm, 100 mm and 150 mm. The intention of this research was to determine the effects of small eccentricity in columns and the result was that high strength concrete (HSC) specimens with 50 mm stirrup spacing was able to achieve 4.5% more in terms of ultimate force compared with that of the sample with a spacing of 150 mm. On the other hand, for the normal grade concrete, samples with stirrup spacing of 50 mm was able to achieve 2.5% higher ultimate load compared to the sample with 150 mm stirrup spacing.6

Marvel et al. investigated the behaviour of high strength reinforced concrete columns confined with double helix.7 It was concluded that columns confined with double helix with the same volumetric confining ratios as the single helix had a similar ultimate strength, increased ultimate strain and increased ductility.7 It should be noted that these studies were carried out on columns which are members in direct compression.

Further research works have also been carried out on flexural concrete members with confined concrete. Most of current codes of practice for reinforced concrete members recommend under-reinforced or balanced design criteria for design. This is basically to avoid brittle failure behaviour. However, some previous research works indicated that over-reinforced concrete beams could be used with proper confinement of concrete in the compression zone.8–10 Though over-reinforced beams with no confinements in the compression zone will result in catastrophic compression failure, studies carried out on confined reinforced concrete beams generally indicated an increase in ductility.11–15

2.           LITERATURE REVIEW

The effects of two different confinement shapes, i.e., one single helical confinement and a twin pair of side-by-side helical confinement for five over-reinforced HSC beams of 200 mm (width) × 300 mm (depth) × 3700 mm (clear span) were studied by Jeffry and Hadi.16 The aim of their experiment was to study the ductility behaviour. It was concluded that during the elastic stage, the mid-span deflection for both single and double helix were similar. But the confinement effects start off earlier with the twin helices. Beams with single confinement was more ductile compared to beams with twin confinement.16

Kuttab and Haldane carried out an experiment on 5 beams with dimensions 100 mm (width) × 110 mm (effective depth) × 1500 mm (clear span) in order to investigate whether confining the concrete at the compression zone could increase the shear capacity of the beam. The experiment had three specimens of beams where at the constant moment zone, the shear links’ legs did not extend below the neutral axis. It was discovered that concrete beam samples with shear link legs that did not extend below the neutral axis possess 7% and 20% higher shear capacity and ductility respectively compared to the sample with shear link legs extending below the neutral axis. This is owing to the confinement which limits the lateral strain of the compressive zone resulting in a multiaxial state of stress in the compressive zone.17

Experiments were carried out by Elbasha and Hadi to study the effects of helical pitch and tensile reinforcement ratio on the concrete cover spalling off load and ductility in HSC beams.18 Eight 200 mm × 300 mm × 4000 mm beams with varying helical pitches and longitudinal reinforcement ratios were experimented to study the effects on concrete cover spalling off and displacement ductility. It was concluded that the spalling off load increased linearly and the ultimate load decreased as the helical pitch increased. The displacement ductility increased with the decrease in helical pitch.18,19

Elbasha and Hadi also conducted a research on five full-scale beams of 200 mm × 300 mm × 4000 mm with helical confinement in the compression zone by varying the tensile reinforcement ratios and concrete compressive strengths to study the behaviour of over-reinforced concrete beams. The study concluded that for over-reinforced HSC beams with helical confinement, increasing the concrete compressive strength reduced both yields and ultimate deflections at failure. The displacement ductility index decreases with the increase in concrete compressive strength. The effects of increasing longitudinal reinforcement ratio resulted in beams being able to experience higher ultimate deflection and increased the displacement ductility index.20

More recently, a study on the effects of confinements in the form of links and longitudinal rebars in the compression zone was carried out on two sets of RC beams where the first set was of dimensions 175 mm (width) × 300 mm (depth) × 2400 mm (length) while the other was of 150 mm (width) × 300 mm (depth) × 2400 mm (length).13 The confinements used were of 8 mm diameter with 50 mm and 100 mm pitches. The control beams did not have any confinement reinforcements. It was concluded that additional confinement result in an increased up to 300% in concrete strain compared to those without confinements.13

Previous research works on beams with concrete confinements adopted either single helix or continuous square. There were hardly any study carried out on beams with double helix. Previous work by the authors indicated that the shear strength of over-reinforced concrete beams designed as per EC2 should be adopting the diagonal compressive strut angle, θ of more than 22°.21 The use of double helix in this research took into account of adopting the diagonal compressive strut angle, θ of more than 22°. It was essential that this research extended to the most efficient shape of steel to confine the concrete, which result in improving behaviour of over reinforced concrete beams.

3.           EXPERIMENTAL

3.1            Beam Specimens and Cylinders

Seven full-scaled RC beams of 200 mm × 300 mm × 3000 mm simply supported with a span of 2700 mm were prepared and tested under four-point static load tests (Figure 1). Table 1 tabulates the details of the beams, where two longitudinal tensile steel reinforcement ratios (ρ) were used namely 3.41% and 3.92%. These correspond to 1.42ρb and 1.64ρb where ρb is the balanced steel ratio. Two control beams B1 C142 and B5 C164 with no confinements were tested. The coding of the beams as shown in Table 1 consists of three sets of information. B1, B2, etc., indicates the beam number. For the second set of coding, C represents the control beam, DH represents double helix in opposing direction configuration, DSQ represents double square and DHSH represents double helix in the same direction configuration. The final set of coding is related to the balanced steel ratio, ρb.

The double helix confinement is constructed from two helixes, one in the clockwise and the other counter-clockwise direction. The shapes of these confinements are as shown in Figure 3. For all confined concrete beams, the beams incorporating 6 mm diameter with 50 mm pitch confinements in the compression zones were reinforced with H10-50 mm shear links at the shear span only (Figure 1). The control beams were reinforced with shear links of H8-125 mm at the shear span.


Table 1:    Details of beams.



	Sample
	Longitudinal reinforcement ratio ρ (%)
	Number and diameter of bars (Ast)
	Longitudinal reinforcement ratio in terms of (ρb)
	Confinement pitch at constant moment zone (mm)
	Shear span links



	B1 C 142
	3.41
	4T20 + 2T16
	1.42
	–
	H8-125



	B2 DH 142
	3.41
	4T20 + 2T16
	1.42
	50
	H10-50



	B3 DSQ 142
	3.41
	4T20 + 2T16
	1.42
	50
	H10-50



	B4 DHSD 142
	3.41
	4T20 + 2T16
	1.42
	50
	H10-50



	B5 C 164
	3.92
	6T20
	1.64
	–
	H8-125



	B6 DH 164
	3.92
	6T20
	1.64
	50
	H10-50



	B7 DSQ 164
	3.92
	6T20
	1.64
	50
	H10-50
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Figure 1:      Loading arrangement and reinforcement details for beams with concrete confinements.
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Figure 2:      Beams with different confinement shapes.



Eight concrete cylinders were cast and tested for concrete compression cylinder strength. Two are plain concrete while the others are confined with steel confinement reinforcements with a pitch of 50 mm (Figure 3). Coarse aggregates of approximately 5 mm to 10 mm were used in the mix. The average compressive strengths of the samples are shown in Table 2.
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Figure 3:      Confinement shapes.




Table 2:    Average cylindrical concrete compressive strength.



	Specimens
	Average compressive strength (N mm–2)



	Plain concrete
	63.1 (cylindrical)



	Plain concrete
	58.1 (cylindrical)



	Double square
	93.5 (cylindrical)



	Double square
	85.1 (cylindrical)



	Double helix same direction
	139.9 (cylindrical)



	Double helix same direction
	123.3 (cylindrical)



	Double helix
	127.1 (cylindrical)



	Double helix
	123.7 (cylindrical)




For the reinforcements used, diameter 6 mm steel with nominal yield stress, fy = 275 N mm–2 for confinements and diameter 10 mm steel with nominal yield stress of 460 N mm–2 for links were adopted. The tensile reinforcements with diameters of 16 mm and 20 mm with nominal yield stress, fy = 460 N mm–2 were adopted as main reinforcement bars.

3.2            Tests

All the beams were tested under four-point static loading tests. Instron 600 kN Automatic Compression Testing Machine (ACTM) was used and the loading applied was at a rate of 5 kN min–1. Strain measurements on the concrete across the total depth of the beams and directly on the tension steel were taken. These were measured using electrical strain gauges connected to a data logger. The deflection at the centre of the beam was measured with a linear variable displacement transducers (LVDT). The setup of the experiment is as shown in Figure 4.
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Figure 4:      Experimental setup.



4.           RESULTS AND DISCUSSION

4.1            Strains Measurement and Neutral Axis Depth

Higher level of neutral axis depths generally is recommended to ensure a behaviour similar to under-reinforced beams with respect to good warning against failure. Strain profiles for the beams approaching their failure loads are as shown in Figure 5. From the strain profiles, it was observed that the neutral axis depths of the beams for the 1.42 ρb category was 0.45d for double helix confinement, 0.62d for double square confinement and 0.69d for double helix, same direction confinement. Under EC2, it is recommended that the neutral axis depth of 0.35d should not be exceeded for concrete grade C40/50 or higher.22

For beams with the 1.64 ρb category, it was found that the neutral axis depths were 0.55d for double helix confinements and 0.72d for double square confinements. The control beams had a neutral axis depth of 0.48d. This indicates that with confinement, lower neutral axis depth is resulted due to lower values of compressive strain. This exposes larger area of concrete in compression. Furthermore, lower strain values of tension and compression indicate lower curvature and consequently lead to lower deflection values.

Although a lower neutral axis depth of more than 0.35d limit recommended by the code was encountered, the beams did not fail catastrophically and gave good warning against failure. Furthermore, when the concrete cover spalled off first indicating initial failure, it was finally followed by compression failure.

It was noted that the compressive strain in the confined concrete follow the straight line theory of strain profile. At the same time, higher values of strain more than 0.0035 have been achieved. However, the strain at the unconfined concrete cover was less and also does not follow the straight line strain profile criteria. This clearly shows that confined concrete can be strained more than unconfined concrete (Figure 6).

The confinements adopted were of diameter 124 mm and 124 mm square. From Figure 5, it can be seen that the neutral axes for all the beams except for B2 and B6 (double helix confinements) are located almost at the boundary of confinements.

During the beam failure loads, for beams with the 1.42 ρb category, the longitudinal tensile reinforcement strains were approximately similar for both beams B2 (double helix confinements) and B3 (double square confinements). The strain gauge for beam B2 (double helix confinement) located at the bottom most layer of tensile reinforcements malfunctioned and no readings were obtained. For beam B4 (double helix, same direction confinements), the strain at the bottom most layer of the tensile reinforcements was higher than beam B3 (double square confinements).

For beams with the 1.64 ρb category, during the failure loads of the beams, the longitudinal tensile reinforcement strain for B6 (double helix) was less than B7 (double square).

Table 3 shows the tensile strain at the main rebar level and compressive strain at load approaching failure. Figure 5 shows the maximum compressive strain at the concrete compression zone for beams with ρ = 1.42 ρb and ρ = 1.64 ρb. It can be seen that with the introduction of concrete confinement, the strains of both tension and compression of the specimens are less than the control beam due to the confinement effect, i.e., the helical confinements assisted in minimising the Poisson’s effects.

At the same level of stress and nearing the failure loads of the beams with confinements (B2, B3 and B4) and of the category ρ = 1.42 ρb, a maximum concrete compressive strain of a similar value was observed, i.e., approximately 2700 × 10–6 as shown in Figure 6. At load approaching failure of the control beam, samples with confinements were strained approximately less than the control beam between 11.6% and 38%.
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Figure 5:      Typical strain profile of beams at failure loads with ρ = 1.424 ρb and ρ = 1.64 ρb.
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Figure 6:      Illustrations of (a) typical strain profile of beams with ρ = 1.42 ρb, b) typical strain profile of beams with ρ = 1.64 ρb.



For beam samples with ρ = 1.64 ρb, at load approaching failure of the control beam, the beam with double helix confinements strained 62% lesser than the control beam while the beam with the double square confinements strained 228% lesser than the control beam (more than half that of the control beam).


Figure 6 also shows the maximum tensile strain at the rebar level. For tensile strain, it was observed that tensile rebars strained lesser than the control beams. With the introduction of concrete confinement, the compressive strength at the compression zone of the concrete had increased, enabling more resistance to compression and also tensile strain.

Table 3:    Measured strains at failure load.



	Sample
	Tensile strain in longitudinal steel (× 10–6)
	Measured compressive strain at top of concrete beam (× 10–6)
	Failure load (kN)



	B1 C142
	2200
	2040
	293



	B2 DH142
	3097
	3786
	450



	B3 DSQ142
	2942
	2966
	421



	B4 DHSD142
	2234
	2977
	407



	B5 C164
	2970
	2760
	370



	B6 DH164
	2308
	3090
	458



	B7 DSQ164
	3271
	1665
	481




4.2            Ultimate Load and Ultimate Shear Force

The calculated ultimate flexural loads and ultimate shear forces based on nominal strengths of materials are compared with the observed failure loads (Table 4). The calculated ultimate flexural loads without partial safety factors for load were carried out in accordance with EC2. It can be seen that the failure loads for all beams were higher than the calculated flexural load. All the samples with confined concrete failed in compression at the maximum compressive zone but not in an explosive manner and have shown reasonable warning against failure.

Due to the confinement effects, the compressive strength at the compressive zone had been enhanced as can be seen in Table 2. Concrete in compression has higher resistance to failure load as reflected by the higher failure of confined concrete cylinders.


Table 4:    Calculated and observed failure load.
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The calculated flexural load of the samples control beams B1C142 and B5C164 are 292 kN and 327 kN respectively. From Table 4, it can be noted that higher failure load was achieved for all beam samples with confinements. The ratio of failure load to ultimate flexural load varies from 1.00 to 1.46 for beams with ρ = 1.42 ρb while for beams with ρ = 1.64 ρb, the ratio was approximately 1.45. The beam with confined concrete gave the highest ratio.

The calculated ultimate shear capacity for the control beams was obtained based on the diagonal compressive strut angle θ = 22° and excluding partial safety factors for load. The shear capacity, VRd, S based on θ=22° is 296 kN for beam B1C142 and beam B5C164. The shear capacity for the beam samples with confinement were designed to have a capacity of 537 kN with the assumption of θ = 45°. With the use of over-reinforced concrete beams, the adoption of θ = 45° for the design for shear would ensure the beams do not fail in shear.

The design has prevented early shear failure and have utilised the ultimate flexural loads for the beams. The ratio of failure load of confined beams to beams failed in shear ranged between 1.31 and 1.54.


4.3            Deflection

In terms of deflection, it can be seen that beams with confinements deflected less than the control beams without confinements B1C and B5C as shown in Figure 7 and Figure 8. For ρ = 1.42 ρb, beams with double helix confinements deflected lesser than the rest while for ρ = 1.42 ρb, beams with double square deflected further less. At the design working load, saving in deflection ranged between 3% and 14% for samples with ρ = 1.42 ρb. For samples with ρ = 1.64 ρb, the saving in deflection ranged between 11% and 25%. The higher the percentage of steel used, the higher the savings in deflection is due to the higher moment of inertia. This agrees well with the lower values of strains obtained.

Figure 9 depicts the cracked beams of the samples except for the control beams as the latter failed in shear. One observation was that all beams had crack lines of 45° but not failed in shear.
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Figure 7:      Failure load vs. mid-point deflection B1C 142, B2 DH142, B3 DSQ142 and B4 DHSD 142.
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Figure 8:      Failure load vs. mid-point deflection for beams B5C 164, B6 DH164 and B7 DSQ164.
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Figure 9:      Illustrations of (a) B1C142 failure load = 293 kN, (b) B2 DH142 failure load = 450 kN, (c) B3 DSQ142 failure load = 421 kN, (d) B4 DHSD142 failure load = 408 kN, (e) B5C164 failure load = 370 kN, (f) B6 DH164 failure load = 459 kN, (g) B7 DSQ164 failure load = 482 kN.




5.           CONCLUSION

Based on the experimental results, it can be concluded that both the tensile and compressive strains for over reinforced concrete beams incorporating confinements will strain lesser compared with the control beams. For reinforced concrete beams incorporating 1.42 ρb with double helix confinements and at the same level of stress, the tensile and compressive strains were less than beams with double square confinements. On the other hand, for reinforced concrete beams incorporating 1.64 ρb with double square confinements, the compressive strains were less than beams with double helix confinements which indicated that for higher steel ratio, the double helix confinement has limited effect on reducing the strain values. The flexural strength of all beams with confinements exceeded the calculated ultimate flexural loads. The beams with confinements must be designed using the diagonal compressive strut angle (θ) of more than 22° and this ensured that shear failure did not occur. The deflection of the beams with confinements deflected less than the control beams at the same level of stress.
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ABSTRACT: The high amount of steel bar reinforcement in beam-column joints causes congestion problem. Here, king cross steel profile, as an alternative to shear reinforcement in the joint of reinforced concrete beam-column, is proposed. This is achieved by simplifying the assembly of king cross steel profile implants at beam-column joints as a shear reinforcement, which could be expected to replace the transversal reinforcement and enhance the joint shear strength. Two sets of interior beam-column joint subassemblies with stirrup reinforcement (SJ) and with king cross steel profile reinforcement (KCJ) as the shear reinforcement in the joint were studied. The experimental result concluded that the average peak load of SJ specimen was higher than that of KCJ. However, KCJ had good performance and contributed to the shear strength of the joint. The performance and contribution of KCJ can be seen from the load carrying capacity above 6.7% in the positive direction and below 24.91% in the negative direction compared with SJ. The pattern of the crack occurred showed a severe failure in the joint panel of KCJ. In this study, the width of the web was twice that of the flange, but in future studies, the width should be enlarged until it sufficiently fills the entire joint section and the width of the web is about six times of the flange. This web enlargement and flange reduction were performed by considering the area of a cross-section of the king cross profile and the requirement of shear capacity of the joint installed. It was done to increase the shear strength of the interior beam-column joint subassemblies with KCJ.

Keywords: King cross steel profile, shear reinforcement, beam-column joint shear strength, interior beam-column joint, joint shear failure


1.           INTRODUCTION

The beam column joint (BCJ) is a crucial area where the transfer of loads from the beams to columns occurs. Seismic load causes a great shear force at the joints. This behaviour is very different when compared with the behaviour of joints due to gravity loads. The beams assembled at the joint resist the moment in the same direction due to seismic load, thus increasing the shear force in the joint. Therefore, the design capacity of the joint must be strong enough to ensure that the adjoining members achieve plastic deformation. In the interior joint, the action occurs in both directions, hence requiring a complex design.

The shear forces occurring at joints are resisted by the joint stirrup, together with the concrete through the truss and the strut mechanism in the design of the conventional BCJ. The failure of the joint should be avoided but to achieve this, the requirements for the joint shear stirrups are sometimes challenging. The demanding requirements cause the space of the stirrups so dense making it lower than the minimum allowable distance between reinforcement. The space between the densed reinforcement bars will cause incomplete consolidation, increased permeability and reduction of concrete strength.1

Chen and Lin experimented on the steel reinforced concrete (SRC) beam-column joint.2 The SRC beam-column joint is composed of concrete, a cross-sectional steel shape, longitudinal steel bar and transverse steel bar. A cross-sectional steel shape henceforth has been named king cross profile. Chen and Lin observed that the use of king cross steel profiles on reinforced concrete columns can enhance the shear capacity of the BCJ 40% higher than the use of H steel profiles.2 The use of king cross profile is expected to be able to reduce the use of joint stirrup to solve the congestion problem in the joint.

The king cross steel profiles can increase the shear capacity without enhancing the number of stirrups to avoid joint failure and ensure a strong column beam mechanism. The joint shear capacity is expected to reach the inelastic capacity of flexural beam and the mechanism of plastic deformation in design can be developed and maintained.3,4


2.           EXPERIMENTAL

2.1            Material Properties

The BCJ specimen has a compressive concrete strength of 40.6 MPa. The concrete mix consists of Portland composite cement (PCC), sand and the crushed stone of aggregated size passing through 10 mm. The reinforcement properties used on both specimen are similar except for the material on joint reinforcement as shown in Table 1.

Table 1:    Reinforcement properties of BCJ specimen.



	Details and material properties
	 
	Values

	Values




	Beam longitudinal bar
	Ratio (%)

	2.342

	2.342




	fy (MPa)

	423.68

	423.68




	Column longitudinal bar
	Ratio (%)

	1.787

	1.787




	fy (MPa)

	393.19

	393.19




	Transverse reinforcement
	fy (MPa)

	373.72

	373.72




	Concrete compressive strength
	f′c (MPa)

	40.6

	40.6




	Joint transverse reinforcement
	fy (MPa)

	387.9

	–




	King cross steel profile
	fyf (MPa)

	2

	257.39




	fyw (MPa)

	1.4

	207.39





2.2            Description of Test Specimens

Two sets of interior BCJ subassemblies were prepared for testing. Specimens were designed to the concept of failure at the joint to measure the strength of the joint. The joint of control specimen was designed base on Park and Paulay and the joint of king cross steel profile was designed base on Chen and Lin.2,5 The joint shear demand was used to design the specimen joint. The joint shear demand is:

[image: art]

where Vu refers to joint shear demand (kN), Ts is the beam tensile force calculated from the beam tensile bar (kN), Cs is the beam compression force calculated from the beam compression bar (kN), and Vc refers to column shear (kN). The shear capacity design of joint reinforcement (Vjh) was calculated by subtracting the joint shear demand (Vu) from the concrete shear capacity of joint (Vcr). The concrete shear capacity of joint (Vcr) and the shear capacity design of joint reinforcement (Vjh) ware calculated using the following equation:
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and
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The installed joint shear capacity (Vn) was only less than half of the joint shear demand to achieve the joint shear failure Equation 4. Therefore, the joint shear strength be measured.

[image: art]

The joint shear demand calculation obtained Vu = 581.599 kN (as shown in Table 2) and then the installed joint shear capacity was taken as Vjh = 372.106 kN (Table 2). If the joint reinforcement was stirrup or king cross profile then the shear capacity of stirrup and king cross profile taken as Vs = Vn = 93.03 kN and Vsw + Vsf = Vn = 93.03 kN. Table 2 presents the calculation of the shear capacity of the installed joint.

Table 2:    The calculation of the shear capacity of the installed joint.

[image: art]


The stirrup of specimen control is calculated by the following equation:

[image: art]

and
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where Vs = Vn refers to shear capacity of stirrup (kN), s represents a space distance between stirrup (mm), bw is the depth of stirrup (mm), fy is the yield strength of stirrup (MPa), As is the cross-section area of stirrup (mm2), and d – d’ refers to the distance between the centroid of the top and bottom beam bar (mm).

The joint of king cross profile reinforcement (KCJ) to resist the shear force and was calculated through the following equation:

[image: art]

and
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where Vsw is the shear capacity of web of KCJ (kN), fyw is the yield strength of web (MPa), H is the depth of web (mm), t1 denotes the thick of web (mm), fyf is the yield strength of flange (MPa), B is the depth of flange (mm), t2 is the thickness of flange (mm), and the dimensional details of king cross profile are presented in Figure 1.
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Figure 1:      The dimensional details of king cross profile.



The stirrup of joint and the king cross profile of joint design calculation is presented in Table 3.

Beam-column joint subassemblies were designed as beam column specimen with a stirrup reinforcement (SJ) and beam-column specimen with KCJ in the joint, respectively. The descriptions of the specimens are presented in Table 3 and the dimensional details of test specimen are presented in Figures 2 and 3.


Table 3:    Joint design calculation.
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Figure 2:      Dimensional details of beam-column joint with SJ.
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Figure 3:      Dimensional details of beam-column joint with king cross profile.



2.3            Test Set Up and Procedures

The schematic representation of the test set up is shown in Figure 4, similar to report by Wijaya.12 The specimens were placed in horizontal position on the surface of the rigid floor. The axial load was imposed at the end of the column above by using a hydraulic jack. The axial load magnitude was constantly kept at 180 kN during the test. It was less than af′cAg, where fc is concrete compressive strength of 35 MPa, Ag refers to the gross area of the column (90000 mm2) and α = 0.1 because the concrete shear capacity of joint has been calculated using Equation 2, not using the equation based on SK SNI-T-15-1991-03 as follows.6
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Figure 4:      Schematic arrangement of cyclic test set up.12
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Figure 5:      Load sequence diagram.




The concrete shear capacity of joint (Vcr) based on Park and Paulay considered the small axial load on the column compared to the Indonesia National Standard for concrete building with code number SNI 03-2847-1992.5 The hydraulic actuator capacity 100 kN was used for applying the cyclic lateral load at near end of the same column. The displacement imposed was recorded by linear variable differential transformer (LVDT) at a point on the side of the near end of the column. The magnitude of reversed lateral load was recorded at several cyclic loading stages as shown in Figure 5. The loading based on the force control cycle was carried out in several studies including by Marsono and Hatami, Rajaram et al., and Rajagopal and Prabavathy.7–9 Based on Federal Emergency Management Agency (FEMA) standard for determining the seismic performence characteristic of structural and nonstructural component with code number FEMA 461/2007, the force or displacement-controlled testing can be performed to control the performance of the component. Conceptually, the force loading history of the experiment does not conform to FEMA 461/2007, because the number of steps or increments in the loading history in FEMA 461/2007 are generally 10 or larger. Therefore, the cyclic loading stages in Figure 5 cannot precisely and accurately reflect the loop hysteretic curve, but they can still describe the behaviour of the two specimens.10

The pinned support located at the end of the bottom column and at both ends of the beams are the roller support. The setting of the pin support has been used in the study by Makmur and Wijaya, respectively.11,12 However, it turned out in that in this study that the support arrangement could not function as a perfect pinned support. At 8% drift loading, there was a downward vertical movement on the bottom end of the column.11,12

3.           EXPERIMENTAL

3.1            Crack Formation and Failure Mode

The typical crack pattern of control specimens SJ and KCJ was presented in Figures 6 and 7. In control specimens, the first visible crack appeared at the joint. Beam-column joint remained undamaged at low displacement level. With the increase in displacement level, diagonal tension crack appeared at the joint panel. This was followed by the crack formation in beam close to column interface with the increase in displacement. The failure mechanism was a mixing mechanism in which diagonal cracking in the joint panel was accompanied by a flexural damage in the beam. The yielding of stirrup reinforcement in joint occurred before yielding of steel reinforcement bar in the beam.
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Figure 6:      Crack pattern in control specimen SJ.
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Figure 7:      Crack pattern in specimens with KCJ.



3.2            Hysteretic Response and Load Carrying Capacity

Load-displacement hysteretic curves of both specimen tests are presented in Figures 8 and 9. From the shape of the hysteretic loop, it could be observed that SJ and KCJ had pinching. The pinching illustrates that the mechanism of plastification of both specimens is unstable. Specimens SJ and KCJ suffered from the shear damage in the joint panel, hence no energy was dissipated. This has caused the form of hysteretic loops on both specimens to be pinched. On non-pinched specimens, the plastification mechanism is more stable. The mechanism of plastification on non-pinched specimen occurs by forming a plastic hinge and bending failure on the beam.13
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Figure 8:      Hysteretic curve for SJ.
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Figure 9:      Hysteretic curve for KCJ.




Table 4:    Peak load of test specimen under cyclic loading.



	 
	SJ

	KCJ




	Load (kN)

	Displacement (mm)

	Load (kN)

	Displacement (mm)




	Positive peak load
	51.5

	112.49

	55.2

	205




	Negative peak load
	–60.2

	166

	–45.5

	42





To obtain the peak loads of the test specimen, the envelop curve was drawn by connecting the peak loads at each displacement level in both positive and negative direction. Typical failure envelope of the specimen is presented in Figure 10. Peak load of all the specimens is presented in Table 3. It was observed that the peak load of SJ was higher than that of KCJ. However, the failure of the specimen on the loop hysterical curve could not be excellently represented, especially on the negative load. This occurs because the use of cyclic loading stage (Figure 5) did not conform to FEMA 461/2007 on the conceptual approaches for the development of force controlled loading history.
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Figure 10:    Failure envelope SJ and PJ.
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Figure 11:    Space of joint shear reinforcement of SJ
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Figure 12:    Space of joint shear reinforcement of KCJ.



The second reason the peak load of SJ specimen was higher than KCJ was that the section of king cross steel profile used was too small, hence it is not sufficient to fill the entire section, as shown in Figure13(a). Thus, the section of king cross was enlarged and fixed as shown in Figure 13(b).



[image: art]

Figure 13:    Illustrations of (a) the sufficient of king cross profile, and (b) the enlarged of king cross profile with the same of nominal area.



4.           CONCLUSION

In the beam-column joint with KCJ, the first crack was observed in the joint panel. It was found that the number of beam cracks in the specimen with king cross steel profile in the joint was fewer than the ones in control specimen SJ. It was also observed that the joint was damaged earlier compared with the beam. This was different from SJ where the joint failure was almost simultaneous or followed by beam damage. Hence, it can be concluded that the joint strength of BCJ control is still higher than the BCJ with king cross steel.

The load-displacement hysteretic curves for both specimen tests are presented in Figures 6 and 7. From the shape of the hysteretic loop, it can be observed that SJ and KCJ have pinching. The pinching illustrates that the mechanism of plastification of both specimens is unstable. Specimens SJ and KCJ suffered from shear damage in the joint panel rather than no energy to be dissipated.

The peak load of SJ specimen was higher than KCJ. This condition was caused by several factors. Firstly, as presented in Figures 11 and 12, the king cross steel only resisted the shear in the joint space between the top and the bottom of the longitudinal bar while the space above was left without any reinforcement or being empty. This was different from the SJ specimen. Secondly, the section of king cross steel used was so small so that it was not sufficient to fill the entire section. For this, the section of king cross should be enlarged.


KCJ has good performance and contributes to the shear strength of the joint. This can be seen from the load carrying capacity of KCJ specimens at 50.35 kN, 10% below the load carrying capacity of SJ specimens. On the other hand, the pattern of the crack occurred showed a severe failure in the joint panel of KCJ specimen compared with SJ.
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ABSTRACT: Rubber tire waste is relatively difficult to be recycled into new tires. The volume of the tire wastes increases with the societal needs and time. Many efforts have utilised rubber tire wastes as an additional material in pavements, geotechnical work and concrete. However, a relatively small number of research works have been applying the wastes to improve the performance of masonry brick wall. This paper presents a review of previous studies on the application of rubber tire crumbs in structural elements and its possibilities to improve the performance of masonry brick walls. Many research works concluded that the rubber tire crumbs are potential materials in the mortar bed joint to increase the ductility of masonry brick wall. The use of rubber tire crumbs as mortar bed joint in masonry brick wall shows a large elastic deformation before failure. This paper recommends 60% of rubber tire crumbs in the mortar bed joint as an optimum amount to increase the ductility of masonry brick wall. At optimum amount, the mortar can be classified as lightweight concrete/mortar and meets the minimum requirement for the compressive strength of masonry wall. The review also recommends a laboratory experiment to study the contribution of mortar bed joint using rubber tire crumbs in load-deflection behaviour and ductility of the masonry brick wall. A finite element model needs to be developed to have a general model of the masonry brick wall.

Keywords: Rubber tire crumbs, brick masonry walls, ductility, lightweight concrete, mortar bed joint


1.           INTRODUCTION

A number of giant earthquakes have been recorded in Indonesia from 2004 to 2009. The earthquakes triggered fatalities and severe structural damages, e.g., in Aceh (2004), Yogyakarta (2006), Bengkulu (2007), Padang (2009), Tasikmalaya (2009), etc. Satyarno reported that many masonry brick houses experienced severe damaged or collapsed during the Yogyakarta earthquake in 2006.1 A preliminary investigation found that the damages were due to brittleness of the masonry brick system, and the brick wall was not well constructed to have a unity structure to restrain earthquake loads, particularly horizontal loads. In general, the vulnerability of typical brick masonry wall houses in Indonesia is contributed by a few factors, including the following: low materials quality; absence of crucial elements; poor reinforcement details; modification of traditional houses; homes built on unstable ground; caused by fire; and others.1 Due to these reasons, the buildings were damaged and collapsed when earthquakes occured. From a field review, it can be known that most of the masonry-brick wall community houses were severely damaged and collapsed because those buildings have a high degree of vulnerability.2 In general, the vulnerability of a building is determined by the strength, stiffness, damping and ductility. These properties are predominantly determined by the quality of materials, available strength, quality of structure detailing, and the building configuration.3 Therefore, masonry brick houses should have adequate strength, stiffness, damping and ductility, so that the buildings can undergo a large degree of deformation before failure and will not collapse suddenly. The compressive strength of masonry-brick wall is highly influenced by the strength of mortar and the brick strength. In some cases, the addition of mortar strength no longer provides significant changes to the compressive strength of the brick masonry wall since the brick strength controls the strength.4

Rubber tire crumbs are typically a waste produced from the tire industry. In general, the rubber tires are hard to be recycled into a new tire. These wastes end up in the dump, with the amount increasing year after year. These wastes could be reused as a supplementary material in construction and materials technology. Previous studies investigated the use of rubber tire crumbs as an aggregate substitute for concrete and mortar to observe the properties of the composite which include specific weight, water absorption, density, flexural strength, compressive strength, modulus of elasticity and adhesion. Other studies used rubber tires in several sizes to replace fine aggregates and coarse aggregates. Two types of tire chips which have a dimension between 2 mm and 38 mm were used as coarse aggregates in Eldin and Senouci.5 Meanwhile, Sgobba used three broad categories of rubber tires for his study, i.e., chipped rubber, crumb rubber and ash rubber.6 Bekhiti et al. used three types of rubber tire powder with 1.6 mm, 1 mm and less than 0.08 mm dimension.7

This study explores the properties of rubber tire crumbs as an aggregate replacement from previous studies to estimate their effects on structural behaviour against earthquake loads. The outcome of this review is to establish a theoretical framework for the application of rubber tire crumbs as supplementary materials in mortar bed joint to improve the building response to earthquakes. Studies show that the masonry brick wall can be very brittle. Additionally, the rubber tire crumbs in the mortar bed joint is expected to increase the ductility of masonry brick wall.

2.           REVIEW OF PREVIOUS STUDIES

2.1            Rubber Tire Crumbs

Rubber tire crumbs are made from used rubber tires which are easy to get in Indonesia with price ranging from Rp. 1,400/kg to Rp. 11,000/kg, depending on the dimension of the granules, in which smaller grains will have a higher price. Figure 1 shows three broad categories of wasted rubber tires: (a) shredded/chip rubber having a dimension of about 25–30 mm; (b) crumb rubber which is highly irregular, in the range of 3–10 mm; and (c) ash rubber having a dimension smaller than 1 mm.6


[image: art]

Figure 1:      Three broad categories of wasted rubber tires.6



The properties of wasted rubber tires which are different in shape, weight, size and proportion of components in the base mixture are shown in Table 1.6


Table 1:    The properties of rubber tires.*



	Property
	Laboratory designation




	chips

	crumb

	ash




	Finess modulus
	7.65

	6.2

	2.02




	Maximum size (mm)
	25.0

	14.0

	1.0




	Gradation class
	12.5–25

	2.5–4

	0–1




	Average bulk volume mass (kg m–3)
	1.12 ± 0.092

	1.12 ± 0.021

	1.09 ± 0.024





*truck rubber tires

Table 2:    Rubber powder characteristics.7



	Properties
	Rubber powder



	Density
	0.83



	Size
	80 µm – 1.6 mm



	Elongation
	420%



	Rate of steel fiber
	0%




Bekhiti investigated the physical characteristics of rubber tires having various dimensions from 1.6 mm to 0.8 mm with an average particle size of 1 mm which gives a result as shown in Table 2.7 He also considers the chemical characteristics of rubber tires, i.e., rubber (54%), carbon black (29%), textile (2%), oxidise zinc (1%), sulfur (1%) and additives (13%).

2.2            The Performance of Masonry Brick Wall Houses

Masonry brick wall is a composite construction consisting of masonry units and mortar as bed joint, in which the earthquake response of brick masonry walls depends on the relative strengths of brick and mortar.8 For satisfactory performance during earthquake, a structure must have strength as well as ductility. A ductile structure can enhance the structural stability of earthquake resistance and can undergo large strain while resisting loads.9 Whereas, the masonry structure is most vulnerable during an earthquake mainly due to the brittle and large mass properties.10 In severe earthquakes, masonry wall structures may collapse and cause casualties. Structures with adequate ductility will last longer against earthquakes and can undergo large deformation before failure, and the structure will not collapse suddenly. Typical load-displacement relationship of the masonry walls is shown by Raharjo in Figure 2.11



[image: art]

Figure 2:      Typical load-displacement relationship.11



The curve in Figure 2 shows that the brittle behaviour characterised by lateral deformation after reaching maximum loads is very short, whereas the ductile behaviour will have an elongation curve on the deformation axis. Paulay and Priestley stated that ductility is the capacity of a structure or its members to undergo a large inelastic deformation beyond the initial yield deformation without losing much of its load carrying capacity or without rupture before failure.9,12 Ductility (µ) is defined by a ratio of the total imposed displacements at the ultimate state (Δu) to that at the onset of yield (Δy) shown in Equation 1:12

[image: art]

where Δu is the total imposed displacements at the ultimate state (mm), and Δy is the total imposed displacements at the onset of yield (mm).

Equation 1 shows that ductility (µ) will increase if the total imposed displacements at the ultimate state (Δu) is much bigger than at the onset of yield (Δy). Therefore, the efforts to increase brick masonry wall ductility means to increase the displacement at the ultimate state by using more ductile materials.

A typical damage type of masonry wall under earthquake is an out-of-plane failure and in-plane failure. Out-of-plane failure mode develops due to the load acting perpendicular to the wall plane which might cause the form of two cross-inclined lines, while in-plane failure is caused by in-plane seismic loads acting along in the plane of the wall characterised by distributed diagonal cracking in the walls.13


There are three possible in-plane failure modes, i.e., shear failure, sliding mode and flexural (rocking) mode. Figure 3(a) shows the stair-step through bed joints due to strong bricks and weak mortars. They pass through the bricks in case of weak bricks and strong mortars. In the case of low vertical loads and low friction coefficient, which may be due to poor quality mortar, horizontal cracks in the bed joints will form as shown in Figure 3(b). Figure 3(c) shows the failure is obtained by overturning of the wall.14
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Figure 3:      Three possible in-plane failure modes: (a) shear failure, (b) sliding mode, and (c) flexural (rocking) mode.14



2.3            Performance of Mortar with Rubber Tire Crumbs

Research on mortar with rubber tire crumbs has been carried out for many years to examine the potential utilisation of wasted tires in concrete production. Previous studies have examined concrete more than mortar, but their results may be taken as considerations to the mortar used. The performance of either concrete/mortar with wasted rubber tire crumbs is described in the subsequent discussion.

2.3.1         Specific weight

Satyarno reported that the unit weight of concrete with rubber tire crumbs decrease gradually with the increasing of rubber content.15 To meet the requirement for lightweight concrete of 1800 kg m–3, the mixture required at least 40% rubber content. Sadek and Attar added 60% rubber to obtain a unit weight of 1780 kg m–3 for lightweight concrete.16 Furthermore, the specific weight for rubber concrete can be classified as lightweight concrete, so it is suitable to use it as a building material that is more resistant to earthquakes. The use of lighter materials makes the weight of the structure also lighter. This phenomenon results in small base shear, base story shear and story drift.17 These characteristics improve the building response to the earthquake. Other studies also show similar results, e.g., Batayneh, Pitta and Onkar.18–20

2.3.2         Mechanical characteristics

Several studies indicated that the use of rubber tire crumbs reduced the compressive, tensile and flexural strengths.20–26 Increasing the amount of the rubber crumb will result in further decrease in strength properties. The strength reduction is attributed to the weak bonding between the rubber particles and the cement matrix.27 Meanwhile, Batayneh shows the effects of rubber tire crumbs content on various strength results that can be seen in Table 3.18

Table 3:    The effect of rubber tire crumbs content on various strength results in.18



	Rubber crumb content (%)

	Flexural strength (MPa)

	Tensile strength (MPa)

	Compressive strength (MPa)




	0

	3.8

	2.820

	25.330




	20

	2.550

	1.840

	18.960




	40

	2.040

	1.470

	12.270




	60

	1.380

	0.940

	8.070




	80

	0.770

	0.533

	4.470




	100

	0.640

	0.220

	2.500





Table 3 shows that with the increase in the content of rubber tire crumb, the strength of composites decreased. As a result, if used rubber tire crumbs are used as a material replacement in cement-based composites, the minimum strength required must be considered, as shown by Neville.28 The required compressive strength for the different application categories of the lightweight structural concrete (LWC) can be seen in Table 4.

Table 4:    The practical range of categories of lightweight concrete.28



	Categories
	Density range (kg m–3)
	Minimum strength (MPa)



	Structural lightweight concrete
	1350–1900
	17



	Moderate strength concrete
	1900–800
	7–17



	Low-density concrete
	300–800
	Used for structural purposes (insulation panel, pavement, blocks, etc.)




Table 4 shows that the minimum strength required for lightweight structural concrete is 17 MPa. As indicated in Table 3, the addition of 20% rubber tire crumbs in the mixture, the average strength is 18.96 MPa. Batayneh concluded that the concrete containing up to 20% rubber tire crumbs could be used as lightweight structural elements.18

For the content of rubber tire crumbs, to obtain the minimum requirement compressive strength of 2.5 MPa, the rubber must be limited up to 60% for 350 kg m–3 of cement content and 80% for 400 kg m–3 of cement content.15 Also, Table 3 shows that specimens with 100% rubber crumb content have compressive strength beyond the requirement of masonry strength which is 2.5 MPa.18

2.3.3         Modulus of elasticity
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Figure 4:      The relationship between rubber tire crumbs and modulus of elasticity of concrete.15



Satyarno reports that the modulus of elasticity tends to decrease with increased addition of recycled rubber aggregate, as shown in Figure 4.15 This result is similar to other studies.23,27,29,30 The studies found that the reduction of the modulus of elasticity results in the production of more ductile materials.

2.3.4         Stress and strain relationship

The relationship between stress and strain is shown in Figure 5 for different rubber tire crumb contents in the concrete mix. It can be seen that the increase of the rubber crumb content results in a decrease of strength properties, but the concrete becomes more ductile.15 Similarly, Batayneh states that concrete with a higher percentage of rubber tire crumbs possesses high toughness since the generated energy is mainly plastic.18
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Figure 5:      Relationship between stress and strain for different rubber contents.15



2.3.5         Mode of tension failures

The characteristics of ductile materials can be seen on the result of laboratory tests as shown in Figure 6.5 The failure of specimens in tension, likewise, is not a brittle failure. The specimens experience a ductile mode of failure and exhibit the high capability of absorbing plastic energy. The concrete mass can withstand loads even when it is highly cracked. The specimens never separate into two halves under splitting tension loading.
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Figure 6:      Concrete with rubber tire crumbs after testing.5




3.           DISCUSSION

Brick masonry walls have brittle properties and a large mass, so it is necessary to think of some efforts to increase brick masonry wall ductility and keep them lightweight. Several previous studies have tested concrete/mortar using rubber tire crumbs as a partial replacement material of aggregates and resulted in the properties of rubbers and concrete/mortar. Rubber tire crumbs are one of the wasted materials that are hard to be recycled as the amount increases, so the use of the material is expected to be a solution to environmental problems. There are some important considerations to estimate possibilities of rubber tire crumbs to be used in mortar bed joint to increase brick masonry wall ductility.

Several previous studies indicated that the use of rubber tire crumbs reduced mechanical characteristics of concrete/mortar.20–26 It should be noted, however, that the compressive strength of brick masonry walls is not only influenced by the strength of the mortar but also limited by the strength of the brick. Sometimes the addition of mortar strength no longer gives significant changes to the compressive strength of brick masonry walls.4 With these considerations, the role of rubber tire crumbs to improve the brick masonry wall ductility can be applied by using the minimum requirement of compressive strength for masonry which is 2.5 MPa.

3.1            Application of the Rubber Tire Crumbs in Mortar Bed Joint

From the relationship between stress and strain for different rubber contents (Figure 5), it can be explained that the concrete ability to deform among several kinds of rubber tire crumbs content. The concrete with 0% rubber tire crumbs content will cause failure at the shortest strain, and additional rubber tire crumbs in concrete results in more extended deformation. The addition of rubber tire crumbs content increases the material’s ability to support loads even after the formation of cracks; this means that the structure’s ductility increases.

The application of mortar containing rubber tire crumbs as mortar bed joint may increase brick masonry wall ductility so that the walls are more resistant to earthquakes. When portals receive horizontal forces at floor levels under earthquake shakes, they try to move in the horizontal direction. Earthquake shaking reverses tension and compression in members as shown in Figure 7.31 In this condition, masonry walls move together with the columns. If the walls have brittle properties, they will develop cracks once their ability to carry horizontal load is exceeded, and maybe the wall can fall out-of-plane in the further event. One of the solutions to increase masonry resistance after cracks is by increasing the ductility, particularly mortar bed joint ductility because bed-joint damage happens more frequently than brick unit damage.
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Figure 7:      The structure movement under horizontal force.31



3.2            Optimum Content of Rubber Tire Crumbs

Used rubber tire crumbs as a substitute material in mortars decrease the compressive, tensile, flexural strengths and modulus of elasticity in concrete or mortar. The rubber contents and dimension must be considered maximally to get the adequate strength. From the previous studies, several results can be taken as considerations as follows:


	The rubber tire crumb content, to obtain the compressive strength of concrete through the minimum requirement of compressive strength for masonry of 2.5 MPa, must be limited to up to 60% according to Satyarno and 100% according to Batayneh.15,18

	To get the lightweight concrete with unit weight which is less than 1,800 kg m–3, it needs more than 40% rubber in the concrete.15

	The lightweight concrete (1,780 kg m–3 unit weight) can be obtained at 60% rubber content.15

	Batayneh concluded that the modified concrete containing up to 20% rubber tire crumb could be used in lightweight structural elements.18


The data of the previous studies are given in Table 5.


Table 5:    The suggested rubber tire crumb contents.



	Suggested rubber tire crumb content
	Source

	Reasons

	Applications




	Min
	Max
	 
	 
	 



	 
	60%
	15

	To ensure its compressive strength beyond the requirement of masonry strength which is 2.5 MPa (for 350 kg m–3 cement content).
	Masonry




	 
	100%
	18

	To ensure its compressive strength beyond the requirement of masonry strength which is 2.5 MPa.
	Masonry




	60%
	 
	16

	To get the lightweight concrete at the unit weight of 1,780 kg m–3
	Lightweight concrete




	40%
	 
	15

	To get the lightweight concrete with unit weight which is less than 1,800 kg m–3 (maximum constraint of unit weight the lightweight concrete)
	Lightweight concrete




	60%
	 
	15

	To obtain the lightweight concrete (1,780 kg m–3 unit weight)
	Lightweight concrete




	 
	20%
	18

	Rubber tire crumbs can be used in lightweight structural elements.
	Lightweight structural element





From Table 5, it can be concluded that the most appropriate calculation for used rubber tire crumbs to be included in mortar bed joint to increase the ductility is 60%, because they are qualified as lightweight concrete/mortar, and they can pass over the minimum compressive strength of masonry.

3.3            Model for Future Studies

Previous studies have shown many laboratory investigations on the application of rubber tire crumbs in concrete technology. However, these studies are limited to material testing such as compressive and tensile strength tests of the concrete cubes or cylinders.5,18,23,27 No study has been conducted to apply the rubber tire crumbs as supplementary material in a mortar and its application in masonry brick wall. Therefore, further studies are needed to investigate the strength and ductility properties of mortar containing rubber tire crumbs, and ductility behaviour of masonry brick wall. A laboratory model of a brick wall can be carried out to obtain the ductility behavior by applying a horizontal loading system as designed in Figure 8.11 A specimen of the masonry wall is fabricated with various rubber tire crumb content in the bed joint to determine the load-deflection behaviour of the wall.


The model test will produce load-deflection curve and typical cracks propagation for various walls type. The typical curve and crack pattern will determine the degree of ductility of the walls. To obtain a general masonry brick wall behaviour, the laboratory test needs to be verified using a finite element analysis. A computer software, Abaqus or other programs can be used to model and to verify the laboratory model test.
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Figure 8:      The loading set up of (a) specimen of the wall,, (b) loading frame set up.11



4.           CONCLUSION

A review of previous studies on the potential use of rubber tire crumb in structure and concrete technology has been presented. In general, rubber tire crumb is categorised as lightweight materials. Thus, the material is beneficially used in lightweight concrete and earthquake resistant building. Some findings from the review can be noted that rubber tire crumbs have a high potential to be used as a substitution material in the mortar bed joint to increase the ductility of masonry brick wall because of the ability to undergo a large elastic deformation before failure. The recommendation of used rubber tire crumb content in the mortar bed joint to increase brick masonry wall ductility is 60%, to be qualified as lightweight concrete/mortar and to pass over the minimum compressive strength of masonry.15,16 As for structural elements, rubber tire crumb contents should not exceed 20% of the total aggregate volume.18 Further studies need to be carried out in the laboratory to model the load-deflection of the brick wall by applying a horizontal loading system. The model needs to be verified by a finite element analysis to obtain a general load-deflection model of masonry-brick wall.
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ABSTRACT: Shear strength degradation in plastic hinge region occurring due to the shear strength by concrete mechanism, Vc, decreases with an increase in the curvature ductility under cyclic loading. Before cracking occurs, the contribution of the transverse reinforcement to the shear resistance is insignificant and the whole shear force is resisted by the concrete mechanism. The stress development in the transverse reinforcement is initiated after the occurrence of cracking in the concrete. Thereafter, the failure mechanism will be controlled by the amount of transverse reinforcement (Vc = 0), thus making shear strength provided by the transverse reinforcement, Vs increases. To reduce the requirement of Vs and maintain Vc, a new alternative system was developed for the beam in flexural plastic hinge zone by embedding a steel truss. An experimental study presented herein focused on the shear strength behaviour of steel truss embedded in flexural plastic hinge zone of a reinforced concrete beam subjected to reversed cyclic loading. One beam was constructed and tested in this study, with significant diagonal cracking along the shear span and flexural plastic hinge zone, referred to as the shear-flexure failure, appearing in the tested specimen. Observation from the experiment indicated that the application of steel truss embedded in flexural plastic hinge zone of a reinforced concrete beam has a positive effect to increase the shear strength of the tested beam, compared with that without steel truss. The test result revealed that the shear-flexure failure dominant occured close to support face as well as plastic hinge area. The observation showed that the presence of steel truss in flexural plastic hinge zone can adequately inhibit the change of brittle shear failure, thus making the system promising for seismic resistant structures.

Keywords: Shear strength, flexural plastic hinge zone, steel truss, reinforced concrete beam

1.           INTRODUCTION

Shear deformation due to an increase in flexural ductility causes shear strength degradation in plastic hinge zones, as a result of nominal shear stress reduction by the concrete due to large shear strength. The nominal shear stress can be resisted by concrete elements that decrease with increasing flexural ductility under cyclic loading. During a major earthquake, the performance of critical regions will be greatly determined by the amount and details of the reinforcement. Inadequate reinforcement will cause significant strength and stiffness degradation or pinching effects in the inelastic displacement performances. In beam, the critical regions are commonly close to column faces and/or within the span. The location of the critical regions greatly depends on the combination of the applied gravity load, seismic forces and the detailing and curtailment of the reinforcement. Flexural ductility increase (Figure 1) causes the degradation of shear strength in the plastic hinge zones, and the reinforced concrete beam section will crack and spread immediately, resulting in shear failure of the beam. In Figure 1, the degradation of shear strength values symbolised by a factor k is equal to 0.20 in calculating shear strength, Vc (or k = 0.17).2,3
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Figure 1:      Degradation of nominal shear stress resisted by the concrete with imposed cyclic curvature ductility factor.2




The seismic region, both at beams and columns are particularly vulnerable to shear force. Reversed loading cycles cause crisscrossing inclined cracks which cause Vc to decrease and disappear. When large shear forces are transmitted to a section at the ultimate moment, the distribution of the flexural strains in the concrete and the steel can be affected. The tension induced in flexural reinforcement by the forces is associated with truss mechanism. When the flexural reinforcement has yielded, the diagonal cracks increase in width, and it is prudent to assume that very little shear can be transferred by either aggregated interlock or dowel action. Consequently, nearly the whole shear force will have to be transferred to the compression zone of the vertical section adjacent to the support.

The strength of the truss mechanism increases as the displacement ductility increases up to the ultimate load. At the ultimate load, stirrups may or may not yield. The ultimate degradation of the truss mechanism is triggered by the stirrups yielding or softening of the diagonal concrete strut. The shear strength of reinforced concrete members under load reversals is usually smaller than that under monotonic load. The smaller shear strength is caused by the reduction of shear transfer of concrete in the compression zone. Load reversals in the plastic range cause residual tensile strain in the compression zone of concrete, and this residual strain prevents the shear transfer of concrete. It is difficult to determine the shear strength of reinforced concrete members under load reversals because the shear strength is governed by the yield strength by the bending or yield point and the amount of longitudinal reinforcement.4,5

Under load reversals, shear deformations cannot be calculated in an accurate way because interference with the flexural deformation causes large errors in the measurements, the expansion of hinge region and the elongation of reinforcing bars. At later stages of cyclic loading, buckling of longitudinal reinforcement adds further complications. Shear deformations at plastic hinge regions are mainly due to sliding along crack faces and increase due to residual tensile strains in the longitudinal flexural reinforcement. Shear sliding can be significant even for moderate shear demand. The flexural cracks cannot resist shear forces, and as a result, sliding shear deformations cause a degradation of the flexural strength.4

There are various studies on shear design in the plastic hinge member to reduce shear degradation due to flexural ductility in reinforced concrete members.5,7–9 The results of these studies showed that the stiffness and the shear strength decrease progressively in reinforced concrete, although the number and diameter of the transverse bar can ensure sufficient and confined concrete core capabilities in resisting shear imposed by cyclic loading. It indicates that the configuration of transversal bars is unlikely to reduce the shear degradation due to an increase in flexural ductility in reinforced concrete members. Alternative shear design that has been studied to reduce the ductility of flexural reinforced concrete structures is the addition of steel profiles into reinforced concrete/steel shape encased in concrete.9–12 The results of the investigation show that the composite steel encased in concrete has excellent ductility and strength if restrained on concrete core around profile insufficient in areas of the flexural plastic hinge.

Composite steel-concrete structures represent an efficient and economical form of construction for building and bridge applications. Composite steel-concrete structures are widely used throughout the world leading to economical and efficient structural solutions. Their design ensures a number of limit states, e.g., ultimate and serviceability, to be satisfied. In light of these observations, an experimental study on the mechanical behaviour of steel truss embedded in reinforced concrete beam subjected to reversed cyclic loading is conducted through the tests of one full-scale specimen. The objectives of this study were to investigate the failure modes of the reinforced concrete beam, study the influences of embedding steel truss in flexural plastic hinge zone on the shear strength and behaviour of the reinforced concrete beam, and propose a new design method to prevent shear failure of the reinforced concrete beam. Considering the state of practice of composite structures, there are needs and opportunities for developing innovative and more efficient systems to achieve better performance and lower costs of fabrication. Steel truss embedded in concrete prevents buckling of the compression steel members, increases the strength up to the yield level as well as improves shear behaviour. For these purposes, a cyclic test procedure for reinforced concrete was implemented to reproduce the demands on a beam’s critical region. This test procedure involves the displacement history, starting from the lateral load effects where failure takes place or when the drift exceeds specified limits.

2.           EXPERIMENTAL

2.1            Material Properties

The reinforced concrete specimen was a rectangular beam with a cross-section of 170 mm in width and 300 mm in height (Figure 2). In terms of mechanical characteristic, the average cylindrical compressive strength at the time of the test specimen was f′c = 25.76 MPa (Table 1). Concrete mix material consisted of Portland Composite Cement (PCC), sand and crushed stone aggregate size are passed through of 10 mm.


Table 1:    Reinforcement properties of cantilever beam properties.



	Details of material properties
	 
	 



	Longitudinal bar (Ø = 16 mm)
	fy (MPa)
	410.56



	Transverse reinforcement (Ø = 4 mm)
	fy (MPa)
	584.85



	Concrete compressive strength
	f′c (MPa)
	25.76



	Diagonal bar of steel truss (Ø = 13 mm)
	fy (MPa)
	423.68



	Plate of steel truss (t = 3 mm and d = 50 mm)
	fy (MPa)
	202.92




2.2            Description of Test Specimen

In the test, the beam reinforcement detailing, the location of five strain-gauges and three displacement transducers used in the test that had potential to develop are shown in Figure 3 corresponding to the beam plastic hinge zones.6 The design of reinforced concrete member cross sections subjected to shear shall be based on:3
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where shear reinforcement perpendicular to axis of member is used:
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with Av the area of shear reinforcement within spacing s, Vu the shear strength at the section considered and Vn nominal shear strength. Vn is calculated by the following equation:

[image: art]

Here, Vc is the nominal shear strength provided by the concrete beam and calculated as follows:

[image: art]

where fc′ is the compressive strength of concrete, bw is the width of the beam section and d is the effective height of the beam section.

Based on truss model, the shear design of reinforced concrete beam using steel truss as reference material embedded in flexural plastic hinge zone of the beam was investigated and expected to be able to resist high shear loads in the structural members imposed by cyclic loading. The concept of design for reinforced concrete members with steel truss is by embedding a steel truss (Figure 2) into a reinforced concrete beam.
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Figure 2:      Dimension details of test specimen for (a) details of frame structure, (b) details of steel truss.



In this design, the magnitude of the shear strength, Vu provided by the concrete, Vc (Equation 4), transversal bar, Vs (Equation 2) and diagonal steel bar, Vt, which is calculated based on the yield strength of diagonal bar, fy:6
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Vt is calculated as follows,
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where Vt = the steel frame shear force (kN), At = 0.25πD2 (mm2), with D the diagonal bar diameter (mm).

Shear strength provided by steel plate should be made larger than the shear forces provided by diagonal steel bar. Shear provided by steel plate is represented by the following equation:
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where, Vpt = shear provided by steel plate (kN), Apt = bt (mm2) with b the width of plate (mm) and t = plate thickness (mm). Shear design using a steel truss was calculated by assuming a large shear force provided by the steel truss, Vt was the same or close to the shear forces provided by concrete, Vc, and the value of Vc taken equal to zero. At both ends of the beam, hoops shall be provided over a length of at least 2h measured from the face of the supporting member toward midspan as well as plastic hinge region. The first hoop shall be located not more than 50 mm from the face of the supporting member. The spacing of hoops shall not exceed the smallest of these parameters: (1) d/4; (2) eight times the diameter of the smallest longitudinal bar enclosed; and (3) 24 times the diameter of the hoop bar and 300 mm. Transverse reinforcement spacing shall not exceed d/2 throughout the length of the beam.3

Based on these provisions, the calculation of the shear strength of the beam with steel truss embedded in plastic hinge zone can be seen in Table 2. The value of Vn was provided by Vc + Vs + Vt in plastic hinge zone of beam only and Vu was provided by the capacity moment of longitudinal bars divided by beam length.

Table 2:    The shear strength of beam with steel truss embedded in plastic hinge zone.
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2.3            Cyclic Test and Loading History

The experimental campaign was carried out in the Structure Laboratory of Universitas Gadjah Mada, Yogyakarta, Indonesia. This laboratory has two loading frames and a strong floor. The equipment in the tests was a mechanical actuator with ± 100 kN capacity for horizontal loads up to 200 mm (±100 mm) displacements (Figure 3). The specimen was tested according to the American Concrete Institute (ACI) T1-1R-05 (Figure 4), with the application of reversed cyclic displacement history with increasing amplitude.2 The displacement steps were ±Δ = ±0.20%, ±0.25%, ±0.35% ±0.5%, ±0.75%, ±1.0%, ±1.40% ±1.75%, ±2.20%, ±2.75%, ±3.5% and 4.0%. Three complete cycles were performed for each step.

Three data-gathering systems were used in this study: (1) a load cell and a displacement transducer attached to the hydraulic actuator; (2) electrical resistance strain gauges attached to the longitudinal members as well as to the web bars, diagonal bars and plate of steel truss (if any) at selected points; and (3) photographic records of damage to the specimen. All strain gauges were connected to a data logger for recording the data. The data was recorded at intervals of 10 s to determine the complete response history.
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Figure 3:      Cyclic test set-up arrangement.
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Figure 4:      Test sequence of displacement control cycles.1



3.           RESULTS AND DISSCUSSION

3.1            Hysteretic Response and Load Carrying Capacity

The lateral load-displacement plot (hysteretic loops and backbone curve) for test specimen is shown in Figures 5 and 6 and the displacement at peak load is shown in Table 3. As seen in Figures 5 and 6, the ultimate load was 74.5 kN, higher than Vn with Vt but lower than Vn with V2t from analysis result in Table 2. This value was quite satisfactory between these previous two values Vn1 and Vn2. As seen from these figures and table, and through comparison with the analysis result in Table 4, it can be concluded that this system has potential to develop in the future. Embedding a steel truss without in-situ welding have simplified labour working thus making it more efficient. Besides, it can moderately increase the shear capacity of the beam in plastic hinge zone.
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Figure 5:      Hysteretic loops of test specimen.
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Figure 6:      Hysteretic loops of test specimen.




Table 3:    Peak load vs. displacement of test specimen under cyclic loading.



	Peak load
	Drift (%)
	Load (kN)
	Displacement (mm)



	Positive peak load
	3.75
	74.50
	44.91



	Negative peak load
	3.00
	74.50
	35.53




Table 4:    Comparison of test and analytical result at ultimate stage.
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3.2            Crack Pattern and Failure Mode

Propagation of cracks was marked and photographed to show the extent of cracking pattern taken at specified displacement levels. During all cycles, much shear-flexure cracking was observed on the beam. An initial flexure cracking was observed in the second drift at 0.25% on the face of the support structure, significant diagonal cracking appeared in the middle of the beam at 0.75% above the plastic hinge zone (600 mm from fix end of the beam) shown in Figure 7. These results indicated that the use of steel truss will increase the shear capacity of the beam in the flexural plastic hinge area. However, the interaction of shear and moment at plastic hinge region makes an initial shear-flexure cracking appear in this area immediately.

Figures 8 and 9 respectively show the crack patterns in the middle observation at drift 1% to 2.75%. Significant shear-flexure cracking widely appeared and increased steadily in the entire of the beam and concentrated at the plastic hinge zone, indicating that the shear demand in this zone was greater than the other area of beam. When the beam reached its peak load, no more cracking appeared at the beam, but the existing cracking became wider and deeper, particularly in the plastic hinge area.

After the observation, all the concrete in plastic hinge area was removed as shown in Figure 10. As the figure has shown, there was no significant reinforcement buckling in this area, and the steel truss still settled in its place. This indicated that this innovative system can raise the shear capacity of beam and set to work simultaneously with other reinforcement to keep the shear strength until the beam reaches its peak load.
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Figure 7:      Crack patterns in drift 0.25% to 0.75%, showing (a) crack patterns in the entire beam, (b) shear-flexure crack patterns in plastic hinge zone.
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Figure 8:      Crack patterns in drift 1.00% to 2.75%, showing (a) dominant shear-flexure cracking in plastic hinge zone in the middle of drift, (b) significant shear crack patterns in plastic hinge zone close to final drift.
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Figure 9:      Crack patterns in the final drift at 4.00%, showing (a) side view of shear-flexure cracking pattern in plastic hinge zone at the end of drift, (b) significant shear cracking pattern in plastic hinge zone in the final drift.
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Figure 10:    Appearance of reinforcements and steel truss after observation, showing (a) reinforcements condition after investigation, (b) longitudinal bars buckling and steel truss appearance.




4.           CONCLUSION

From the limited experimental observation reported in this paper, a number of conclusions are drawn. This new and innovative system offers many advantages. It completely eliminates both the need for shear connectors between steel truss and surrounding concrete. The system also needs no welding, and all of the structures are quite labour intensive, with the design and detailing of the elements significantly simplified, thus becoming more efficient. The presence of steel truss can adequately inhibit the change of brittle shear failure, thus making the system appear promising for seismic resistant structures and the use of steel truss can raise the shear capacity of the beam in the flexural plastic hinge area. However, the interaction of shear and moment in plastic hinge zone makes an initial shear-flexure cracking appear in this area. This system has an opportunity to develop in the future for another element such as the column.
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ABSTRACT: Bridge is an infrastructure that has an important role in economic activities of the community. Throughout its service period, a bridge experiences various problems due to environmental factors and traffic loads. This study is focused on investigating the conditions of concrete bridge infrastructure in Surakarta, Indonesia based on fuzzy expert system method developed with Octave open source software as tool. This study is conducted by building a fuzzy expert system application based on bridge members’ conditions to obtain overall level performance of the bridge. In general, this research is divided into three parts. Firstly, to conduct surveys of several bridges conditions as sample data for application. Secondly, to build a model of fuzzy membership function and fuzzy inference engine for each type of bridge condition. Thirdly, to develop an application of fuzzy expert system based on the model developed with Octave. The result of the research can be used in an expert system application to determine the condition level of the bridges.

Keywords: Bridge investigation, concrete bridge, fuzzy expert systems, Octave, Surakarta

1.           INTRODUCTION

Surakarta is an important city and is one of Indonesia’s national economic centres, especially in Central Java. In the last few decades, the growth rate of the transportation sector, including in the city of Surakarta, has shown a marked increase. This is evidenced by the increasing number of automotive transportation facilities with annual growth of more than 10% or 22,534 vehicles per year.1,2 With the increasing number of public transportation services, availability of reliable transportation infrastructure is necessary.

One of the primary transportation infrastructures in our life is bridge. As a bridge has an important role in sustainability of infrastructure network, it is necessary to ensure its service and functions are within expectation. It is important to maintain its performance during the planned service life to prevent incidents that may shorten its service period. A bridge built to last 25 years of service, for example, may only perform optimally for only 10 years due to unforeseen circumstances.

Surakarta has more than one hundred bridges connecting transportation network for internal and external routes. Most of them are simple slab concrete bridges. According to guidelines issued by the Indonesia’s Ministry of Public Work, a concrete bridge has two main components in supporting its performance: upper structure and substructure. The upper structure contains deck/slab and beam, whereas the substructure has foundation and pillar components, including abutments. For certain reasons, the bridge investigation is conducted in a simple way rather than using the Bridge Management Systems (BMS) module.3,4 An inspector observes the visual aspects of a bridge such as crack or deflection of the bridge members.5 Previous research has faced problems when implemented in the field area due to shortage of resources, quality of inspector, tools required and high expense, although they promise an accurate results.6,7 The form of investigation is designated to collect the general data of a bridge and some visual observations with six level (levels 0 to 5) of conclusions: very good, good, moderate, bad, very bad, and collapse.3 Each bridge component has particular damage behaviours different from others. For instance, a beam has weakness in deflection, while a pillar has flexural/horizontal deformation. The important indicator is that if any component has a level-5 damage, the overall bridge structures are at the point of collapsing.

Octave, a freeware mathematical program, provides a fuzzy logic algorithm module. Fuzzy logic is an approach to solve problems that have uncertainty in their values or a range of values. Considering the research problems, i.e., structures of concrete bridges, this approach is the most suitable among others.

Previous studies relating to fuzzy logic for concrete bridge damage were done by Setiono and Sofa Marwoto using the Delphi programming language and BMS as a reference. The developed software, however, was difficult to apply because due to its detailed complexity and requirements of big data.6,7


2.           LITERATURE REVIEW

2.1            Octave

GNU Octave is a high-level language intended for numerical computations. It provides a convenient command line interface for solving linear and nonlinear problems numerically, and for performing other numerical experiments using a language compatible with Matlab. It may also be used as a batch-oriented language.

Octave has extensive tools for solving common numerical linear algebra problems, finding the roots of nonlinear equations, integrating ordinary functions, manipulating polynomials, and integrating ordinary differential and differential-algebraic equations. It is easily extensible and customisable via user-defined functions written in Octave’s own language, or using dynamically loaded modules written in C++, C, Fortran or other languages.8

2.2            Fuzzy Logic

A fuzzy logic can be considered as an approach to map an input space into an output space. This logic operates a fuzzy set to get the expected output. The fuzzy set can be defined as a class/category of objects with values or degree of membership that is continuum (continuous). This set accommodates reality which appears in the real physical world where often criteria/values obtained cannot be clearly/exact value and is at a range curve value. Fuzzy concept accommodates some truth, where the correct value (one value that signifies that a statement is true) is between completely true and completely false. In classical logic theory, the only possible truth is true (true) or false, but theory fuzzy logic allows more true values in the range between true (true) to false. The most important application of fuzzy system (fuzzy logic) is in uncertain issues. When a problem has a dynamic behaviour, fuzzy logic is a suitable tool dealing with this problem.9

3.           RESEARCH METHOD

3.1            Location

This research takes place in Surakarta city with five concrete bridges as the research subjects in building the model of fuzzy expert systems. The markers on the Figure 1 show the location of bridges of this study in Google Maps view.
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Figure 1:      The location of research (source: result of the research).



Table 1:    The list of five bridges in Surakarta as subject of the research.



	Name of bridge
	Street
	Year built

	Dimension (m)




	Length

	Width

	Span




	Maris
	Jl. Walanda Maramis
	1960

	76.0

	5.8

	5




	Nayu
	Jl. Letjen Sutoyo
	1980

	8.0

	9.7

	1




	Transito
	Jl. Griyan Transito
	1980

	22.4

	7.2

	2




	Jongke
	Jl. Dr. Rajiman
	1970

	21.7

	15.8

	2




	Kajen
	Jl. Yos Sudarso
	1970

	17.2

	16.9

	1





Table 1 indicates that most of the bridges have been around for more than 30 years. Their lengths vary from 17.2 m to 76 m and the spans range between 1 and 5. The numbers indicate that the bridges are potentially operating at low-performance condition.

3.2            Fuzzy Inference Systems

The fuzzy approach used in this research is in accordance to Mamdani method, i.e., the output of defuzzyfication representing crisp value, a method built for a fuzzy systems to control a steam engine and boiler combination based on experienced human operator.10

There are generally four steps in applying fuzzy inference systems: develop input of real world facts as fuzzy sets; build rule evaluation; aggregate the rule outputs; and defuzzyficate to get the final result. Figure 2 shows the second process to four steps of fuzzy inference systems using Mamdani method.
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Figure 2:      Example of the Mamdani data flow style rule evaluation, aggregation of the result, defuzzyfication.10



4.           RESULTS AND DISCUSSION

4.1            Proportion of Concrete Bridge Components

According to the Ministry of Public Works, the capability of a bridge is distributed across five major components, i.e., deck, beams, parapet, foundation and pillar/abutments.3 In this research, as the foundation components are located underground, and the behaviour related to pillar/abutment cannot be observed, they are ignored in the calculation. Accordingly, the parapet is also ignored. To determine how much a component contributes/supports performance of a complete concrete bridge, a survey has been undertaken with several experts in bridge structures as respondents. The main support components are presented in Table 2. Each proportion becomes a final multiplication factor to the result of each fuzzy process. The biggest proportion is found to be at the beam, while the least is the deck.


Table 2:    The proportion of concrete bridges components support.



	Components
	Proportions for overall bridge capability



	Beam
	33.75%



	Deck
	16.25%



	Pillar
	25.00%



	Abutment
	25.00%




4.2            Membership Functions

In developing membership function for each component of a concrete bridge, the types of damage are chosen based on the major damage that can lead to bridge component collapsing and the damage visually can be observed; a beam is critical in deflection and crack with the maximum deflection value of 6.25% and crack of 10%. The deck has both crack and spalling, maximum at 10%. The pillar and abutment have the same factors, i.e., settlement and pop out, but the values are 10 cm and 10% for pillars, and 5 cm and 10% for the abutment. The input membership function for each factor is divided into five categories: very low (VL), low (L), medium (M), high (H) and very high (VH). Meanwhile, the membership function for output is categorised into 5: very bad (VB), bad (B), medium (M), good (G) and very good (VG).
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Figure 3:      Membership function for pillar, with (a) deflection, and (b) pop-out.
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Figure 4:      Membership function for beam with (a) deflection, and (b) crack.



Figures 3 to 7 show the graphical membership function for the input of each bridge component. Figure 7 is graphical membership function for output. It ranges from 0% to 100%, from lowest level of bridge condition to its highest level. Octave is used as the fuzzy logic toolkit.
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Figure 5:      Membership function for deck, with (a) crack, and (b) spalling.
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Figure 6:      Membership function for abutment, with (a) settlement, and (b) pop-out.
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Figure 7:      Membership function for output (all components).



4.3            Rule Base

The rule base is the main part of the Fuzzy Inference System (FIS), and the quality of results in the fuzzy system depends on the fuzzy rules. A procedural reasoning known as the compositional rule of inference enables conclusion to be drawn by generalisation from the qualitative information stored in the knowledge base.9 The following table summarises part of the rule base for all components, with each component has 25 rule bases. Accordingly, the rest of components have the same pattern as the table.


Table 3:    Rule base for pillar.



	Order of rule
	Input

	Output




	 
	Deflection

	Pop-out

	 



	1
	VL

	VL

	VG




	2
	VL

	L

	G




	3
	VL

	M

	G




	4
	VL

	H

	M




	5
	VL

	VH

	B




	…
	…

	…

	…




	25
	VH

	VH

	VB





4.4            Final Result

Table 4 shows the input for the model according to visual observation in the field. For the 5 bridges investigated, there are various values of deterioration, but all bridges have the same deflection at beam, i.e., zero value. Each pair of component data was then inputted into the systems developed using rule base described in Table 3.

Table 4:    The input pair of concrete bridges components.
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Table 5 shows the rating of bridges observed based on the given rule base in Table 3. The final result of each component is multiplied by the proportion shown in Table 2 which results in the rating for the bridge as a whole. The rating values, consequently, are translated into language based on the output model of fuzzy expert systems.


Table 5:    Rating of the concrete bridges observed.
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Based on Table 5, it can be seen that two bridges are operating at a bad level and need immediate attention. Two other bridges, meanwhile, are in medium condition that also require attention in the next coming few years. Another bridge has a good rating but still requires routine check to ensure that the bridge is operating at optimal service.

5.           CONCLUSION

In this work, a model for bridge investigation based on fuzzy expert systems has been developed and applied. From the five bridges observed, two bridges showed a bad rating, two others are in medium condition, and one is operating at a good level but it still requires routine check for optimal service. Based on the built date of bridges observed, it can be generally accepted that bridges have low rating after a length of service of longer than 30 years.
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ABSTRACT: Reinforced concrete buildings are the preferred choice of water constructions such as harbour, dock, offshore construction, and other seawater structures that cannot be separated from the influence of adhesive environments. Adhesive environment can lead to expansion and corrosion. Furthermore, crystallisation of salt content in reinforced concrete pores can even lead to a decrease in reinforced concrete strength. This study aims to determine the effect of seawater content on the physical properties of concrete. The study was carried out on cylindrical test specimens with 150 mm and 300 mm diameter in wet and dry conditions immersed in seawater from the Indian Ocean (Trisik Beach, Indonesia). The specimens were tested after 28 days and 90 days. The comparator used a freshwater-immersed concrete cylinders test object. The results showed that after 28 days, the concrete strength of concrete immersed in seawater increased, but after 90 days, the strength decreased. Wet conditions on concrete will reduce the strength of concrete.

Keywords: Water content, water type, properties of concrete, reinforced concrete, seawater

1.           INTRODUCTION

Reinforced concrete material has become the main choice in the construction of main and complementary water structures. Harbour projects, docks, offshore construction structures, and other seawater structures cannot be separated from the influence of aggressive environments, which consist of the effects of seawater, air and solutions containing sulphate salts chloride, sulphuric acid and other additives. The most serious effect of seawater on reinforced concrete structure is the salt (NaCl) reaction. Salt triggers expansion, corrosion and crystallisation of salt content in reinforced concrete pores that have certain permeability value. Furthermore, it may lead to a decrease in the strength of concrete bond.1

Based on research, the salt content in the process of making concrete may reduce the compressive strength of concrete by up to 8%.2 Mehta and Monteiro describe in detail how the chemical reactions occur between the salt elements contained in seawater, such as calcium chloride and magnesium chloride, and cement and hydration process. These elements may cause reduction in setting time.1 At first, the compressive strength of the concrete will be increased with the formation of Friedel’s salt, which is the result of the binding of chloride in the concrete as the salt fills the pores of the concrete. Chloride content in seawater can result in a reduction of Ca(OH)2 in the concrete, causing an increase in compressive strength.1 If the reaction happens for a longer period of time, strength will decrease and sulphate concentration in seawater can cause damage to the paste. In addition to these chemical reactions, if there is any surface which is in direct contact with the salt solution, the material will be damaged by the pressure caused by crystallisation of salt content in the pores which suppresses the pores of concrete walls. Due to the pressure, the concrete will break into small pieces.

The researchers examined the effect of seawater content on the strength of concrete in wet and dry conditions. As a comparison to the effect of seawater content on concrete, the researchers performed a test using fresh water. The observation used by the researchers is the physical nature caused by aggressive environment which, according to some theories, affects the strength of concrete by chemical and physical reactions.

2.           LITERATURE REVIEW

2.1            The Effect of Seawater Content on Concrete

The salt content in seawater consists of several components, namely NaCl, MgCl2 and MgSO4. It is very dangerous for seawater to come in contact with concrete during curing period because the concrete will absorb sea salt as the capillary action fills the pores of the concrete. This compound will result in loss of mass and strength, and acceleration of weathering process that reduce the service life of the concrete.3

Abualgasem et al. control the environmental influences that contain sulphate on concrete. The losses of mass and size of beam were observed. The first signs of size change in concrete occur in 84 days, followed by the appearance of cracks.4 The mechanism of damage caused by sulphur on concrete that receives loads in wet and dry conditions based on micro and macro observations was investigated by Gao et al.5 The research was conducted to determine the effects of action and reaction that happen in wet and dry conditions and the effect of crystallisation. In dry condition, the moisture which is reduced by evaporation makes salt crystallise faster. Salt crystals fill the pores of concrete to provide pressure that can aggravate the strength of the concrete.5

Wegian investigated the effects of mixing and curing concrete with seawater on the compressive, tensile, flexural and bond strengths of concrete. Concrete mixes were prepared by varying coarse aggregate, cement proportions and types. Concrete were cured in fresh water and seawater. The compressive strength increased for specimens mixed and cured in seawater at early ages up to 14 days, while a definite decrease in the respective strengths was observed for age more than 28 days up to 90 days.6

Mehta and Monteiro describe in detail how the chemical reactions that occur between the salt elements contained in seawater, such as calcium chloride and magnesium chloride, and cement and hydration process reduce the setting time.1 The clinker on Portland Cement contains four major chemical compounds: tricalcium silicate (C3S or 3CaO.SiO2); dicalsium silicate (C2S or 2CaO.SiO2); tricalcium aluminate (C3A or 3CaO.Al2O3); and tentrakalsium aliminoferrit (C4AF or 4CaO.Al2O3.Fe2O3).

Each of these chemical compositions will react with water, causing hydration reactions of the following chemical formulas: tricalcium silicate tobermorite calcium hydroxide gel, dicalcium silicate gel tobermorite calcium hydroxide, tricalcium aluminate gypsum ettringite, tricalcium aluminate calcium aluminate hydrate, and tentrakalsium alumino-ferrite calcium aluminoferrite hydrate. C3S and C2S are the most dominant compounds in cement and play a role in increasing its strength, while C3A and C4AF act as the cementation catalysts of heat cement. Chemically, one of the cement hydration products is Ca(OH)2. This compound easily reacts to anything in the water content. On the other hand, Ca(OH)2 serves to protect galvanised steel from corrosion, meaning it maintains the passive nature of steel. Below are the chemical reactions of the hydration process that occur on cement when reacting to the chloride of seawater:

Hydration that occurs in C3S produces:
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Hydration that occurs in C2S produces:
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C3S (tricalcium silicate) and C2S (dicalcium silicate) are two of the four chemical compounds of cement. When Ca(OH)2 reacts with NaCl from seawater, the following reaction occurs:
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CaCl2 will react with one of the chemical compositions of cement, i.e., C3A, and produce Friedel’s salt. Cement hydration produces calcium hydroxide and calcium aluminate hydrate. Calcium hydroxide is alkaline, hence the concrete is sensitive to sulphate salt. The reaction between magnesium sulphate and calcium hydroxide will produce gypsum. CaSO4 reacts with C3A from cement and water to form ettringite.1

Similarly, like rust on iron, the ettringite that occurs increases the volume of concrete, pushing the mass of concrete and causing rupture. At first, the compressive strength of the concrete will be increased by the formation of Friedel’s salt which is resulted from binding chloride in the concrete. Chloride content in seawater can reduce Ca(OH)2 in the concrete causing an increase in compressive strength. If Ca(OH)2 is applied for a longer period of time, the strength will decrease and sulphate concentration in seawater can cause damage to the paste. In addition to these chemical reactions, if there is any surface which is in direct contact with the salt solution, the material will be damaged by the pressure caused by crystallisation of salt content in the pores which suppresses the pores of concrete walls. Due to the pressure, the concrete will break into small pieces.

2.2            The Effect of Wet and Dry Conditions on Concrete Strength

Neville reported that concrete immersion process can be used as a concrete treatment.3 Immersion serves to help the cement hydration process, controlling temperature and moisture level in concrete so that it is in water saturated condition. The required moisture level of concrete to be able to continue the hydration process is no less than 80% with temperature.

Wet and dry conditions of concrete affect the strength of the concrete. Soroka and Baum have proven that dry condition of concrete has around 13% better strength than wet conditions. Wet and dry conditions are distinguished by humidity and temperature.7 Abualgasem et al. performed wet and dry tests for 18 months. The time required to achieve dry conditions is 10 days to 1 month. The ratio of the periods required to achieve dry and wet conditions is 1:3.4

3.           EXPERIMENTAL

This research used an experimental method with the aim to determine the effect of seawater content on the physical properties of concrete. The tests conducted in this study included concrete forming materials, immersion in seawater, and compressive strength using concrete cylindrical test specimens in wet and dry conditions. Cylindrical test specimens with 150 mm diameter and 300 mm diameter were tested with a 2000 kN Compression Testing Machine (CTM) to determine the amount of compressive strength of the concrete. The amount of strain that occurred was read using a set of concrete strain reader dial with 0.01–10 mm precision.

Normal concrete mix was made manually using Indonesian National Standard (SNI) 03:2834:2000 alloy, the reinforced plan was 25 MPa. The range of the rough aggregate size was 10 mm to 19 mm. The cement used in making normal concrete mix was Pozzolana Portland Cement (PPC). FAS value in making concrete mixture was 0.5. The proportion of fine aggregate weight to the mixture was 30%. After 1–2 days of concrete casting, specimens were cured. Concrete treatment was done to keep the fresh concrete surfaces moist. Concrete surface moisture was maintained to ensure that the cement hydration process proceeded perfectly, increasing the resistance of the concrete to weather, and making the concrete more waterproof. Water immersion was performed as a comparison with seawater immersion. Immersion was performed for 28 days and 90 days.

In dry specimens, the test object is left at room temperature until it reached the saturated surface dry (SSD) condition. The test specimens were set to have around 90% humidity approximately. Variations of the specimens used in concrete compressive strength test after immersion can be seen in Table 1.


Table 1:    Variations of concrete cylinder test materials.



	Code
	
Amount

	Age of concrete (Day)



	Immersed in seawater

	Immersed in fresh water




	SB – B
	3

	3

	28




	SB – K
	3

	3

	28




	SB – B
	3

	3

	90




	SB – K
	3

	3

	90





Notes: SB – B = concrete cylinder in wet conditions; SB – K= concrete cylinder in dry condition

4.           RESULTS AND DISCUSSION

4.1            Compression Strength of Concrete

The results of compressive strength test for 28 days and 90 days of each variation can be seen in Tables 2 and 3 respectively. The compressive strength of concrete was tested using concrete cylinders specimens with 30 cm height and 15 cm diameter. During the compressive strength test, strain was observed. The strain observation was performed to describe the comparison between the stress and strain curves of concrete to determine the amount of elastic modulus. The amount of elastic modulus of concrete is obtained from the stress and strain curves. Strain (ε) is obtained from comparing the shortening (ΔL) with the initial length of the cylinder (l). The strain curves of the concrete cylinders at various conditions on day 28 can be seen in Figures 1 to 4. The strain curves of the concrete cylinders at various conditions to calculate the elastic modulus of concrete on day 90 can be seen in Figures 5 to 8.

Table 2:    Compression strength of concrete on day 28.

[image: art]


Notes: SAIK – SA3K = Dry cured freshwater cylinder; SLIK – SL3K = Dry cured seawater cylinder; SLIB – SL3B = Wet cured seawater cylinder; SAIB – SA3B = Wet cured freshwater cylinder

Table 3:    Compression strength of concrete on day 90.

[image: art]

Notes: SAIK – SA3K = dry cured freshwater cylinder; SLIK – SL3K = dry cured seawater cylinder; SLIB – SL3B = wet cured seawater cylinder; SAIB – SA3B = wet cured freshwater cylinder.
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Figure 1:      Stress and strain diagram of cylinder immersed in fresh water in wet condition for 28 days.
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Figure 2:      Stress and strain diagram of cylinder immersed in seawater in wet condition for 28 days.
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Figure 3:      Stress and strain diagram of cylinder immersed in fresh water in dry condition for 28 days.
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Figure 4:      Stress and strain diagram of cylinder immersed in seawater in dry condition for 28 days.







[image: art]

Figure 5:      Stress and strain diagram of cylinder immersed fresh water in wet condition for 90 days.
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Figure 6:      Stress and strain diagram of cylinder immersed seawater in wet condition for 90 days.
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Figure 7:      Stress and strain diagram of cylinder immersed fresh water in dry condition for 90 days.
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Figure 8:      Stress and strain diagram of cylinder immersed seawater in dry condition for 90 days.



4.2            Compression Strength of Concrete

Observation of concrete cylinders in wet and dry conditions referred to previous theories and research.


Table 4:    Concrete cylinder in wet and dry conditions on day 28.

[image: art]

Table 5:    Concrete cylinder in wet and dry conditions on day 90.

[image: art]


4.3            Analysis of Test Result

Experimental observations indicate that the strength of concrete immersed in seawater for 28 days increased by 3.56% in dry condition and 8.75% in wet conditions. This condition is consistent with the theory presented by Mehta and Monteiro, and Wegian and Falah that the presence of chloride in seawater can increase the strength of concrete by creating Friedel’s salt reaction.1,6 Figure 9 shows that 90 days after immersion, the strength of the concrete immersed in seawater decreased by 12.44% in dry conditions and 12.36% in wet conditions. The decline is caused by the presence of microcrack that occurred in the pores of the concrete due to salt crystallisation and ettringite reaction. The results of this experiment support the theory proposed by several sources in terms of the effect of seawater content on the strength of concrete.


[image: art]

Figure 9:      Comparison of concrete strength immersed in seawater and fresh water.



Some theories suggest that the strength of concrete is directly proportional to the life of the concrete. The concrete strength of the concrete specimens initially increased rapidly, but after 28 days, the increase became progressively slower. For comparison, the strength of concrete immersed in freshwater for 90 days increased by 6.26% in dry conditions and 17.57% in wet conditions from the strength at 28 days. The increase of concrete strength based on the age of the concrete can be seen in Figure 10 and Figure 11. The strength increase was influenced by the hydration process that occurs during the cement treatment. The strength of concrete immersed in seawater for 28 days and 90 days decreased by 9.58% in dry conditions and 3.92% in wet conditions.



[image: art]

Figure 10:    Relation of concrete strength and age in dry conditions.






[image: art]

Figure 11:    Relation of concrete strength and age in wet conditions.



Wet and dry conditions on concrete affect the strength of concrete. Based on Gao et al.’s explanation, the influence of sulphate in seawater can cause both macro and micro damage on concrete.5 Wet and dry conditions will impact the durability of concrete. From the experimental results, it can be seen that wet conditions, both immersed in seawater and fresh water, produced lower strength than in dry conditions. The strength of concrete immersed in fresh water declined by 10.64% and 10.72% on day 90. Meanwhile, on day 28, the strength of concrete immersed in seawater declined by 16.66% and 22.51%. The results show that the scale is not much different from the research by Soroka and Baum.7


5.           CONCLUSION

The present study supports the findings of previous research works and existing theories. Seawater content has a very serious effect on the shear strength of concrete. For up to 28 days, seawater content has a good impact on increasing the strength of concrete by chemical reactions in it. At 90 days, the results showed that the seawater content impacts the decline of concrete’s strength. Wet and dry conditions affect the strength of concrete. The strength of concrete always in wet condition will decrease by 10% to 22%. Therefore, it is necessary take considerations a number of aspects when planning a construction in an aggressive environment, especially in wet concrete conditions because it can reduce the strength of concrete as the concrete age increases.
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ABSTRACT: The minimum facility of wastewater treatment in batik home industry raises an environmental problem. Application of emulsion liquid membrane (ELM) in recovering textile dyes from industrial liquid waste is still an important alternative to solve the problem. Conventional ELM technology has problems of emulsion stability as well as used emulsion breaking. ELM system under Taylor-Couette column (TCC) offers solution for emulsion stability. Emulsion was prepared by using Span 80 as surfactant, kerosene as diluent, and hydrogen chloride as internal phase solution. Real batik industry wastewater was employed as external feed phase solution. Emulsion was produced using ultrasonic probe. The obtained emulsion was then mixed with the external feed solution in TCC. After extraction process, the sample was taken. The raffinate was taken to test final concentration of textile dye. The highest extraction efficiency of 99.4% was obtained from the system composed of external phase pH of 10 and HCl concentration of 0.5 M.

Keywords: Emulsion liquid membrane, Taylor-Couette column, textile dyes, wastewater, dyes removal

1.           INTRODUCTION

Being listed in the intangible cultural heritage of humanity, the demand of batik has seen a significant increase. Batik refers to fabric made by applying wax-resist dyeing technique. The motif is made either by drawing dots and lines using canting or printing the resist under a copper stamp. The applied wax resists the permeation of dyes; the process follows with the colouring of the fabric, removal of wax in the boiled water, and repetition of waxing and colouring process based on the desired motif and colour.

Traditionally, Indonesian batik is especially made in some areas in Java with various symbolic patterns. Batik home industries play a central role in certain areas, i.e., Pekalongan, Solo, Yogyakarta and Cirebon with its own characteristic pattern and colour. In Pekalongan, batik has improved the local small business economy. It was reported that in 2011 there were about 1,115 batik operators in Pekalongan.1 Despite the contribution in economic sector, batik production involves a huge amount of water, including in wax removal and dyeing processes, which contribute to environmental problems. Textile wastewater, available in alkali condition, contains many types of pollutants in high total dissolved solids (TDS) and suspended solids. The most visible contaminant is textile dye. The high consumption of sodium salt resulted in high concentration of sodium in the wastewater. Some heavy metals are also commonly found in the wastewater.2 This is because the textile dyes are usually metal-based compounds.3 Among the heavy metals available in textile wastewater are Pb, Fe, Cu, Cd, Zn, Ni and Cr.2,3 Monthly, a home industry processing 6,000–20,000 pieces fabric may release about 202.4 m3 wastewater.4 Unfortunately, within the batik home industry, only about 0.6% have their own wastewater treatment installation, while the others directly dispose their wastewater to the water body.1

Emulsion liquid membrane (ELM) is a promising alternative to liquid-liquid extraction process that is effectively applied to recover various acid/base, metals and dyes.5–10 The application of ELM in the recovery of textile dyes from industrial liquid waste is an interesting topic to be examined. A comprehensive study in the production of optimal emulsion has been done to efficiently recover the textile dyes. Previous research showed that the developed Taylor-Couette column (TCC) was effective to recover textile dyes from simulated wastewater.10 TCC was designed to overcome the limitations of conventional stirred vessel. It has been known that extraction under stirred vessel is facing problem of emulsion instability. The system requires high extraction speed to enhance its efficiency. However, running the stirred vessel in high speed could be detrimental to the emulsion. The entrapped solute would be released back through the broken membrane resulting in low extraction efficiency. The addition of surfactant that is expected to improve emulsion stability inhibits the penetration of solute, thus lowering extraction performance.


Solute extraction under TCC is a good potential for minimising membrane breakage and emulsion swelling.11,12 The low shear stress offered by TCC decreases emulsion instability, thus providing high extraction efficiency. As in conventional reactor, solute permeation mostly occurs around the stirrer, in which the TCC solute could permeate along the column that contributes to high extraction efficiency. ELM system done in TCC was able to extract almost all of textile dyes within 5 min.10 The application of counter rotating system has successfully increased extraction efficiency as well as accelerate extraction process. This in turn would be expected to lower the overall operational costs.

Nevertheless, the obtained result could not show the real condition of industrial textile wastewater as real textile wastewater contains some contaminants. The success of ELM process is determined by the liquid membrane performance. Therefore, further study to examine the performance and selectivity of liquid membrane in recovering textile dyes from real wastewater needs to be carried out.

2.           EXPERIMENTAL

2.1            Materials

The non-ionic surfactant of sorbitan monooleate which is commercially known as Span 80 was used as emulsion stabiliser. Low odour kerosene (Sigma Aldrich) was used as a diluent. Hydrogen chloride solution (37%, Merck) was used as internal phase. Methylene blue was used as a textile cationic dye. Deionised water was used to prepare all aqueous solutions. The research employed reagents of analytical grade. Span 80, NaOH (25%) and methylene blue were obtained from Merck. The aqueous feed solution was taken from the liquid waste of batik home industry in Pekalongan.

2.2            Experimental Procedures

This research offers the recovery of dyes from textile industrial liquid waste using ELM. ELM produced in this work was a water-in-oil-in-water (W/O/W) emulsion. It basically consists of three liquid phases, namely external, membrane and internal phases.

In the beginning, the W/O emulsion was produced based on optimum condition reported in previous study.13 The membrane phase consisted of kerosene and Span 80. An adequate amount of Span 80 was added to kerosene solution and stirred using magnetic stirrer at 500 rpm for 5 min to ensure the homogeneity of membrane phase solution. The ultrasonic emulsification was preceded by combining internal and membrane phase solution in the volume ratio of 1:3. Standard emulsion was produced by applying Span 80 in the concentration of 4 wt% and hydrogen chloride solution with concentration 0.05 M. The mixture was sonicated for 15 min in a double glass cylindrical jacket, allowing water-cooling of the emulsification cell. The obtained emulsion was then used to extract solute from external feed phase.

The feed phase solution was then characterised under UV-Vis spectrophotometer. Extraction process was executed in a TCC by varying some parameters and operational conditions involving volume ratio of emulsion to feed phase, extraction time and extraction speed. In all experiments, the TCC was rotated at various speeds whereas the inner cylinder rotation was fixed at a constant speed of 600 rpm.11 Table 1 provides detail parameters and operational conditions applied in this study. Once the extraction process was completed, the sample was taken. The raffinate was taken to test the final concentration of textile dye. Carrier, stripping and diluent selections were considered based on their performance in extracting methylene blue, with parameter of extraction efficiency, obtained by the following equation:

[image: art]

where [image: art] = concentration of initial feed phase solution, and CA,III = concentration of final feed phase solution.

In the meantime, the selectivity of two solutes, S, is determined by the following relation:14

[image: art]

where subscripts M1 and M2 refer to the two solutes, K are the total overall mass-transfer coefficients, while [image: art] and [image: art] are the initial concentrations of two solutes in the external feed solution.

Fisher Scientific Accumet AB15 pH meter was used to measure pH of aqueous solutions. The concentration of remaining methylene blue in the raffinate phase and strip solution was determined spectrophotometrically using UV-Vis spectrophotometer.


Table 1:    Extraction parameters and operation conditions.



	No
	Parameters/ operation conditions
	Values



	1
	Volume ratio of emulsion to feed phase
	1/9–1/3



	2
	Extraction time (min)
	1–30



	3
	Extraction speed:
Inner cylinder rotation speed (rpm)
	600



	
	Outer cylinder rotation speed (rpm)
	0–600




3.           RESULTS AND DISCUSSION

Solute removal within ELM system is governed by pH of external feed phase. The formation of solute-carrier complex in the interface of external and membrane phase is affected by solution pH. The complex will only be built at suitable pH, which then diffuses very well through membrane phase towards internal stripping phase. According to some literature works, complex formation rate is strongly affected by external phase pH.15 Moreover, pH difference between external and internal phase might act as driving force for the extraction process. In the present study, effect of Na2CO3 concentration as the driving force for methylene blue extraction was investigated at pH of 8–12 while the internal phase concentration was kept constant at HCl concentration of 0.5 M. Figure 1 describes the performance of methylene blue extraction under different Na2CO3 concentration. It could be seen that extraction efficiency increased with the increase of solution pH from 8 to 10. However, further increase in Na2CO3 concentration resulted in significant decrease of extraction efficiency. Although theoretically higher pH gradient is favourable for the extraction process, pH gradient may induce emulsion swelling. The decrease of extraction efficiency with the increase of external phase pH could be driven by emulsion swelling phenomenon. It involves the transport of water from external feed phase towards internal stripping phase, leading to membrane leakage, resulting in the release of entrapped solute back to external feed phase.16 Therefore, based on the result, further experiment would be done in external phase pH of 10.



[image: art]

Figure 1:      Effect of external phase pH to extraction efficiency.



Study was continued to examine the effect of HCl concentration in the internal phase, i.e., from 0.1 M to 0.6 M on extraction efficiency. Figure 2 shows that the highest extraction efficiency obtained using emulsion contained 0.5 M HCl. The pH gradient between stripping solution and external feed phase solution acted as driving force of the process thus ensure methylene blue permeation towards the internal stripping solution. At HCl concentration of 0.1 M to 0.4 M, the hydrogen ions chemical potential difference between internal and external phase was not enough to trigger solute transfer into internal phase; therefore within this range, the system could not reach optimal extraction efficiency. Higher HCl concentration resulted in higher extraction rate as was also found by some other researchers.17–19 However, higher concentration of 0.6 M resulted in lower extraction efficiency. Some researchers acquired swelling phenomena provoked by water permeation through membrane phase due to excessive osmotic pressure difference between internal and external phase.8,19,20 In addition, too high pH gradient also increased the potential of membrane breakage thus reduced extraction efficiency.21,22



[image: art]

Figure 2:      Effect of HCl concentration to extraction efficiency.



ELM method offers selective separation of solute. Solubility and diffusion of solute do not solely affect the selectivity. Naturally, selectivity is governed by carrier properties. Figure 3 shows that the selectivity of methylene blue is higher than that of others. Almost all of the methylene blue available in feed phase could be extracted within 35 min. Considering the extraction mechanism of solute, the overall system was able to reach high selectivity. This result confirms that obtained by Zhou who studied arsenic and strontium recovery from wastewater with efficiency of 96%.23


[image: art]

Figure 3:      Selectivity of methylene blue to other dyes.




4.           CONCLUSION

A comprehensive study on emulsion liquid membrane for textile dyes removal has been done. The investigation succeeded in extracting methylene blue under the parameters of external phase pH, internal phase concentration and extraction time. The optimal result was obtained in external phase pH of 10 and HCl concentration of 0.5 M. Almost all of methylene blue was removed from the external feed phase within 35 min. The selectivity of methylene blue was higher than that of others.
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ABSTRACT: Edible films have been widely used in food packaging. One of the basic materials of these edible films is starch. One potential source of starch is sorghum which contains 72% starch. However, generally starch-based edible film which contains amylopectin has some weaknesses such as being fragile, easily broken and less flexible. Carboxymethyl cellulose (CMC), a cellulose derivative product, is expected to improve the mechanical properties of starch-based edible film. The objective of this work is to study the physical properties of sorgum flour film and the effect of CMC as an additive in the characteristic of edible film biopolymers that produce sorghum flour. The study was started with the production of sorghum starch, and then synthesised with the addition of CMC starch (0%, 5%, 10%, 15%, 20% and 25% w/w), and finally the mechanical characterisation and Fourier transform infrared (FTIR) analysis. The tensile test results showed that the addition of CMC has affected the tensile strength, elongation and elasticity. The lowest level of tensile strength was at 7.742 MPa at 0% of CMC concentration and the highest level was at 29.988 MPa with CMC concentration of 10%. The addition of CMC to the film also affected the elongation properties of the sorghum film. The lowest level of elongation of the film was 14% at 0% of CMC concentration and the highest one was 65% at 25% of CMC concentration. The addition of CMC also affected the elasticity of the sorghum film. The lowest elasticity level was 3.1 mm at 0% of CMC concentration and the highest level one was 5.2 mm at 25% of CMC concentration. Whereas, the FTIR analysis results showed that the addition of CMC did not form any new group, which means that the synthesis process occurred only physically.

Keywords: Edible films, sorghum starch, CMC, physical properties, carboxymethyl cellulose


1.           INTRODUCTION

Edible film is an edible thin layer used to coat foodstuff.1 Its use in wrapping improves the quality of food, prolongs the shelf life, increases the food’s economic efficiency, and inhibits the displacement of water vapour.2 Other advantages of using edible films include: ability of food to be consumed directly with the packaged products; do not pollute the environment; improve organoleptic properties for packaged products; and act as antimicrobial and antioxidant substances.3 The initial use of edible film as food packaging is to reduce the use of synthetic plastics and minimise environmental pollution. Hydrocolloids that can be used to make edible films are proteins (gel, casein, soy protein, corn protein and wheat gluten) and carbohydrates (starch, alginate, pectin, Arabic gum and other carbohydrate modifications), whereas the lipids used are wax, glycerol and fatty acids.4 Several studies have been reported on the utilisation of starch from various sources such as corn, yam, pea starch, cassava starch, banana peel and sorgum to synthesise coatings and films.5–10 Starch is a polymer type of polysaccharide that has an important role in the manufacture of biodegradable films since it has the easy nature of forming a continuous matrix and its abundant availability in nature, hence it is appropriate if various starch sources are explored for the synthesis of edible film.5 One potential source of starch is sorghum, which contains 72% starch.11 However, generally starch-based edible film containing amylopectin has some weaknesses such as fragile, easily broken and less flexible.6 To overcome these weaknesses, improving the chemical and functional characteristics of starch by modifying it can become a solution.

Carboxymethyl cellulose (CMC) is a cellulose ether which can show gelation performance by heating and forming an excellent film because of its polymer chain structure and its high molecular weight. Thus, the nature of CMC is expected to improve the mechanical characteristics of the starch-based edible film. Due to the similar chemical properties between CMC and starch, it is expected to give good results.7 Reviews of the addition of CMC on starch-based edible film production have been conducted by Putri et al., Ghanbarzadeh et al. and Wirongrong et al. which examined the effects of CMC on the hydrophobicity property of sorghum edible film.4,5,8 The results showed that CMC can decrease the filtration of water by the film up to 65.8% with the addition of 25% (w/w starch) CMC. The quality and use of edible film is determined by several physical properties such as thickness, elongation and tensile strength.12 Accordingly, this study will examine the effect of CMC on edible film characteristics of sorghum starch.


2.           EXPERIMENTAL

2.1            Materials

In this study, raw materials of red sorghum flour were obtained from Ganesha Farmhouse, Bandung, Indonesia. Glycerol as plasticiser was obtained from Merck, which is calcium nitrate (desiccator). The CMC was obtained from Indrasari Chemical Store, Semarang, Indonesia. Whereas, citric acid as preservative and colour film, as well as the distilled water were supplied by Chemical Engineering Integrated Laboratory of Universitas Negeri Semarang, Indonesia.9

2.2            Sorgum Starch Preparation

The process of making sorghum starch was done with sorghum flour as a main ingredient. The flour was soaked for 24 h. After that, it was rinsed with water, drained, and then filtered and pressed. The filtered water was deposited for 4 h until it became starch. If necessary, the starch would be washed twice until its colour turned white. The starch was then dried under the sun for 2 to 3 days.13

2.3            Film Synthesis

The edible film synthesis was made by using the method in Ghanbarzadeh et al. by mixing 5 g of starch with 100 ml of distilled water, glycerol (40 ml/100g of starch), and 0.5 citric acid (10% w/w of starch) for 5 min at a temperature of 25°C.5 Afterwards, the suspension was stirred using a magnetic stirrer (500 rpm) for 30 min in a water bath at a temperature of 90°C. The CMC at several concentrations (5%, 10%, 15%, 20% and 25% w/w starch) were dissolved in 75 ml of distilled water at 75°C for 10 min. The suspension of starch and mixed CMC solution (75 ml CMC + 100 ml of starch, citrate acid and glycerol) was stirred at 75°C for 10 min (pH = 5.5). The dough was then cooled at 40°C and mixed gently for 20 min to remove all air bubbles. Afterward, about 70 ml of dough was poured into an acrylic film maker and flattened in order to have same thickness (measured using a micrometer) and then dried at 60°C in an oven to make the layer stable.

2.4            Mechanical Characterisation

Mechanical characterisation of the film was done by tensile test. Three parameters studied are tensile strength, elongation and elasticity. The tests were conducted at the Integrated Laboratory of Diponegoro University, Semarang with the Brookfield Texture Profile Analyzer (TPA) tool.


3.           RESULTS AND DISCUSSION

3.1            Tensile Strength

Tensile strength can be defined as the maximum acceptable strain pressure of the sample. The effect of CMC addition on the tensile strength of sorghum film can be seen in Figure 1.
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Figure 1:      The effect of CMC on the tensile strength of the sorghum starch film.



Figure 1 shows that there was inconsistency effect with the addition of CMC in the film. The lowest yield of tensile strength was 7.742 MPa at 0% CMC concentration and the highest level was 29.988 MPa with 10% CMC concentration. The mechanical properties are influenced by the components of a film. In this study, the starch was used as its constituent matrix, CMC as a supporting biopolymer and plasticiser is glycerol. The effect of adding CMC will certainly provide different mechanical properties. Starch as a matrix has poor mechanical properties. The addition of biopolymer is expected to improve the mechanical properties of a film due to the increasing affinity in the film.10 Ban stated that a factor affecting the mechanical properties of a film is the affinity among its constituent components.14 Affinity itself is a phenomenon in which certain atoms or molecules have a tendency to unite and bind. As the affinity value increases, the more bonding between molecules occurs and the strength of a material is affected by the chemical bonds of the constituent. A strong chemical bond is influenced by the number of molecular bonds and the types of bond. From the results of this study, at concentrations of 5% and 15% CMC edible film produced close to LDPE type plastic characteristics. On the other hand, edible film using CMC 10%, 20% and 25% characteristics approach HDPE plastic when viewed from the aspect of tensile strength.10 The increasing and decreasing of the tensile strength depend on the strength of the material used in the filmmaking, to form large and strong molecular bonds.

3.2            Elongation

According to Gennadios et al., an extension is determined from the point that will affect the film torn at the time of stretching.15 The length increases until the tear of the film shows an extension. The effect of adding CMC on the elongation properties of the film can be seen in the following Figure 2:
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Figure 2:      The effect of CMC addition on the film elongation properties.



Figure 2 shows increasing elongation with the CMC addition concentration to the sorghum film. The lowest percentage of elongation level in the film was 14% at 0% CMC concentration and the highest level was 65% at 25% CMC concentration. The graph also shows that the increase in CMC concentration will lead to an increasing tendency of elongation percentage of the film formed. The more CMC is added, the number of hydrogen bonds and electrostatic forces formed between CMC and sorghum seed flour will increase and the matrix texture that forms the edible film will become stronger and more compact. The CMC addition will increase the amount of carbon and functional groups in the matrix chain and increase the percentage of elongation. The CMC addition is proven in improving the mechanical properties of the film. Diredja reported that without the addition of CMC, the soybean meal film produced is fragile, not compact, and difficult to be removed from the slab.16


3.3            Elasticity

The elasticity phenomenon can be seen in Figure 3 where the addition of CMC concentration affects the affinity of the sorghum film. The more CMC concentration is added, the greater the tendency of molecules in the film to unite and this results in a strong chemical bond. This phenomenon that occurs in the elasticity parameters of the film was shown in Figure 3 as follows:
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Figure 3:      The influence of CMC concentration on the elasticity of sorghum film.



Elasticity is the ratio of tensile strength to elongation. Measurement of elasticity has been done by Kusumawati in making edible film from corn starch which yields decreasing elasticity.17 The best result that can be seen from Figure 3 is addition of 25% CMC with 5.2 mm value. The lowest elasticity point is 3.1 mm at 0% CMC concentration. It shows that adding CMC concentration will increase the film elasticity due to the influence of molecular affinity in the film.

3.4            Functional Group Analysis

Functional group testing is performed with the FTIR spectrophotometer. This analysis aims to determine the functional group changes of a material or matrix produced. This test was performed on an edible film sample with a film without addition of CMC and with 25% addition of CMC. The results of FTIR edible film characteristics without addition of CMC and edible film with the addition of CMC by 10% can be seen in Figure 4.
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Figure 4:      FTIR analysis of sorghum starch edible film.



The results of FTIR edible film characteristics of sorghum starch without CMC addition shows that the peak wave number (presented in Table 1) shows the presence of several peaks of wave numbers. It can be seen that carboxyl O-H and amines N-H are present in 3300 s wave numbers. Other peaks can also be seen with aliphatic C-H at wave number 2800–2950 nm, C=O carbonyl is in wave number of 1700 nm, and ester C-O is 1000 nm to 1150 nm.

Furthermore, FTIR characteristic analysis was performed on edible film with the addition of CMC. The result of FTIR characteristics is presented in Table 2. The result of edible film group analysis of sorghum starch with the addition of CMC as presented in Table 2 shows several peaks of wave numbers. It can be seen that carboxyl O-H and amines N-H are present in 3300 s of wave number. Likewise, in other peaks, the aliphatic C-H is in wavelength of 2800–2950 nm, carbonyl C=O is in 1700 nm, the ester C-O is in 1000 nm to 1150 nm. The influence of the CMC addition lies in the range of 2300 s waves of 0% CMC variable with a stretch due to bound H and OH stretch. It happens due to the bonding of starch group with glycerol without an adhesive between them. In addition, in variable 25% of present alkalo C=C wave due to the presence of CMC gives reaction to starch and glycerol group. The material produced from the physical blending process due to the absence of a new functional group causes the bioplastic material still exhibiting hydrophilic properties (like water) as its constituent properties. The findings are in line with the research done by Darni and Utami in the study of the manufacture and characteristics of mechanical properties and bioplastic hydrofibity of the sorghum starch.10 By studying the interaction, it can be concluded that CMC can improve the mechanical properties of edible film by forming hydrogen bonds among chains so that the edible film becomes more tight and rigid. Other than that, it can also give effect of winding path for water molecule that passes through it. To reduce its stiffness, the addition of glycerol and the reduction of hydrogen interaction can be done in order the formed edible film is elastic. There are also carbonyl (CO) and esther (COOH) functional groups on bioplastic materials tested using FTIR, so that these bioplastic materials can be degraded.

Table 1:    FTIR functional group with 0% of CMC concentration.



	X (cm–1)
	Y(%T)
	Functional group



	3347.47
	99.11
	O-H carboxyl



	2934.20
	96.89
	C-H aliphatic



	1709.51
	96.58
	C=O carbonyl



	1648.78
	96.17
	C=O carbonyl



	1354.11
	95.78
	C-H alkanes



	1226.89
	96.34
	C-O carboxylic acid



	1026.09
	79.3
	C-O esther




Table 2:    FTIR functional group with 25% of CMC concentration.



	X (cm–1)
	Y (%T)
	Functional Group



	3353.42
	91.13
	O-H carboxyl



	2936.47
	97.38
	C-H aliphatic



	1717
	96.58
	C=O carbonyl



	1644.86
	95.71
	C=O carbonyl



	1367.3
	95.46
	C-H alkanes



	1224.27
	96.22
	C-O carboxylic acid



	1030.09
	81.83
	C-O esther




4.           CONCLUSION

The addition of CMC to the film affects tensile strength of sorghum film. The lowest level of tensile strength is at 7.742 MPa at 0% CMC concentration and the highest level is at 29.988 MPa with CMC concentration of 10%. The addition of CMC to the film will affect the elongation properties of the sorghum film. The lowest level of elongation percentage in the film is 14% at 0% of CMC concentration and the highest level is 65% at 25% of CMC concentration. The addition of CMC to the film affects the elasticity of the sorghum film. The lowest elasticity level is 3.1 mm at 0% of CMC concentration and the highest level of sorghum film elasticity is 5.2 mm at 25% of CMC concentration. From the result of FTIR analysis it is found that addition of CMC does not form any new group which means that the process only occurs physically.
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ABSTRACT: Bio-oil from coconut shell pyrolysis has a very acidic pH and is corrosive due to the presence of phenolic compounds. Phenol is corrosive and can cause damage to the engine. If the bio-oil is intended to be used as an alternative diesel fuel, the phenol content needs to be removed. Phenol actually has an economic value that can be used as disinfectants, resins, pesticides, explosives, drugs and dyes. Separation of phenol from bio-oil can be carried out using liquid-liquid extraction method by utilising solvent as separator, where the liquid phase separation utilises the different solubility of compound to be separated between carrier and solvent solution. In this work, bio-oil produced by pyrolysis of coconut shell was extracted using aqueous methanol as a solvent. The extraction process was carried out for 60 min, and then separated using separating funnel through two phases, i.e., the extract phase and the raffinate phase. The extract phase and the raffinate phase of each extraction processes are analysed with gas chromatography (GC) to obtain the concentration of each component. The objective of this work is to study the effects of the temperature and speed of stirring on the distribution coefficient and the yield of phenol extraction from bio-oil produced by pyrolysis of coconut shell. The analysis results show that the highest distribution coefficient and the yield of phenol extraction was obtained at 50°C and 250 rpm stirring speed.

Keywords: Bio-oil, phenol, methanol, extraction, extraction of phenol, coconut shell


1.           INTRODUCTION

Indonesia has considerable renewable energy potential as a substitute for fossil energy, especially from biomass. One of the available biomass sources is coconut shell. Coconut shells, for now, are untapped waste. Therefore, one of the ways is to utilise coconut shell waste as a base material in the manufacture of bio-oil. The results of proximate, ultimate and thermogravimetric analysis (TGA) show that coconut shells have a high potential for producing fuel fluid through pyrolysis conversion process.1

Coconut shell can be transformed into bio-oil through heating process in pyrolysis. Bio-oil made from coconut shell by using slow pyrolysis at the temperature of 250°C–300°C produces liquid which contains a very acidic pH and is corrosive.2 The largest component of bio-oil is lignin derivatives, namely phenol, alcohol, organic acids and carbonyl compounds such as ketones, aldehydes and esters.3 Phenol compounds are acidic compounds, therefore the use of this bio-oil will directly cause corrosion on the machine.4

Phenol needs to be taken from bio-oil to reduce the corrosiveness of bio-oil. Method that can be used to take phenol compounds from bio-oil is by liquid-liquid extraction method using a solvent such as methanol.5 This has been done in a study by Jazbinsek et al. on the isolation of phenol compounds from bio-oil resulted from pyrolysis of forestry waste, and Mantilla et al. on the extraction of phenol compounds from bio-oil from pyrolysis of agricultural waste.6,7 Dahlia conducted a research on liquid-liquid extraction of phenol compound from bio-oil resulted from pyrolysis of palm oil empty bunches using methanol solvent.8 The yield of this extraction process was 40%.

The aim of this research is to separate the phenol compounds from bio-oil solution (from coconut pyrolysis) using liquid-liquid extraction method. The purpose of phenol extraction is to improve the quality of bio-oil in order to make it not corrosive. Therefore, when used as fuel, it will not damage the machine.

2.           EXPERIMENTAL

2.1            Materials

Materials used in this research are bio-oil, methanol (e-MERCK), chloroform (e-MERCK) and distilled water. Bio-oil used in the present work was prepared from our previous work.9


2.2            Methods

Apparatus used in this research are hot plate stirrer, thermometer, gas chromatography (GC) product by GC 6820 Agilent Technologies, and gas chromatography-mass spectroscopy (GC-MS) product by GCMS-QP2010S Shimadzu.

The extraction equipment is showed in Figure 1.
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Figure 1:      Extraction equipment.



Phenol was extracted from bio-oil using two-stage extraction:


	The first stage of extraction used a distilled water as polar solvent and chloroform as a non-polar solvent. This extraction used ice-bath method at 4°C–5°C, 200 rpm stirring speed and stirring time for 2 h. The extract phase which was obtained at this first stage was used as the feed in the second stage extraction.

	For the second stage, each extract phase was extracted using an aqueous methanol solvent. The material systems and experimental conditions for the equilibrium extraction are summarised in Table 1.




Table 1:    Material systems and conditions for equilibrium extraction.



	
	Quantity



	Feed volume
	2.5 ml



	Solvent
	Aqueous methanol (according to the literature)9



	Mole fraction of water in solvent
	0.2 (according to the literature)9



	Solvent-feed mass ratio
	1



	Shaking time
	60 min



	Amplitude of shaking
	150, 200, 250 rpm



	Temperature
	25°C, 40°C, 50°C




After the equilibrium had been attained (60 min), the mixtures were poured into a separating funnel, settled for an hour and separated into two phases. Then the two phases were weighed. The extract phase and the raffinate phase of each extraction processes were analysed by GC to obtain the concentration of each component. The principal conditions of this analysis are shown in Table 2.

Table 2:    Conditions of analysis using GC.9



	Column: Rastek RXi-5MS



	Column:



	Inner diameter
	[m]
	3.2 × 10–4



	Length
	[m]
	30



	Carrier gas
	 
	He



	Split ratio
	[–]
	153



	Flow rate
	[cm s–1]
	26.6



	Sample volume
	m3
	1.10–9



	Injection temp.
	[K]
	553



	Column temp.
	[K]
	313–573



	Pressure column
	kPa
	10.0



	Column flow
	ml min–1
	0.54



	Detector (FID) Temperature
	[K]
	573




The distribution coefficient was calculated by using Equation 1:9
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3.           RESULTS AND DISCUSSION

Bio-oil was analysed for its components and concentration by using GC-MS. From the analysis by GC-MS on bio-oil, the concentration of each component will be obtained. The chromatograms of the GC-MS analysis are shown in Figure 2.
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Figure 2:      GC-MS spectra components produced from the pyrolysis of coconut shell.



The results of the GC-MS analysis show that the bio-oil contained more than seven chemical compounds, such as ethyl ester, phenol, furfural and others. The main components of bio-oil from coconut shell are presented in Table 3.

Table 3:    Main chemical components of bio-oil from coconut shell.



	Peak
	Component
	Content (%)



	1
	L-Alanine, methyl ester
	37.60



	2
	Formic acid, ethylene
	4.02



	3
	Propionic acid, 1-hydroxy-2-butanone
	3.89



	4
	Furfural
	5.45



	5
	Phenol
	40.01



	6
	Cyclopentane
	2.01



	7
	Phenol compounds
	7.02




The percentage (%) of the compositions of the bio-oil analysis by GC-MS was obtained from the percentage area of the peak or the height of the peak in the chromatograms. The total phenolic compounds contained in bio-oil was approximately 47.03%.
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Figure 3:      The effect of stirring speed and temperature of extraction for the yield of phenol.



The increase in temperature will increase phenol concentration in the extract phase. It is because the increasing temperature increases the kinetic energy of the solution and the solvent diffusion into the solute tissue cells.10 It affects the amount of the extracted phenol from diluent, which means that more phenol is produced. However, if the extraction temperature is too high it can decrease the phenol concentration in the extract phase, according to the nature and boiling point of the solvent.1 Figure 3 shows the effect of temperature and stirring speed for the yield of phenol extraction. The highest yield of phenol extraction (i.e., 94.89%) was obtained at 50°C and 250 rpm, and the lowest yield of phenol extraction (i.e., 80.73%) was obtained at 25°C and 150 rpm. For the extraction of phenol using methanol solvent, the yield value increases along with the greater stirring rate used because greater the stirring rate will increase the driving force which cause the extraction process, so that the solution dissolved from diluent can be maximised. In addition, greater speed of stirring will enlarge the contact area between the solution and the solvent.7

Figure 4 shows the effect of temperature and stirring speed on the distribution coefficient of phenol extraction. The highest distribution coefficient of phenol extraction (7.29) was obtained at 50°C and 250 rpm and the lowest distribution coefficient of phenol extraction (1.47) was obtained at 30°C and 150 rpm. The distribution coefficients of phenol extraction are more than 1. It shows that methanol solution had successfully separated phenol from the diluent.5 The distribution coefficient increases along with the increasing speed of stirring. It indicates that the increase in stirring speed raises the amount of phenol that moves into the extract phase because the diffusion rate is influenced by the distance travelled by the diffused compound. Longer distance leads to the lower diffusion rate, thus shortening the distance is done by increasing the stirring speed.11
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Figure 4:      The effect of stirring speed and temperature for the distribution coefficient of phenol extraction.



4.           CONCLUSION

From the results of phenol extraction from artificial bio-oil solution, it can be concluded that the best conditions of the extraction process are temperature of 50°C and stirring speed of 250 rpm, which give the highest yield of phenol extraction (i.e., 94.89%) as well as the highest distribution coefficient (i.e., 7.29).
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ABSTRACT: SMARTTRONS is an engineering car developed by the Department of Chemical Engineering, Universitas Negeri Semarang, Indonesia, to compete in the annual Chem-E-Car competition. This car is powered by a set of thermoelectric generators (TEG), which utilises the heat gradient between two reactors: hot reactor (i.e., reaction of CaO + H2O) and cold reactor (ice + NaCl), with an average temperature gradient of 83.4°C (356.55 K). The heat flux produced by the temperature difference is then converted into electric energy by the help of eight TEGs, which generate a maximum voltage of 34.8 V. The temperature profile was analysed using computational fluid dynamics (CFD) to gain understanding of the heat distribution for the heat sink. The sodium thiosulfate clock reaction was used as a stopping mechanism which stopped the car at a predicted time limit. Additionally, a unique feature of this car is that the reactor and body of the car are mostly made from renewable local materials, i.e., wood and rattan.

Keywords: Chem-E-Car, heat gradient, power source, computational fluid dynamics, thermoelectric generator

1.           INTRODUCTION

Chem-E-Car competition was first launched by the American Institute of Chemical Engineers (AIChE) to attract participants (especially engineering students) and motivate them to design and construct a prototype car powered by chemical reactions. This competition has grown from regional to international level. The rules are always being updated to increase the difficulty and challenge participants to design prototype cars for specific rules. The car needs to travel a particular distance and has to carry a certain amount of weight, which would be announced shortly before the competition starts. This additional criterion will increase the difficulty of the race. The main objective of this competition is to achieve educational outcomes such as developing hard and soft skills among participating contestants.1–4 In general, students from three different engineering majors (i.e., chemical, mechanical and electrical engineering) can participate in the Chem-E-Car design and fabrication. The three main aspects of the design are mechanism of power source, stopping mechanism and aerodynamic behaviour.5 These aspects involve chemical engineering optimisation which can be obtained from data research.6–12

The most common design mechanisms in the competition involve galvanic/voltaic cells, built-up pressure and fuel cell technology. The galvanic/voltaic cell utilises electrochemical reaction to produce electricity. This electric current is transferred to an electric motor to run the car. The fuel cell technology meanwhile utilises reaction between hydrogen and oxygen to produce electricity to run the car. The built-up pressure concept uses gas products obtained from a chemical reaction. The produced gas increases the pressure that can be converted using pneumatic actuator to move the car’s wheels. Biological reactions have also been used by participants, but they are less utilised now due to low electricity production and result in slow movement.13 Each power source mechanism mentioned has advantages and disadvantages. For example, the power source obtained from the built-up pressure concept is the most powerful, but because it requires high pressure, the reaction tank must have a thick shell. This would affect the production cost as well as the safety and total weight of the car. It might not be efficient to run a car with a heavy load. Whereas, for the stopping mechanism, an iodine clock is a reaction commonly used in Chem-E-Car development. The car will stop moving when the solution turns dark due to the iodine reaction, which subsequently cut off the electrical circuit through a photosensor.14

A group of chemical engineering students from the Universitas Negeri Semarang (UNNES) has designed a Chem-E-Car prototype named Semarang Robotic Technology of UNNES’s Chemical Cars, or in short, SMARTTRONS. A combination of wood material and rattan was used to build the reactor and car body. In this car design, three reactors were used as the power source and were placed over the back wheels. Two reactors were used for exothermic reaction which acted as the hot reactors, whereas the third reactor was employed as a cooling bath, that is, the cold reactor. The stopping mechanism chosen followed the principle of the sodium thiosulfate clock reaction, which stopped the car once the reaction was completed. In the current study, the power generation and stopping mechanism of SMARTTRONS have been evaluated. To the best of our knowledge, research studies on similar Chem-E-Car concept are unavailable in the open literature.

2.           EXPERIMENTAL

2.1            Materials

The chemicals used for the main reaction (i.e., power source) and stopping mechanism were technical grade calcium oxide (CaO), sodium chloride (NaCl), sodium thiosulfate (Na2S2O3) and hydrochloric acid (HCl). All chemicals were obtained from a local market in Semarang city, Indonesia. The water supplied from a laboratory was also used in this work. The materials used in the car, i.e., wood and rattan were also obtained from Semarang. Thermoelectric generator (TEG SP1848-27145 SA, China) was used in the car design.

2.2            Methods

Several experiments were conducted to analyse specific properties and parameters that affect the car performance. The experimental study consists of two analyses, which are the power source and stopping mechanism.

2.2.1         Power source

The hot-side reactor chambers were filled with 336 g of CaO and 90 ml of water, which initiated a chemical reaction to form calcium hydroxide. The reaction itself is an exothermic reaction which released heat. The maximum temperature achieved was approximately 90°C (363.15 K). The reactor chambers were isolated using aluminium foil to keep the heat and prevent heat loss to the surroundings. Whereas, the cold-side chamber was filled with a mixture of 200 g of NaCl and 600 g of ice, which produced a minimum temperature of –6.5°C (266.65 K). The temperature gradient between the cold-side and hot-side chambers acted as the power source or driving force to produce electricity. Eight thermoelectric generators were placed between the cold-side chamber and the hot-side chambers, which converted the temperature gradient into electrical power. The voltage produced by thermoelectricity, which was connected in a series, was measured over a period of 352 using an analogue multimeter (1000 V, Sanwa, Japan). The temperature profiles of the cold-side and hot-side reactors were measured using a digital thermometer (TES 1310 type-K), with an accuracy of ±0.1 K. The temperature distribution of the heat sink in the thermoelectric generator was further simulated by using computational fluid dynamics (CFD) ANSYS 14.5.

2.2.2         Stopping mechanism

Na2S2O3 clock reaction was selected as the stopping mechanism for the SMARTTRONS. The reaction between Na2S2O3 and HCl produced NaCl, SO2 and water. The reaction completed when there was a change in colour from clear to opaque white. The change in colour of the sodium thiosulfate clock solution resulted in a change in the light-dependent resistor value. The duration of the sodium thiosulfate clock reaction was dependent on the molarity of the sodium thiosulfate used in the reaction, hence the volume and concentration of HCl were fixed at 10 ml and 1 M, respectively. A black reaction vessel was used to isolate the reaction from the ambient light. The vessel was modified with a small hole at the top of the vessel to allow the injection of the solution into the chamber using a syringe. The syringe was mounted in the vessel while the car was moving forward. About 10 ml of 1 M of HCl was injected first into the vessel, followed by an injection of 20 ml of Na2S2O3 at concentrations of 0.04 M, 0.05 M, 0.06 M, 0.07 M, 0.08 M, 0.09 M and 0.10 M. The effect of Na2S2O3 concentration on the stopping time of the car was analysed and a mathematical model for the curve was generated.

3.           RESULTS AND DISCUSSION

3.1            Design of the Chem-E-Car SMARTTRONS

The SMARTTRONS car prototype has the dimension of 35 cm × 25 cm × 18 cm. A wood material was used for the reactor and chassis, whereas rattan material was used for the car body. Wood and rattan are abundant natural resources and easy to obtain at a very low price. Moreover, they have strength properties which are comparable to conventional materials. The car has four wheels with two DC motor as the wheels drive or called 2WD. An Arduino microcontroller was employed to detect the colour change in the sodium thiosulfate clock reaction. The isolated vessel was used as the place for the stopping mechanism reaction. The SMARTTRONS schematic and design are depicted in Figures 1 and 2, respectively. Two reactors used for exothermic reaction as hot reactor and one reactor for cooling bath as a cold reactor. The dimension of hot reactors and cold reactor were 22 cm × 5 cm × 6 cm and 22 cm × 6 cm × 6 cm, respectively, as shown in Figure 3. The reactor was covered using aluminium foil to keep the heat produced in the hot side reactor. Additionally, the car was also designed with the number of features which provide maximum safety operation. The hazard mitigation has been measured as follow: (1) coating the hot container with aluminium foil; (2) the vessel for sodium thiosulfate vessel must be closed very well to prevent exposure to the light; (3) car equipment and wiring are properly secured to prevent movement which can cause damage to the car; (4) low voltage and current are applied in the power supply of the vehicle to prevent electrical hazard; (5) the electrical components are also properly secured to prevent from the liquid drop; and (6) wood was used as a reactor material which also acted as an insulator material due to its lower heat conductivity.
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Figure 1:      Schematic of SMARTTRONS.
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Figure 2:      SMARTTRONS design showing (a) car body, (b) the power source and the stopping mechanism reactors, and (c) electronic device and motors.
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Figure 3:      Reactor design with TEG (1), hot reactor (2) and cold reactor (3).



3.2            Reactor Temperature Profile

The temperature profiles of hot-side and cold-side reactors are shown in Figure 4. The temperature of hot-side reactor gradually decreased and followed by the increasing temperature of the cold-side reactor. The mathematical model for each reactor was obtained through the linear regression. The model can be used to analyse the temperature profile for each reactor as a function of time.
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Figure 4:      The temperature profile of hot-side and cold-side reactors.



3.3            Voltage Profile

The voltage profile of the car is shown in Figure 5. The voltage produced gradually decreased with the time. The mathematical model was also generated through linear regression. This model can be used to predict the voltage generated during a certain period.
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Figure 5:      Voltage profile.




3.4            Heat Sink Temperature Profile with CFD Simulation

The heat sink is one of the important Chem-E-Car components to control heat under both forced and natural convection. The aim for heat sink simulation based on CFD was to obtain temperature distribution. The CFD modelling of electronic components becomes increasingly important in the design process. The model should be included in energy balance to obtain the temperature profile. The equation for energy balance is shown in Equation 1:
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where keff is effective conductivity and Jj is diffusion flux. Sh is a source term which in this case was natural convection generated from each base plate.15 In this project, heat sink component was built from bismuth with heat dissipation rate of 1.6 W m–3. The geometry of the heat sink is shown in Figure 6.
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Figure 6:      SMARTTRONS project heat sink geometry.



The heat sink is constructed from 196 pillars with a dimension of 1 mm × 1 mm and was trapped between two plates. The distance between two plates is 3 mm and 2.8 mm between the centre point of each pillar. The top and bottom plate have a dimension of 40 mm × 40 mm with 1 mm thickness. The grid generation was further constructed to different boundary conditions to solve the temperature profile. The boundary conditions for heat sink is shown in Figure 7.
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Figure 7:      Boundary conditions of SMARTTRONS project heat sink (A = top plate defined as the wall; B = bottom plate defined as the wall; C = side of the bottom and top plate defined as the wall where heat flux equals 0; D = pillars defined as convection wall which where natural convection occurred).



Full hexahedral with 3987 elements were selected in the heat sink meshing, with average skewness of 0.113 was considered as an excellent meshing (average skewness < 0.25). The CFD simulation has been conducted for natural convection phenomenon between two heat sink plate at steady state condition. The temperature distribution inside the heat sink is shown in Figure 8.
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Figure 8:      Temperature distribution profile of SMARTTRONS project heat sink.



As the boundary conditions, the heat sink was divided into three regions which are top plate, bottom plate and pillars (convection region). The heat transfer was occurring from bottom plate to top plate. The range of temperature of the heat sink was 363 K (bottom plate) to 267 K (top plate). However, each region has different trends of temperature profile. The temperature profile of each region is shown in Table 1.


Table 1:    Temperature distribution profile of SMARTTRONS project heat sink.



	Region
	Highest temperature (K)

	Lowest temperature (K)

	Temperature difference (K)




	Bottom plate
	363

	336

	27




	Pillar bottom half
	336

	310

	26




	Top half
	310

	288

	22




	Top plate
	288

	267

	21





According to the table, the load to dissipate the temperature was almost evenly distributed. However, there was a slightly different load shown by the temperature difference from each region. The region around the bottom plate (hot side) has a relatively higher load of work due to higher heat dissipation. The variety of temperature difference between each region exhibited uneven heat dissipation. The heat sink needs to be built asymmetrically, in which the bottom plate is thicker so that a load of heat dissipation will distribute evenly.

3.5            Stopping Mechanism

The stopping mechanism analysis result is exhibited in Figure 9. As seen in the figure, the time of sodium thiosulfate clock reaction decreased exponentially when the concentration of sodium thiosulfate increased. The mathematical model of the stopping mechanism was generated through exponential regression. This model can be used to calculate the sodium thiosulfate concentration required for the car to stop at the desired distance by assuming the car speed is constant.
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Figure 9:      Stopping mechanism performance, i.e., concentration of sodium thiosulfate with time.




4.           CONCLUSION

In this study, SMARTTRONS car prototype has been designed and constructed using eco-friendly materials such as wood and rattan. The car is powered by a set of TEG, which utilises the temperature gradient between the hot-side and cold-side reactors with an average temperature gradient of 83.4°C (356.55 K). The TEG were placed on both sides of the reactors. The car was also designed for the maximum safety consideration. Based on the results, the temperature of hot-side reactor gradually decreased as followed by the increase of temperature of the cold-side reactor. Temperature distribution profile of the car heat sink has been modelled using CFD analysis. The CFD analysis showed different trends of temperature profile for each region which showed uneven heat dissipation. The asymmetrical heat sink geometry was recommended for the future study. Whereas, the stopping mechanism analysis result showed that the higher concentration of sodium thiosulfate, the faster the car comes to a stop.
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ABSTRACT: Biodiesel is one of the promising energy alternatives to fossil fuel. Among the economical feedstocks of biodiesel is high free fatty acid (FFA) vegetable oil. Production of biodiesel from high FFA oils needs esterification reaction as the pre-treatment step. In this work, esterification reaction of high FFA non-edible oil mixture (used cooking oil, jatropha oil, and nyamplung seed oil) was conducted in reactive distillation (RD) column in the presence of solid acid tin(II) chloride catalyst. RD has potential to be applied at industrial scale. For this purpose, an accurate model is required to scale up the process, predict the RD performance and optimise the process. Experimental work, simulation study and validation were carried out in this work to determine the accurate model and simulation. In experimental work, esterification reaction was conducted by varying the reaction temperature and catalyst concentration. The simulation was performed using ASPEN PLUS V8.8 and validated with the experimental data. Based on the experiment, the optimum FFA conversion was 78.33%, obtained at temperature of 60°C and catalyst concentration of 5% (w/w). The FFA conversion achieved from the simulation was 75.8%. The proximity between the simulation and experimental data demonstrated that this simulation has accurately predicted the conversion of FFA with less than 5% error.

Keywords: Biodiesel, multiple oil feedstocks, tin(II) chloride, reactive distillation, validation


1.           INTRODUCTION

Nowadays, fuel demand has increased in accordance with the increase of public need for transportation, industries, power plant, household and many other activities. The increasing fuel demand is not in line with the energy sources availability. Based on data, fuel oil consumption in Indonesia has exceeded its domestic production and petroleum resources are expected to be available until the next 10–15 years from now.1 Due to the depleting fossil fuel reserves, the development of renewable energy resources is important. Renewable energy is generated from renewable resources and can be constantly replenished, such as sunlight, wind, geothermal and various forms of biomass (biofuel), etc. One of the promising biofuels is biodiesel, which can be applied as diesel-engine fuel. Biodiesel exhibits various advantages. For instance, it is clean, environmentally friendly, holds excellent fuel properties, and can be utilised in the diesel engine without any modification of the machine.2

Biodiesel is derived from vegetable oils or animal fats through chemical modification. The main compounds of vegetable oils and animal fats are triglycerides and free fatty acids (FFA). Biodiesel is produced through a chemical process by converting vegetable oils/animal fats into fatty acid methyl esters (FAME).3 In general, FAME (biodiesel) can be synthesised via two distinctive routes, i.e., (1) one-step process of alkaline-catalysed transesterification reaction of low FFA vegetable oils/fats using short-chain alcohols; or (2) two-step process of acid-catalysed esterification of high FFA vegetable oils/fats using short-chain alcohols followed by transesterification of triglycerides of the oils/fats.4 Esterification reaction is a pre-treatment to reduce the FFA content by converting it into FAME.

High FFA vegetable oils are cheap and non-edible. Hence, they are hardly ever employed for food production. Utilisation of high FFA non-edible oils for biodiesel production is beneficial since it can avoid the crops competition between energy and food needs. There are several studies of biodiesel synthesis using non-edible oils, such as jatropha oils, rubber seed oils, used cooking oils, nyamplung (Calophyllum inophyllum L.) seed oils, palm fatty acid distillate, etc.3–8 However, the current studies of biodiesel production are predominated by the application of a single type of oil feed-stocks. For the purpose of feedstock diversification, study on the employment of multiple oil feed-stocks for biodiesel production is essential, thus it should be further investigated.

In this study, a mixture of three different oils were used as a feedstock in biodiesel production. The three oil sources used were cooking oil, jatropha oil and nyamplung seed oil, which contain high FFA. Used cooking oil might harm the environment if it is not properly managed. One of the solutions is by processing it into biodiesel. On the other hand, jatropha and nyamplung seed oils are among the high FFA non-edible oils which are potential as biodiesel feedstocks.3,7

Biodiesel production is challenging since the process usually involves a reactor followed by a series of separation equipment, which contributes to the complexity and expensive cost of biodiesel production. This challenge can be overcome by the application of multi-functional reactors such as reactive distillation (RD).4 RD integrates reaction and separation (distillation) in a single column. Thus, it offers many advantages compared with the reactor-separator in terms of the increase in selectivity and conversion, better heat control, reduction of the catalyst consumption, azeotrope avoiding, the effectiveness of heat integration for energy conservation, and lower capital cost due to the reduction of distillation columns as separation unit. Moreover, RD is suitable for reversible reaction such as esterification process since continuous product separation on RD will shift the reaction equilibrium towards product formation.9

In this study, RD was used for conducting esterification reaction of high FFA vegetable oil mixture as the pre-treatment step of biodiesel production. Esterification reaction was performed using methanol in the presence of tin(II) chloride solid catalyst. RD is potential for industrial-scale application. However, to scale up the process, predict the RD performance, and optimise the process at large scale operation, an accurate simulation is needed. Hence, this work will focus on the investigation of the accurate simulation of RD process. The investigation involved experimental work, simulation study and validation. In the experimental work, effects of reaction temperature and catalyst concentration were studied on the FFA conversion. Subsequently, a simulation study was carried out based on the equilibrium model (MESH) using ASPEN PLUS V8.8.4 Several kinetic parameters used in the simulation were obtained from previous study performed by Kusumaningtyas.10 The process simulation was then validated using the FFA conversion obtained in the experiment. Validation is important since the proximity between the simulation result and the experimental data would indicate that the model and simulation can be applied for the prediction of RD performance at the larger (industrial) scale of process.


2.           EXPERIMENTAL

2.1            Materials

The feedstock used in this study is a mixture of non-edible oil which consists of jatropha oil, nyamplung seed oil and used cooking oil. Used cooking oil was collected from home industry Roti Goreng Anggita in Sruweng, Kebumen, Jawa Tengah, Indonesia with FFA content of 15.05%. Crude jatropha oil with FFA content of 30.57% was obtained from PT Jatropha Green Energy, Kudus, Jawa Tengah, Indonesia. Nyamplung seed oil with FFA content of 26.37% was obtained from Koperasi Jarak Lestari, Cilacap, Jawa Tengah, Indonesia. Methanol (99 %v/v) and solid acid catalyst tin(II) chloride with purity of 99% were obtained from Merck.

2.2            Esterification Reaction

The apparatus employed for the experiments was composed of the main RD column and the pre-mixer tank combined with pre-heater. The RD column was a Raschig ring packed column equipped with an electrical heating mantle. A condenser and reboiler were placed on the top and bottom of the column, respectively. Esterification reaction of non-edible oil mixture was performed in this RD and the schematic drawing of the equipment is shown in Figure 1.

Non-edible oil mixture which consists of used cooking oil, jatropha oil and nyamplung seed oil with a ratio of 1:1:1 (v/v) was reacted with methanol. Oil to methanol molar ratio in this study was 1:60. Previously, tin(II) chloride with certain concentration was diluted in methanol. Oil mixture and catalyst-methanol solution were then preheated and pre-mixed before entering RD column. In this study, esterification reactions were conducted at 40°C, 50°C and 60°C. Tin(II) chloride concentrations were varied at 1%, 3%, 5%, 7% and 9% (w/w) of oil. The product was then collected continuously at the bottom of RD for further analysis.
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Figure 1:      Reactive distillation apparatus.



2.3            Analytical Procedure

Reaction conversions were estimated from FFA content by KOH titration.8,9 The sample was first diluted using ethanol 99.9%. Subsequently, it was titrated using KOH 0.1 M. Acidity was calculated by using the following calculation:
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where a = activity index, vtitration = titrant volume (ml), Mr FFA = molecular weight of free fatty acid, M KOH = KOH concentration (ml l–1), and msample = mass of the sample (g).

The conversion was then calculated using Equation 2:
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where XA = FFA conversion, ai = initial acidity index, and at = acidity index at t time.


2.4            Simulation Setup

RD simulation was carried out using a chemical process simulator (ASPEN Plus V 8.8). The RADFRAC steady-state model was used for the RD column. RADFRAC is a rigorous equilibrium stage model which is able to solve the set of equations that describe each equilibrium stage: material balances, phase equilibrium relationship between the vapour and the liquid leaving the stage, summation equation and heat balance. The phase equilibrium was described by assuming the vapour phase as ideal gas and the liquid phase as real solution, on the basis of the UNIQUAC model as it was suggested by Bhatia et al.11

Esterification reaction between fatty acid and methanol can be represented as:
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The reaction rate can be written as:
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where CA = the concentrations of oleic acid (mole l–1), CB = the concentrations of methanol (mole l–1), CC = the concentrations of methyl oleate (mole l–1), CD = the concentrations of water (mole l–1), k1 = kinetic rate constants for forward reaction (l mole–1 min–1), k2 = kinetic rate constants for backward reaction (l mole–1 min–1), k0i = the pre-exponential factor (min–1), and Eai = activation energy for kinetic reaction (kJ mole–1).

The kinetic rate constants in this work were obtained from the experimental study performed by Kusumaningtyas et al. as presented in Table 1.9 Whereas, the feed inlet composition and parameters for RD simulation are presented in Table 2 and Table 3, respectively.


Table 1:    Kinetic and thermodynamic parameters of the reacting system.



	Parameter
	Value
	



	k1
	2.33 × 1010
	l–1 mole–1 min–1



	Ea1
	64.5
	kJ mole–1



	k2
	4.29 × 108
	l–1 mole–1 min–1



	Ea2
	40.7
	kJ mole–1



	T boil methanol
	64.7
	°C



	Kusumaningtyas et al.9
	
	




Table 2:    Feed inlet composition for RD simulation.



	Component
	Input (kmole h–1)



	Oleic acid
	0.0421



	Linoleic acid
	0.02



	Palmitic acid
	0.0291



	Stearic acid
	0.009



	Methanol
	6.012



	Total
	6.1122




Table 3:    Parameters for the RD simulation.



	Parameter
	Value



	Number of stage
	20



	Reaction zone
	13



	Input feed zone
	7



	Feed temperature
	50°C



	Total feed
	6.112 kmole h–1



	Pressure
	Atmospheric



	Condenser type
	Total



	Reboiler type
	Kettle




3.           RESULTS AND DISCUSSION

The experimental work was conducted to study the effects of reaction temperature and catalyst concentration on the FFA conversion. The simulation was then performed based on the equilibrium model (MESH) using ASPEN PLUS V8.8. Simulation result was compared with the experimental data to examine the proximity of the values and validate the simulation.


3.1            Effect of Temperature on FFA Conversion

Effect of reaction temperature on the reaction conversion was studied at temperatures 40°C, 50°C and 60°C. Table 4 shows the effect of reaction temperature to the FFA conversion at different catalyst concentrations. It can be seen that at catalyst concentration of 1%, 3% and 5%, the increasing temperature also increases the FFA conversion. This phenomenon was in accordance with the research carried out by Supardan and Satriana which found that the optimum reaction temperature for esterification process was at 60°C.12 It also corresponded with the theory of molecule kinetics stating that a temperature increase will raise the molecule kinetics and the effectiveness of molecule collisions. This phenomenon will lead to a faster reaction and increase the conversion.13 FFA conversions at different temperatures are presented in Table 4.

Table 4:    Effect of reaction temperature at different catalyst concentration.



	No

	Catalyst (w/w)

	Conversion (%)




	at 40°C

	at 50°C

	at 60°C




	1

	1%

	66.57

	70.17

	75.14




	2

	3%

	67.86

	72.20

	77.95




	3

	5%

	69.15

	74.72

	78.33




	4

	7%

	74.29

	69.15

	68.12




	5

	9%

	65.59

	65.29

	61.76





Different trends were exhibited at the catalyst concentrations of 7% and 9%. As the temperature increased, FFA conversion at certain catalyst concentration was decreasing. This is due to a large amount of catalyst used in the esterification process. With a large amount of catalyst, several parts of the catalyst cannot be completely dissolved in the reactant mixture. The insoluble catalyst will become a phase barrier which will prevent mass transfer process and results in the declining FFA conversion. According to Ferreira et al., the optimum condition for esterification reaction of FFA using tin(II) chloride catalyst will be achieved when the mixture of reactants and catalyst is in homogeneous phase.14

3.2            Effect of Catalyst Concentration on the FFA Conversion

A slow and reversible reaction such as esterification process needs a catalyst to increase the reaction rate. The larger the amount of catalyst employed in a process, the more active sites available to accelerate the reaction as reported by Srilatha et al.15,16 In the esterification of FFA by methanol, a large excess of tin(II) chloride catalyst will cause side reactions between tin(II) chloride with methanol to form alkyl halide which has blackish colour on the product. This reaction also decreases the amount of methanol and will affect the reactants molar ratio. The decreasing amount of methanol also causes slower reaction rate as stated by Ramadhas et al.5 Figure 2 demonstrates that the optimum FFA conversion is 78.33%, obtained at the reaction temperature of 60°C with the catalyst concentration of 5%.
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Figure 2:      FFA conversion at different catalyst concentrations and reaction temperatures.



3.3            Simulation Results

Simulation of RD for the esterification of mixed non-edible has been conducted in ASPEN PLUS V8.8. Required information to run the simulation is presented in Table 1, 2 and 3. Stream results of the RD simulation are shown in Table 5.

The FFA conversion resulted from the simulation was determined based on the stream data presented in Table 5. It was found that the optimum FFA conversion obtained from the simulation was 75.8%. Compared with the optimum conversion in the experimental study (78.3%), FFA conversion on the simulation has an error of 3.19%. This indicates that result of the simulation was closed to the experimental data, meaning that the model used in this simulation is valid and can accurately predict the conversion of FFA in the esterification of non-edible oil mixture.


Table 5:    Feed and product compositions resulted from the RD simulation.



	Component
	Input (kmole h–1)

	Output (kmole h–1)




	Oleic acid
	0.0421

	0.0101




	Linoleic acid
	0.02

	0.0048




	Palmitic acid
	0.0291

	0.007




	Stearic acid
	0.009

	0.0021




	Methanol
	6.012

	5.9362




	Methyl oleate
	0

	0.0319




	Methyl linoleate
	0

	0.0152




	Methyl palmitate
	0

	0.022




	Methyl stearate
	0

	0.0068





In this study, a sensitivity analysis was also performed to observe the effect of methanol:oil molar ratio to the FFA conversion. Figure 3 shows that the increase of the methanol:oil molar ratio will increase the FFA conversion. This phenomenon was in accordance with the results of research by Gan et al.13 The research reported that the increase of the mole ratio of methanol to oil would lower the viscosity of the reactants mixture, optimise the process of mixing and mass transfer, so that it will increase the conversion.
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Figure 3:      Effect of methanol:oil molar ratio to the FFA conversion.




4.           CONCLUSION

The esterification reaction of FFA by methanol is a slow and reversible reaction. Hence, the addition of catalyst is important to enhance the reaction rate and the application of RD was beneficial to shift the equilibrium to the product formation. To predict the RD performance at large scale operation, an accurate model and simulation is needed. Accurate model and process simulation can be obtained through model validation using experimental data. In this work, the experimental data shows that the optimal FFA conversion of 78.33% was obtained with the addition of catalyst concentration of 5% (w/w) oil and the reaction temperature of 60°C. On the other hand, FFA conversion achieved from simulation study using ASPEN PLUS V8.8 was 75.8%. It can be concluded that the model used in the simulation has accurately predicted the FFA conversion of mixed non-edible oil in reactive distillation. Meanwhile, the results of sensitivity study indicates that the FFA conversion will increase by increasing the methanol:FFA molar ratio.
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ABSTRACT: Removal of cadmium is very important as it is one of several harmful heavy metals commonly found in textile wastewater. This study focused on determination of emulsion liquid membrane (ELM) components for cadmium removal. Carrier, diluent and stripping selection was done by contacting feed phase (150 ppm cadmium) with organic solution at ratio of 1:1. Both solutions were mixed at 500 rpm for 24 h using magnetic stirrer, then the samples were allowed to settle and separate. The results of the study showed that in comparison with acid solution, basic solution containing trioctylamine (TOA), kerosene and NH3 as the carrier, diluent and stripping agent, respectively provided the best performance for cadmium removal using ELM. In addition, the ordering of the extraction in terms of magnitude for the diluents was highly correlated with the polarity, solubility and viscosity. Low polarity and viscosity, and high solubility of the diluent are preferred.

Keywords: Emulsion liquid membrane, liquid membrane components, cadmium, extraction, ELM

1.           INTRODUCTION

Textile is one of the major industries in Indonesia. Textile industry plays an important role in the economy of Indonesia, growing linearly since 2010. It is the third biggest export after palm oil and rubber products. There are many sectors in textile processing, i.e., fibre preparation, spinning, fabric making, colouring and finishing. The last two processes involve the use of huge amount of water. Textile finishing processes involve bleaching, dyeing, printing and stiffening of various processing stages (fibre, yarn, fabric, knits and finished items).1 The finishing process is aimed to improve the look, performance and acceptability of the finished textile products to meet the requirements of the following process. Colouring process can be done through dyeing and printing. Both processes apply many types of textile dyes such as anionic which are direct, acid and reactive dyes, cationic which are basic dyes, non-ionic which are disperse dyes, azo, diazo, anthroquinone based and metal complex dyes.2 The wastewater from colouring process compose of metals, salt, surfactants, organic processing assistants, cationic materials, colour, biological oxygen demand (BOD), chemical oxygen demand (COD), sulphide, acidity/alkalinity, spent solvents, suspended solids, urea, solvents, colour, heat and foam.1 The commonly available metals in textile wastewater are Pb, Fe, Cu, Cd, Zn, Ni and Cr.3,4

Batik is an industry that involves textile printing and dyeing processes. Indonesia has areas operating batik business. The economy of certain areas, such as Pekalongan, mainly depend on batik industry since there were about 1,115 batik home operators in 2011.5 Printing and dyeing processes consume about 16 and 300 l water per kg product, respectively. In Pekalongan, about 4500 m3 textile wastewater is released daily.1 The capacity of wastewater treatment installation is only about 40%. Considering the harmful effects of the wastewater, a proper action is urgently needed to overcome the problems.

There are many methods offered to solve textile industrial wastewater problem. Some research in textile wastewater treatments have been done by coagulation, adsorption, membrane separation and extraction.6–14 Those conventional technologies have their own advantages and disadvantages. Emulsion liquid membrane (ELM) as an alternative of solvent extraction provides advantages of combining extraction and stripping process in a single step, thus minimising the equipment as well as processing time. This method also effectively removes low-concentration contaminants usually available in textile wastewater.

The basic process of ELM is the use of a three-phase dispersion system. In this system, primary emulsion that consists of membrane and stripping phase is dispersed in the feed or effluent phase, which is the phase to be treated. Carrier as an organic soluble extractant is used for metal separation even in a very low concentration. The metal and carrier form a complex that is soluble in the membrane phase. Subsequently, this complex will permeate through the membranes from the outer to the inner interface. At the inner interface, the complex decomposes through reversal of the equilibrium reaction and the metal ion is released into the internal phase and the regenerated free carrier diffuses back into the membrane phase.

Although ELM process offers several advantages for various industrial wastewater recoveries including heavy metals, the method needs to be improved to overcome some technical barriers in its application, especially the removal of low-concentration cadmium in the wastewater. The successful application of this method is not only dependent on the selection of suitable emulsification process but also the emulsion formulation in accordance to the solute which is to be recovered. This is obviously related to the emulsion stability that still remains a great challenge for ELM application at industrial scale. It was reported that generally ELM processes suffer emulsion instability of about 8% on average in terms of membrane breakage and emulsion swelling of about 35% on average.15–20 These figures are interesting when considering the ELM tolerance for membrane breakage and emulsion swelling of 0.1% and 10%, respectively.21,22

In order to obtain the liquid membrane with best performance, a detailed study was done to select potential carriers, diluent and stripping solutions which are suitable for cadmium recovery under batch ELM process. The efficiency of extraction process was governed by emulsion formulation including types of carrier. Three parameters namely carrier, stripper and diluent were investigated to screen the most suitable carrier, stripping solution and diluent on extraction efficiency. Several potential carriers and diluents were compared toward their cadmium extraction capacity under emulsion liquid membrane system. Carrier and diluent selections were considered based on their performance in extracting cadmium, with parameter of extraction efficiency.

Carriers were selected based on their capacity to recover cadmium. The suitable carrier must have high tendency in forming complex with cadmium ion. Carrier screening experiment was carried out using two types of carrier, i.e., trioctylamine (TOA) and di-(2-ethylhexyl) phosphoric acid (D2EHPA) which were run under various concentrations. Three types of organic solutions, i.e., kerosene, n-heptane and oxylene were tested. The determination of liquid membrane components was carried out by employing cadmium solvent extraction process, each for extraction and stripping process.


2.           EXPERIMENTAL

2.1            Materials

The non-ionic surfactant of sorbitan monooleate which is commercially known as Span 80 was used as emulsion stabiliser. Kerosene, oxylene (>99%) and n-heptane (>99%) were used as a diluent. Ammonia solution (25%), nitric acid (65%) and acetic acid (96%) were used as internal phase. TOA (>95%) and D2EHPA (95%) were used as carrier. Cadmium chloride (99.99%) was used in the external feed phase. Deionised water was used to prepare all aqueous solutions. The research employed reagents of analytical grade. Span 80, oxylene, n-heptane, ammonia, nitric acid, acetic acid, TOA and D2EHPA were purchased from Merck. Low-odour kerosene and cadmium chloride were obtained from Sigma Aldrich.

2.2            Procedures

Carrier/extractant and diluent selection was done by contacting feed phase (cadmium solution) with organic solution at ratio of 1:1 as given by some studies on cadmium removal using solvent extraction process.23–29 Cadmium concentration in feed phase was kept constant at 150 ppm. The organic solution consisted of carrier and diluent at various concentrations. Both solutions were mixed at 500 rpm for 24 h using magnetic stirrer, then the samples were allowed to settle and separate. The concentration of cadmium in the feed phase was measured using atomic absorption spectrophotometer (AAS) at wavelength 228.5 nm. The cadmium concentration in loaded organic phase was obtained by mass balance. The obtained value was then used to calculate extraction efficiency as given in the following equation:

[image: art]

Complete parameters and conditions are presented in Table 1.

Screening for type of stripping solution was done by contacting aqueous phase and organic phase using magnetic stirrer. The aqueous phase consisted of stripping solution either NH3 HNO3 or CH3COOH at fixed concentration of 0.1 M. While the organic phase contained 4 wt% loaded TOA and 96 wt% kerosene. Both of aqueous and loaded organic phases were contacted in the equal volume for 24 h. Afterwards, the samples were allowed to settle and separate. Cadmium concentration in aqueous phase was measured by AAS while cadmium concentration in organic phase was calculated by mass balance. Extraction and stripping efficiency were calculated by Equation 1.


Table 1:    Parameters and conditions for screening of emulsion component.



	Component
	Condition




	Extraction
	Stripping



	Type of carrier
	D2EHPA and TOA
	TOA



	Carrier concentration
	4–16 wt% (D2EHPA)
1–6 wt%
	4 wt%



	Type of diluent
	Kerosene, n-heptane, oxylene
	Kerosene



	Type of internal phase
	–
	NH3, HNO3, CH3COOH



	Feed solution and concentration
	150 ppm Cd in 0.1 M HCl
	Loaded organic solution



	Treat ratio
	1:1
	1:1



	Stirring rate and time
	500 rpm for 24 h
	500 rpm for 24 h




3.           RESULTS AND DISCUSSION

3.1            Carrier Screening

Theoretically, higher carrier concentration results in higher extraction capacity. However, instead of using excessive concentration of carrier unnecessarily, optimum amounts are required to ensure the economic feasibility. Based on these points of view, a series of experiments had been conducted to determine the most suitable carrier for liquid membrane formulation. The examined carriers were divided into acidic and basic types.

3.1.1         Acidic extractant

D2EHPA was first examined as a carrier for cadmium extraction. For better understanding of the behaviour of the carrier, the effect of carrier concentration on the cadmium efficiency was investigated using solvent extraction experiments. The experimental results are presented in Figure 1. The bar chart given in the figure represents the cadmium extraction efficiency provided from contacting equal volume of feed and organic solutions for 24 h at 500 rpm. Feed solution was 150 ppm cadmium in 0.1 M HCl whilst organic solution was composed of D2EHPA and kerosene as an extractant and diluent, respectively. It can be seen from Figure 1 that the extraction efficiency was highly affected by carrier concentration. Only about 35% cadmium was extracted using 4 wt% D2EHPA. The extraction efficiency enhanced significantly from 4 wt% to 12 wt% of carrier concentration. The result showed that carrier concentration of 12 wt% enhanced the extraction efficiency to about 92%. Expecting higher extraction efficiency, carrier concentration was further increased 16 wt%, but the increase of extraction efficiency was not significant. At 16 wt%, the system should reach about the same efficiency. This means that D2EHPA has an optimum concentration to extract cadmium from feed solution under the condition investigated. Significant increase of extraction efficiency was within 4 wt% to 12 wt%.
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Figure 1:      Effect of D2EHPA concentration on extraction efficiency.



The distribution coefficient (KD) of cadmium prepared by D2EHPA concentration could be obtained from the plot of log (D2EHPA) versus log KD slope of the line is equal to the number of carrier molecules associated with a metal atom in the extracted species. It was found in Figure 2 that the obtained slope was almost equal to 2, indicating that one mole of cadmium would react with two moles of D2EHPA as mentioned by Basualto et al.30 Based on these result, the distribution coefficient of various D2EHPA concentration was evaluated by the following equation:
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KD shows the distribution coefficient, CA,II is organic solution (mg l–1), and CA,III is cadmium-complex concentration in is cadmium concentration in feed phase (mg l–1). Based on the obtained slope value, cadmium reacted with D2EHPA following the reaction as follows:
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Figure 2:      Relationship between D2EHPA concentrations to distribution coefficient.



It should be noted that cadmium in feed solution was available at 150 ppm which is equivalent to 0.0000205 moles. In the meantime, the D2EHPA concentrations employed were 4 wt%, 8 wt%, 12 wt% and 16 wt% which are equivalent to 0.000382, 0.00077, 0.001147 and 0.001537 moles, respectively. Thus, theoretically all the D2EHPA concentrations examined are enough to extract cadmium from feed solution. However, the diffusion of cadmium from aqueous into organic phases is limited due to the existence of mass transfer resistance in the interface of aqueous and organic phases.31 Thus, higher carrier concentration is preferred as it has higher amount of free D2EHPA for reaction as evidenced by Equation 3. This is consistent with the results obtained above that better cadmium extraction efficiencies were obtained at D2EHPA concentrations of above 8 wt%. Similar observation was also found in previous studies that much more amount of extractant is needed to obtain high extraction efficiency using D2EHPA.25,26 They found that when toluene was used as the organic phase, high concentration of 0.1 M D2EHPA (equivalent with 3.7 wt%) was needed to obtain 82% extraction efficiency from 5 ppm cadmium in aqueous solution.26 In another case, when kerosene and mixture of 1% isodecanol with D2EHPA were used as the diluent and extractant respectively, the minimum concentration of 0.15 M D2EHPA (equivalent with 6 wt%) was required to achieve 78% extraction efficiency from 0.00445 M (500 ppm) cadmium in aqueous solution.26

3.1.2         Basic extractant

Basic extractant has been known as a promising agent in metal extraction. TOA as a type of basic extractant was chosen and tested in order to study its capability for cadmium extraction. In order to obtain a clear interpretation of the effect of basic extractant concentration on cadmium extraction efficiency, the solvent extraction experiment was conducted at various TOA concentrations of 1 wt%, 2 wt%, 4 wt% and 6 wt%. Feed solution was 150 ppm cadmium in 0.1 M HCl whilst organic solution is composed of TOA and kerosene as extractant and diluent, respectively. The result is plotted in Figure 3. It can be seen from the figure that as in the case of D2EHPA, the cadmium extraction efficiency using TOA was also highly affected by the extractant concentration. Very limited amount of cadmium could be extracted using TOA concentration of 1 wt%. However, extraction efficiency improved progressively when the extractant concentration was raised from 1 wt% to 4 wt%. Further increase of extractant concentration beyond 4 wt% resulted in almost the same extraction efficiency, in which more than 90% of cadmium was extracted using 4 wt% and 6 wt% of extractant concentration, respectively. This result indicates that it is more than enough to remove cadmium from feed phase by utilising 4 wt% of extractant concentration. Previous studies pointed out that one of the best extractant to remove cadmium by solvent extraction was TOA in kerosene.32,33 Cadmium can form anionic chloro complexes in chloride solutions and they could be separated from the organic phase by contacting with organic anion exchanger such as protonated TOA. It can be confirmed that below 10% of TOA was enough to extract cadmium with efficiency of about 90%.33
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Figure 3:      Effect of TOA concentration on extraction efficiency.



The distribution coefficient of cadmium extraction under different TOA concentrations is determined in Figure 4 through the plot of log (TOA) versus log KD. It could be observed that the obtained slope was about 2, indicating that one mole of cadmium would react with two moles of TOA. Since 4 wt% of extractant concentration has 0.000346 mole of TOA, it is more than enough to extract 0.0000205 mole of cadmium from 150 ppm cadmium contained in feed phase by considering mass transfer resistance in the interface of aqueous and organic phases. Therefore, 4 wt% of TOA is sufficient.

Based on the obtained slope value, the extraction of cadmium using TOA as extractant was given by the following equation:
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Figure 4:      Relationship between TOA concentrations to distribution coefficient.



Compared to D2EHPA, TOA has better efficiency in extracting cadmium on the same weight basis. Hence, TOA will be used as the extractant in the subsequent studies. Moreover, this finding is important since in ELM processes the extractant or carrier is the most expensive material for emulsion composition. Therefore, it is expected that by minimising the amount of carrier, the overall ELM processes become economically feasible.

3.2            Diluent Screening

Several types of diluent, namely n-heptane, oxylene and kerosene were tested for dilution of TOA and used for extraction of 150 ppm cadmium in aqueous feed solution. The TOA was completely soluble in all tested diluents. In this study, TOA concentration was fixed at 4 wt%. The cadmium extraction was performed by contacting equal volume of feed and organic solutions for 24 h at 500 rpm. Extraction efficiency generated by these three diluents is presented in Figure 5.
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Figure 5:      Effect of type of diluents on extraction efficiency.



It can be seen from the figure that the highest extraction efficiency of about 91% was obtained for kerosene, whereas organic solution contained oxylene as the diluent generated the lowest extraction efficiency of about 62%. This result gives an impression of the sequence of extraction ability by different diluents as follows: kerosene > n-heptane > oxylene. Kerosene and n-heptane as aliphatics diluents are generally preferred than oxylene as aromatic diluents because of its low solubility in water.34,35 Moreover, the ordering of the extraction in terms of magnitude for the diluents is also highly correlated with the polarity or dielectric constant of the diluents. The value of dielectric constant is 1.8 for kerosene, 1.9 for n-heptane, and 2.6 for oxylene. An increase in polarity or dielectric constant of the diluent caused a reduction in extraction efficiency.36,37

The evaluation result is given in Table 2. As shown, kerosene as the diluent in organic solution has higher distribution coefficient due to the high cadmium extraction efficiency. Since kerosene provides better extraction performance and distribution coefficient, it was selected as the suitable diluent in the subsequent studies. In addition, kerosene has high boiling point, high solubility of extractant, low toxicity, relatively low viscosity, and it is commercially available with low price, making it more preferred as the diluent. Later, for ELM application, these properties might give better stability, especially in emulsification process aided by a sonicator. Less viscous solution undergoes easier cavitation to form the emulsion, resulting in better emulsion stability.38 The application of demulsification in the end of ELM process can minimise the side effect of using this diluent since the used diluent can be recycled.

Table 2:    Distribution coefficient of different diluents.



	Diluent
	KD



	Oxylene
	2.99



	n-Heptane
	5.21



	Kerosene
	15.17




3.3            Stripping Agent Screening

Another component of liquid membrane is the stripping agent. The stripping agent must be able to strip off the complex of extractant/carrier and metal ion. Using TOA as selected carrier and kerosene as selected diluent for cadmium extraction, study was continued in screening the suitable stripping agent. An acid was employed as stripping solution namely nitric acid (HNO3), while for the basic solution, ammonia (NH3) and acetic acid (CH3COOH) were chosen.

The experiments were performed by contacting the aqueous and loaded organic phases in the equal volume for 24 h. The aqueous phase consisted of stripping solution either NH3 HNO3 or CH3COOH at a fixed concentration of 0.1 M, while the organic phase contained 96 wt% kerosene and 4 wt% loaded TOA obtained from previous diluent screening experiment. Figure 6 shows the capability of NH3, HNO3 and CH3COOH to strip cadmium from loaded organic phase. It was found that NH3 solution gave the highest extraction efficiency whilst the system using HNO3 gave the lowest. This shows that under the investigated condition, basic solution is more suitable to strip the cadmium from organic phase containing TOA as the extractant compared to acid solution. This condition is possible because in the stripping reaction, cadmium ion was released from the complex by the OH− anion contained in the basic stripping solution.39 On the contrary, the use of acid stripping agents formed a species of H2CdCl4 which is not completely ionised, thus reducing the amount of H+ in the stripping solution. Consequently, further stripping reaction would decrease due to the less availability of proton.40
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Figure 6:      Extraction efficiency for different types of stripping solution.



Based on the result above, the distribution coefficient of different types of stripping solution was also evaluated. The evaluation result is given in Table 3. As shown, NH3 as the stripping agent has higher distribution coefficient. This is not surprising as it provides high cadmium extraction efficiency. Since NH3 provides better extraction performance and distribution coefficient, it was chosen as the suitable internal phase solution for further study in ELM system.

Table 3:    Distribution coefficient of different stripping phase solutions.



	Diluent
	KD



	NH3
	13.98



	HNO3
	5.02



	CH3COOH
	10.36




4.           CONCLUSION

Determination of emulsion liquid membrane components for cadmium removal has been carried out. The screening components consist of carrier, diluent and stripping materials. D2EHPA and TOA as acidic and basic carrier respectively were found to have good performance for cadmium removal. In the meantime, TOA was more efficient compared to D2EHPA as it provided similar extraction efficiency even at low concentration. Among the diluents tested, kerosene was preferred as it gave better ELM performance. The sequence of extraction ability by different diluents as follows: kerosene > n-heptane > oxylene. This study also found that NH3 as the stripping agent of ELM gave the highest extraction efficiency, followed by CH3COOH.
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ABSTRACT: The purpose of this research is to study the modeling of adsorptive-distillation (AD) on ethanol-water mixture purification using natural and synthetic zeolites as adsorbent. The synthetic zeolite type used was zeolite 3A. AD is an effective way to purify ethanol-water mixture so that it can produce pure ethanol as fuel. Natural and synthetic zeolites as adsorbent are quite promising for industrial application. The experiment was conducted in a batch operation. Four AD modellings are developed based on four different simplifications, i.e., quasi-steady-state with no axial dispersion (Model 1), unsteady-state with no axial dispersion (Model 2), quasi-steady-state with axial dispersion (Model 3) and unsteady-state with axial dispersion (Model 4). The equilibrium equation correlating water content in vapour and water content in adsorbent particle was approximated by Henry’s law model.

Keywords: Adsorptive-distillation, axial dispersion, ethanol-water, modelling, zeolite

1.           INTRODUCTION

Azeotropic distillation is mostly conducted by combination of distillation and adsorption of the vapour-phase. This process is often called adsorptive-distillation (AD).1 The principle of AD method is to break the azeotropic point by letting the undesired component trapped on the adsorbent based on adsorption phenomena, so that the desired product rises in composition passing the azeotropic point. This process can be applied for ethanol-water mixture.2 Ethanol has been part of chemicals and beverages for a long time, but its application has expanded during the 20th century. One of the chemical products expanded is in the use of ethanol as fuel.3 Ethanol as replacement or substitution for conventional fuel will help to overcome energy crisis and curb CO2 emission.4,5 Since ethanol fuel could also be produced from lignocellulose, it can reduce lignocellulosic biomass waste, as well as avoid CO2 emission accumulation.6–8 However, the challenging process in ethanol fuel production is the separation of ethanol-water mixture to produce absolute ethanol.9 In conventional processes, ethanol concentration produced by fermentation and followed by multi-stages distillation is about 96.5% v/v. Therefore, this ethanol must be concentrated to anhydrous concentration.10,11

In AD method, water vapour resulted from distillation process is adsorbed simultaneously so that the azeotropic point can be passed.12 This method is more economical and efficient than others.13–15 The latter workers used inorganic adsorbents such as molecular sieves, lithium chloride, silica gel and activated alumina.4,9,14,16,17 In addition, synthetic zeolites 3Å is better than natural ones for removing and purifying ethanol from an ethanol-water mixture in gas phase.16 The focus of this research is to study the quantitative modelling of adsorptive-distillation of ethanol-water solution using natural and synthetic zeolites as adsorbent.

The adsorption is conducted in a column packed with adsorbent. In the adsorption zone, transfer mechanism of the adsorbed component (i.e., water) from the bulk fluid (i.e., ethanol-water vapour mixture) into the adsorbent’s surface must be known. In principle, the mechanism will be the following series of steps: (1) mass transfer from the bulk fluid to the external surface; (2) diffusion from the external surface through the pore; (3) mass transfer from the bulk fluid in the pore to the wall of pore or internal surface; and (4) adsorption into the internal surface. However, in most cases, steps 3 and 4 occur quite fast compared with steps 1 and 2 hence the rate of adsorption process is usually controlled by 1 or 2, or both. Some assumptions and basic concepts above will be applied in the development of the following AD model.18

The component adsorbed was assumed to be only water. Therefore, the ethanol component does not change. Hence, the mass balance is expressed by water component that flows in AD. Completely, the water mass balance can be expressed as follow (rate of input – rate of output = rate of accumulation):
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where Dax is axial dispersion coefficient (dm2 min–1), F is vapour volumetric rate (l min–1), S is cross-section area of the column (dm2), x is axial position in bed (m), ε is porosity of bed of adsorbent, kc.a is volumetric mass transfer coefficient (l min–1), CA is water concentration (mol l–1), and CA* is concentration of water in the vapour at equilibrium to that on the surface of adsorbent (mol l–1). CA* is assumed to follow Henry’s law as in Equation 2:2
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where XA is water content in the adsorbent (mol water g–1 adsorbent), while H is equilibrium constant of Henry (g ads l–1). Since the water content in the vapour is relatively low, the value of F is assumed to be constant. The mass balance of water on the adsorbent at the volume element of bed between x and x+dx can be expressed as in Equation 3:
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where ρb is bulk density of adsorbent (g ads l–1).

The parameters of mass transfer coefficient (kca), Henry’s constant (H), and axial dispersion coefficient (Dax) can be calculated using curve-fitting method.

With commutative law, Equation 1 is rewritten as in Equation 4.
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If Δx approaches to zero, the above equation can be simplified as Equation 5:
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2.           EXPERIMENTAL

The accuracies of the models proposed were verified by experimental data. The data were obtained from AD of ethanol-water with operating condition as follows. Ethanol-water mixture as raw material (93.8% v/v) was put in a flask and then heated until gradually evaporated. The vapour formed was fed to a vertical column adsorbent. The value of CA0 (concentration of water entering the column) was calculated from the correlation of liquid-vapour equilibrium (LVE) curve of ethanol-water system under the azeothrope point. Thus, CA0 was about 5.72 mol l–1. The shape of natural and synthetic zeolites was assumed to be spherical with particle diameter of 3–5 mm. The designed AD apparatus was similar to the one used in the experiments conducted by Boonfung and Rattanaphanee.10 The zeolites as adsorbent was packed in column with an inside diameter of 2.54 cm and a length of 10 cm. The adsorbent column was insulated with asbestos fibre tape in order to avoid energy loss in the environment. The distillation process was conducted in a 500 ml flask filled with 300 ml ethanol-water mixture and then heated by 515 W electric heating mantle (SCILOGEX MS-H280-Pro). Power input of heating mantle was controlled by a power regulator to achieve a constant temperature of 78°C. This temperature was recorded using thermocouple attached in one of the nozzle on the flask. In the AD process, the ethanol-water vapour flows into adsorber column and then the vapour leaving the column was condensed by 28°C water as the cooling medium. The condensates were collected in a bottle every 5 min. Thus, the process was conducted in batch operation, i.e., no ethanol-water solution added into the flask.

In the modelling of the AD system (Figure 1), to avoid complexity, the following simplifications were applied: liquid and vapour in the flask columns are in equilibrium state; holdup liquid in bed of adsorbent is neglected; adsorbent (natural and synthetic zeolites) adsorbs water only (single-component adsorption); and flow rate and density (average molecular weight) of ethanol-water solution are constant.
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Figure 1:      The element volume of mass transfer of water in adsorber column.



The data of ethanol concentration obtained is expressed in Table 1.16

Table 1:    Ethanol concentration in the vapour leaving the column (conditions: pressure 1 atm, heater temperature 160°C for Natural Zeolite and 19.64 g Zeolite 3Å, heater temperature 170°C for 15.39 g Zeolite 3Å)



	(Concentration, mol l–1) (Volume, ml) (Time, min)




	Natural Zeolite

	Zeolite 3A (19.64 g)

	Zeolite 3A (15.39 g)




	(94.280) (0.0) (47)

	(94.280) (0.0) (43)

	(94.290) (0.00) (45)




	(96.964) (1.4) (52)

	(96.882) (1.8) (48)

	(97.472) (11.8) (50)




	(96.184) (1.8) (57)

	(96.765) (1.7) (53)

	(97.359) (12.0) (55)




	(96.042) (2.0) (62)

	(96.574) (1.7) (58)

	(97.389) (12.0) (60)




	(95.970) (1.8) (67)

	(96.671) (1.4) (63)

	(95.969) (11.8) (65)




	(95.766) (1.6) (72)

	(96.590) (1.5) (68)

	(96.894) (12.2) (70)




	(95.553) (1.6) (77)

	(96.502) (1.5) (73)

	(96.173) (12.4) (75)




	(95.461) (2.0) (82)

	(96.411) (1.4) (78)

	(96.695) (12.0) (80)




	(95.368) (1.6) (87)

	(96.283) (1.4) (83)

	(96.450) (12.0) (85)




	(95.316) (2.2) (92)

	(96.203) (1.2) (88)

	(96.623) (11.0) (90)




	(95.144) (2.0) (97)

	(96.152) (1.2) (93)

	(96.339) (11.9) (95)






In this research, the mass balance of AD was developed in several models, such as quasi-steady-state with no axial dispersion (Model 1), unsteady-state with no axial dispersion (Model 2), quasi-steady-state with axial dispersion (Model 3), and unsteady-state with axial dispersion (Model 4). Model 4 is very complete as in Equation 5.

At quasi-steady-state condition, the ethanol accumulation in column is negligible. The mass balance of water during the process with assumption of no axial dispersion is generated by setting the value of Dax = 0. Therefore, Equation 5 can be simplified as Equation 6 for Model 1:
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As the same rule, assuming no axial dispersion at unsteady-state condition (Model 2), the mass balance is expressed by Equation 7:
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Meanwhile, the mass balance of water during the process with assumption of with axial dispersion at squasi-steady-state condition (Model 3) is generated as in Equation 8:
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3.           RESULTS AND DISCUSSION

From the experimental results, it can be confirmed that the designed AD equipment can be used to purify ethanol. In this system, adsorbed water molecule was in vapour phase. The AD method in vapour phase was also conducted by Boonfung and Rattanaphanee.10 The AD process was operated in semi batch-wise. Banat et al. investigated the ethanol purification in a fixed bed. This process resembles a batch distillation under unsteady-state condition. The average condensate flow rate achieved by manipulating power supply was ca. 1.5 ml min–1.19 On the other hand, Chen and Sheng carried out AD method to purify ethanol solution in liquid phase which was combined with water desorption using a high-temperature gas (i.e., nitrogen) in order to regenerate zeolite adsorbent.11 Mujiburohman et al. studied purification of isopropanol-water using AD method in batch system.14 The system was constructed with three columns, i.e., first distilation column to decrease water content until azeotropic point, bed of adsorbent as second column to remove water in solution, and second distillation column as third column to purify isopropanol until anhydrous concentration.17

In this research, the initial ethanol concentration in the flask was 93.8% v/v (in liquid-phase). The concentration of ethanol condensate is equal to the vapour-phase ethanol concentration that was found from vapour-liquid equilibrium table at pressure of 1 atm and its value was about 94.28% v/v (the water content in first condensate was about 5.72% w/w). The value was far lower than its azeotropic point. Highest ethanol concentration achieved was 96.96% v/v (above the azeotropic concentration). Subsequently, if the initial ethanol concentration is close to the azeotrope point (near 96.5% v/v), the ethanol concentration produced from these experiments could achieve almost anhydrous ethanol.16 Therefore, natural and synthetic zeolites are considered as promising adsorbents of water vapour in AD system.

Theoretically, zeolite has Si and Al components.20 Natural and 3Å synthetic zeolites which have a pore size of about 0.4 nm can easily adsorb the water molecules that have a molecular diameter of 0.28 nm. While ethanol, with a molecular diameter of 0.44 nm, cannot be adsorbed by zeolites. Al-Asheh et al. studied the use of various molecular sieve adsorbents to dehydrate the ethanol-water mixture and to compare each other.13 They found that a molecular sieve 3Å is the best solid adsorbent than that of 4Å and 5Å to adsorb the water content.11 Their finding is also in a good agreement with study by Sowerby and Crittenden.21 As a result, the molecular sieve 3Å adsorbent is widely used in ethanol purification.15

According to Chopade et al., zeolite is a mineral consisting of SiO2.AlO2 groups and alkali-ions.22 In its complex crystal structure, zeolite is capable of adsorbing water vapour. Water content up to 25% (g water/g zeolite) can be adsorbed. From their experimental research, the water uptakes for 15 min, 30 min, 45 min and 60 min were 9.5%, 6%, 10.5% and 12.5%, respectively. In this research, at 50 min, the water uptakes of natural and synthetic zeolites were about 1.7% and 3.3%, respectively. The value of synthetic zeolite was greater than from cassava-based adsorbent (3.0%), but lower than from molecular sieve 3Å by Alameda et al. (13%) as well as from cornmeal adsorbent (11.5%).23,24

The good result achieved from this AD system was also due to adsorbent preparation prior to using it. The two preparation steps were activated using NaOH solution and heating in oven. Chemical treatment on the zeolite adsorbent activation can be done by acid and base treatment using HNO3, HCl or H2SO4, and NaOH.25 Basically, acid treatment could increase the Si/Al ratio. According to Abdullah, zeolite is activated using HCl or NaOH to increase the adsorption capacity.26 Calcination is the process of heating an object until the high temperature but still below the melting point to eliminate compounds that can evaporate. Zeolite activation process through calcination will release water and increase crystallinity. Therefore, calcination of natural zeolite can improve the specific properties of zeolite.

A state of the art of this research, a so-called modelling of adsorptive-distillation of ethanol-water mixture, was solved to describe the AD process especially to handle design application and scale-up. From the experimental result, AD was proved to be able to break up the azeotropic, although the ethanol concentration was far from anhydrous point, because the initial ethanol concentration was not near the azotropic point. Many literature studies have presented examples of modelling of distillation or adsorption phenomena.2,27,28 In this research, the several mathematical models with different simplifications were applied.

Equation 6 is a partial differential equation which can be solved numerically using finite difference approximation principles (explicit method) in which this differential equation is converted into algebraic equation as in Equations 9 and 10 for i = 0 to N–1 and i = N (Model 1).
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Meanwhile, the results of the algebraic equations for Model 2 for i = 0 to N–1 as well as i = N are as in Equations 11 and 12.
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where:

[image: art]

Model 3 was solved using Equation 13 for i = 1 to N–1.
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For i = 0, with the assumption that CAi–1,j = CA0 (no adsorption beyond the adsorbent bed), Equation 13 can be expressed as:
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With the assumption that CAN+1,j = CAN,j (no adsorption beyond the adsorbent bed), the ethanol concentration at i = N can be expressed as Equation 15:
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On the other hand, Model 4 was solved using Equation 16 for i = 1 to N–1.
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For i = 0, Equation 16 can be expressed as Equation17:
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For i = N, Equation 16 can be expressed as Equation 18:
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where:
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The results of calculation are shown in Figures 1 and 2. The figures showed that the models with axial dispersion (Models 3 and 4) can describe adsorption mechanism better than the ones without dispersion (Models 1 and 2) for natural and synthetic zeolites as adsorbent.
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Figure 2:      Comparison of water concentration in volume fraction based on the experimental measurements and calculation of various AD models using natural zeolite as adsorbent with assumption in quasi-steady-state: (a) as well as unsteady-state; (b) at conditions: heating temperature of 160°C, pressure of 1 atm and condensate flows of 0.37 ml min–1.
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Figure 3:      Comparison of water concentration in volume fraction based on the experimental measurements and calculation of various AD models using synthetic zeolite as adsorbent with assumption in quasi-steady-state: (a) as well as unsteady-state; (b) at conditions: heating temperature of 170°C, pressure of 1 atm and condensate flows of 2.38 ml min–1.



4.           CONCLUSION

Ethanol could be purified using AD method with natural and synthetic zeolites as adsorbent at 1 atm of pressure. The designed AD equipment and both types of used adsorbent could increase ethanol concentration. The process of AD can be quantitatively described by several models, such as quasi-steady-state with no axial dispersion (Model 1), unsteady-state with no axial dispersion (Model 2), quasi-steady-state with axial dispersion (Model 3) and unsteady-state with axial dispersion (Model 4). All models can describe adsorption mechanism well. Highest ethanol concentration achieved by using natural zeolite, 19.64 g and 15.39 g synthetic zeolite is about 96.96 v/v, 96.88 v/v and 97.472% v/v. This concentration is above the azeotropic concentration. Thus, AD with natural and synthetic zelolites as adsorbent shows good performance and success in passing the azeotropic point.
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ABSTRACT: The MWCNT/ZnOw/epoxy composites have great potential as microwave absorbing material. The synthesis of ZnO whiskers (ZnOw) was carried out using precursors ZnSO4 and Na2CO3 via hydrothermal method with temperatures of 120°C, 160°C, 200°C, and 240°C. X-ray diffraction (XRD) and scanning electron microscope (SEM) were applied to find out the morphology and structure of ZnOw powder. The best results of the XRD and SEM-EDX at hydrothermal temperature of 160°C showed the best crystallinity of ZnO compound, that is at 2θ values of 31.7°, 32.2°, 34.3°, 36.1°, 37.9°, 56.5°, 62.8°, 67.8°, 76.8° and 89.5° with a Miller index of 111, 100, 002, 101, 102, 110, 103, 112, 202 and 203, respectively. At 160°C, ZnO whiskers had a size of 97.7 nm, with a purity level of 72.6%. By adding 4% MWCNT, the result of synthesis via spray pyrolysis method (purity 90%) and 4% of epoxy, the ZnOw synthesised by hydrothermal method formed MWCNT/ZnOw/epoxy composites. To determine the composite’s microwave absorption capability, a vector network analyser was administered at hydrothermal temperatures of 160°C and 200°C. The MWCNT/ZnOw/epoxy composites had a reflection loss of –11.9 dB. This value exceeds the standard for microwave absorbing material which is –11.9 dB. Therefore, the composite has great potential as a microwave absorbing material.

Keywords: Zinc oxide whiskers, hydrothermal, MWCNT, composites, ZnOw


1.           INTRODUCTION

Anti-radar technology has been developed involving two primary methods. The first method is radar absorbing structure (RAS) which involves manipulating the object geometry shape.1 The second method uses a radar absorbing material called radar-absorbing material (RAM), which is done by modifying the object-material.1 To improve the efficiency of RAM, numerous studies have been conducted to obtain optimal materials for absorbing microwaves.1

Zinc oxide is a derivative compound of zinc elements that have good physical characteristics. Hence, it is often applied in various technology products such as thin layer technology, supercapacitors, anti-radar technology and electronic devices.2 One form of zinc oxide that has a unique morphology is ZnO whiskers (ZnOw).3 ZnOw has a resistivity value of 0.62–0.65 × 103 Ωm. Therefore, it is classified as a semiconductor material. This is one of the characteristics of microwave absorbing materials.4

The synthesis of ZnOw using the hydrothermal method has several precursors that can be used. For example, synthesis of ZnO whiskers used precursors Zn(OH) referring to Liu et al., used precursors Zn(NO3)2 referring to Shen et al., and used precursors ZnSO4 (Wen et al.).5–7 The higher the temperature used, the lower the hydroxyl group (OH-) gets, indicating a better crystal form of ZnOw. However, to support this study, the authors use a variation of hydrothermal temperatures referring to Wang et al.8

To improve the quality, ZnO whiskers’ microwave absorption must be formed into composite MWCNT/ZnOw/epoxy.9 For example, the composites of ZnO/MWCNT/epoxy have the reflection loss value of 23.00 dB with a small density of 0.14 g cm–3.10 Therefore, it can be lighter when applied as a RAM material. In this study, the authors use composite MWCNT/ZnOw/epoxy with a certain composition to obtain a material that has characteristics allowing for maximal absorption of the microwave. Here in this paper, we demonstrate the hydrothermal method to synthesise ZnO nanostructures. We also prepare the composites of ZnO/MWCNT/epoxy to increase the microwave absorbance.


2.           EXPERIMENTAL

2.1            Materials

Zinc sulfate heptahydrate (ZnSO4), sodium carbonate (Na2CO3) 0.25 mol l–1 and a solvent of distilled water (H2O) are prepared.7 The synthesis of MWCNT with purity 92% uses ferrocene and benzene. To form the ZnOw/MWCNT/epoxy, a poxy resin matrix is used. All chemicals are analytical grade reagent from Merck KGaA, Germany.

2.2            Synthesis of ZnO Powder Whiskers

Synthesis of ZnO whisker powder uses precursor materials zinc sulfate heptahydrate (ZnSO4) 0.4 mol l–1 and sodium carbonate (Na2SO4) 0.25 mol l–1 and a solvent of distilled water (H2O).7 The synthesis maintains hydrothermal temperature 160°C after about 6 h using Teflon-lined stainless stell autoclave. Then it is cleaned by distilled water (H2O) and it is also dried at 60°C for about 6 h.10

2.3            Forming ZnOw/MWCNT/Epoxy Composites

ZnOw/MWCNT/epoxy composite consists of three main materials: 4% MWCNT that had been synthesised by spray pyrolysis method, the synthesis result of 90% ZnOw using the hydrothermal method, and 4% epoxies as matrix.11 Composite MWCNT/ZnOw/epoxy is printed into 2.3 cm × 1.1 cm in width and thickness of 2 mm.

2.4            Characterisation

To find out the morphology and structure of ZnO whisker powder, X-ray diffraction (XRD) (Phillip analytical X-Ray B.V) with CuKɑ radiation (λ = 1.5418 Å) at 40 KV and scanning electron microscopy (SEM JEOL JSM-6390A). To find out the composite capability of MWCNT/ZnOw/Epoxy in absorbing microwaves, a vector network analyser is used.

3.           RESULTS AND DISCUSSION

3.1            Morphological Analysis of ZnOw

To obtain the morphology and structure of ZnO whisker powder, XRD and SEM are used. The XRD is aimed to analyse qualitatively the ZnO whisker particles that use the hydrothermal process of the compound ZnCO3.12 To form the ZnO whiskers, ZnSO4 and Na2CO3 are applied as the precursor in reaction to a test:
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The XRD uses five samples. The samples consist of ZnO confronted with hydrothermal processes at temperature of T = 160°C about 6 h and ZnCO3 before hydrothermal. The results of the XRD can be seen in Figure 1.
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Figure 1:      XRD analysis of ZnO and ZnCO3 before the hydrothermal processing, where the compound that has been formed is ZnCO3.



The results of XRD show some peaks corresponding to the values of the 2θ compound of ZnCO3 in JCPDS database (PDF No.19-1458). The peak hydrothermal temperature of 160°C is indicated by the crystallinity of ZnCO3 compound at 2θ values of 23.3°, 25.2° and 28.0° in directions to 111, 400 and 200. These results at the hydrothermal temperature of the 160°C show the peak corresponding to the values between at least the values of 2θ ZnCO3 at JCPDS database (PDF No.19-1458) and the lowest intensity that shows the low crystallinity value of ZnCO3. Besides the research by Wen et al. with hydrothermal temperature of 160°C, the results of crystallinity in this study are better due to the peak corresponding value of Zn5(CO3)2(OH)6 in JCPDS database (PDF No.19-1458) which is less and has lower intensity.7

The crystallinity level of ZnO is determined by analysing the peak corresponding to the value of 2θ ZnO compound in JCPDS database (PDF No.36-1451).7 At hydrothermal temperature of 160°C, the peak indicates the crystallinity of the ZnO compound 2θ values of 31.7°, 32.2°, 34.3°, 36.1°, 37.9°, 56.5°, 62.8°, 67.8°, 76.8° and 89.5° in directions towards 111, 100, 002, 101, 102, 110, 103, 112, 202 and 203. These results show that the peak correspondence to the value of 2θ ZnO compound in JCPDS database is the highest intensity, which means the crystallinity value of ZnO compound is high.7 Proper hydrothermal temperatures can affect the level of crystallinity of ZnO.7 The results of crystallinity in this study are better due to the peak correspondence to the value of 2θ ZnO compound in JCPDS database (PDF No.19-1458) which is greater and has higher intensity.

The SEM shows that ZnO whiskers/ZnO root has been formed at hydrothermal temperature of 160°C for 6 h. At 160°C, the size of ZnO becomes 97.7 nm in length. The nanomaterials are less than 100 nm in length.13 At 160°C, ZnO materials form nanomaterials. SEM is used to analyse the size and types of ZnO and MWCNT formed.14 The SEM results can be seen in Figure 2.
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Figure 2:      Test results of ZnO and MWCNT magnification 5000X with a) ZnO hydrothermal 160°C, and b) MWCNT.



SEM results show that the carbon nanotubes form well. The carbon nanotubes are synthesised using a spray pyrolysis process that has been formed based on SEM results that are part of MWCNT. SWCNT takes the form of rolled cylindrical sheets of graphite that are 0.2–5 μm in length and 1–2 nm in diameter.15 An SWCNT consists of two parts: the side wall of the cylinder, and the peaks of the cylinder.15 The form of MWCNT is the same as the form of SWCNT which consists of many rolls of 2–25 nm in diameter.15


3.2            Absorption Analysis of ZnOw/MWCNT/Epoxy Composite Waves

To study the composite capability of ZnOw/MWCNT/epoxy in absorbing microwaves, vector network analyser (VNA) is utilised.25 The VNA test is used to find out the value of reflection loss, transmission loss and microwave absorption through compositing. Reflection loss is the main parameter to find out the anti-radar capability of composite MWCNT/ZnOw/epoxy. The reflection loss values can be seen in Figure 3.
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Figure 3:      Reflection loss values of composite MWCNT/ZnOw/epoxy.



At hydrothermal temperature of 120°C, the reflection loss value is –2.1 dB. At 160°C, the value is –10.2 dB, while at 200°C, the value is –6.8 dB. At 240°C, the reflection loss is –8.9 dB. The reflection loss value of ZnOw/MWCNT/epoxies is –11.9 dB. Hydrothermal temperature of 160°C has the highest reflection loss value; EDX-tests of the results at hydrothermal temperature 160°C shows the highest content of C atoms, which is as high as 63.3%. According to Liu et al., carbon is a dielectric material that has the capacity for polarisation and absorption of electromagnetic waves that converts them into heat energy.7,16 When the electromagnetic waves hit the material, the polarisation occurs due to field of electric wave that creates an electric current, converting into heat through the Joule effect.17 ZnO is a semiconductor material that has the ability to absorb electromagnetic waves by converting the energy of electromagnetic waves into heat energy.17


4.           CONCLUSION

The results of the morphological analysis using XRD and SEM-EDX show that the material ZnO whiskers form well at hydrothermal temperature of 160°C. The results also show that the MWCNT material formed well. The test results of the anti-radar capability of composite MWCNT/ZnOw/epoxy that use VNA at a hydrothermal temperature of 160°C and MWCNT show that reflection loss values of composite MWCNT/ZnOw/epoxy are –10.2 dB and –11.9 dB, respectively.
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ABSTRACT: Biodiesel production using conventional method usually involves a long processing time and produces low yield. In Indonesia, nyamplung (Calophyllum inophyllum) plant is a highly potential raw material for biodiesel production with plantation areas of approximately 255.350 ha and produces about 20 tonne ha–1 seeds per year. The oil in the seed is about 50%–73%, and mainly consists of oleic and linoleic acid. The crude nyamplung oil has a free fatty acid of approximately 12.9%. Based on literature, the microwave has been intensively applied to reduce the processing time while ionic liquid has also been used as an acceleration agent in the transesterification reaction during biodiesel production. In the present study, biodiesel was produced from nyamplung oil using an ionic liquid (BMIMHSO4) + NaOH as a catalyst and assisted by microwave heating system. The effect of transesterification reaction temperature (i.e., range of 50°C–80°C); molar ratio of methanol to oil (range of 6–12 mole/mole); reaction time (range of 3–9 min); and microwave power (range of 100–400 W) were studied. Catalyst concentration was fixed at BMIMHSO4(1):NaOH(1), i.e., 1%. Based on the results, the optimum condition was achieved at 70°C with yield of 94.04%, molar ratio of methanol to oil 9 mole/mole and reaction time 6 min, and microwave power at 200 W with yield of 93.83%.

Keywords: Biodiesel, nyamplung, transesterification, microwave, Calophyllum inophyllum


1.           INTRODUCTION

Biodiesel is a potential alternative fuel to fossil fuels. Biodiesel can be produced from vegetable oil or animal fat through transesterification reactions. Nyamplung (Calophyllum inophyllum) seed oil is abundant in Indonesia and its potential has not been fully utilised. Nyamplung seed has a high oil content of about 75%, mainly consisting of oleic acid and linoleic acid, which is about 71%.1 Crude nyamplung oil has a high acid content of 12.9% and also contains gum. Therefore, it requires a pretreatment process before being used as a raw material for biodiesel. The pretreatment process of crude nyamplung oil combines degumming and neutralisation processes. Biodiesel is produced by transesterification reaction between oil and alcohol. Some parameters may affect the transesterification reaction, such as temperature, catalyst concentration, molar ratio of methanol to oil, and reaction time.2

Microwave heating is more effective than conventional heating. This heating can increase the chemical reaction because it can transfer energy directly to the reactant so that heat transfer and reaction could be faster.3 Heating systems with microwave radiation can be used in biodiesel production.4,5 In renewable energy production, yield and selectivity can be improved by using microwave technology.6 Microwaves absorb polar compound well and methanol is a polar compound, thus it is very compatible in the production of biodiesel by using microwaves.7 The microwave heater may cause increase in the polar solvent boiling point compared with conventional heating.8

Li et al. found that microwave-assisted biodiesel production from Camptotheca acuminata seed oil, catalysed by [BSO3HMIM]HSO4-Fe2(SO4)3 5wt% at 60°C for 60 min gave the highest yield of 95.7%. Zhou et al. studied transesterification of glycerol trioleate with catalyst 1-butyl-3 methyl imidazolium hydroxide, reaction temperature 120°C, molar ratio MeOH to oil 9, and reaction time of 8 h has obtained a yield of 87.2%.9,10 Liang et al. studied the synthesis of biodiesel from soybean with catalyst [Et3NH] Cl-AlCl3 (x AlCl3 = 0.7), and reaction temperature 70°C using conventional heating for 9 h. They obtained biodiesel yield of 98.5%.11

The transesterification reaction during the biodiesel production is considered a slow reaction, therefore a catalyst is needed to increase the reaction rate by decreasing the activation energy of reaction. In the transesterification reaction, the use of alkaline catalyst at a low temperature is proven to give a faster reaction time than acid and enzyme catalysts. However, alkaline catalysts have deficiencies as it has a tendency to cause saponification, which is due to the free fatty acid content in the oil.12 The use of homogeneous catalyst still produces biodiesel with low yield. Therefore, to increase the yield of biodiesel, the use of ionic liquid as a catalyst is highly considered. Research on the production of biodiesel using ionic liquid as a catalyst and microwave as a heating system has been studied.

Ionic liquid is a potential catalyst to be used in biodiesel production.13,14 It is a new generation of environmentally friendly chemicals with high catalytic activity.15 Ionic liquid is a kind of organic salt composed of anions and cations in a liquid state at temperatures below 100°C and its vapour pressure characteristic is negligible.16,17 Sherbiny et al. showed that the synthesis of biodiesel from jatropha oil produced the highest yield of 94.7% with 2 min reaction time using microwave heating while conventional heating requires 1 h reaction time.5 To the best of our knowledge, the study of biodiesel production using a mixture of an ionic liquid, i.e., 1-butyl-3 methyl imidazolium hydrogen sulfate (BMIMHSO4) with NaOH as a catalyst is not yet available in the published literature. In the present study, the effects of using a mixture of BMIMHSO4+ NaOH with several parameters, i.e., reaction temperatures and microwave powers by using microwave radiation on the transesterification of nyamplung oil has been investigated.

2.           EXPERIMENTAL

2.1            Materials

The main raw material used in this study is nyamplung oil containing free fatty acid (FFA) about 12.8%, which was obtained from Kroya Cilacap, Indonesia, whereas, 99.9% methanol and 99.0% NaOH were purchased from Merck. The ionic liquid BMIMHSO4 with purity of 95.0% was purchased from Sigma-Aldrich.

2.2            Pretreatment of Crude Nyamplung Oil

Crude nyamplung oil containing gums was removed via degumming method. About 20% phosphoric acid 0.3% (v/wt) was added to nyamplung oil and then heated to 70°C for 25 min.18 Reduction of nyamplung oil free fatty acid was carried out by neutralisation process, by adding saturated sodium carbonate solution (20 ml per 100 ml) into the mixture and heated at 70°C for 1 h. Soap and gum are separated from the oil by decantation for 24 h. The oil from the decantation was washed with water at 60°C–70°C to obtain a neutral pH of oil and then heated at 80°C to evaporate water.


2.3            Transesterification Assisted by Microwave Heating System

The transesterification reaction was carried out in a batch reactor equipped with microwaves, condensers, temperature sensors and magnetic stirrers. Stirring speed was kept constant at 600 rpm. The oil was placed in the reactor and heated first to the desired temperature. The amount of catalyst BMIMHSO4 + NaOH in the ratio of 1:1 was added to the reactor about 1% by weight of the oil. The molar ratio of methanol to oil was in the range of 6 to 12 mol/mol and reaction time was in the range of 3–9 min. The reaction temperature was varied from 60°C to 80°C and power microwave at 100–400 W. The product was added to the separator until two phases were formed in equilibrium. The upper phase consists of methyl esters, and the lower phase contains glycerol. Upper phase samples were taken and analysed using a gas chromatography-mass spectrometry (GC-MS) to determine the concentration of methyl esters. The results of methyl esters were defined as follows:12

Methyl ester yield = methyl ester concentration × biodiesel yield:
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where C is methyl ester content (%), Wb is the weight of biodiesel production (g), and Woil is the weight of initial amount of nyamplung oil (g).

3.           RESULTS AND DISCUSSION

3.1            FTIR Analysis

The Fourier transform infrared (FTIR) spectrum of the biodiesel produced from nyamplung oil with BMIMHSO4-NaOH 1% catalyst condition, 6 min reaction time and molar ratio methanol to oil 1:9 is presented in Figure 1.
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Figure 1:      Spectrum FTIR for a FAME sample of nyamplung oil.



In the 1750–1730 cm–1 region, it can be observed that its peak can be attributed to the C=O stretch, a typical ester found in biodiesel and triglyceride spectra.19 The main spectral region of biodiesel is in the range of 1450–1375 cm–1. The peak at 1452 cm–1 corresponds to the asymmetric stretching -CH3 in the biodiesel spectrum. The 1366 cm–1 peak can be attributed to the glycerol group O-CH2 (mono-, di- and triglycerides), present in the triglyceride spectrum. Stretching O-CH3 is shown by absorbance at 1201 cm–1 which is a biodiesel.

3.2            Effect of Transesterification Temperature

The experiments were carried out with the catalyst BMIMHSO4(1): NaOH(1) 1%, reaction time 6 min, molar ratio of methanol to oil 9 and various reaction temperature (50°C, 60°C, 70°C and 80°C) to investigate the influence of temperature on the biodiesel yield. As shown in Figure 2, the yields are 86.84%, 92.81%, 94.04% and 84.08% for 50°C, 60°C, 70°C and 80°C, respectively. The results showed that increase in temperature from 50°C to 70°C significantly increased the biodiesel yield from 86.84% to 94.04%. When the temperature was further increased to 80°C, the yield decreased to 84.08%.
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Figure 2:      Effect of reaction temperature on yield with microwave heating.



The results obtained can be explained as follows. The biodiesel yield is influenced by temperature, in which a high reaction temperature will decrease the viscosity of the oil so that it will increase the reaction rate and shorten the reaction time.20 The solubility of the oil in methanol will increase with the high reaction temperature, thus improving the conversion of biodiesel. However, high temperatures also cause saponification that lower the yield.21

3.3            Effect of Molar Ratio Methanol to Oil

Stoichiometrically, the transesterification reaction requires 3 moles of methanol for 1 mole of triglyceride, which produces 3 moles of fatty acid alkyl ester and 1 mole of glycerol. The transesterification is a reversible reaction, hence a large excess of methanol is required to push the reaction to the right direction.20

The experiments were carried out with catalyst BMIMHSO4(1):NaOH(1) amount of 1.0 wt% of oil, reaction time of 6 min, reaction temperature 70°C and various molar ratios of methanol 6, 9 and 12 mole/mole. The effect of molar ratio of methanol to oil on the yield of biodiesel is shown in Figure 3.
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Figure 3:      Effect of molar ratio of methanol to oil on yield with microwave heating.



As shown in the figure, increasing molar ratio of methanol to oil from 6 to 9 mole/mole increased the yield from 88.21% to 94.04%. When the molar ratio was further increased to 12 mole/mole, the yield decreased from 94.04% to 89.68%. The high molar ratio of methanol to oil increased the solubility of glycerol, thus the glycerol will be difficult to separate and went into the biodiesel phase, which then decreased the yield of biodiesel.2

3.4            Effect of Reaction Time

The experiments were carried out with catalyst BMIMHSO4(1):NaOH(1) amount of 1.0 wt%, reaction temperature 70°C and molar ratio of methanol to oil of 9 mole/mole. The reaction time was varied at 3 min, 6 min and 9 min in order to investigate the influence of reaction time on the yield of biodiesel. As shown in Figure 4, the yields are 89.81%, 94.04% and 93.39% for reaction time of 3 min, 6 min and 9 min, respectively. The results showed that increase in reaction time from 3 min to 6 min increased the yield from 89.81% to 94.04%. When the reaction time was increased to 9 min, the yield did not change significantly (i.e., 94.04% to 93.94%). Therefore, the optimum reaction time that gave the best yield was 6 min.
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Figure 4:      Effect of time reaction on the yield.



This result was similar with other research studies. Leung et al. found that maximum yields were achieved at reaction times of less than 90 min, and further increase in reaction time did not increase the biodiesel yield.20 Leung et al. also stated that excessive reaction time will cause the transesterification reaction run to the left so that it will decrease the product yield, due to the loss of esters and many fatty acids converted into soap.

3.5            Effect of Microwave Power

To study the effect of microwave power on biodiesel yield, the experiments were carried out at various microwave power, i.e., 100 W, 200 W and 400 W. Whereas, other parameters were fixed, i.e., BMIMHSO4 (1):NaOH (1) amount 1.0 wt%, reaction time 6 min, the molar ratio of methanol to oil 9. The results of experiments are presented in Table 1. As seen in the table, the yield of biodiesel were 92.08%, 93.8% and 92.27% for 100 W, 200 W and 400 W, respectively. The results showed that the increase of microwave power from 100 W to 200 W significantly increased the yield from 92.08% to 93.8%. When the microwave power was increased further to 400 W, the yield decreased from 93.8% to 92.27%.

Table 1:    Effect of microwave power.



	Microwave power

	Yield (%)




	100

	92.08




	200

	93.80




	400

	92.27






The effect of microwave power on the transesterification reaction has been reported by other researchers. Khemthong et al. reported that transesterification reaction using CaO catalyst 15 wt%, microwave power operation condition 900 W, methanol to oil ratio 18 and reaction time of 4 min produced maximum biodiesel yield of 96.7%.22 Microwave energy increased intensity of localised heating and accelerated the chemical reactions, resulting in high yield of biodiesel (in a short time).5,23 Handayani et al. also reported that the transesterification using microwave required shorter reaction times than conventional heater.24 Additionally, microwave heating gave a yield of 92.81% with reaction time of 6 min, while conventional heating took 180 min to reach similar yield, i.e., 93.89%. This phenomenon could be explained in the following. The methanol has a high microwave absorption capacity and it is an organic solvent with high polarity, a property that supports the rapid transesterification reaction caused by polarisation of dipolar and ionic conduction.25 The boiling point of polar solvents increase when heated by using microwave over conventional heating, which is called superheating. The more polar the solvent, the effect of microwave will be accelerated with increasing temperature.8

4.           CONCLUSION

Biodiesel from nyamplung oil has been successfully produced via transesterification reaction. The reaction used catalyst BMIMHSO4 + NaOH in the ratio of 1:1 (1 wt% of oil) and assisted by microwave heating system. The effect of transesterification reaction temperature (i.e., range of 50°C–80°C); molar ratio of methanol to oil (i.e., range of 6–12 mole/mole); reaction time (i.e., range of 3–9 min); and microwave power (i.e., range of 100–400 W) were studied. The best results were obtained at reaction temperature of 70°C, molar ratio of methanol to oil 9 mole/mole and reaction time 6 min with yield of 94.04%, and microwave power of 200 W with a yield of 93.83%.
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