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ABSTRACT: Sedimentation in river triggered by soil erosion has an impact on the ecosystem services. Application of natural biomass on residual as biodegradable material has been of great attention due to its environmental friendliness. In this study, oil palm empty fruit bunch (OPEFB) and seaweed are applied as a composite to evaluate the water holding capacity and thickness swelling as soil stabiliser. The alkaline treatment is introduced to improve the surface bonding of fibres with binder. The dimensional stability test was conducted according to standard ASTM D 5229 to obtain average water absorption and thickness swelling. The average water absorption and thickness swelling for the non-treated composite are 297.07% (± 6.47) and 7.78% (± 3.34) respectively, while for the alkaline treated composite, it demonstrates lower water absorption (222.60% (± 4.38)) but higher thickness swelling 18.23% (± 4.23). This showed that both of the composites have high water content mainly due to dimensional stability. Scanning electron microscopy (SEM) micrographs display better interface adhesion between OPEFB fibre and seaweed after alkaline treatment compare to non-treated composite. Fibre breakage was observed for the non-treated composite, suggesting that it is incapable to withstand the tension created by water during the immersion.
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1.          INTRODUCTION

Malaysia is the world’s leading producer of palm oil having 50,000 km2 of oil palm plantations and 423 palm oil mills operating in the country.1 After producing the valuable products, a large amount of biomass is generated as waste including the trunks, fronds and empty fruit bunch (EFB). Oil palm empty fruit bunch (OPEFB) is unfavourable to handle due to its wet, bulky and voluminous properties. Similarly, seaweed is another abundant resource found in Malaysia, mainly in Sabah. Seaweed is known as a useful and low-cost material but it is only widely used in agriculture industry as it contains beneficial elements to plant and soil. Back in 1950s, seaweed was extracted to be used as fertilisers for plantations in order to boost the food production in Europe and North America.

In recent years, Malaysia has been encountering the issue of floods mainly due to runoff of water and erosion of soil into the river, causing the riverbed level to rise. OPEFB consists of several good characteristics which enables it to form a good composite with seaweed, which serves as a matrix bed to mitigate soil erosion issue. At the same time, seaweed is abundantly found locally as an attractive material in recent studies due to its several good characteristics, which are hydrophilic, biodegradable, non-toxin and safe to environment. An exploratory study has employed seaweed to enhance the mechanical properties and water absorption of the composite.2 In this way, the waste of OPEFB can be reduced and reused to solve the soil erosion issue, whilst seaweed can be used to add nutrient value into the soil. OPEFB fibre and seaweed are both promising materials having good potential in reducing soil erosion.

However, when using both materials to make a composite for water absorption purpose, the mechanical properties and compatibility are both critical elements to be defined. The formation of the interface in the layers of composite leads to the compatibility of OPEFB fibre. According to Alawar et al., incompatibility of composite often occurs as an issue when using natural fibre.3 Chemical treatment is a trusted method to modify the surface of natural fibres and improve the strength of the interfacial bond. Thus, the compatibility of the composite is a concern while making sure the composite is able to exhibit desirable characteristic, which is high water absorption. The desirable characteristics include high content of cellulose, high moisture absorption, wide availability, renewable, low density, lower energy requirement, biodegradable and cost effective.4

Although OPEFB fibres are naturally strong in mechanical properties such as tensile strength and flexural properties, the uptake of water by the composite causes swelling which will lead to changes in the dimensional stability.5 This particular reason turns the use of natural fibre as reinforced composites in polymers into a less ideal choice. Yet, the susceptibility of water in OPEFB fibre is one of the good characteristics contributing to the composite in this study.

The interfacial bonding and adhesion of the composite play important roles to provide good mechanical support. Upon the absorption of water, the mechanical properties of the fibre turn weaker as well.6 Alkaline treatment is one of the ways to improve the surface morphology and mechanical properties of the treated fibres. This treatment caused the removal of the hemicelluloses, wax, oils and lignin covering at the surface of fibre. The optimum treatment contributes to result mentioned above is under the treatment condition of 1% sodium hydroxide (NaOH) for 1 h at 100°C.4 According to Joseph et al., a better interfacial bonding in the application of alkaline treatment is produced.7 The removal of hemicelluloses and the lignin redistribution has increased the fibre porosity at the same time. Thus, the surface modification on OPEFB can be used to decrease the hydrophilic ability of material due to chemical and physical modification. Therefore, the main objective of this study is to investigate the physical and morphological properties (water absorption and thickness swelling) of alkaline treated and non-treated OPEFB fibre and seaweed composite.

2.          EXPERIMENTAL

2.1        Materials

Seaweed sample is bought from Green Leaf Synergy (Sabah, Malaysia), while the OPF is obtained from United Oil Palm Industries (Nibong Tebal, Pulau Pinang, Malaysia). The physical and chemical properties of OPEFB fibre is as summarised in Table 1, meanwhile the minor content of seaweed fibre is presented in Table 2.

Table 1:     Physical and chemical properties of OPEFB fibre.8



	Property
	Values



	Chemical property (%)
	



	Lignin
	19



	Cellulose
	65



	Ash
	2



	Physical property Density (g/cc)
	1.4



	Diameter (μm)
	150–500





Table 2:     Minor content of seaweed fibres.9



	Ingredients
	Content (wt%)
	Ingredients
	Content (mg/kg DM)



	Nitrogen
	0.05
	Aqua regia zinc
	142



	Phosphate
	0.08
	Aqua regia copper 9.38



	Potash
	0.20
	Aqua regia iron
	476



	Aqua regia calcium
	0.56
	Aqua regia manganese
	42.13



	Aqua regia magnesium
	1.04
	Aqua regia sulphur
	21900



	Aqua regia sodium
	7.54
	Boron
	363




2.2        Composite Preparation

OPEFB is dismantled into single fibres and cleaned with distilled water to get rid of oily matters. The fibres are air dried for 24 h before transferred into force-air convention oven for another 24 h at 80°C. The fibres are ground into desired length (50–100 mm) by using grinder (Riken, RAB-15T1S3) from Riken Electric Co., Taiwan.

The seaweed is washed with distilled water to clear off any impurities before dried in oven at temperature of 40°C for 4 days. The sample is then kept in an airtight bottle prior to the composite preparation.

For alkaline treatment, the fibres are immersed in 1% NaOH for 1 h at 100°C with continuous heating.3 The fibres are cooled to room temperature and rinsed with distilled water, and dried in a vacuum oven at 60°C for 24 h.

Next, 25 g of seaweed is heated at 100°C before mixed with 40 g of OPEFB fibre. The mixture then is poured into a mold dimension of 120 mm × 120 mm × 1.5 mm. After that, the mold is placed on the lower movable platen of the hydraulic press for 1 day in 1000 psi to compact the structure of the composite. Five replications are prepared for both treated and non-treated composites.

2.3        Water Absorption and Thickness Swelling Test

Water absorption and thickness swelling are assessed following ASTM D 5229 standard. Specimens of 60 mm × 60 mm × 1.5 mm are prepared from the composites. The samples are stored in desiccator containing silica gel to keep the sample dry and to prevent the growth of fungus on the sample. Before testing, the weight and thickness of each sample are measured. For water absorption test, the samples of each type of composite (treated and untreated) are immersed in 200 ml of distilled water at room temperature. The specimens are taken out and dried with an absorbent lint-free towel or tissue papers to remove excess water on the surface before immediately weighed by using digital balance.2,5,6,10,11

The thickness swelling measurements of the samples are then measured using a dial callipers (Mitutoyo, 505–641) before and after the water absorption test. The specimens are then placed back into the water instantly. This procedure is repeated continuously for every 5 min for five replications until the effective moisture equilibrium is reached, which means the constant weight of specimens is obtained. According to ASTM D 5229 standard method, the water absorption and thickness swelling are calculated by using Equations 1 and 2 respectively:
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	Where:
	Wi = The weight of specimens after immersion, g



	
	Wo = The weight of specimens before immersion, g
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	Where:
	T1 = The thickness of specimens after immersion in distilled water, mm



	
	T0 = The thickness of specimens before immersion, mm




2.4        Morphology Analysis

The morphology of composites is analysed using ZEISS, 51- ADD0048 scanning electron microscope (SEM) at 15 kV. The samples are coated by gold-sputtering before the SEM analysis is performed. The sample is mounted on aluminium holders using double-sided electrically conducting carbon adhesive tabs prior to analysis.

3.          RESULTS AND DISCUSSION

Many researchers conducted this test on nature fibre and polymer matrix to evaluate water absorption behaviour.12 In most studies, the weight gain or weight loss of material composite are the interested parameter to manifest percentage of moisture content.13

The average water absorption of the composite is calculated based on Equation 1 in order to determine the amount of water absorbed under a certain condition. The average values of water absorption and thickness swelling for both non-treated and treated composites are presented in Table 3 and Table 4.

Table 3:     Average water absorption for treated and non-treated composite for 60 min.



	Time interval (min)

	Non-treated composite

	Treated composite




	Moisture content (%)

	Moisture content (%)




	5

	225.1397

	± 9.9874

	147.4270

	± 19.9371




	10

	248.7898

	± 18.8300

	181.8549

	± 11.5356




	15

	269.8533

	± 10.0085

	205.8671

	± 10.7276




	20

	295.2580

	± 7.2932

	215.8906

	± 11.8445




	25

	299.7944

	± 3.7422

	223.2578

	± 6.1238




	30

	307.9629

	± 6.3455

	233.3803

	± 6.1619




	35

	317.9340

	± 7.1146

	236.0401

	± 12.9619




	40

	334.8347

	± 7.3459

	240.0804

	± 12.4832




	45

	333.5239

	± 16.6141

	238.1933

	± 18.4036




	50

	337.6278

	± 19.1759

	248.9254

	± 19.0647




	55

	–

	–

	250.7251

	± 16.4693




	60

	–

	–

	249.5946

	± 16.6081




	Average

	297.0718

	± 6.4744

	222.6030

	± 4.3754





Data are means ± stdev (N= 20).

Table 4:     Average thickness swelling for treated and non-treated composite for 60 min.



	Time interval (min)

	Non-treated composite

	Treated composite




	Thickness swelling (%)

	Thickness swelling (%)




	5

	10.9963

	± 6.8863

	17.3006

	± 7.3583




	10

	10.0984

	± 5.2371

	21.2175

	± 8.1247




	15

	8.8289

	± 4.3896

	20.4347

	± 7.8849




	20

	8.5796

	± 4.0229

	17.2030

	± 4.0076




	25

	8.5165

	± 4.6325

	18.3424

	± 6.4053




	30

	8.3779

	± 3.6412

	16.7832

	± 4.1366




	35

	8.3947

	± 2.8334

	18.1533

	± 4.7250




	40

	6.8982

	± 5.2196

	19.1846

	± 4.0573




	45

	4.6381

	± 6.2965

	18.1117

	± 2.9390




	50

	2.5395

	± 5.5501

	18.7974

	± 4.1061




	55

	–

	–

	18.4448

	± 3.1635




	60

	–

	–

	14.7994

	± 4.4735




	Average

	7.7868

	± 3.3408

	18.2310

	± 4.2349





Data are means ± stdev (N= 20).

3.1        Water Absorption of Composites

In water absorption test (Figure 1), the results show that there is a huge increment of water absorption for five of the replicated samples compared to the initial state after soaking only 5 min in the water. In the first 5 min, the composites gain at least three times of its initial dry weight and after that increase gradually for the rest of the time intervals. According to Jawaid et al., cellulose is one of the components in the OPEFB fibres showing hydrophilic characteristic that causes water uptake and capillary action during the water absorption test.4 The capillary action occurs in the tiny spaces within the fibre composite allows the water to transfer naturally resulting in an increase of moisture content.14 Since OPEFB fibre has high percentage of cellulose as shown in Table 1, the large intake of water by both treated and non-treated composite can be clearly explained.

Based on the bar graph plotted in Figure 1, the immersion time of non-treated composite lasts for 50 min, while the treated composite lasts for 60 min before the composites start to detach. However, at 50 min, the weight gain of the composites becomes lesser as the fibre had nearly approached moisture equilibrium, causing only small changes in percentage of water absorption. According to Pandian et al., the water absorption behaviour is highly dependent on the voids available in the composite itself thus, the water will first fill up the empty voids rapidly through capillary action until the voids turn limited.10 The non-treated composite samples start to detach from 50 min onwards due to the dimensionally unstable structure, causing the difficulties in taking measurement of the composite. The void content in the composite that allows water absorption can affect the degradation and its interfacial bond.9 Besides that, the solubility nature of seaweed also is another factor that causes the detachment of this composite in water. Sodium alginate is a natural hydrophilic polysaccharide presents in seaweed which performs good gelling properties as binder.15 Alginate tends to be relatively soluble in water because it contains high number of hydroxyl group.15 This contributes to composite degradation in this study while seaweed started to dissolve in water as displayed in Figure 2.
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Figure 1:    Average water absorption for both non-treated and treated composite in 60 min.



The average water absorption achieved for non-treated composite is 297.07% (± 6.47) while for treated composite has lower average water absorption than the non-treated composite, which is 222.60% (± 4.38). Based on Figure 1, the overall trend of average water absorption for non-treated composite samples grow substantially for every 5 min until 40 min ranging from 225.14% (± 9.99) to 337.63% (± 19.18); whereas the treated composite grow moderately for every 5 min until 40 min ranging from the lowest 147.43% (± 19.94) to the highest 250.73% (± 16.47). Valadez-Gonzalez et al. mentioned that alkaline treatment helps to remove and dissolve the hemicelluloses, waxes and lignin partially from the external surface of fibre.16 This provides a rougher surface and higher porosity of OPEFB fibre, thereby leading to difficulties in water retention within the composite.14,17,18 The water can be easily seeped through the pores on the fibre surface instead of retaining in the composite. Hence, the declination of water absorption performance in alkaline treated composite than the non-treated composite can be clearly explained.
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Figure 2:    Seaweed detached gradually from composite at 50 min during water immersion test.



3.2        Thickness Swelling of Composites

Dimensional stability is the ability of material to maintain its original dimensions under the exposure of temperature and humidity changes. Thickness swelling is closely related to the dimensional stability of a composite.4 When the composite is exposed to different humidity and temperature, stress is induced in between the layers of composite resulting in degradation of fiber matrix interface.19 The uptake of the water changed the thickness and affects the dimension of the composite. The thickness swelling test is supposed to be carried out continuously until a constant weight is obtained, in which the effective moisture equilibrium is achieved. However, the measurement of thickness swelling in this study was only able to carry out until 50 min due to the detachment of composite.

In Figure 3, it is observed that most of the thickness of the replicated samples expands throughout the period time, but the thickness swelling percentage increased at the beginning and remain fluctuated until the end. The overall thickness swelling obtained from dimensional stability test is 18.23% (± 4.23). The highest average thickness swelling achieved by treated composite is 21.21% (± 8.12) at 10 min and the lowest swelling value is 14.80% (± 4.47) at 60 min. However, for non-treated composite, the overall thickness swelling is 7.79% (± 3.34). Initially, the composite had the average thickness swelling of 11.00% (± 6.89) but obtained 2.54% (± 5.55) at 50 min due to composite degradation. It is obvious to see that the thickness swelling increased lesser and fluctuate after 30 min of experiment. Exposure of the composite to water absorption in a certain period of time affect the strength and toughness of the composite. The fibre swelling resulting in formation of weak bond between the fibres and the binder, and thus micro-cracks can happen to cause a brittle matrix thus, explains the decreasing value appeared in thickness swelling in both samples.20
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Figure 3:    Average thickness swelling for both non-treated and treated composite over the time period.



In addition, the effect of water absorption is not only on the thickness, yet it expands the whole dimensional area of the composite samples.21 The trend of the thickness increment is less obvious compared to the weight increment. This is because the water molecules within the cellulose voids are capable to destroy the rigidity of the cellulose structure and causing softening effect. Thus, the increment of the thickness is not obvious as the fibre dimensions are changed easily.22 This clearly proved that the composite expands in both direction, vertically and horizontally when immersed in water.

In contrast, the alkaline treated composite achieves higher thickness swelling compare to non-treated composite. It is shown from Figure 3 that the immersion time for all of the three samples has prolonged until 1 h and not to mention, the thickness swelling of treated composite are averagely higher than non-treated composite starting from the beginning. This indicates that the treated composites are able to withstand a longer period in water before the seaweed starts to dissolve in water compared to non-treated composite. This is because the treatment enhances the number of possible reaction site on the fibre surface and promotes better mechanical interlocking within the composite.16 Improvement of adhesion between fibres creates dimensionally stable composite before reaching the saturated state which micro-cracks appear. When the water molecules enter the cellulose network, the fibre is strong enough to support the swelling and provide a rigid increment of thickness swelling. Thus, the thickness swelling for a rigid composite is more measurable as disintegration of structure is avoided while taking measurement.

Hypothetically, the trend of thickness swelling has to be similar with water absorption, which is increasing with immersion time until certain extent.23 Yet, this study does not reflect the same result mainly due to the high hydrophilic characteristics shown in seaweed, resulting in unstable dimension as displayed in Figure 4.
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Figure 4:    The deformity of shape was found upon water immersion test.



In this case, the expansion of dimension should be taken into account instead of only thickness swelling. However, with better surface modification upon treatment, the average thickness swelling for treated composite is higher than non-treated composites which are 18.23% (± 4.23) and 7.79% (± 3.34) respectively.


3.3        Surface Morphology

3.3.1      Pre-water absorption test

The surface morphology of composite is examined under scanning electron microscope (SEM). Before the immersion of water, smooth surface plenty of pores on the cylindrical shape fibres without any chemical treatment is observed as in Figure 5. Since there is no surface modification towards the fibre, the cellulose material on the fibre surface is still able to absorb a remarkable amount of water. The water absorption ability gives another beneficial point in this study to facilitate the biodegradation process of composite during application as microorganisms in the soil depend on water for their growth.20
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Figure 5:    SEM micrographs of non-treated fibre under pre-immersion condition, (A) magnification at 100X; (B) magnification at 250X.




In comparison, the alkaline treated OPEFB fibre in pre-immersion condition is as shown in Figure 6. The biggest difference is the number of pores on fibre surface increase to improve the interface adhesion between the OPEFB fibre and the seaweed binder. Although there is improvement in mechanical properties, the performance of water absorption is less ideal due to high porosity. However, the result obtained reflects that 1% NaOH for 1 h at 100°C suggested by Alawar et al. is indeed an optimum treatment as there is improvement for surface morphology.3
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Figure 6:    SEM micrographs of alkaline treated OPEFB fibre with increased number of pores under pre-immersion condition (magnification at 250X).



3.3.2      Post water absorption test

SEM micrographs of OPEFB fibre after water absorption test are examined for both non-treated and treated composites where the micrographs show some fragmented and broken fibres surrounded with binder of seaweed (Figure 7).

This indicates that fibre breakage and micro-crack happen at several parts of the fibre due to swelling. It is observed that the fibre breakage part for the non-treated composites appear more than the treated composite. This proves that the treated composite can withstand higher stress than non-treated composite. Muñoz and García-Manrique mentioned that the micro-cracks at interfacial region caused by fibre swelling are able to promote the diffusion of the water via the cracks.22 This could be another reason for non-treated composite demonstrating higher moisture content after water immersion.
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Figure 7:    Comparison of SEM micrographs of non-treated (left) and alkaline-treated (right) of OPEFB fibre breakage part after water immersion (magnification at 20X).



4.          CONCLUSION

OPEFB and seaweed composite exhibit desirable characteristics in terms of high water absorption performance particularly for non-treated composite. The alkaline treated composite obtained a higher thickness swelling percentage and sustained longer during water immersion, which was 18.23% (± 4.23) for 60 min of water immersion; whereas the non-treated composite showed lower thickness swelling percentage and slightly shorter immersion time, which was 7.78% (± 3.34) for 50 min of water immersion before composite degradation. This has clearly proved that a better surface interlocking towards the composite has been achieved by surface modification. Further study should be conducted in the future regarding the degradation period and mechanical strength of this composite before it can be applied as a soil stabiliser.
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ABSTRACT: In this paper, data from Nigerian Global Positioning System/Global Navigation Satellite System (GPS/GNSS) network (NIGNET) for the year 2012, together with those from surface meteorological stations, National Center for Environmental Prediction (NCEP) Reanalysis II, and the Department of Energy (DOE) Numerical Weather Prediction (NWP) model have been used to estimate the precipitable water vapour (PWV) in three NIGNET stations across Nigeria (i.e., Zaria, Abuja and Lagos). The GPS/GNSS data was analysed using RTKLIB (ver. 2.4.2) open source GPS/GNSS software. This work aims to highlight the importance of GPS PWV in NWP modelling as well as to show that GPS PWV data could be assimilated into NWP models leading to improved weather forecast. The measured PWV by GPS/GNSS was found and compared with NCEP Reanalysis II, with R2 of 0.08, 0.006 and 0.106, RMS error of 0.32 cm, 0.29 cm and 0.99 cm, while the surface meteorological data was also compared, with R2 of 0.114, 0.045 and 0.004, RMS error of 0.34 cm, 0.30 cm and 0.28 cm for Zaria, Abuja and Lagos respectively.

Keywords: Precipitable water vapour, GPS/GNSS, Nigeria, Butler’s equation, RTKLIB


1.          INTRODUCTION

Water vapour, a small component of the atmosphere, plays a very significant role in the atmospheric dynamics. It is also hugely responsible for the existence of the biosphere. Among the various measures of atmospheric water vapour, precipitable water vapour (PWV) is very important as it accurately measures the quantity of the atmospheric water vapour in contrast to measuring percentage or ratio of the water vapour. Among the uses of the PWV are in the numerical weather prediction (NWP) models, pattern analysis and rain forecast, as well as determination of climate change trend.1–3

The mass of water vapour, mv, in an atmospheric column with cross-sectional area A is represented with the following equation:

[image: art]

where mv is the mass of water molecules (18amu) and nv is the number density of water molecules. The integration is done from the surface to the altitude z, and using the conservation of mass principle, the ideal gas equation as shown by Butler is:4
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where Po is the surface water vapour partial pressure, To is the surface ambient temperature, ρ1 is the liquid water density (1000 kg/m3), k is the Boltzmann constant (1.38×10−23 J/K) and H is the scale height (assumed to be 15 km). Substituting all the constants, Equation 2 reduces to:
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The use of global positioning system (GPS) to remotely sense the atmospheric water vapour was developed by Bevis et al. and the superiority of this method of estimating PWV was demonstrated by Businger et al.3,5 Following these pioneering works, several researchers have measured PWV using Nigerian Global Positioning System/Global Navigation Satellite System (GPS/GNSS) data and the results have been found to compare very well with other methods of estimating PWV. For instance, Coster et al. used a 6-station GPS antenna network in Europe to measure PWV and found an agreement of between 1 and 2 mm with the radiosonde and microwave water vapour.6 Behren et al. and Kwon et al. compared PWV measured with GPS and NWP models and found good agreement.7,8


Using appropriate software, the zenith total delay (ZTD), which occurs due to attenuation of the GPS/GNSS signal by the troposphere, could be estimated. The ZTD is composed of the attenuation due to the dry component of the troposphere (known as the zenith hydrostatic delay [ZHD]) and the delay due to the water vapour in the troposphere (known as the zenith wet delay [ZWD]):
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From the surface pressure, latitude and the GPS/GNSS antenna height, the ZHD could be estimated using the Saastamoinen model and hence ZWD could be obtained.8 The PWV is directly related to the ZWD as following:

[image: art]

where Π is a dimensionless constant given by:
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where ρ is the density of liquid water (999.9 kg/m3), Rv is the specific gas constant of water vapour (461.5 J/kg.K), k′2(22.1K/hPa) and k3 (370100K2/hPa) are from widely used formula for atmospheric refractivity and could be found in Bevis et al.10 Tm is the atmospheric mean temperature which is empirically related to the surface temperature Ts (in Kelvin), as found by Bevis et al.10 by:

[image: art]

In this work, we attempted using the network of GPS/GNSS antenna, setup by the Nigerian government for GIS purpose to: estimate precipitable water vapour, the results of which will be compared with that of the numerical weather prediction model (NCEP Reanalysis II) and Butler’s equation that uses surface data; highlight the importance of GPS PWV in numerical weather modelling; and show that GPS PWV compares well with NWP PWV, hence showing that other meteorological variables GPS PWV can as well be assimilated into NWP models in order to improve weather forecasting, particularly precipitation forecast.


2.          EXPERIMENTAL

The GNSS data for Zaria (ABUZ), Abuja (OSGF) and Lagos (ULAG) were obtained from the Nigerian GNSS Reference Network (NIGNET) (Figure 1). The NIGNET was established by the Office of the Surveyor General of the Federation (OSGoF) in collaboration with SEGAL and University of Beira Interior and Institute Geophysical Infante D. Luíz, Portugal.11 The International Terrestrial Reference Frame, solution 2005 (ITRF2005), and the GPS coordinates of the ABUZ, OSGF and ULAG stations are shown in Table 1. Each NIGNET station is equipped with Trimble CORS, and NetR8 receivers with choke-ring antenna, type TRM59800.00. Each of the station has a USB modem and a router to enable them to communicate data to the control centre, where the data is eventually made available for public download at NIGNET website (www.nignet.net).
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Figure 1:    The Nigerian NIGNET stations used in this work.



Table 1:     The GPS coordinates and the NCEP Reanalysis II coordinates used for this study.



	
	NCEP/DOE Reanalysis II coordinates
	GPS coordinates




	Lat. (°N)
	Lon. (°E)
	Lat. (°N)
	Lon. (°E)



	ABUZ (Zaria)
	12.5
	07.5
	11.2
	07.7



	OSGF (Abuja)
	10.0
	07.5
	09.0
	07.5



	ULAG (Lagos)
	07.5
	02.5
	06.5
	03.4





Real Time Kinematic Library (RTKLIB), a GNSS software, was used to analyse the GNSS/GPS data to obtain the ZTD, from which the precipitable water vapour was then estimated. The RTKLIB (ver. 2.4.2) is an open source software for standard and precise positioning with GNSS/GPS.

The numerical weather prediction model of the National Center for Environmental Predictions (NCEP) and the Department of Energy (DOE), called Reanalysis II, assimilates meteorological parameters from a variety of sources.12 The spatial resolution of the NCEP-DOE Reanalysis II data is at the T62 Gaussian Grid with a resolution of 2.5° by 2.5°. NCEP-DOE Reanalysis II uses the Rapid Radiative Transfer Model (RRTM) developed by the Atmospheric and Environmental Research (AER) group.13 The precipitable water vapour data from the NCEP-DOE Reanalysis II obtained in netCDF file format was extracted using Panoply (Version 4.3.1, Build F9V1) open-source software. MATLAB® was used for calculations, data plotting and regression analysis. The surface meteorological data was obtained from www.weatherspark.com. The website has surface data archive from national meteorological stations across the globe.

3.          RESULTS AND DISCUSSION

The result of the precipitable water vapour as measured from the NIGNET GNSS/GPS data is shown in Figure 2 for Zaria, Abuja and Lagos respectively. The maximum PWV for the three stations were found to be 48.8 mm, 51.4 mm and 52.5 mm, for the three areas respectively. From these maxima values, the gradual increase in moisture from the station closer to the desert (Zaria) to the station at the coast (Lagos) could be observed.

The measured PWV from the NIGNET GNSS/GPS data was compared with the NWP model of NCEP Reanalysis 2 and the measured values using the Butler’s equation (Equation 3). The results are shown in Figures 3, 4 and 5, for Zaria, Abuja and Lagos respectively. The coefficient of determination R2 between the GPS/GNSS results and the Reanalysis II for each of the areas were found to be 0.08, 0.006 and 0.105 respectively, while the RMS errors were found to be 0.32 cm, 0.29 cm and 0.99 cm. Prasad and Singh did similar comparison for three stations in India and found R2 of 0.87, 0.77 and 0.60 while RMS error was found to be 0.839 cm, 0.697 cm and 0.930 cm.14



[image: art]

Figure 2:    Daily average of PWV for Lagos, Abuja and Zaria, for year 2012, using the NIGNET GNSS/GPS data.



The correlational result between the GPS/GNSS results and those from the Butler’s equation yielded R2 of 0.114, 0.045 and 0.004 for Zaria, Abuja and Lagos respectively while the RMS errors were found to be 0.34 cm, 0.30 cm and 0.28 cm. The comparison between the Reanalysis II results and the Butler’s equation results were also attempted and it was found that the R2 are 0.761, 0.555 and 0.121 respectively while the RMS errors were found to be 0.43 cm, 0.77 cm and 0.99 cm.

The weak correlation between the NIGNET GNSS/GPS precipitable water vapour and the NCEP Reanalysis 2, as indicated by the values of R2 is not unrelated to the fact that the NIGNET GNSS/GPS network was not designed for atmospheric research. Hence, the meteorological parameters needed for the computation of the GNSS/GPS PWV were obtained from meteorological stations which are not collocated with the GNSS/GPS antennae (ULAG is about 10.17 km from the Murtala Muhammed International Airport, Lagos; OSGF is about 23.83 km from the Nnamdi Azikiwe International Airport, Abuja; and ABUZ is about 62.54 km from the Kaduna Airport, Kaduna) thereby introducing great error into the calculation. This is corroborated by Mengistu et al., who stated that the surface pressure of 1 hPa can cause up to 0.35 mm error in GPS PWV.15

The spatial variation of PWV as modelled by NCEP Reanalysis 2 is shown in Figure 6 for four given days within the year 2012. The 16 January figure indicates that most of the entire country is dry as the tropical continental air mass (cT) blowing in from the Sahara Desert predominates at this time. By 15 April, the maritime tropical air mass (mT) is gradually becoming much stronger and it blows more moist air from the Atlantic Ocean over the southern part of the country, and by 16 August the entire country is covered by the moist mT and the country is now in the thick of the monsoon season. By 15 November, the cT has taken over again and mT has weakened considerably, hence marking the beginning of dry harmattan season.
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Figure 3:    Time series plot of PWV from NIGNET GPS/GNSS, NCEP Reanalysis II and surface meteorological (Butler’s equation) data for Zaria for year 2012.
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Figure 4:    Time series plot of PWV from NIGNET GPS/GNSS, NCEP Reanalysis 2 and surface meteorological (Butler’s equation) data for Abuja for year 2012.
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Figure 5:    Time series plot of PWV from NIGNET GPS/GNSS, NCEP Reanalysis 2 and surface meteorological (Butler’s equation) data for Lagos for year 2012.
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Figure 6:    Spatial variation of PWV across Nigeria, generated with NCEP/DOE Reanalysis 2 data for year 2012.




4.          CONCLUSION

The PWV for the year 2012 had been estimated using combinations of GPS/GNSS data from the NIGNET network of antennae, the NCEP/DOE Reanalysis II data, and surface meteorological data (via the use of Butler’s equation). It was observed that the GPS/GNSS PWV does not have good correlation with the NCEP/DOE Reanalysis II data, nor with the surface data PWV (see Table 2 for summary). This is in contrast to other researchers’ results and the weak correlation could be explained from the fact that the NIGNET network of GPS/GNSS stations were not established to provide meteorological information that is vital in numerical weather prediction modelling, hence the lack of pressure and temperature sensors at the antenna sites. Considering the importance of PWV in weather prediction and climate studies, it is highly recommended by the authors that the government of Nigeria considers the upgrade of the NIGNET network to include pressure and temperature sensors, so that the GPS/GNSS network could be used for a real-time monitoring of PWV and also facilitate the use of GPS PWV as an important ingredient in numerical weather prediction data assimilation processes.

Table 2:     Summary of the comparison between the GPS/GNSS PWV and NCEP Reanalysis 2 as well as Butler’s equation.



	
	NCEP Reanalysis 2
	Butler’s equation



	R2
	RMS error (cm)
	R2
	RMS error (cm)



	ABUZ (Zaria)
	0.080
	0.32
	0.114
	0.34



	OSGF (Abuja)
	0.006
	0.29
	0.045
	0.30



	ULAG (Lagos)
	0.105
	0.99
	0.004
	0.28




5.          ACKNOWLEDGEMENTS

The authors wish to express their gratitude to the Nigerian GNSS network (NIGNET) for the GPS data used in this study. The authors also wish to express their gratitude to the reviewers for their suggestions and comments that has significantly improved the content of the paper. Much appreciation is extended to the Physical Science Division (PSD), Earth System, Research Laboratory (ESRL), Oceanic and Atmospheric Research (OAR), National Oceanic and Atmospheric Administration (NOAA), Boulder, Colorado, USA, for making the NCEP Reanalysis data available through their website (http://www.esrl.noaa.gov/psd/).


6.          REFERENCES

1.       Vedel, H. & Huang, X. Y. (2003). A NWP impact study with ground based GPS data. Paper for Danish Meteorological Institute, Copenhagen, Denmark.

2.       Seco, A. et al. (2012). Rain pattern analysis and forecast model based on GPS estimated atmospheric water vapor content. Atmos. Environ., 49, 85–93, https://doi.org/10.1016/j.atmosenv.2011.12.019.

3.       Bevis, M. et al. (1992). GPS meteorology: Remote sensing of atmospheric water vapor using the global positioning system. J. Geophys. Res., 97, 15787–15801, https://doi.org/10.1029/92JD01517.

4.       Butler, B. (1998). Precipitable water at KP – 1993–1998, MMA memo, no. 238, National Radio Astronomy Observatory, 30 November.

5.       Businger, S. et al. (1996). The promise of GPS in atmospheric monitoring. Bull. Amer. Meteor. Soc., 77(1), 5–18, https://doi.org/10.1175/1520-0477(1996)077%3C0005:TPOGIA%3E2.0.CO;2.

6.       Coster, A. J. et al. (1996). Measurements of precipitable water vapor by GPS, radiosondes, and a microwave water vapor radiometer. Proceedings of the 9th International Technical Meeting of the Satellite Division of The Institute of Navigation ION-GPS, Kansas City, Kansas, 17−20 September.

7.       Behren, D. et al. (2000). An inter-comparison study to estimate zenith wet delays using VLBI, GPS and NWP models. Earth Planets Space, 52, 691–694, https://doi.org/10.1186/BF03352265.

8.       Kwon, H.-T., Iwabuchi, T. & Lim, G.-H. (2007). Comparison of precipitable water derived from ground-based GPS measurements with radiosonde observations over the Korean Peninsula. J. Meteorol. Soc. Jap., 85, 733–746, https://doi.org/10.2151/jmsj.85.733.

9.       Saastamoinen, J. (1972). Atmospheric correction for the troposphere and stratosphere in radio ranging of satellites. In Henriksen, W. et al. The use of artificial satellites for geodesy, geophysics monograph series, vol. 15. Washington DC: American Geophysical Union, 247, https://doi.org/10.1029/GM015p0247.

10.     Bevis, M., Businger, S. & Chiswell, S. (1994). GPS meteorology: Mapping zenith wet delay onto precipitable water. J. Appl. Meteorol., 33, 379–386, https://doi.org/10.1175/1520-0450(1994)033%3C0379:GMMZWD%3E2.0.CO;2.

11.     Barde, J. et al. (2010). NIGNET - The new permanent GNSS network of Nigeria. Paper presented at the International Federation of Surveyors (FIG) Congress, 11–16 April, Sydney.

12.     Kistler, R. et al. (2001). The NCEP-NCAR 50-year reanalysis: Monthly means CD-ROM and documentation. Bull. Am. Meteorol. Soc., 82, 247–267, https://doi.org/10.1175/1520-0477(2001)082<0247:TNNYRM>2.3.CO;2.


13.     Mlawer, E. J. (1997). RRTM, a validated correlated-k model for the longwave. J. Geophys. Res., 102, 16,663–16,682, https://doi.org/10.1029/97JD00237.

14.     Prasad, A. K. & Singh, R. P. (2009). Validation of MODIS Terra, AIRS, NCEP/DOE AMIP-II Reanalysis-2, and AERONET Sunphotometer derived integrated precipitable water vapor using ground-based GPS receivers over India. J. Geophys. Res., 114, DO5107, https://doi.org/10.1029/2008JD011230.

15.     Mengistu, T. G., Blumenstock, T. & Hase, F. (2015). Observations of precipitable water vapour over complex topography of Ethiopia from ground-based GPS, FTIR, radiosonde and ERA-Interim reanalysis. Atmos. Meas. Tech., 8, 3277–3295, https://doi.org/10.5194/amt-8-3277-2015.





Synthesis, Crystal Growth, Vibrational Spectral Analysis, Optical Thermal and Antimicrobial Properties of Guanidinium Oxalate Monohydrate Single Crystal

T. Uma Devi,1* A. Josephine Prabha,2 R. Meenakshi,3 G. Kalpana1 and C. Surendra Dilip4

1Department of Physics, Government Arts College for Women, Pudukkottai, India

2Department of Physics, Bishop Heber College, Tiruchirappalli 620 017, India

3Department of Physics, Cauvery College for Women, Tiruchirappalli, India

4Department of Chemistry, BIT Campus, Anna University, Tiruchirappalli, India

*Corresponding author: kavin_shri@yahoo.co.in

© Penerbit Universiti Sains Malaysia, 2017


Published online: 15 August 2017

To cite this article: Uma Devi, T. et al. (2017). Synthesis, crystal growth, vibrational spectral analysis, optical thermal and antimicrobial properties of guanidinium oxalate monohydrate single crystal. J. Phys. Sci., 28(2), 31–57, https://doi.org/10.21315/jps2017.28.2.3

To link to this article: https://doi.org/10.21315/jps2017.28.2.3



ABSTRACT: Crystals of guanidinium oxalate monohydrate (GUOM), a salt of a functional guanidine derivative, crystallising with the space group of P21/c, is synthesised and characterised by single-crystal XRD, NMR, UV-Vis and vibrational spectroscopy. The assignment of spectral bands is carried out in terms of the fundamental modes of vibration of the guanidinium cation and oxalate anion. Thermal analysis (TG/DTA) indicates that the compound is thermally robust. GUOM also exhibits antimicrobial activity against a few microorganisms.

Keywords: Single crystal, solution method, XRD, FTIR, NLO, TG/DTA

1.          INTRODUCTION

Guanidine salts possess fascinating properties and have drawn much attention as phase transition dielectric materials, in addition to being well known for their relevance in memory storage.1 The structures of the guanidinium salts of aromatic and heteroaromatic polyfunctional carboxylic acids are of interest because of the capacity of the guanidinium cation to make stable supramolecular framework structures through hydrogen-bonding associations, largely cyclic, such as those originating in the structures of guanidinium carbonate.2 Due to the strong base nature of guanidine, it can readily undergo protonation to generate a resonance-stabilised guanidinium cation.2,3 The guanidinium ion, C+(NH2)3, is a moderately simple chemical variety and has received much attention from spectroscopists.3–7

Guanidine with its planar conformation and the six potential H-donors being used in various supramolecular recognition processes has spanned the spectrum of organic, biological and medicinal chemistry, with special interest motivated by their potential applications in nonlinear optics.8–11 The examination of literature data on the simple guanidinium salts shows that guanidinium 4-aminobenzoate, guanidinium perchlorate, guanidinium sulfonates, and guanidinium p-nitrophenolate, etc., exhibit nonlinear optical mechanism.12–15

The structures of the amine oxalates show strong hydrogen bond interactions typical of non-covalent solids involving the oxalate and amine moieties. The structurally significant hydrogen bonds arise mainly from N–H….O and O–H….O interactions. In most of the amine oxalates one of the carboxyl groups transfers a proton to the amino nitrogen, leaving the other carboxyl group free, to form a linear hydrogen bonded chain.16 Studies on the oxalate compounds are interesting due to their importance in medical field, and their occurrence in renal and urinary calculi.17

Guanidine may be readily protonated by most aliphatic diprotic acids such as oxalic acid. The crystal structure of guanidinium oxalate monohydrate (GUOM) C(NH2)3HC204.H20 is reported by Adams.18 It belongs to monoclinic crystal system with a centrosymmetric space group P21/n having four molecules per unit cell. Investigation on hydrogen-bond network in GUOM carried out by single-crystal diffraction study at room temperature indicates the existence of strong hydrogen bond interactions typical of non-covalent solids involving the oxalate and amine moieties.19 In the present study, we report for the first time nuclear magnetic resonance (NMR) and Fourier transform infrared (FTIR) spectra of GUOM using theoretical and experimental techniques. Detailed vibrational spectral investigations of GUOM molecule using scaled quantum mechanical (SQM) force field technique based on density functional theory (DFT) calculations is performed. From natural bond orbital analysis (NBO), electron charge transfer through intermolecular hydrogen bonding is explained. Additionally, optical, thermal and antimicrobial properties of GUOM have also been discussed.


2.          EXPERIMENTAL

2.1        Synthesis and Crystal Growth

GUOM is synthesised by the reaction between guanidinium carbonate (Merck) and oxalic acid (Loba Chemie) taken in stoichiometric proportions. The reactants are thoroughly dissolved in double distilled water by stirring well using a temperature controlled magnetic stirrer to yield a homogeneous solution. This solution being allowed to evaporate at room temperature, yielded transparent crystalline salt of GUOM. Purification of the synthesised salt was done by repeated recrystallisation process. The chemical structure of GUOM is shown in Figure 1.

Further, about 200 ml saturated solution of GUOM is prepared at 35°C from recrystallised salt and filtered with microfilters. This solution is taken in a beaker and placed in a constant temperature bath having an accuracy of ± 0.01°C. Single crystal of GUOM is grown by the slow cooling method by reducing the temperature from 35°C at the rate of 0.1°C per day. Well-developed crystal of size 10 × 5 × 5 mm3 is harvested in a growth period of 15 days and is shown in Figure 2.
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Figure 1:    Chemical structure of GUOM.
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Figure 2:    As-grown GUOM single crystal.



2.2        Characterisation and Computation

Single crystal X-ray diffraction data are collected for a transparent well shaped single crystal of GUOM using Enraf Nonius-CAD4 single crystal X-ray diffractometer.

In order to study the optical absorption characteristics of the grown crystal UV-Vis-NIR spectrum is recorded in the wavelength range of 200–1000 nm using spectrophotometer (Lambda model 35). The vibrational analysis of GUOM is carried out based on the scaled quantum mechanical (SQM) force field methodology. The first hyperpolarisability of this molecular system is calculated using B3LYP/6-31G method, based on the finite-field approach.

3.          STRUCTURAL ANALYSIS

The grown crystals are highly transparent and non-hygroscopic. The morphology of GUOM establishes well-developed faces.


3.1        X–Ray Diffraction Studies

Single crystal X-ray diffraction study shows that GUOM crystallises in the monoclinic crystal system and the corresponding data are listed in Table 1. The optimised geometrical parameters are given in Table 2. It is evident that there is good agreement between the theoretical and the reported experimental values.18

Table 1:     Comparison of unit cell parameters of GUOM.



	S.No.
	a (Å)
	b (Å)
	c(Å)
	β (º)
	Reference



	1.
	6.45
	9.88
	10.17
	103.67
	Present work



	2.
	6.70
	10.55
	10.21
	103.8
	[11]




Table 2:     Experimental and theoretical geometric data for GUOM at B3LYP/6-311G level.



	Bond length (Å)
	XRD18
	Bond angles (°)

	XRD18



	C4-C7
	1.5338
	1.53
	O5-C4-O6
	128.7337
	126.3



	C4-O5
	1.2436
	1.232
	C4-C7-O8
	112.3192
	115.4



	C4-O6
	1.2466
	1.263
	C4-C7-O9
	124.9861
	118.2



	C7-O8
	1.3498
	1.325
	O8-C7-O9
	122.6946
	122.9



	C7-O9
	1.2004
	1.208
	C7-C4-O5
	117.2246
	114.6



	C11-N18
	1.3158
	1.325
	C7-C4-O6
	114.0417
	122.5



	C11-N19
	1.3118
	1.312
	N18-C11-N20
	121.6426
	121.1



	C11-N20
	1.3121
	1.330
	N18-C11-N19
	119.181
	118.8



	N18-H12
	0.9973
	0.94
	N19-C11-N20
	119.1758
	120



	N18- H13
	1.0567
	1.03
	
	
	



	N19-H14
	0.9977
	1
	
	
	



	N19-H15
	1.0473
	1.09
	
	
	



	N20-H16
	0.9954
	0.85
	
	
	



	N20-H17
	0.6957
	0.65
	
	
	



	O8-H10
	0.9684
	0.97
	
	
	




3.2        Vibrational Analysis

The vibrational analysis of GUOM is carried out based on the scaled quantum mechanical (SQM) force field methodology. The recorded FTIR spectrum of GUOM is shown in Figure 3. The observed and calculated frequencies of GUOM are reported in Table 3. OH vibrations are commonly observed in the region 3200–3600 cm–1.20 There is a moderately strong IR peak at 3148 cm–1 for OH stretching. In the theoretical IR spectra, a peak at 3060 cm–1 is attributed to the OH group. The OH in-plane bending and out of plane bending vibrations are identified at 1389 and 1176 cm–1 in FTIR spectrum. The theoretical wavenumbers corresponding to these bending vibrations are observed at 1394 and 1172 cm–1 by HF/6-311++G.
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Figure 3:    FTIR spectrum of GUOM.



Table 3:     Observed and calculated wave numbers (cm–1) for GUOM at HF/6-311++G level.



	Wavenumbers (cm–1)

	Assignment




	FTIR
	Calculated



	3148
	3060
	νOH




	2996
	2964
	νNH2 ass




	2442
	2378
	νCO2a ss




	1671
	1674
	νCC




	1578
	1550
	νCO2 ss




	1389
	1394
	δOH




	1176
	1172
	νCN




	1007
	1059
	ωOH




	881
	887
	ωCC




	540
	570
	CN bend






The N–H stretching of amines are in the region 3300–3000 cm–1. These bands are weaker and sharper than those of the alcohol O–H stretching which appear in the same region. There are two bands in this region, the asymmetrical N–H stretch and the symmetrical N–H stretch. The asymmetrical N–H stretch is identified at 2996 cm–1 in FTIR spectrum. It is also validated by theoretical wave number calculated by HF/6-311++G as 2964 cm–1. In general, the C–N stretching vibration is observed as medium or weak bands in the region 1250–1020 cm–1. Accordingly, in this title compound, the band observed at 1176 cm–1 is assigned to C–N stretching vibration of guanidinium. The presence of CO2 in the title compound is identified by asymmetric stretching and symmetric stretching at 2442 and 1578 cm–1, respectively.

3.3        First Hyperpolarisability

The electronic and vibrational contributions to the first hyperpolarisabilities have been studied theoretically for many organic and inorganic systems. The values of the first hyperpolarisability are found to be quite large for the so-called push-pull molecules, i.e., p-conjugated molecules with the electron donating and the electron withdrawing substituents attached to a ring, compared to the mono substituted systems.21 This type of functionalisation of organic materials is meant for the purpose of maximising NLO properties.

The first hyperpolarisability (β) of GUOM is calculated using B3LYP/6-311G method, based on the finite-field approach, which is a third rank tensor that can be described by 3 × 3 × 3 matrices. It is well known that in the presence of an applied electric field, the energy of a system is a function of the electric field. The components of the matrix are defined as the coefficients in the Taylor series expansion of the energy in the presence of external electric field. When the external electric field is weak and homogeneous, this expansion becomes:
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where E0 is the energy of the unperturbed molecule, Fα is the field at the origin and μα, ααβ and βαβγ are the components of dipole moment, polarisability and the first order hyperpolarisabilities, respectively. The total static dipole moment μ and the mean first hyperpolarisability (β) using the x, y, z components are defined as:
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where
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Since the value of hyperpolarisability (β) of the Gaussian 09W output is reported in atomic units (a.u.), the calculated values have been converted into electrostatic units (esu) (β: 1 a.u. = 8.639 × 10−33 esu). The first hyperpolarisability of GUOM is 0.7818 × 10−30 esu, as shown in Table 4. The first hyperpolarisability of title compound is two times greater than those of urea (μ and β of urea are 1.3732 Debye and 0.3728 × 10−30 esu obtained by HF/6-311G(d,p) method).

Table 4:     The first hyperpolarisability of GUOM



	Parameters
	Values (a.u)



	βxxx
	–40.9561348



	βxxy
	82.9133381



	βxyy
	–47.0707119



	βyyy
	–101.761438



	βxxz
	–25.590286



	βxyz
	13.8706948



	βyyz
	22.1971841



	βxzz
	–2.4561711



	βyzz
	16.5641459



	βzzz
	10.5619162



	β
	0.7818 × 10 –30 esu




3.4        HOMO-LUMO analysis

The interaction of the molecule with other molecules can be determined from the Highest Occupied Molecular Orbitals (HOMO) and the Lowest Unoccupied Molecular Orbitals (LUMO). The difference in the energies of these levels gives the energy gap from which the chemical reactivity and the kinetics of the molecule can be studied. HOMO and LUMO plots of GUOM and the energies of these orbitals in the gas phase are given in Figure 4. The HOMO is located on oxalate as well as on the guanidinium group, with only minor population. The population of LUMO shows that the charge transfer is taking place from guanidinium to oxalate group. According to molecular orbital theory, HOMO and LUMO are two important factors which are influencing the bioactivity. The DOS spectrum of GUOM is shown in Figure 5 which also supports the energy gap of GUOM.


HOMO energy = –4.2504 eV

LUMO energy = –9.1864 eV

HOMO-LUMO energy gap, Eg = 4.936 eV
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Figure 4:    HOMO and LUMO molecular orbitals of GUOM.
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Figure 5:    DOS spectrum of GUOM.



3.5        Global Reactivity Descriptors

The estimation of the reactivity of chemical species is one of the main purposes of theoretical chemistry and a lot of work has been done in this line. Density functional theory has been successful in giving theoretical background of accepted qualitative chemical concepts. In this framework, several reactivity descriptors have been projected and are used to analyse chemical reactivity and site selectivity. Hardness, global softness, electro negativity and polarisability are the global reactivity descriptors widely used to understand the global nature of molecules in terms of their stability and it is possible to gain knowledge about the reactivity of molecules.

From Koopman’s theorem, the ionisation potential (IP) and electron affinity (EA) are the eigen values of HOMO and LUMO with change of sign.22

IP ≈ −EHOMO and EA ≈ −ELUMO

Several global chemical reactivity descriptors of molecules such as hardness (h), chemical potential (m), softness (s), electronegativity (c) and elctrophilicity index (w) are calculated based on the density functional theory (DFT). The global hardness (h) and chemical potential (m) are defined as the second and first derivatives of the energy (E) with respect to the number of electrons (N) at constant external potential,V [image: art].
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In Equation 7, E and [image: art] are electronic energy and external potential of an N-electron system, respectively. Softness is a property of molecule which measures the extent of chemical reactivity. It is the reciprocal of hardness. The electronegativity is defined as the negative of the electronic chemical potential.
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Using Koopman’s theorem for closed shell molecules η, μ and ξ can be redefined as:

[image: art]
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The concept of electrophilicity viewed as a reactivity index was introduced by Parr et al.24 It is based on a second order expansion of the electronic energy with respect to the charge transfer ΔN at fixed geometry. This index measures the stabilisation in energy when the system acquires an additional electronic charge ΔN from the environment and is defined by the following simple and more familiar form in terms of the electronic chemical potential (μ) and the chemical hardness (η).24 Electrophilicity is a useful structural depictor of reactivity and is frequently used in the analysis of the chemical reactivity of molecules.

[image: art]

Maximum amount of electronic charge that an electrophilic system may accept is given by the following equation:24

[image: art]

The maximum charge transfer ΔNmax in the direction of the electrophile is predicted using Equation 13. Thus, while the quantity defined by Equation 13 describes the tendency of the molecule to acquire additional electronic charge from the environment, the quantity defined in Equation 12 describes the charge capacity of the molecule. All the calculated DFT reactivity descriptors are summarised in Table 5.

Table 5:     The theoretical reactivity descriptors of GUOM by B3LYP/6-311G method.



	Parameters
	Values (eV)



	HOMO energy (EHOMO)
	–9.1864



	LUMO energy (ELUMO)
	–4.2504



	Energy gap (Eg)
	4.936



	Ionisation potential (IP)
	9.1864



	Electron affinity (EA)
	4.2504



	Hardness (ɳ)
	2.468



	Softness (s)
	0.2025



	Chemical potential (μ)
	–6.7184



	Electronegativity (χ)
	6.7184



	Electrophilicity index(ω)
	9.1444



	Charge transfer (ΔNmax)
	2.7222




3.6        Natural Bond Orbital Analysis

The interpretation of wavefunctions of atoms can be done chemically using Natural Bond Orbital Analysis (NBO). The presence of hydrogen bonding and the other intra or intermolecular charge transfer taking place in the molecule can be analysed. Existence of intermolecular hydrogen bonds O-C-C and O-C-O can be confirmed from the interaction between n2O9 - σ*(C4–C7) and n3 (O6) - σ* (C4–O5) with a stabilisation energy of 26.89 kcal/mol and 204.91 kcal/mol, respectively. Intramolecular charge transfer (ICT) which stabilises the system is formed by the overlap of n2 (O6) → σ* (H15–N19) with the stabilisation energy of 60.52 kcal/mol. The estimated values are listed in Table 6.

Table 6:     NBO analysis of Second Order Perturbation Theory of Fock Matrix of GUOM at B3LYP/6-311G level.



	Donor (i)
	Acceptor (j)
	E(2) kcal/mol
	E(j)–E(i) a.u
	F (i,j) a.u



	Inter molecular interactions in oxalate moiety



	n2 (O5)
	σ* (C4–C7)
	23.18
	1.09
	0.144



	n1 (O6)
	σ* (C4–O5)
	14.19
	1.57
	0.134



	Inter molecular interactions in oxalate moiety



	n2 (O6)
	σ* (C4–C7)
	19.66
	1.13
	0.134



	n3 (O6)
	σ* (C4–O5)
	204.91
	0.46
	0.275



	n2 (O8)
	σ* (C7–O9)
	70.94
	0.66
	0.193



	n2 (O9)
	σ* (C4–C7)
	26.89
	1.03
	0.149



	n2 (O9)
	σ* (C7–O8)
	50.39
	1.01
	0.203



	Intra molecular interactions between guanidinium and oxalate moieties



	n2 (O6)
	σ* (H15–N19)
	60.52
	1.18
	0.241



	n1 (O6)
	σ* (H15–N19
	17.78
	1.41
	0.143




3.7        Molecular Electrostatic Potential (MEP) analysis

In order to grasp the molecular interactions, the molecular electrostatic potential (MEP) is used. The electrostatic potential is considered predictive of chemical reactivity because regions of negative potential are expected to be sites of protonation and nucleophilic attack, while regions of positive potential may indicate electrophilic sites. Figure 6 shows the theoretical map of the electrostatic potential distribution in the plane of the base ring. B3LYP level of theory at 6-311++G is used to describe the theoretical electrostatic potential map. The extension of the positive electrostatic potential around the guanidinium and the regions of negative electrostatic potential around oxalate group show the nature of the intramolecular charge transfer. The electron density contour of GUOM is also shown in Figure 7.
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Figure 6:    MEP surfaces of GUOM.
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Figure 7:    Electron density of GUOM.



3.8        NMR Spectral studies

The 1H NMR spectrum of GUOM is shown in Figure 8 along with the theoretical spectrum. The signals which appear in range of δ 7.17–7.27 ppm have been assigned to the six amine proton. The two proton signals at δ 7.57 and 7.58 ppm indicate the presence of H2O. The 13C NMR spectrum of GUOM is shown in Figure 9 along with the theoretical spectrum. The appearance of two signals at δ 168.08 and 173.09 ppm confirms the presence of oxalate functional group. The presence of guanidinium carbon chemical shift is identified at 157 ppm.
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Figure 8:    1H NMR spectrum of GUOM along with theoretical spectrum.
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Figure 9:    13C NMR spectrum of GUOM along with theoretical spectrum.




4.          OPTICAL STUDY

In order to study the optical absorption characteristics of the grown crystal, clear single crystal of thickness about 2 mm is used for this study. The presence of auxochromes namely amino group and carboxyl group makes it transparent in the UV-Vis-NIR region (Figure 10). In the UV-Vis region with high extinction coefficients, all molecules allow strong π–π*, σ–σ* and n-π* transitions.25,26 The solvent effect is studied using the TD-DFT method for the B3LYP/6-311G basis set. The experimental and simulated (in gas phase and water) UV-Vis spectra of the title compound are presented in Figure 8 and Figure 9. Position and absorbance of the experimental peaks together with the calculated excitation energies, oscillator strength (f), wavelength (λ) and spectral assignments are listed in Table 7. The computed results show that the first excited state originates from the HOMO to LUMO transition that corresponds to the λmax absorption band in the UV-Vis spectrum. From the table, the first allowed transition is calculated at 319 nm in the gas phase with oscillator strength of 0.0004. The next strong transitions occur at 271.44 nm with oscillator strength of 0.0037 in gas phase and at 227.54 nm with oscillator strength of 0.0111 in the gas phase. The three absorption peaks are identified in water at 310.26 nm, 267.37 nm and 243.93 nm with the oscillator strength 0.0003, 0.0039 and 0.0022, respectively.

The experimental absorption spectrum shows a strong peak at 199 nm corresponding to the calculated wavelength of 227 nm in gas phase, which is attributed to the presence of carboxyl and amino group in the title compound.
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Figure 10:  Illustration of (a) UV-vis spectrum of GUOM, (b) simulated UV-vis spectrum of GUOM in gas, (c) simulated UV-vis absorption spectrum of GUOM in water.




Table 7:     Calculated and experimental wavelengths of GUOM using TD-DFT method at B3LYP/6-311G level.



	Excitations
	Extinction coefficient
	Excitation energy (eV)
	Wavelength (nm)
	Oscillator (f)
	Experimental wavelength (nm)



	Gas Phase
	
	
	
	
	



	Excited State 1
	Singlet
	3.8853
	319.11
	0.0004
	199




	HOMO → LUMO
	0.69554



	Excited State 2
	Singlet-A
	4.5677
	271.44
	0.0037



	HOMO-2 → LUMO+1
	0.35209



	HOMO-1 → LUMO+1
	0.59498



	Excited State 3
	Singlet-A
	5.4489
	227.54
	0.0111



	HOMO-6 → LUMO+1
	0.43442



	HOMO-4 → LUMO
	0.11232



	HOMO-3→LUMO
	–0.33585



	HOMO-2 → LUMO
	0.30519



	Water
	
	
	
	
	



	Excited State 1
	Singlet-A
	3.9961
	310.26
	0.0003
	–




	HOMO-2 → LUMO
	–0.10410



	HOMO → LUMO
	0.69276



	Excited State 2
	Singlet-A
	4.6373
	267.37
	0.0039



	HOMO-4 → LUMO
	0.18430



	HOMO-3 → LUMO
	0.14426



	HOMO-2 → LUMO
	0.64394



	Excited State 3
	Singlet-A
	5.0827
	243.93
	0.0022



	HOMO-4 → LUMO
	–0.18339



	HOMO-1 → LUMO
	0.67330




5.          THERMAL ANALYSIS

To explore the thermal stability and the ease of formation of the crystal from the starting material, thermal decomposition studies are carried out. As evident from the TGA-DTA curves (Figure 11, Table 8), GUOM crystal shows a weight loss of approximately 57.5% (calc. 57.8%) up to 276°C. This sharp weight loss corresponds to the decomposition of the organic oxalic acid moiety. The DTA curves of the crystal shows a strong endothermic peak supporting this interpretation.


After liberation of the oxalic acid the material subsequently decomposes drastically and then gradually upto 525°C, leaving small amount of carbon residue. This stage of decomposition occurs between the temperature ranges of 276°C and 525°C with a weight loss of 38.1% (calc. 38.7%). This second step of decomposition is due to the liberation of the triaminomethane group attached to the organic group. This is authenticated by the two endothermic peaks observed at 332°C and 451°C. The endothermic peak appeared at 332°C belongs to melting of triaminomethane and the same at 451°C is endorsed to its burning. To evaluate the structural stability properties of the GUOM crystal, kinetic aspects of the thermal decomposition are studied. By employing the Coats-Redfern and Horowitz-Metzger relations on the decomposition steps of thermogram.
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Figure 11:  TG/DTA of GUOM.



Table 8:     Thermal analyses information of GUOM crystal.
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Here, M = −E*/R and B = ln AR/; E*Φ; E*, R, A and are the heat of activation, the universal gas constant, pre-exponential factor and heating rate, respectively.
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where q = T – TS, T is the temperature at the DTG peak. The correlation coefficient r is computed using the least squares method for Equations 14, 15, 16 and 17. Linear curves are drawn for different values of n ranging from 0 to 2. The value of n, which gave the best fit, is chosen as the order parameter for the decomposition stage of interest. The other kinetic parameters such as ΔH* and ΔS* are computed using the relations.

ΔH* = E*−RT

ΔS* = R[ln(Ah/kT)-1]

ΔG* = ΔH*− TΔS*

where k is the Boltzmann’s constant and h is the Planck’s constant.

The kinetics parameters calculated using Coats–Redfern and Horowitz–Metzger methods are given in Table 9.27,28 The following remarks can be made from the results:


	The entropy (ΔS*) of the degradation steps is negative indicating that the final state (i.e., the crystal) is more ordered than the reactants. This implies that the crystal is more stable than its reactants.28

	The values of the activation energy E* increases significantly with TΔS*, which supersede the values of ΔH*. Increasing values of ΔG* for the decomposition step infer that the rate of removal of a liberating group will be lower than that of the precedent group. This may be attributed to the structural rigidity of the remaining portion of the crystal after the expulsion of one and more groups. The remaining groups require more TΔS* energy for its rearrangement before undergoing any compositional change.

	There is a conspicuous gap in the values of the activation energy (E*) and the enthalpy of activation (ΔH*) of volatilisation of the decomposition stage. This may be attributed to the dense packing of GUOM. However, the ΔH* is compensated by the entropy, leading to positive value for the ΔG*. The positive ΔG, values denotes the non-spontaneous nature of decomposition.




Table 9:     Kinetic parameters for GUOM by different TG methods.



	Parameter
	Coats-Redfern
	Horowitz-Metzger



	E
	3.52 × 104
	3.64 × 104



	A
	4.68 × 101
	4.46 × 101



	ΔS
	–1.46 × 102
	–1.53 × 102



	ΔH
	4.27 × 104
	4.35 × 104



	ΔG
	2.23 × 105
	2.35 × 105




6.          ANTIMICROBIAL ACTIVITY ANALYSIS

The test organisms used in the study are E. coli, Proteus, Staphylococcus, Klebsiella, Pseudomonas and Streptococcus species. The cultures are maintained at 4°C on Nutrient agar (HiMedia) slants. The antibacterial analysis is performed by agar well diffusion method. 20 ml of sterile Muller Hinton agar (Hi Media) is poured in sterile Petri dishes, which are allowed to solidify and are used for the test. 10 ml of sterile, Muller Hinton agar medium (seed agar) is seeded with organism (about 0.2 ml according to 0.5 McFarland’s standard), in semi hot conditions and is poured uniformly on the base agar. 8 mm bores are made, each equidistant from one another on the medium using sterile borer and 100 µl of the different sample preparation are added to respective bore. The plates are incubated at 37°C for 24 h and zone of inhibition is measured. A reference standard of streptomycin (100 µg/ml) is also used to compare with the results obtained for the present sample under study. For each test, three replicates are performed. The antimicrobial activity of the given sample against the above micro-organisms has been recorded as per the zone of inhibition formation.

The result indicate that guanidinium carbonate and GUOM are more effective for Klebsiella pneumoniae when compared with other organisms such as Staphylococcus, E.coli, Streptococcus, Staphylococcus and Pseudomonas. The antimicrobial observations are summarised in Table 10. Figure 12 shows the antimicrobial activity of GUOM against microorganisms as per zone of inhibition formation.


Table 10:   Antibacterial activity of different chemical compound preparation against pathogenic bacterial strains.



	Name of bacteria
	Mean zone of inhibition in diameter (cm)




	GC

	GUOM

	STD




	E. coli
	2.2

	1.6

	2.1




	Pseudomonas aeruginosa
	–

	–

	1.6




	Staphylococcus aureus
	–

	–

	1.7




	Klebsiella pneumoniae
	3.7

	2.2

	2.4




	Proteus vulgaris
	–

	–

	1.9




	Streptococcus pneumoniae
	3.1

	1.7

	2.0
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Figure 12:  The antimicrobial activity of GUOM against microorganisms as per the zone of inhibition formation.



7.          CONCLUSION

Employing solution method, the crystals of GUOM is grown. The crystal structure of GUOM is monoclinic as determined by single crystal X-ray diffraction analysis. The theoretically predicted geometric parameters are in agreement with the experimental crystal structural data. A small value of HOMO-LUMO energy gap serves as evidence for intramolecular charge transfer. The first hyperpolarisability (β) of the GUOM molecule has been numerically calculated and compared with the earlier measurements in other organic systems. The FTIR spectrum of GUOM has also been recorded and compared with the theoretical data. The TG/DTA results reveal the thermal stability. The antimicrobial activity shows that GUOM is more effective for Klebsiella pneumoniae.
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ABSTRACT: In this study, the oil from Calophyllum inophyllum seeds was extracted using ultrasonic-assisted extraction (UAE) technique. Patricelli’s model was used to evaluate the kinetics of oil extraction process in which this model describes extraction in two stages namely rapid washing stage followed by slow diffusion stage. The model parameters were calculated using the experimental data. A good agreement was observed between the experimental and simulated oil yield in all experiments (R20.974), indicating that Patricelli’s model was adequate to describe the C. inophyllum seeds oil extraction process. In addition, the influence of three extraction parameters, namely ultrasonic power, extraction temperature and liquid to solid (L/S) ratio on oil yield were studied. It was found that the oil yield increased with increasing ultrasonic power, extraction temperature as well as L/S ratio.

Keywords: Calophyllum inophyllum, ultrasonic-assisted extraction, seed oil, kinetics, Patricelli

1.          INTRODUCTION

Calophyllum inophyllum Linn. (C. inophyllum), as shown in Figure 1, is a beautiful plant native to India, East Africa, South East Asia, Australia and South Pacific.1 The plant is widespread from the Indian Ocean (Africa and India) throughout Malaysia and in the Pacific islands.2 This tree belongs to the Clusiaceae (Guttifereae) family.3 It is also known as Penaga Laut, Tamanu, Alexandrian Laurel, Bintangor, Nyamplung and Kamani.4–6 C. inophyllum is well known for its oil-bearing seeds which contain up to 75% oil content. The oil was one of the oldest known to be used for illumination in India and across the Pacific.7 The pain-relieving properties of C. inophyllum oil has been used traditionally to relieve rheumatism, joint pains and haemorrhage.8 In addition, it is also used for treating various skin diseases including scabies, ringworm and dermatosis.3 Recently, C. inophyllum oil has been recognised as a potential source for biofuel.9 Even though C. inophyllum seeds are widely known for being a highly potential alternative source of vegetable oil, these seeds are still under-utilised and less exploited, particularly in Malaysia.
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Figure 1:    C. inophyllum tree, leaves and flowers.



According to Sayyar et al., the main factors that influence solid-liquid extraction performance are type of solvent, operating temperature of the process, reaction time between solvent and seeds as well as the ratio of solvent to seeds.10 Jovanovic-Malinovska et al. have reported that ultrasonic-assisted extraction (UAE) provided an increased extraction yield, increased rate of extraction, reduced extraction time and higher processing throughput.11 In fact, it requires less solvent volume and low extraction temperature which was advantageous for the extraction of heat labile compounds. In recent years, UAE was used widely in the extraction of oil from various types of seeds including hemp, papaya and tomato seeds.12–14

The extraction performance in UAE was enhanced by cavitation. During cavitation, the bubbles developed grow in size and then collapse abruptly with the release of energy at enormous rate, thus increasing the local temperature and pressure.15 As a consequence, greater penetration of the solvent into seed materials occurs, leading to a more extensive release of oil into the solvent.16 C. inophyllum seed oil has been extracted using conventional mechanical pressing and solvent extraction techniques. However, oil extraction from C. inophyllum seeds using UAE technique has not been investigated so far.

Kinetic models have been used widely in the extraction process of natural substances. The Power Law and Parabolic Diffusion models were used in the ultrasound-assisted extraction of water-soluble components and polysaccharides from medicinal fungi.17 Meanwhile, Unsteady Diffusion and Peleg’s models were used to modelled the ultrasonic extraction of oil from tobacco and ursolic acid from Ocimum Sanctum, respectively.18,19

The kinetics of oil extraction process have also been modelled using a two parametric mathematical model, namely Patricelli’s model, proposed by Xi et al.20 It is used to explain the kinetics of oil extraction from black seeds and olive cake.21,22 This mathematical model is applied based on two extraction steps, which are the washing and diffusion stages. During the washing stage, the oil on the solid surface and broken cells is rapidly extracted by simple washing with the solvent. Meanwhile, during the diffusion stage, the remaining oil entrapped in the internal site of intact cells is removed by diffusion from within the solid particles to the solvent.20 From an engineering point of view, the knowledge gain in kinetics study of a process are highly beneficial for scaling up and industrial processing purposes. Nonetheless, the kinetics of UAE of C. inophyllum seeds oil is still scarce in the literature.

The present study deals with UAE of oil from C. inophyllum seeds. The main objectives of this study is to examine the applicability of Patricelli’s mathematical model in describing the kinetics behaviour of UAE of C. inophyllum seeds oil as well as to determine the influence of ultrasonic power, extraction temperature and liquid to solid (L/S) ratio on oil yield.

2.          EXPERIMENTAL

2.1        Materials

Mature C. inophyllum fruits were collected from the ground under the tree located in Taman Kerian, Parit Buntar, Perak, Malaysia. The species was identified in Herbarium Unit, School of Biological Sciences, Universiti Sains Malaysia (USM Herbarium 11565). The fruits were cleaned and stored at ambient temperature. Prior to oil extraction, the fruits were manually cracked to obtain the seeds. The seeds were selected according to their condition; only good-conditioned seeds were used while damaged seeds were discarded. Then, the cleaned seeds were ground using a dry mill and sieved through a 10-mesh sieve (pore size 2 mm) shaker. The seeds sample with particle size of 2 mm and below was used in this study. n-hexane (Merck) was used as a solvent.

2.2        Ultrasound-assisted Extraction

An ultrasonic water bath (Transsonic Digital S Model T840DH) was used for indirect ultrasonication. It has an internal tank dimension of 327 mm, 300 mm and 200 mm, volume of 18 L, power consumption of 1100 W and a fixed operating frequency of 40 kHz. The ultrasonic bath was equipped with a timer, heater, temperature regulator and indicator, as well as ultrasound power regulator (70–250 W). The bath was filled with distilled water approximately 2/3 of its volume (about 12 L). During extraction, the temperature was controlled and maintained at the desired level by circulating distilled water through the ultrasonic bath by using a thermo-circulator water bath. The seeds sample (5 g) and extracting solvent, n-hexane were mixed in an Erlenmayer flask (250 ml), which was then covered with aluminium foil. The flask was immediately immersed in the ultrasonic bath and fixed at the center position for each experimental run. After the extraction process was completed, the mixture was centrifuged at 4,000 rpm for 20 min to separate the liquid extract from the solid residue. Subsequently, the solvent was removed from the liquid extract using a rotary evaporator (Heidolph). The extracted oil obtained were placed in a desiccator to remove any moisture and weighed until a constant weight was reached. In this study, the ultrasonic power, extraction temperature as well as L/S ratio were varied from 190–230 W, 35°C–45°C and 15–25 ml/g respectively. These range were chosen based on the preliminary study.

2.3        Determination of C. inophyllum Oil Yield

Extraction yield of C. inophyllum oil was calculated using Equation 1:
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where Y is the extraction yield of C. inophyllum oil (%), M1 is the mass of C. inophyllum oil extracted from the sample (g) and M0 is the mass of the seeds sample used (g).23


2.4        Mathematical Model

Patricelli’s model is expressed in Equation 2:
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where Ct is the oil yield (%), C1 is the oil yield at equilibrium for the washing step (%), C2 is the oil yield at equilibrium for the diffusion step (%), k1 is the mass transfer coefficient for the washing step (min–1), k2 is the mass transfer coefficient for the diffusion step (min–1) and t is the time (min). According to Velickovic et al., for an extraction curve, the two stages involved in extraction was distinguished in such a way that the washing stage was characterised by a rapid increase in the extraction yield while the slow diffusion stage was characterised by a slow increase in the extraction yield.24 The values of oil yield at equilibrium, C1 and C2 as well as the mass transfer coefficient, k1 and k2 were calculated numerically with a non-linear regression using Polymath Software 5.10.

2.5        Statistical Analysis

The validation of Patricelli’s model was done by evaluating the differences between the experimental and predicted oil yield via determination coefficient, R2. In addition, the goodness-of-fit of the model was further evaluated using the mean relative percentage deviation (MRPD) value. It is defined in Equation 3:
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where Y and YP are the experimental and predicted yield of C. inophyllum seeds oil respectively, and N is the number of experimental data. A mathematical model is considered acceptable to be used in describing an extraction process if the MRPD value is less than 10%.25

3.          RESULTS AND DISCUSSION

The profiles of experimental (represented by symbols) and simulated (represented by lines) oil yield for three different levels of ultrasonic power is shown in Figure 2. It can be seen that the oil yield increased rapidly with ultrasonic power during the washing period at the early beginning of the process from 1 min until 10 min whereas a slow increase in the oil yield was observed during the diffusion period, approximately after 10 min of extraction time. The coefficients of kinetic model which were determined from the experimental data are shown in Table 1. The high values of determination coefficient (R2 ≥ 0.994) for each ultrasonic power indicated that the experimental data fit the model very well. In fact, the MRPD values ranging from 0.439%–0.742% shows that the model is acceptable to be used in describing the extraction of oil from C. inophyllum seeds.
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Figure 2:    Effect of different ultrasonic power on kinetics of oil extraction from C. inophyllum seeds (condition: n-hexane as a solvent, extraction temperature 40°C and L/S ratio 20 ml/g).



Table 1:     The oil yields at equilibrium and mass transfer coefficients for different ultrasonic power.

[image: art]

The values of oil yield at equilibrium for washing stage (C1) were always higher than that for diffusion stage (C2) for all ultrasonic power levels, indicating that most of the oil was extracted during the washing stage. This is because, during the washing stage, the oil from the outer surface of the seeds readily dissolve into the extracting solvent. Meanwhile, during the diffusion stage, the oil diffuse from the intact seed cells into the solvent. As the ultrasonic power increases from 190 W to 210 W, the equilibrium oil yield for washing stage decreased while the equilibrium oil yield for diffusion stage increased. This observation may imply that ultrasonic power had a greater effect during the diffusion stage than the washing stage. The enhancement of oil yield during the diffusion stage could be due to the greater mechanical effects of ultrasound which is responsible for the efficient cell disruption of the seeds that leads to a more effective mass transfer of the oil into the solvent system.26

However, beyond 210 W, the equilibrium oil yield for washing stage increased slightly and the equilibrium oil yield for diffusion stage did not show any significant changes. A higher ultrasonic power would cause an increase in the bubble numbers in the solvent during cavitation. This might decrease the efficiency of the ultrasound energy transmitted into the medium and as a result, the oil yield would no longer increase.27 The mass transfer coefficient for washing (k1) increased when the ultrasonic power was raised from 190 W to 210 W but thereafter decreased slightly while the mass transfer coefficient for diffusion stage (k2) increased with increasing ultrasonic power. These results reveal that oil extraction occurs at a higher rate as the ultrasonic power increases. The formation of more cavitation bubbles at a higher ultrasonic power accelerates the penetration of solvent into the cells and the release of oil from the cells into the solvent, hence improving the mass transfer rate.28

The influence of extraction temperature on oil yield was studied between 35°C and 45°C at a fixed ultrasonic power of 210 W and the results are shown in Figure 3. A positive relationship between the extraction temperature and oil yield is observed for all temperature levels. The oil yields showed a rapid increment with temperature during the initial stage of extraction and slowed down as the extraction time was extended beyond 10 min.

The values of kinetic model parameters are shown in Table 2. It can be seen that the experimental data obtained at all extraction temperatures fit well into the kinetic model ranging from 0.982 to 0.992. The MRPD values for each temperature (0.907%–1.205%) which were below 10% confirmed that the kinetic model is adequate to represent the oil extraction process. It was observed that between 35°C and 40°C, the oil yield at equilibrium for washing stage (C1) did not show any changes while the oil yield at equilibrium for diffusion stage (C2) increases. This might be because temperature had a smaller effect on the extraction mechanism during the washing stage, as compared to the diffusion stage. The increment of C2 during the latter stage was due to the higher intensity of acoustic cavitation caused by a higher temperature which assisted in the cell wall breaking in order to release oil into the solvent medium.29
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Figure 3:    Effect of different extraction temperature on kinetics of oil extraction from C. inophyllum seeds (condition: n-hexane as a solvent, ultrasonic power 210 W and L/S ratio 20 ml/g).



Table 2:     The oil yields at equilibrium and mass transfer coefficients for different extraction temperature.
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C1 increases when the temperature was raised further to 45°C. This was due to the changes of physical properties of the oil and solvent including the solubility and viscosity. A higher extraction temperature resulted in a higher solubility of oil in the extracting solvent as well as a lower viscosity of the solvent, therefore improving the mass transfer of the oil.30,31 Meanwhile, the reduction of C2 at 45°C was due to the higher vapour pressure at elevated temperature which assisted in the formation of vapour-filled bubbles and as a result, the implosion of cavitation bubbles would be cushioned. This phenomenon, known as the cushioning effect, would eventually cause the ultrasound cavitation effect to be less efficient.32

The mass transfer coefficients (k1 and k2) increased with increasing temperature but reduced when the temperature was raised to 45°C. This is because when the temperature is too high, a larger amount of bubbles were formed but unfortunately, they collapse with less intensity. An increase in temperature have also caused a decrease in the surface tension of the extracting solvent. A lower surface tension affects the bubble formation and collapse. As a result, the cavitation effect was less effective, thus causing a decrease in the mass transfer rate.33

Figure 4 presents the effect of L/S ratio on C. inophyllum oil yield while ultrasonic power and extraction temperature were 210 W and 45°C, respectively. The yield of C. inophyllum oil increased sharply with the increase of L/S ratio throughout the first 10 min of extraction period and the increase become less significant as the extraction proceeded. The corresponding values of kinetic model coefficients for L/S ratio 15 ml/g, 20 ml/g and 25 ml/g are shown in Table 3. A high values of determination coefficient were obtained for all L/S ratio (0.974, 0.999), indicating a satisfactory fit of the experimental oil yield with the kinetic model. Additionally, MRPD values of less than 10% for every L/S ratio implies that the kinetic model can describe the extraction process well. It can be seen that the oil yield at equilibrium for washing stage (C1) and diffusion stage (C2) increased with increasing L/S ratio. However, the oil yield at equilibrium for diffusion stage (C2) decreased as the ratio was increased to 25 ml/g. The increment of oil yield with the increase of solvent quantity was due to a greater driving force which caused by a larger concentration difference between the interior cells and surrounding solvent medium.34
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Figure 4:    Effect of different L/S ratio on kinetics of oil extraction from C. inophyllum seeds (condition: n-hexane as a solvent, ultrasonic power 210 W and extraction temperature 45°C).




Table 3:     The oil yields at equilibrium and mass transfer coefficients for different L/S ratio.
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Meanwhile, an increase of L/S ratio also increases both mass transfer coefficients for washing and diffusion stage (k1 and k2). Nevertheless, beyond L/S ratio of 20 ml/g, an increase in mass transfer coefficient for diffusion stage (k2) was no longer observed. This might indicates that a hexane volume of 100 ml was sufficient for the oil extraction process. Furthermore, excessive amount of solvent would not improve the driving force any further.35

4.          CONCLUSION

In this study, the kinetics of UAE of oil from C. inophyllum seeds was evaluated using Patricelli’s mathematical model. The results showed that this model was suitable to be used in modelling the extraction process at tested conditions with high values of determination coefficient (0.974 R2, 0.999) and low MRPD values (0.326%, P 1.533%). The model coefficients were calculated accordingly using the experimental data. The results obtained showed that more oil was extracted into the solvent medium during the washing stage and the oil extraction rate was higher during the washing stage, as compared to the diffusion stage. The oil yield increased with increasing ultrasonic power, extraction temperature as well as L/S ratio.

5.          ACKNOWLEDGEMENTS

The authors gratefully acknowledge Universiti Sains Malaysia for the financial support of this study, and also a scholarship (MyMaster) from the Ministry of Education Malaysia for the first author. The authors would also like to thank Ministry of Higher Education of Malaysia (MOHE) for funding this work through Fundamental Research Grant Scheme (203/PJKIMIA/6071270).


6.          REFERENCES

1.       Chavan, S. B., Kumbhar, R. R. & Deshmukh, R. B. (2013). Callophyllum inophyllum Linn (“honne”) oil, a source for biodiesel production. Res. J. Chem. Sci., 3(11), 24–31.

2.       Ha, M. H. et al. (2009). Antimicrobial activity of Calophyllum inophyllum crude extracts obtained by pressurized liquid extraction. Asian J. Trad. Med., 4(4), 141–146.

3.       Hien, H. M. et al. (2011). Development and validation of a GC-MS method for rapid determination of calophyllolide in Calophyllum inophyllum L.: A quality control approach. Chin. J. Nat. Med., 9(6), 429−434.

4.       Ong, H. C. et al. (2011). Comparison of palm oil, Jatropha curcas and Calophyllum inophyllum for biodiesel: A review. Renew. Sust. Energ Rev., 15(8), 3501–3515, https://doi.org/10.1016/j.rser.2011.05.005.

5.       Rizwanul Fattah, I. M. et al. (2014). Experimental investigation of performance and regulated emissions of a diesel engine with Calophyllum inophyllum biodiesel blends accompanied by oxidation inhibitors. Energ. Convers. Manage., 83, 232–240, https://doi.org/10.1016/j.enconman.2014.03.069.

6.       Lawal, O. S. et al. (2010). Equilibrium, thermodynamic and kinetic studies for the biosorption of aqueous lead(II) ions onto the seed husk of Calophyllum inophyllum. J. Hazard. Mater., 177(1–3), 829–835, https://doi.org/10.1016/j.jhazmat.2009.12.108.

7.       Ajayi, I. A. et al. (2008). Short-term toxicological evaluation of Terminalia catappa, Pentaclethra macrophylla and Calophyllum inophyllum seed oils in rats. Food Chem., 106(2), 458–465, https://doi.org/10.1016/j.foodchem.2007.05.093.

8.       Thengane, S. R. et al. (2006). Micropropagation of Indian laurel (Calophyllum inophyllum), a source of anti-HIV compounds. Curr. Sci., 90,(10), 1393–1397.

9.       Venkanna, B. K. & Venkataramana, R. C. (2009). Biodiesel production and optimization from Calophyllum inophyllum linn oil (honne oil) – A three stage method. Biores. Technol., 100(21), 5122–5125, https://doi.org/10.1016/j.biortech.2009.05.023.

10.     Sayyar, S., Abidin, Z. Z. & Yunus, R. (2013). Optimisation of solid liquid extraction of jatropha oil using petroleum ether. Asia-Pac. J. Chem. Eng., 8(3), 331–338, https://doi.org/10.1002/apj.1664.

11.     Jovanovic-Malinovska, R., Kuzmanova, S. & Winkelhausen, E. (2015). Application of ultrasound for enhanced extraction of prebiotic oligosaccharides from selected fruits and vegetables. Ultrason. Sonochem., 22(0), 446–453, https://doi.org/10.1016/j.ultsonch.2014.07.016.


12.     Lin, J.-Y. et al. (2012). Ultrasonic extraction of hempseed oil. J. Food Process. Eng., 35(1), 76–90, https://doi.org/10.1111/j.1745-4530.2010.00601.x.

13.     Samaram, S. H. et al. (2013). Ultrasound-assisted extraction (UAE) and solvent extraction of papaya seed oil: Yield, fatty acid composition and triacylglycerol profile. Molecules, 18(0), 12474–12487.

14.     Kamazani, N. A. et al. (2014). Evaluation and analysis of the ultrasound-assisted extracted tomato seed oil. J. Food Biosci. Technol., 4(2), 57–66.

15.     Fontana, A. R. et al. (2010). Ultrasound-assisted leaching-dispersive solid-phase extraction followed by liquid–liquid microextraction for the determination of polybrominated diphenyl ethers in sediment samples by gas chromatography-tandem mass spectrometry. Talanta, 82(1), 359–366, https://doi.org/10.1016/j.talanta.2010.04.050.

16.     Pongmalai, P. et al. (2015). Enhancement of microwave-assisted extraction of bioactive compounds from cabbage outer leaves via the application of ultrasonic pretreatment. Sep. Purif. Technol., 144(0), 37–45, https://doi.org/10.1016/j.seppur.2015.02.010.

17.     Cheung, Y.-C., Siu, K.-C. & Wu, J.-Y. (2013). Kinetic models for ultrasound-assisted extraction of water-soluble components and polysaccharides from medicinal fungi. Food Bioprocess. Tech., 6(10), 2659–2665, https://doi.org/10.1007/s11947-012-0929-z.

18.     Stanisavljević, I. T., Lazić, M. L. & Veljković, V. B. (2007). Ultrasonic extraction of oil from tobacco (Nicotiana tabacum L.) seeds. Ultrason. Sonochem., 14(5), 646–652, https://doi.org/10.1016/j.ultsonch.2006.10.003.

19.     Vetal, M. D., Lade, V. G. & Rathod, V. K. (2013). Extraction of ursolic acid from Ocimum sanctum by ultrasound: Process intensification and kinetic studies. Chem. Eng. Process.: Process Intensif., 69(0), 24–30, https://doi.org/10.1016/j.cep.2013.01.011.

20.     Xi, J., He, L. & Yan, L. (2015). Kinetic modeling of pressure-assisted solvent extraction of polyphenols from green tea in comparison with the conventional extraction. Food Chem., 166(0), 287–291, https://doi.org/10.1016/j.foodchem.2014.06.026.

21.     Abdullah, M. & Koc, A. B. (2013). Kinetics of ultrasound-assisted oil extraction from black seed (Nigella sativa). J. Food Process. Pres., 37(5), 814–823.

22.     Amarni, F. & Kadi, H. (2010). Kinetics study of microwave-assisted solvent extraction of oil from olive cake using hexane: Comparison with the conventional extraction. Innov. Food Sci. Emerg. Technol., 11(2), 322–327, https://doi.org/10.1016/j.ifset.2010.01.002.

23.     Hu, A. J. et al. (2010). Kinetic model and technology of ultrasound extraction of safflower seed oil. J. Food Process Eng., 35(2), 278–294, https://doi.org/10.1111/j.1745-4530.2010.00589.x.


24.     Velickovic, D. T. et al. (2006). Kinetics of ultrasonic extraction of extractive substances from garden (Salvia officinalis L.) and glutinous (Salvia glutinosa L.) sage. Ultrason. Sonochem., 13(0), 150–156, https://doi.org/10.1016/j.ultsonch.2005.02.002.

25.     Kaymak-Ertekin, F. & Gedik, A. (2004). Sorption isotherms and isosteric heat of sorption for grapes, apricots, apples and potatoes. LWT Food Sci. Technol., 37(4), 429–438, https://doi.org/10.1016/j.lwt.2003.10.012.

26.     Liu, Y. et al. (2015). Optimization of ultrasonic extraction of polysaccharides from Hovenia dulcis peduncles and their antioxidant potential. Int. J. Biol. Macromol., 80(0), 350–357, https://doi.org/10.1016/j.ijbiomac.2015.06.054.

27.     Peyman, P. G. (2015). Modeling and optimization of ultrasound-assisted extraction of polysaccharide from the roots of Althaea officinalis. J. Food Process. Pres., https://doi.org/10.1111/jfpp.12454.

28.     Gholivand, M. B., Yamini, Y. & Dayeni, M. (2014). Optimization and comparison of ultrasound-assisted extraction of estragole from Tarragon leaves with hydro-distillation method. Anal. Bioanal. Chem. Res., 1(2), 99–107.

29.     Teh, S.-S. & Birch, E. J. (2014). Effect of ultrasonic treatment on the polyphenol content and antioxidant capacity of extract from defatted hemp, flax and canola seed cakes. Ultrason. Sonochem., 21(1), 346–353, https://doi.org/10.1016/j.ultsonch.2013.08.002.

30.     Zou, T.-B. et al. (2011). Optimization of ultrasound-assisted extraction of anthocyanins from mulberry, using response surface methodology. Int. J. Mol. Sci., 12(0), 3006–3017, https://doi.org/10.3390/ijms12053006.

31.     Wei, M.-C. & Yang, Y.-C. (2014). Extraction characteristics and kinetic studies of oleanolic and ursolic acids from Hedyotis diffusa under ultrasound-assisted extraction conditions. Sep. Purif. Technol., 130(0), 182–192, https://doi.org/10.1016/j.seppur.2014.04.029.

32.     Lou, Z. et al. (2010). Improved extraction of oil from chickpea under ultrasound in a dynamic system. J. Food Eng., 98(1), 13–18, https://doi.org/10.1016/j.jfoodeng.2009.11.015.

33.     Charpe, T. W. & Rathod, V. K. (2014). Effect of ethanol concentration in ultrasound assisted extraction of glycyrrhizic acid from licorice root. Iran J. Chem. Eng., 11(4), 21–30.

34.     Bulduk, I., Gezer, B. & Cengiz, M. (2015). Optimization of ultrasound-assisted extraction of morphine from capsules of Papaver somniferum by response surface methodology. Int. J. Anal. Chem., 2015(0), 1–9, https://doi.org/10.1155/2015/796349.

35.     Gutte, K. B., Sahoo, A. K. & Ranveer. (2015). Effect of ultrasonic treatment on extraction and fatty acid profile of flaxseed oil. OCL, 22(5), 1–7, https://doi.org/10.1051/ocl/2015038.





Influences of the Coupling Agent and Various Compatibilisers on Properties of Recycled High Density Polyethylene/Ethylene Vinyl Acetate/Taro Powder (Colocasia esculenta) Biocomposites

Fatimah Abd. Rajak Hamim,1 Supri Abdul Ghani2* and Firuz Zainuddin1

1School of Materials Engineering, Universiti Malaysia Perlis (UniMAP), Kompleks Taman Muhibah, Jejawi 2, 02600 Arau, Perlis, Malaysia

2Faculty of Engineering Technology, Universiti Malaysia Perlis (UniMAP), Sungai Chuchuh, 02100 Padang Besar, Perlis, Malaysia

*Corresponding author: supri@unimap.edu.my

© Penerbit Universiti Sains Malaysia, 2017


Published online: 15 August 2017

To cite this article: Abd. Rajak Hamim, F., Abdul Ghani, S. & Zainuddin, F. (2017). Influences of the coupling agent and various compatibilisers on properties of recycled high density polyethylene/ethylene vinyl acetate/taro powder (Colocasia esculenta) biocomposites. J. Phys. Sci., 28(2), 71–84, https://doi.org/10.21315/jps2017.28.2.5

To link to this article: https://doi.org/10.21315/jps2017.28.2.5



ABSTRACT: The recycled high density polyethylene/ethylene vinyl acetate (RHDPE/EVA) blend was prepared by using Brabender Plasticoder mixer. Taro powder (TP) filler was added to produce RHDPE/EVA/TP composite. The effect of TP filler and different modifications approached: by treatment of TP filler with methyl methacrylate (MMA); by addition of commercial compatibiliser of polyethylene grafted maleic anhydride (PE-g-MAH); and by addition of hybrid compatibiliser of caprolactam-maleic anhydride (CL-MAH) were studied. Tensile properties, swelling behaviour, morphology, and thermal properties were also investigated. Findings indicated that the addition of TP filler led to the reduction in tensile strength and elongation at break while showing increment in modulus of elasticity. Upon modifications, the tensile strength and modulus of elasticity increased while the elongation at break decreased slightly. The composites exhibited an increased chemical uptake resulting in increased percentage mass swell once TP filler was added and after modification of the composites. The usage of compatibiliser and treatment of filler enhanced interfacial adhesion of matrix and filler with improvement in dispersion of filler as evidenced by scanning electron microscopy (SEM).

Keywords: Recycled high density polyethylene, ethylene vinyl acetate, taro powder, methyl methacrylate, polyethylene grafted maleic anhydride.


1.          INTRODUCTION

Polymer composites have been extensively used for numerous years and their production for the market is continuously growing. The use of a polymer and filler allows to achieve several advantages and, in particular, combination of the basic properties from both matrix and filler.1 Matrix is a constituent that is continuous with the main purpose to enclose and bind the reinforcement, while reinforcement phase functions as primary load-bearing constituent in the composites.2 Polymer matrix composites are the commonly used composites because of their high strength, low cost, and simple manufacturing techniques.3 Thermoplastic matrix composites processing temperatures are higher than those thermosets but they have better toughness and impact resistance with the parts can be remolded, made and joined by heating.4

Natural filler-reinforced polymer composites have received extensive attention and are being studied as a valuable alternative for reinforcement in composites industry due to their specific properties such as low cost, biodegradability, easy availability and low density.5 The natural filler’s exact properties are equivalent to synthetic fillers that are basically used as reinforcement in composites. Moreover, natural fibres are also nonabrasive and apply less wear in processing compared to inorganic fibers.6

Taro (Colocasia esculenta) is a wetland herbaceous perennial, and fast emerging amphibious plant which has become a problem due to its thick vegetation in Malaysia and other countries. The thick vegetation causes harm to water bodies in which they colonise and their abundant bushes shelter poisonous creatures and insect pests, and become breeding grounds for mosquitoes and other illness course.7 The high content of starch in taro, 25%–30%, is the most important reason it can be used in industry because this feature contributes to the ease of digestibility of taro. Taro can be applied as fillers or modifiers for plastics when their starch is used in the production of plastic which can help to accelerate the biodegradability of the parent polymer.8 However, large difference in surface polarity between hydrophilic filler and hydrophobic matrix causes poor interfacial adhesion and thus leads to poor mechanical properties of final materials.

Certain surface modifications of natural fillers are usually needed to improve the interfacial interaction between matrix and filler. Chemical treatments basically provide active functional groups that can form linkage or bonding within the composites and in some cases changing the filler composition to improve interaction.9,10 Besides, the use of compatibiliser can become effective to enhance the coupling and the interaction between natural filler and polymer matrix.11 Compatibilisers will modify polymer interfaces by increasing the adhesion at phase boundaries, decreasing the interfacial tension in the melt while lessening phase separation in solid state and stabilising the dispersed phase.12 Khanam and AlMaadeed studied the effect of maleic anhydride as compatibiliser on ternary recycled polymer blend reinforced with date palm fibre.13 From the report, they suggested that addition of 1% of maleic anhydride into the polymer blend improved the mechanical properties, thermal stability, and water absorption of the recycled polymer blend matrix.

In this research, TP filler was chemically treated using coupling agent like methyl methacrylate to improve the compatibility with the RHDPE/EVA matrix. The RHDPE/EVA/TP composites were compatibilised by using commercial compatibiliser of PE-g-MAH and hybrid compatibiliser of CL-MAH. Caprolactam was grafted in-situ with maleic anhydride monomers through the Brabender mixer, and the grafted compatibiliser was then compounded with the composites. The content of the TP filler selected was 25 phr to reduce the cost of the composites. The objectives of the study were to study the effect of TP filler on the RHDPE/EVA blend and composite modification on tensile properties, swelling behaviour, and morphology of tensile fractured surface of RHDPE/EVA, RHDPE/EVA/TP, RHDPE/EVA/TPMMA, RHDPE/EVA/TP/PE-g-MAH, and RHDPE/EVA/TP/CL-MAH composites.

2.          EXPERIMENTAL

2.1        Materials

The thermoplastic used in this work were RHDPE with melt flow index of 0.7 g/10 min (190°C) and density of 0.97 g/cm3 and EVA with 18.1 wt% of vinyl acetate (VA), melt index of 2.5 g/10 min (80°C, 2.16 kg), and density of 0.93 g/cm3 which both were provided by A. R. Alatan Sdn. Bhd., Kedah, Malaysia. The TP filler used as reinforcing filler was obtained from local village in Sabak Bernam, Selangor. The basic ingredients of TP were shown in Table 1. MMA with molecular weight of 100.12 g/mol, PE-g-MAH with density of 0.925 g/cm3, and caprolactam with with molecular weight of 113.16 g/mol were supplied by Zarm Scientific & Supplier Sdn. Bhd., Penang, Malaysia. Besides that, maleic anhydride with molecular weight of 98.06 g/mol, dichloromethane with molecular weight of 84.93 g/mol, and dibenzoyl peroxide with 75% water remainder with molecular weight of 242.23 g/mol were also used in the research. All of the latter chemicals were provided by A. R. Alatan Sdn. Bhd., Kedah Darul Aman, Malaysia.


Table 1:     Ingredient of TP filler was analysed by Laboratory Department of DXN Holdings Bhd., Jitra, Kedah.



	Content
	Quantity



	Calories
	274 Kcal



	Carbohydrate
	52.6%



	Fat
	1.2%



	Protein
	13.1%




2.2        Filler and Compatibiliser Preparation

In preparing the TP filler, the stems from taro plants were cut, washed with tap water, dried, and grinded to powder by using grinder machine. Taro powder filler was then sieved to obtain TP filler with average sizes of 75 µm. TP filler with average sizes of 75µm was dried in vacuum oven at 80°C for 1 h. The chemical treatment of TP filler was prepared by mixing 6 wt% of MMA solution with ethanol which acts as a solvent. TP filler was added into the mixture and mechanically stirred by using mechanical stirrer for 4 h at room temperature until homogenously mixed. The solution was then heated at 80°C for 15 min to permit MMA to completely dissolve in the solution, and kept at room temperature for 24 h until two layers were formed. The upper layer was poured out while the precipitate of treated TP filler with MMA was filtered and permitted to dry in oven at 40°C for 24 h to completely remove the ethanol residue. Meanwhile, hybrid compatibiliser CL-MAH was prepared by mixing 3 phr of CL and MAH, respectively. The mixing was mixed together in the process of composites’ compounding by melt-blend technique.

2.3        Composite Preparation

For composites preparation, the compounding process of the composites was conducted by melt blending in Brabender Plasticoder internal mixer. The RHDPE was first put into the internal mixer at 160°C with rotation speed of 50 rpm for 2 min, followed by addition of EVA which was left to be mixed with RHDPE until homogenous for another 2 min. TP filler was then added into the mixer and the blending last after 6 phr of compatibiliser mounted into the mixer. Dibenzoyl peroxide (DBP) was added as initiator before the compatibiliser to prepared free radicals for the chain. Later, the completely compounded composites were removed from the internal mixer and pressed into round pieces before put into the mold for compression molding. The process was repeated for the compounding of RHDPE/EVA/TPMMA composites by changing the TP filler with treated TPMMA filler. Table 2 shows the formulation used in this research.


Table 2:     Formulation of RHDPE/EVA, RHDPE/EVA/TP, RHDPE/EVA/TPMMA, RHDPE/EVA/TP/PE-g-MAH and RHDPE/EVA/TP/CL-MAH composites.
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2.4        Compression Molding

The hydraulic hot press was used to produce the composites in plate form. Both top and bottom platen of the machine was set at temperature 160°C. Empty mold was heated for 5 min before used. Then, the compounding pieces of the composites were placed into the center of the mold and compressed partially for 8 min for preheating. As soon as the composites started to soften, the compounding composites were completely compressed for 6 min under pressure of 15 MPa. After compression, the composites which already turned into plate form were left to cool for extra 4 min.

2.5        Tensile Test

The tensile tests were carried out by using the Universal Testing Machine Instron 5569 according to ASTM D 638. The dumbbell shape specimens used for the test had a cross section of 6.5 × 2 mm2 each. The test was completed at conditioned ambient temperature (25 ± 3)°C and relative humidity (30 ± 2)% with crosshead speed of 30 mm/min. A regular of five samples was used for each formulation. The tensile strength, elongation at break, and modulus of elasticity of each formulation were achieved from the test.

2.6        Swelling Behaviour Test

The swelling behaviour test was carried out in general accordance with ISO 1817. Samples with dimension of 20 mm × 10 mm × 2 mm were used for each composites composition. The samples were fully immersed into beakers having dichloromethane for 46 h. After the immersion period, the samples were taken out and wiped with tissue paper before weighed by using an analytical balance with 0.1 mg resolution. The degree of swelling was calculated as follows:
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where Wo is the initial weight of sample, and Ws is the weight of the swollen sample after immersion.

2.7        Scanning Electron Microscopy (SEM)

The tensile fracture surfaces of the composites were analysed with a JEOL JSM 6460LA SEM. The samples were mounted on aluminium stubs before the testing to undergo sputtering coating of thin platinum layer of 20 nm on the samples surfaces to evade electrostatic charge.

3.          RESULTS AND DISCUSSION

3.1        Tensile Properties

Figure 1 shows the tensile strength of RHDPE/EVA, RHDPE/EVA/TP, RHDPE/EVA/TPMMA, RHDPE/EVA/TP/PE-g-MAH, and RHDPE/EVA/TP/CL-MAH composites with 25 phr of TP filler loading. From the figure, unfilled composites of RHDPE/EVA displayed the highest tensile strength compared to the TP filled composites. On the other hand, for the TP filled composites, RHDPE/EVA/TP/CL-MAH had the highest tensile strength followed by RHDPE/EVA/TP/PE-g-MAH, RHDPE/EVA/TPMMA, and RHDPE/EVA/TP composites. All composites associated with compatibiliser and coupling agent exhibited higher tensile strength than the uncompatibilised composites. These results show that the incorporation of compatibiliser and coupling agent had enhanced the compatibility between RHDPE/EVA matrix and the TP filler.

The addition of TP filler into those composites had resulted in decreasing value of tensile strength. This can be explained by the incompatibility between filler and matrix. The incompatibility reduced the ability of good stress transfer within the composites because the presence of voids initiated cracks when stress was applied during tensile test. However, the RHDPE/EVA/TP composite shows improvement upon filler treatment and addition of compatibilisers. Treatment of TP with MMA increased the bonding between TP filler and RHDPE/EVA matrix by the presence of carboxyl groups in MMA which bond with hydroxyl groups of TP filler, resulting in formation of bridge that provided better stress transfer within the composites.
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Figure 1:    Tensile strength of RHDPE/EVA, RHDPE/EVA/TP, RHDPE/EVA/TPMMA, RHDPE/EVA/TP/PE-g-MAH, and RHDPE/EVA/TP/CL-MAH composites.



Meanwhile, the addition of compatibiliser of PE-g-MAH and CL-MAH, respectively, into the composites enhanced the tensile strength of RHDPE/EVA/TP/PE-g-MAH and RHDPE/EVA/TP/CL-MAH composites. The existence of maleic anhydride resulted in the formation of interaction between anhydride groups of MAH to hydroxyl groups of TP filler in the amorphous region of cellulose structure.15 The bonding caused removal of hydroxyl groups from TP filler, thus reduced the hydrophilicity of the composite and provided efficient interlocking of TP filler into RHDPE/EVA matrix. The polyethylene in PE-g-MAH will form C-C bond to RHDPE or ethylene in EVA long chain while CL in CL-MAH will bond to the vinyl acetate of EVA, respectively. The RHDPE/EVA/TP/CL-MAH shows higher tensile strength value than RHDPE/EVA/TP/PE-g-MAH composites due to the presence of benzyl ring in caprolactam which added more strength to the long chain of composites compared to mere ethylene groups in RHDPE/EVA/TP/PE-g-MAH composites.

Figure 2 shows the elongation at break of RHDPE/EVA, RHDPE/EVA/TP, RHDPE/EVA/TPMMA, RHDPE/EVA/TP/PE-g-MAH, and RHDPE/EVA/TP/CL-MAH composites. From the figure, it can be distinguished that RHDPE/EVA blend had the highest elongation at break value and the addition of TP decreased the elongation at break of the rest of the composites. The treated and compatibilised composites exhibited lower tensile strength compared to the RHDPE/EVA/TP composites.
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Figure 2:    Elongation at break of RHDPE/EVA, RHDPE/EVA/TP, RHDPE/EVA/TPMMA, RHDPE/EVA/TP/PE-g-MAH, and RHDPE/EVA/TP/CL-MAH composites.



The addition of TP filler increased the hardness and stiffness of the composites, thus lowering the elongation at break. The use of rigid filler inside ductile polymer matrix hindered the flow of polymer molecules past one another leading to less ductility of the composites.16 When load was applied, the brittle RHDPE/EVA/TP composites fractured completely within a short time compared to RHDPE/EVA blend which elongated longer due to the elastic characteristic of polymer. On the other hand, it can be observed that the addition of coupling agent and compatibiliser decreased the elongation at break of the composite. Among the treated composites, RHDPE/EVA/TP/CL-MAH composites exhibited the lowest elongation at break followed by RHDPE/EVA/TP/PE-g-MAH and RHDPE/EVA/TPMMA composites. Addition of compatibiliser increased the reinforcement strength in composites resulting in high rigidity or brittle composites, hence reducing the elongation at break value.17

Figure 3 shows the modulus of elasticity of RHDPE/EVA, RHDPE/EVA/TP, RHDPE/EVA/TPMMA, RHDPE/EVA/TP/PE-g-MAH, and RHDPE/EVA/TP/CL-MAH composites. The modulus of elasticity of RHDPE/EVA blend was found to be the lowest compared to other filled composites. Meanwhile, RHDPE/EVA/TP/CL-MAH exhibited the highest modulus of elasticity followed by RHDPE/EVA/TP/PE-g-MAH, RHDPE/EVA/TPMMA and uncompatibilised RHDPE/EVA/TP composites. The addition of TP filler into the RHDPE/EVA/TP composites increased the modulus of elasticity. This can be explained by the rigid characteristic shown by TP filler. The addition of more rigid and non-soluble particles to polymer matrix will increase the composite stiffness.18,19 Besides, due to the incorporation of coupling agent and compatibiliser, the modulus of elasticity of the composites improved slightly. This may be due to the formation of bond or linkage introduced between filler and matrix, which promoted better dispersion of TP filler particles into the RHDPE/EVA matrix and good interfacial adhesion between the two different phases.20
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Figure 3:    Modulus of elasticity of RHDPE/EVA, RHDPE/EVA/TP, RHDPE/EVA/TPMMA, RHDPE/EVA/TP/PE-g-MAH, and RHDPE/EVA/TP/CL-MAH composites.



Both RHDPE/EVA/TP/PE-g-MAH and RHDPE/EVA/TP/CL-MAH composites exhibited higher modulus of elasticity value compared to the rest of the composites. Anhydride groups in the MAH can react with the hydroxyl groups of TP filler and lead to the formation of ester bond which improved the interfacial adhesion between polymer matrix and TP filler particle.21 The highest modulus of elasticity showed by both compatibilised composites is attributed to the improvement in interfacial adhesion within the composites as great stress transfer can be obtained from the compatibility of the matrix and reinforcing filler.

3.2        Swelling Behaviour

Figure 4 presents the percentage mass swell of RHDPE/EVA, RHDPE/EVA/TP, RHDPE/EVA/TPMMA, RHDPE/EVA/TP/PE-g-MAH, and RHDPE/EVA/TP/CL-MAH composites. The results show that the filled RHDPE/EVA/TP composites exhibited lower percentage mass swell compared to neat RHDPE/EVA blend. The polar group of EVA was very reactive to the polar group of dichloromethane, thus higher dichloromethane uptake by the blend caused higher percentage of mass swell in neat RHDPE/EVA blend. Meanwhile, the addition of 25 phr of TP filler reduced the percentage of polymer matrix in the composites ascribed to the lower absorption of dichloromethane by RHDPE/EVA/TP composites. Even though TP filler is natural filler with hydrophilicity characteristics, the results show that the hydrophilicity TP cannot be compared to the reactive reaction between polar groups in EVA and dichloromethane, hence RHDPE/EVA/TP composites had lower percentage mass swell than the neat RHDPE/EVA blend.
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Figure 4:    Percentage mass swell of RHDPE/EVA, RHDPE/EVA/TP, RHDPE/EVA/TPMMA, RHDPE/EVA/TP/PE-g-MAH, and RHDPE/EVA/TP/CL-MAH composites.



The RHDPE/EVA/TPMMA composites exhibited the lowest percentage mass swell among all composites. The treatment of TP filler with MMA results in the removal of hemcellulose and lignin constituents contributed to improved chemical resistance properties. In addition, the reactions between acetyl groups (CH3CO) from MMA to hydroxyl groups (OH) of TP filler decreased the hydrophobic nature of the filler leading to the reduction in dichloromethane intake and lower the percentage mass swell.22

Meanwhile, the RHDPE/EVA/TP/PE-g-MAH composites exhibited the lowest percentage of mass swell after the RHDPE/EVA/TPMMA composites. The anhydride groups in maleic anhydride reacted with the hydroxyl groups of TP filler causing reduction in the number of OH groups from the TP filler, hence reducing hydrophilicity of the composites. This will lead to lower absorption of dichloromethane, therefore decreasing the percentage mass swell of the composites. However, the addition of CL-MAH as compatibiliser in RHDPE/EVA/TP/CL-MAH composite increased the percentage mass swell of the composite. This reason can be explained by the reactive reaction of methyl group in dichloromethane to the amide group of caprolactam. Overall intake of dichloromethane into RHDPE/EVA/TP/CL-MAH composites include the reactive reaction of dichloromethane with caprolactam, hydrophilicity of TP and reaction between polar groups of EVA, and dichloromethane caused the percentage mass swell to increase greatly compared to the other composites.

3.3        Scanning Electron Microscopy (SEM)

The SEM micrographs of tensile fractured surfaces of RHDPE/EVA, RHDPE/EVA/TP, RHDPE/EVA/TPMMA, RHDPE/EVA/TP/PE-g-MAh, and RHDPE/EVA/TP/CL-MAH were shown in Figure 5. Figure 5(a) shows that the micrograph of tensile fracture surface of RHDPE/EVA blend had smooth surface with the stress induced pull out matrix, which can be related to the high elasticity characteristic of polymer matrix as reported in the elongation at break results. However, addition of TP filler to the rest of the composites changed the tensile fracture surfaces morphology to harder and rougher surfaces with presence of small voids, gaps and defects. The voids can be clearly seen especially in Figure 5(b) of uncompatibilised RHDPE/EVA/TP composites. This can be attributed to the poor wettability of filler to matrix which caused easy detachment when stress is applied. The treatment of TP with MMA improved interfacial adhesion of the composites thus better morphology of tensile fracture surface can be observed from Figure 5(c) with less voids.

In contrast to the uncompatibilised composites, the morphology of the tensile fractured surface of the compatibilised composites showed in Figure 5(d) and 5(e) displays normal fracture with preferable tearing line rather than voids due to less number of pulling out filler. This results suggested better interfacial adhesion formation between matrix and filler with indistinct interfacial bounds featured to the ester bond formed between the compatibiliser and the hydroxyl group of filler. These SEM features are in agreement with the tensile test results as reported in Figure 1.
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Figure 5:    SEM of RHDPE/EVA, RHDPE/EVA/TP, RHDPE/EVA/TPMMA, RHDPE/EVA/TP/PE-g-MAH, and RHDPE/EVA/TP/CL-MAH composites.



4.          CONCLUSION

In the study, RHDPE/EVA/TP composites were prepared with different modification techniques. The composites were tested and evaluated to study the effect of the modifications on their properties. The tensile study showed that presence of TP filler decreased the tensile strength and elongation at break of the composites, although it increased the modulus of elasticity. Besides, the treated and compatibilised RHDPE/EVA/TP composites were found to have higher tensile strength and modulus of elasticity while lowering elongation at break. Swelling test revealed that the addition of TP filler into the matrix reduced percentage mass swell of the composites and upon treatment and compatibilisation, the percentage mass swell reduced further except for RHDPE/EVA/TP/CL-MAH composites. Morphology observation showed that the modifications of the composites enhanced interfacial adhesion with rougher surface and less voids can be spotted on the micrographs.
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ABSTRACT: This study reports on the photocatalytic activity of BiFeO3 nanoparticles on the degradation of cationic dye methylene blue (MB). BiFeO3 prepared by using carrageenan as a biotemplating method were characterised using XRD, SEM and EDX analysis. The effect of different parameters such as catalyst dosage, initial concentration of dye, reaction time, pH, and regeneration study on the removal efficiency were investigated. It was found that 12.79 mmol/L BiFeO3 exhibited 96% degradation of methylene blue at basic pH (pH 8 and pH 10) in 180 min. The catalysts were found to be negatively charged in alkaline medium hence the electrostatic charge attracted more cationic dye towards the catalytic site. Kinetic studies showed the degradation can be described according to Langmuir-Hinshelwood expression.

Keywords: Bismuth ferrite nanoparticles, methylene blue, biotemplate method, photodegradation, kinetic studies

1.          INTRODUCTION

Methylene blue (MB) is one of the organic dyes found in textile industries and generates high effluent that causes environmental pollution. This cationic thiazine dye is very toxic and almost non-biodegradable in nature.1 The presence of hazardous nondegradable contaminants in water poses dangers for human and environment exposure that result in health effect and environmental damage. Coagulation and flocculation, adsorption on activated carbon, ultrafiltration, chlorination and ozonation treatment have been proposed to reduce this harmful compound.2–5 However, all treatments resulted narrow application with short life and requiring high cost. Therefore, some alternative methods which are more cost effective and eco-friendly are required. One of the methods is photocatalytic degradation by inorganic semiconducting catalyst. This method is of great importance in water treatment with rapid and complete oxidation of pollutants in high efficiency.6

Inorganic semiconducting catalysts such as TiO2, ZnO, Fe2O3 and CdS have demonstrated their efficiency in degrading a wide range of ambiguous refractory organics into readily biodegradable compounds, and eventually mineralising them to carbon dioxide, water and mineral acids.7–10 Among all, titanium dioxide (TiO2) has generated a great interest in research and development of photocatalysis technology due to its potential applications in solar energy conversion inertness to chemical environments, long-term photostability and non-toxicity.11,12 Nevertheless, TiO2 can only be activated under UV light irradiation (< 380 nm) due to its wide band gap energy (3.2 eV) for the anatase phase and (3.0 eV) for the rutile phase which limits the effective use of solar energy.13 This has consequent implications for the use of titania materials as solar or room-light activated catalysts, because majority of solar spectrum consists of 46% visible light and just about 3%–5% of UV light.14 Therefore, it is of great interest to develop an efficient visible-light photocatalysts for the photo degradation of organic pollutants.

Bismuth ferrite (BiFeO3) is a semiconductor with rhombohedrally distorted perovskite structure. It has narrow band gap of 2.1 eV with high chemical stability which makes it a very good candidate for visible light responsive photocatalytic material.15 Perovskite-type of BiFeO3 demonstrates the coexistence of multiferroic, ferroelectric and antiferromagnetic properties at room temperature with Neel temperature (TN ~367°C) and Curie temperature (TC ~830°C).16 It has been reported that synthesis of BiFeO3@carbon core/shell nanofibres with different thickness of carbon layers were successful and are stable under visible light irradiation and could be easily recycled, indicating that they can be used as effective photocatalysts under visible light.17

Hydrothermal synthesis of BiFeO3 using KOH concentration of 4 M have been done in order to get the pure phase of bismuth ferrite to increase the photodegradation efficiency.18 Another method to synthesise bismuth ferrite is by using high purity of Fe2O3, Bi2O3 and yitrium (III) oxide (Y2O3) powders in a conventional solid state reaction technique.19 Most recently, pure BiFeO3 phase ceramic has also been prepared by a rapid liquid-phase sintering technique.20,21 Although various approaches have been done to synthesise pure BiFeO3 nanoparticles, it is still difficult to produce high-purity phase of BiFeO3 as the synthesis of this material is often complex and performed at high temperature (800°C), which leads to the formation of impurity phases (Bi2O3, Fe2O3 and Bi2Fe4O9), poor reproducibility and modified magnetic behaviour.22 This drawback is usually found in conventional solid state synthesis, sol gel method, mechano-chemical synthesis method and microwave hydrothermal method.19,23,24 Hence, it is essential to overcome these limitations by synthesising nanostructures of BiFeO3 using a facile synthesis technique that will produce high purity and reproducibility materials.

In the present study, biotemplating technique was used to prepare high-purity BiFeO3 nanoparticles. Biotemplating seeks to either replicate the morphological characteristics and the functionality of a biological/organic species or use a biological/organic structure to guide the assembly of inorganic materials.25 The surface modification of nanomaterials by biopolymer is also applied to avoid agglomeration, increasing the stability and compatibility in different media.26 Biotemplating approach is cost effective, less time consuming and environmental friendly as most of the biotemplates are from natural sources.27

κ-carrageenan is one of the examples of biological structures that comes from the family of linear sulphated polysachharide and are extracted from red edible seaweeds.28 The carrageenan also acts effectively to control the size and shape of the nanoparticles. Hydrogel from carrageenan consisting of sulphate ester groups will act as a template for the growth of nanostructures material. This preferential sites will allow the nucleation of the nanoparticles and act as a constrained environment that limits the growth of nanoparticles.29 Among other established method, a higher calcination temperature of 800°C is used for 5 to 60 min with rapid subsequent cooling. Therefore, biotemplated method was introduced by utilisation of cheap, non-toxic and environmentally friendly materials.

The aim of our study is to synthesise eco-friendly, non-toxic photocatalyst for the degradation of MB under visible light irradiation. The adsorption studies covered the effect of catalyst dosage, pH, initial concentration and contact time, and regeneration study of methylene blue.

2.          EXPERIMENTAL

2.1        Materials

Materials used are bismuth nitrate pentahydrate (98% purity) (Sigma-Aldrich, Mexico), iron (III) nitrate nanohydrate (98% purity) (Sigma-Aldrich, Germany), Sodium hydroxide (QReC), carrageenan (Sigma-Aldrich, USA) and methylene blue (C16H18CIN3) (QReC). All solutions were prepared using distilled water during synthesis.

2.2        Synthesis of BiFeO3

First, 1.4201 g of Bi(NO3)3.5H2O and 2.0202 g of Fe(NO3)3.9H2O were dissolved in 25 mL volumetric flask. 10 mL from the solution was added in 40 mL of 2 wt% (2 g in 200 mL H2O) carrageenan solution. The pH of the mixture was adjusted until pH 4 using 1.0 M NaOH and dried overnight in oven (80). Finally, the sample was calcined at 550°C for 120 min to yield BiFeO3 powders.

2.3        Characterisation of BiFeO3

The morphology and elemental dispersion on the surface adsorbents were analysed using scanning electron microscope with energy-dispersive X-ray (SEM-EDX) FEI-QUANTA FEG 650. Chromium were used to examine the morphology of the sample. The determination of phase structure and phase purity of sample were analysed using X-ray diffraction (XRD). It was carried out by using a PANalytical X’Pert PRO θ-2θ equipped with graphite monochromatic Cu from 20°C to 70°C at room temperature.

2.4        Adsorption Studies of MB Dye

In order to investigate the MB removal by BiFeO3, batch adsorption studies were conducted under different parameters such as PZC, pH, catalyst dosage, initial dye concentration with contact time, and regeneration of catalyst were carried out. In this batch study, 50 mL of dye solution with 12.787 mmol/L of adsorbents (BiFeO3) were used. After a certain period of time interval, the analytes were centrifuged at 4100 rpm for 20 min and the remaining MB concentration were analysed using Shimadzu 2600 UV Visible spectrophotometer at λmax of 664 nm. The amount of the dye adsorbed at equilibrium, qe (mg/g) and dye removal (%) of MB were calculated using the following equations:
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where Co (mg/L) is the initial concentration, Ce (mg/L) is the concentration at equilibrium t (min), V (L) is the MB volume and m (g) is the mass of adsorbent used.

The pH of point of zero charge (PZC) of pure BiFeO3 determined the pH at which the surface charge is zero. To a series of Erlenmeyer flasks (250 mL), 40 mL of 0.1 M NaNO3 solution was added and the pH of each solution was adjusted to pH 2, 4, 6, 8 and 10 using 0.1 M HNO3 and 0.1 M NaOH solutions. Then, 6.39 mmol/L of adsorbents were added into each flask and mixtures were left for 24 h at a stirring speed of 250 rpm. The initial (pHi) and final (pHs) of the suspension was recorded and the change in the pH (ΔpH) was calculated. From the plot of ΔpH versus pHi, the pHpzc of the adsorbents were determined.

To examine the effect of solution pH on the uptake of MB by BiFeO3, 10 ppm of 50 mL MB at pH 2, 4, 6, 8 and 10 were prepared. The pH was altered by using NaOH and HCl to maintain the required pH condition. To each solution, 12.79 mmol/L of BiFeO3 was added and was left under sunlight for 180 min. After 180 min, the solution was collected and centrifuged to separate the layer from the solid remained.

The effect of catalyst dosage on the MB removal from aqueous solutions was investigated by using various catalyst doses of BiFeO3 as adsorbent which are 3.20 mmol/L, 6.39 mmol/L, 9.59 mmol/L, 12.79 mmol/L and 15.98 mmol/L. In a series of conical flask (250 ml), 50 mL of 10 ppm MB was mixed with adsorbent. All flasks were left under sunlight for 3 h. After 180 min, the solution was collected and centrifuged.

Similarly, to evaluate the effect of concentration and contact time, MB at concentrations 5, 10, 15, 20 and 25 ppm were prepared. Next, 50 mL of each concentration was transferred into a 250 mL conical flask. Afterwards, 12.79 mmol/L BiFeO3 was used for each concentration and then were left under sunlight at different times (30, 60, 90, 120, 150 and 180 min).

Regeneration was done after finishing all the parameters and the best catalyst performance was chosen to be regenerated. The solution of MB loaded with BiFeO3 catalyst was eluted by using 0.1 M HCl as desorbing agents to evaluate the reusability of the MB adsorbents. 12.79 mmol/L BiFeO3 with 50 mL of 10 ppm MB at neutral pH was left under sunlight for 180 min. After that, the concentration of MB in the analyte was determined using Shimadzu 2600 UV visible spectrophotometer at λmax of 664 nm. Then, the catalyst were treated with the desorbing agents by shaking it for 180 min as same duration of reactions time using orbital shaker Model IKA, KS 260 at 250 rpm. After treatment, the adsorbents were washed with distilled water and re-shake for 180 min and soaked in distilled water overnight. The solid residue was retreated with 50 mL of 10 ppm MB solution for another cycle.

3.          RESULTS AND DISCUSSION

3.1        X-ray Diffraction (XRD)

The X-ray diffraction pattern of BiFeO3 nanoparticles confirmed highly crystalline rhombohedral structure (Figure 1). The diffraction peaks for BiFeO3 nanoparticles exist at 2θ values of 22.5°, 32.1°, 39.6°, 46.2°, 51.9°, 57.4° and 67.3°, matching perfectly with the (0 1 2), (1 1 0), (2 0 2), (0 2 4), (1 1 6), (3 0 0), and (2 2 0) crystalline planes of the face rhombohedral structure of BiFeO3 reported in JCPDS 01-073-0548 with average crystallite size of 14.76 nm based on Debye-Scherrer formula. The smaller crystallite size of BiFeO3 nanoparticles prepared by biotemplate method could be attributed to the higher rate of crystal nucleation and growth along the preferential sites of polysaccharide. No corresponding peak of impurities was detected, indicating high purity of the products produced. To confirm the purity of the products, the chemical compositions of BiFeO3 nanoparticles were analysed using EDX spectroscopy. The EDX patterns of nanoparticles are shown in Figure 2(b). The results verify the high purity of the nanoparticles.
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Figure 1:    XRD patterns of BiFeO3; JCPDS card no.01-073-0548.




3.2        Scanning Electron Microscope with Energy-dispersive X-ray (SEM-EDX)

The SEM was recorded for surface morphology of BiFeO3 nanoparticles. The shape of the BiFeO3 photocatalytic particles are determined from the obtained images (Figure 2(a)). The SEM photographs revealed synthesised BiFeO3 owing a rhombohedral distorted perovskite structure. EDX pattern of BiFeO3 illustrates patterns of 1% carrageenan at pH 4 as shown in Figure 2(b). The percentage weight of BiFeO3 was found to be of O = 15.37%, Fe = 19.13%, and Bi = 61.95%. The results verify the high purity of the nanoparticles produced.
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Figure 2:    (a) SEM image with magnification of 100,000; (b) EDX result of BiFeO3.



3.3        MB Dye Adsorption Studies

3.3.1      Point of zero charge (PZC)

The pH of the point of zero charge (pHpzc) of BiFeO3 was plotted in Figure 3. The value of pHpzc was determined by the point of intersection from the resulting curve at which the difference between the initial and final pH value was equal to zero. The pH at which the sorbent surface charge takes a zero value is defined as pHpzc. The pHpzc values of BiFeO3 was found to be 8.0. At above pHpzc which is alkaline pHs, the surface of BiFeO3 is negatively charged and could interact with metal positive species.30 Hence, low amount of MB is adsorbed because the solution contains high concentration of ion hydrogen (H+) competing with MB ions for exchangeable active sites on BiFeO3. Below the pHpzc, which is acidic pHs, the positive charge of the catalyst surface will repel the MB solution.
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Figure 3:    PZC for BiFeO3.



3.3.2      Effect of pH

The effect of pH on the photocatalytic reaction is another important parameter in this study because photocatalytic water treatment is highly dependent on pH as it affects the surface charge of photocatalyst, degree of ionisation as well as active sites of dye molecules.31 From the graph of PZC, the surface charge of BiFeO3 was found to be positively charged under acidic (H+) condition and negatively charge under alkaline (OH-) solution. The percentage degradation of MB increase from lower to higher pH as was showed in Figure 4. Lower percentage of degradation (%) is due to the excess H+ ion competing with the active sites of cationic dye found at pH 2. Percentage degradation was found to be highest at pH 10 due to negative charges on the surface of BiFeO3 which enhances the positively charged dye cation through electrostatic forces of attraction. Hydroxyl radicals are easily generated by oxidising more hydroxide ions in alkaline solution, thus the efficiency of the process is logically enhanced.32 Therefore pH 8.0 (basic condition) was chosen to conduct all experiments. From previous research, adsorption at acidic media (pH 2.5 and 3.5) occur in dark (60 min).33 However, when the pH increased to 6.0, the adsorption and degradation were negligible. The catalyst showed non-adsorption in basic media (8.0, 9.5, 11.0 and 12.0).33 The comparison of the pH results in dark place and under sunlight showed that that BiFeO3 is best fit to be a photocatalyst and not an adsorbent.
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Figure 4:    Percentage removal of MB for 180 min vs. pH of 10 ppm MB at neutral pH using 12.78 mmol/L BiFeO3.



3.3.3      Effect of catalyst dosage

Effect of catalyst amount for degradation of dyes was studied in order to acquire an optimised amount of photocatalyst for efficient degradation of pollutants. The photodegradation efficiency (Figure 5) increased as the mass of catalyst dosage increased. This is due to the large number of active sites on the photocatalyst surface, which in turn raised the number of hydroxyl and superoxide radicals that are able to take place in the photocatalysis reaction. In this study, it was found that for 3.20 mmol/L catalyst percentage degradation is 87.80%, 6.39 mmol/L; 94.48%, 9.59 mmol/L; 95.69%, 12.79 mmol/L; 98.92%, and 15.98 mmol/L; 97.60%. From the result, it was shown that the optimum dosage for BiFeO3 in degrading 10 ppm MB is 12.79 mmol/L. Further amount of catalyst added was found to decrease the photodegradation efficiency. This is because the increase in catalyst loading may lead to particle agglomeration and reduced the catalytic activity or it may cause the opaqueness due to scattering of the photons and lead to reduced percentage of removal.33,34
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Figure 5:    Percentage removal of 10 ppm MB for 180 min at neutral pH vs. BiFeO3 dosage.



3.3.4      Effect of initial concentration and contact time

The effect of initial dye concentration and contact time was studied in the concentration range of 5 ppm to 25 ppm. 12.79 mmol/L BiFeO3 and dye concentration at their neutral pH were used for this study. The results are shown in Figure 6. For 5 ppm, most dyes have successfully degraded during 90 min. While for 10 ppm, most dyes have degraded during 120 min and for 15, 20 and 25 ppm, most dyes have degraded during 150 min. MB solution with higher initial concentration would take relatively longer contact time to attain equilibrium due to the higher amount of MB molecules. The existence of the large amount of adsorbed dye results in the solution to become more intense in colour and the path length of the photons entering the solution decreased, resulting in a few photons reacting on the catalyst surface. Hence, the production of OH• and OH2•- are reduced and this might have an inhibitive effect on the dye degradation.35 Moreover, when the initial concentration of dye increased, more dye molecules are adsorbed on the surface of BiFeO3. Hence, it leads to light scattering and as a result will reduce the transmittance of light. From the results obtained, it is clear that the adsorption capacity of the dyes were dependent on the concentration of the dyes.
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Figure 6:    Percentage removal of various concentration of MB at neutral pH vs. contact time using 12.79 mmol/L BiFeO3.



3.4        Mechanism of Photodegradation

The mechanism of the photodegradation of the dyes was also investigated. Advanced oxidation processes (AOPs) is one of the effective means of rapidly treating compounds with efficient process control. Among the new oxidation methods, heterogeneous photocatalysis has proven to be of real interest as an efficient tool for degrading both aquatic and atmospheric organic contaminants.36 Heterogeneous photocatalysis can be described as the acceleration of photoreaction in the presence of a catalyst and has been carried out to produce hydrogen from water in oxidation reduction reactions using a variety of inorganic semiconductor catalyst materials.9 When an inorganic semiconductor catalysts irradiate with light energy, an electron (e-) is excited from the valence band (VB) to the conduction band (CB) of the photocatalyst, leaving a photogenerated hole (h+). If charge separation is maintained, the electron and hole may migrate to the catalyst surface where they participate in redox reactions with sorbed species. Specially, h+VB may react with surface bound H2O or OH- to produce the hydroxyl radical and e-CB is picked up by oxygen to generate superoxide radical anion (O2•-). The process of generating OH• can occur by two pathways, first O2 present in water is reduced to form O2-, which then reacts with H+ to form OOH•, followed by rapid decomposition to OH•. The second pathway involves the oxidation of OH- as indicated in the following equations.33,37


Absorption of efficient photons by BiFeO3:
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Oxygen ionosorption (first step of oxygen reduction):
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Neutralisation of OH- groups by photoholes which produces OH• radicals:
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Neutralisation of O2˚- by photons:
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Rapid decomposition of HO2˚ occur and become OH•:
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Oxidation of the organic pollutants via successive attack by OH• radicals:
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3.5        Langmuir-Hinshelwood (L-H) Model

Langmuir-Hinshelwood (L-H) rate expression has been successfully used for heterogeneous photocatalytic degradation to determine the relationship between the initial degradation rate and the initial concentration of the organic substrate.38

[image: art]

The degradation experiments of MB containing BiFeO3 follow the pseudo-first-order kinetics with respect to the concentration of the dye in the bulk solution. C = C0 at t = 0, with C0 being the initial concentration in the bulk solution and t (the reaction time) will lead to the expected relation:
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where C is the concentration of MB (mg/L) at any time, t is the irradiation time, k is the first-order rate constant of the reaction and K is the adsorption constant of the pollutant on the photocatalyst. This equation can be simplified to a pseudo-first-order equation:39
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where k is first-order rate constant of the photodegradation reaction. According to Equation 12, the plot of ln C/C0 versus t for all concentrations should be linear and the values of k can be obtained directly via its slope (Figure 7). The obtained values of k are equal to 0.059 min–1, 0.053 min–1, 0.029 min–1, 0.031 min–1, 0.028 min–1 for initial concentrations of 5.0 mg/L, 10.0 mg/L, 15.0 mg/L, 20 mg/L, and 25 mg/L, respectively.

Figure 7 shows that the lower MB concentrations provide the better agreement with the first order reaction and have higher value of rate constant. One of the factors of this behaviour is the main steps in the photocatalytic process occur on the surface of the solid photocatalyst.40 Therefore, a high adsorption capacity is reaction favouring. Because most of the reaction follow L-H equation, this means that at a high initial concentration all catalytic sites are occupied. A further increase in the concentration does not affect the actual catalyst surface concentration and therefore, may result in a decrease in the observed first-order rate constant.40 In conclusion, the initial concentration of methylene blue has a significant effect on the degradation rates, as the rate constant of degradation is higher when the initial concentration is lower.



[image: art]

Figure 7:    Pseudo first-order L-H model.



3.6        Regeneration of Photocatalyst

In order to investigate the reusability of BiFeO3 nanoparticles in the reaction, the photodegradation experiment was repeated five times. The percentage removal decreased from 97.16% to 37.43% at fifth cycle. From the result showed (Figure 8), after third cycle the photodegradation efficiency become less than 50%. This suggests that there is no significant loss of activity until the third cycle and there is a little loss of activity between fourth and fifth cycle. This trend may be explained by the deposition of organic species on active sites of catalyst, inhibiting its catalytic activity.41 For cationic dyes, adsorption occurred through electrostatic attraction and hydrogen bond interaction at high solution pH. The surface of the BiFeO3 is positively charged at low solution pH, thus increasing the electrostatic repulsive force between the cationic dyes and the biomass. Therefore, the loaded dyes could be desorbed at acidic conditions. Previous report shows that acid solutions could be used as eluent to regenerate cationic dyes-loaded biosorbent.42 From the explanation above, it can be concluded that BiFeO3 catalyst successfully degraded MB and can be reused up to third cycle.
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Figure 8:    Percentage removal of 10 ppm MB at neutral pH vs. reusability of 12.79 mmol/L BiFeO3.



4.          CONCLUSION

In this work, pure BiFeO3 nanoparticles as an effective photocatalyst for the degradation of MB under sunlight irradiation has been successfully synthesised via biotemplate method. XRD results indicated that BiFeO3 was crystallised with single phase of rhombohedrally perovskite distorted structure. PZC values of BiFeO3 was found to be 8.0. The effect of pH was investigated in details in the photocatalysis of MB. The catalyst showed a high adsorption in basic media which is appropriate for the complete degradation at high pH. Different mass of dosage was also investigated to determine the optimum dosage needed to degrade MB dyes. During 90 to 150 min, most of MB dyes starting from 5 to 25 ppm were successfully degraded. Complete removal of MB was observed after visible light irradiation for approximately 180 min. The kinetics of photocatalytics degradation of MB suggested that the kinetic of BiFeO3 photocatalysts follows a pseudo first-order kinetic Langmuir-Hinshelwood model. The BiFeO3 prepared using biotemplate method have shown much better photocatalytic activity in the degradation of MB.
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ABSTRACT: This study aims to reduce backscattered radiation inside an X-ray room during X-ray imaging. A number of anti-scatter grids with different geometrical designs have been fabricated from iron steel and aluminium independently because of their relatively better abilities to reduce backscattered radiation compared to other materials, to elucidate the backscattered radiation reduction capabilities of fabricated grids utilising different X-ray machines and several X-ray energies. Crossed iron steel grid exhibited the best backscattered radiation reduction of up to 49.24% under low energy of radiation exposure (50 kVp).
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1.          INTRODUCTION

Scattered X-ray is an intricate phenomenon that can cause significant degradation of image quality, mainly in terms of contrast and resolution, and contribute to image noise. In addition, it generates additional unwanted radiation dose to patients and personnel in an X-ray room.1,2 The problem of scattered radiation exposure to medical personnel during radiological operation is imperative to pay attention due to the position of the workers and patients in relation to the radiation source, and the long period of X-ray exposure. Hence, scattered radiation is considered the main source of the occupational radiation exposure.3,4 Therefore, there is a need to reduce backscattered radiation to protect patients and workers in an X-ray room from unnecessary radiation exposure.

Scattered radiation can be categorised based on the direction of secondary photons. Backscattered radiation consists of photons that collide with an object and are reflected back at different backscattering angles. When the photons are reflected back with scattering angle greater than 90° (at various angles between 90° and 180°) with the incident photons, it is referred to as backscattered radiation. On the other hand, sidescattered radiation occurs when the photons scatter to the side or changed its trajectory by 90° from the initial photon beam direction.5,6

The effect of backscattered radiation on image receptor and patient is significant because of the short distance from the source of backscattered radiation to patient’s table, floor, standing bucky and wall.7,8 In diagnostic radiography, backscattered radiation is responsible for the cassette-hinge image which is sometimes seen on radiograph, even though the hinge is on the back side of the cassette.9 In such situation, the X-ray photons have backscattered from the wall of the room or the imaging table.4

When attenuated photons are transmitted through an exposed target and collide with patient’s table or wall bucky, some of the backscattered photons reach the film screen or detectors, possibly affecting the imaging system and initiating the presence of redundant radiation dose in the X-ray room. Therefore, scattered radiation photons (either sidescattered or backscattered) are constantly taken into consideration when producing a radiograph due to its effect on the image quality and exposure of medical personnel to the X-ray.10,11

This study will offer a novel practical method to decrease backscattered radiation exposure for patients, medical personnel, public and image’s receptor. The materials utilised in this work are economical and readily available. They can also easily be shaped and fabricated into different designs of anti-scatter grids.

2.          EXPERIMENTAL

2.1        Materials

First, X-ray mass attenuation coefficients of 1 mm thickness for different metals were investigated to determine the capability of available materials in attenuating incident X-ray as illustrated in Figure 1. As illustrated in the figure, lead possesses higher value of mass attenuation coefficients compared to aluminium, while those of iron and copper lie in between them. This observation is attributed to the effect of mass density and atomic number on the values of mass attenuation coefficient for materials.
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Figure 1:    Mass attenuation coefficient for different metals with 1 mm thickness.



Then, the anti-scatter grids were fabricated from different materials (iron steel and aluminium) which are readily available and are relatively low cost, as well as its properties in reflecting less backscatter radiation, and can be shaped into different geometrical designs (crossed and linear). The grid’s construction permits controlling of the space between strips by ejecting and inserting the moveable strips. Figure 2 illustrates the geometrical designs of the constructed anti-backscattered X-ray grids.
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Figure 2:    Geometrical designs of fabricated anti-scatter grids.




2.2        Methods

These grids were examined to evaluate their effectiveness in reducing the backscattered radiation. The fabricated grids were placed on an X-ray table under image receptor and an exposed object. The distance between X-ray machine source and surface of imaged phantom (SSD) is fixed at 85 cm for all sittings. The detectors (dosimeters) were positioned at a level between X-ray source and patient’s table at backscattered angle 45° with the central ray of incident X-ray beam (135° between the incident and the backscattering radiation). The dosimeters were positioned outside the exposed area to measure backscattered radiation dose only.

3.          RESULTS AND DISCUSSION

The dose of backscattered radiation for different X-ray units and the backscattered radiation reduction capabilities of several anti-scatter grids (according to grid’s material and geometrical design) were estimated. The measurements were recorded at various X-ray tube applied voltage (kVp) ranging from 50 kVp to 110 kVp, and fixed exposure intensity of 5 mAs. The backscattered radiation reduction effects of different types of anti-scatter grids during radiographic imaging are illustrated in Figure 3. The backscattered doses were measured with and without the use of fabricated anti-scatter grids at different X-ray tube voltages (kVp).
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Figure 3:    Backscattered radiation doses at different kVp for stationary X-ray unit.



The relative dose of backscattered photons increased with increasing X-ray tube voltage (kVp) for all setups due to the fact that more scatter interactions occur at higher photon energy. The anti-scatter grids attenuate backscattered radiation by absorbing and trapping the backscattering photons. These grids stop backscattered photons which do not travel parallel to the grids’ strips or that incident on grid’s baseplate. Thus, the reduction of backscattered radiation depends on the geometrical properties of anti-scatter grids and the direction of radiation. The disparity in the reducing capabilities of the grids can also be attributed to variations in atomic numbers and densities of the grid’s material as well as grid’s geometrical designs. These results are consistent with earlier findings by Hendee and Ritenour, as well as Hobbie and Roth who recommended that the grid’s strips should be completely opaque to scattered radiation and should not release absorbed X-rays as scattered X-ray photons.12,13

With regards to the effect of primary photon energy, increasing the peak tube voltage (kVp) will cause more photons with high energies to penetrate the exposed target and interact more with X-ray tables, bucky or wall. Compton effect is one of these interactions in which the scattered photons may be reflected back at different backscattering angles. Thus, the level of reduction is dependent on the incident radiation energy (kVp). Utilising different types of anti-scatter grids presented reduction in backscattered radiation dose. The amount of backscattering dose reduction by fabricated grids depends on the incident radiation energy (kVp) for estimating and comparing attenuation capabilities of different anti-scatter grids. The percentages of backscattered radiation reduction as a result of using grids are calculated. The capabilities of different anti-scatter grids types can be determined according to grid material and geometrical design of grid. The percentages of backscattered radiation reduction can be used to compare the effectiveness of different anti-scatter grids for removing backscattered photons.

Figure 4 illustrates the percentages of backscattered dose as a function of peak tube voltage. The radiation reduction capabilities of anti-back scatter grids were observed to increase with decreasing X-ray tube voltage and incident radiation energy. All types of anti-scatter grids presented their best capabilities in removing backscattered radiation at lowest X-ray tube voltage of 50 kVp, and least capabilities at the highest X-ray tube voltage of 110 kVp.
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Figure 4:    The effectiveness of anti-scatter grids at different tube voltage.



In terms of grid type, the crossed iron grid exhibited the best backscattered radiation dose reducing capability at different X-ray tube voltages (kVp), particularly at lower applied voltages with percentage reduction up to 48.15%. The advantage of crossed iron grid is related to the density and atomic number of the grid material and the geometrical design of grid. Whereas Abdul-Majid et al. demonstrated the possibility of reducing backscattered radiation up to about 45% by using iron panel, the variation in relative reduction percentage can be attributed to the geometrical design of fabricated crossed grid.7 Similar results have been reported by Hendee and Ritenour, who showed that crossed grids are more effective in reducing scattered radiation compared to linear grid.12 Therefore, the material and design of anti-scatter grid play an important role in determining grid effectiveness and backscattering radiation attenuating capability.

3.1        X-ray Machine Type

Given that X-ray spectra vary for different X-ray machines, it is advisable to determine the backscatter values for different X-ray machines. The results of stationary X-ray unit can be comparatively analysed against other X-ray sources. Procedures that have been performed for stationary X-ray units were deployed for mobile X-ray unit to evaluate the effectiveness and stability of the anti-scatter grids results. Backscattered radiation doses for the mobile X-ray unit were relatively lower compared with the stationary X-ray unit. Figure 5 shows the measured backscattered doses obtained with the mobile X-ray unit as a function of peak tube voltage (kVp). The backscattered radiation doses increase with increasing X-ray tube voltage.
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Figure 5:    Backscattered radiation doses for mobile X-ray unit.



The effect of different fabricated anti-scatter grids on reducing backscattered radiation from a mobile X-ray unit was analysed. Similar to the stationary X-ray unit, all types of fabricated anti-scatter grids showed lesser backscattered radiation doses from the mobile unit at all X-ray tube voltages compared to backscattered radiation doses measured without the use of anti-scatter grid. The lowest backscattered radiation doses were obtained with the use of crossed iron grid at various X-ray tube voltages. The percentages of backscattered radiation reduction for different anti-scatter grids at various kVp are calculated. Different types of anti-scatter grids proved different capabilities in attenuating backscattered radiation accoding to grid’s material and geometrical design as well as the energy of primary radiation. Figure 6 shows the effectivness of several anti-scatter grids in attenuating backscattered radiation as a functon of peak tube voltage for mobile X-ray unit.
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Figure 6:    The effectiveness of anti-scatter grids at different kVp.




It can be inferred from Figure 6 that the effectiveness of different anti-scatter grids in reducing backscattered radiation from mobile units at various X-ray tube voltages is similar to stationary X-ray units. Similarly, a clear difference was observed between capabilities of anti-scatter grid types in reducing backscattered radiation dose based on the grid material and geometrical design. Best capability in reducing backscattering radiation up to 49.24% at lower applied voltages was achieved with the use of crossed iron grid. Nonetheless, the grid’s effectiveness was altered by changing the X-ray tube voltage (kVp). High percentages in backscattered dose reduction were achieved at lower X-ray tube voltage (50 kVp) for all anti-scatter grid types because the lower energy photons more easily attenuated, while less percentages were achieved at high X-ray energy (110 kVp) for the different anti-scatter grids. This is consistent with the results by McGiff et al., who reported that the use of backscatter shield reduces the radiation dose that a dental operator is exposed to by up to 70% at relatively low kVp.14

Collectively, the results showed that all fabricated anti-scatter grids exhibited similar effectiveness in reducing backscattered radiation for the different X-ray units (stationary and mobile). The results also indicated that there is no significant difference in the capability of each grid in attenuating the backscattered dose for both X-ray units (stationary and mobile). In addition, factors such as X-ray tube voltage (kVp), grid material and geometrical design similarly affect the attenuation capabilities of anti-scatter grids in both X-ray units.

The contribution of this study can be summarised as follows: The reduction of backscattered radiation inside X-ray room using fabricated anti-backscatter grids can improve radiation protection for patient and workers during diagnostic examinations as well as enhance X-ray image quality. The materials utilised in this work are economical, readily available and can easily be shaped and fabricated into different designs of anti-backscatter grids. In addition, this study will offer a novel practical method to decrease backscattered radiation exposure for patients, medical personnel, public and image’s receptor.

4.          CONCLUSION

This study developed an approach to reduce backscattered radiation using fabricated anti-scatter grids. The fabricated anti-scatter grids exhibited remarkable capability in reducing backscattered radiation. The results indicated that the crossed iron and aluminium grids can be useful for decreasing backscattered radiation. The effectiveness of anti-scatter grid is dependent on the material and geometrical design of the grid. Grid material with high atomic number and mass density exhibit higher reduction in backscattered radiation. Yet, the crossed iron steel grid shows the best attenuation capability. In addition, the reduction of backscattered radiation dose can be obtained by adequate changes of exposure parameters such as kVp and mAs.

5.          ACKNOWLEDGEMENTS

This work was carried out in the Radiation Biophysics Laboratory, School of Physics, Universiti Sains Malaysia. The authors gratefully acknowledge the support of the school.

6.          REFERENCES

1.       Yao, W. & Leszczynski, K. (2008). Depth distribution of multiple order X-ray scatter. Radiat. Phys. Chem., 77, 381–390, https://doi.org/10.1016/j.radphyschem.2007.12.002.

2.       Wu, G. et al. (2009). Evaluation of scatter effects on image quality for breast tomosynthesis. Med. Phys., 36, 4425–4432, https://doi.org/10.1118/1.3215926.

3.       Naryshkin, S. (2007). On methods for assessing radiation load on medical personnel during an endourologic intervention. Biomed. Eng., 41, 228–231, https://doi.org/10.1007/s10527-007-0053-y.

4.       Bushong, S. C. (2013). Radiologic science for technologists: Physics, biology, and protection, 10th ed. New York: Elsevier.

5.       Nicholas, J. (2006). Principle of patient radiation protection. Retrieved from http://www.ceessential.net on 4 Mar 2012.

6.       Mohamed, A. H. (2007). Determination of scattered radiation to the testis during PA chest X-ray procedures. Project report for Distance Education, Universiti Sains Malaysia, Pulau Pinang, Malaysia.

7.       Abdul-Majid, S. et al. (2005). Reduction of backscattered radiation in enclosure X-ray radiography. Paper presented at 3rd Middle East Nondestructive Testing Conference and Exhibition, 27–30.

8.       Stecker, M. S. et al. (2009). Guidelines for patient radiation dose management. J. Vasc. Interv. Radiol., 20, 263–273.

9.       Aichinger, H. et al. (2011). Radiation exposure and image quality in X-ray diagnostic radiology: Physical principles and clinical applications, 2nd ed. New York: Springer Science & Business Media, https://doi.org/10.1016/j.jvir.2009.04.037.


10.     Jaenisch, G. R., Ewert, U. & Jechow, M. (2010). Scatter radiation in radiography. Berlin: Federal Institute for Materials Research and Testing.

11.     Neugschandtner, K. et al. (2015). Evaluation of radiation exposure in interventional radiology (IR) using active personal dosimeters (APD). Paper presented at Radiation Protection and Health Proceedings, Radiation Protection and Dosimetry, IAEA.

12.     Hendee, W. R. & Ritenour, E. R. (2003). Medical imaging physics. New York: John Wiley & Sons.

13.     Hobbie, R. & Roth, B. J. (2007). Intermediate physics for medicine and biology, 4th ed. New York: Springer Science & Business Media.

14.     McGiff, T. J., Danforth, R. A. & Herschaft, E. E. (2012). Maintaining radiation exposures as low as reasonably achievable (ALARA) for dental personnel operating portable hand-held X-ray equipment. Health Phys., 103, 179–185, https://doi.org/10.1097/HP.0b013e318259fa29.





Oil Palm Frond Waste for the Production of Cellulose Nanocrystals

Noor Afeefah Nordin, Othman Sulaiman,* Rokiah Hashim and Mohamad Haafiz Mohamad Kassim

Division of Bioresource, Paper and Coatings Technology, School of Industrial Technology, Universiti Sains Malaysia, 11800 USM Pulau Pinang, Malaysia

*Corresponding author: osulaiman@gmail.com

© Penerbit Universiti Sains Malaysia, 2017


Published online: 15 August 2017

To cite this article: Nordin, N. A. et al. (2017). Oil palm frond waste for the production of cellulose nanocrystals. J. Phys. Sci., 28(2), 115–126, https://doi.org/10.21315/jps2017.28.2.8

To link to this article: https://doi.org/10.21315/jps2017.28.2.8



ABSTRACT: Oil palm frond (OPF) waste is one of the sustainable raw materials obtained after pruning of the OPFs. The objective of this study is to produce cellulose nanocrystals (CNC) from OPFs by chemo-mechanical treatment. The multi-step process started with removal of extractives, wax and pectins by soxhlet extraction, followed by removal of lignin using sodium chlorite and 10% (v/v) acetic acid. The bleached samples were then soaked in potassium hydroxide to remove the hemicellulose and finally underwent acid hydrolysis with 64% (v/v) sulphuric acid hydrolysis for 1 h. The CNC obtained were characterised using transmission electron microscopy (TEM), X-ray diffractions (XRD), Fourier transform infrared spectroscopy (FTIR) and thermal gravimetric analyser (TGA). The TEM images showed that the fibres were well dispersed and the treatment had reduced the size of fibres with average dimensions of 9.88 nm in diameter and 504.12 nm in length. The XRD results showed that the crystallinity index of the extracted cellulose fibres was 52.3% in comparison with the raw OPF, 35%. The results from FTIR analysis showed some differences in the peaks and some were shifted due to removal of some components in the fibres. The TGA confirmed that the CNC had improved its thermal property by having an onset temperature of 258.34°C in comparison with the raw OPF, 197.48°C. This isolated CNC has great properties and can be used in many applications such as in biomedical field, food industry, cosmetics and wood products.

Keywords: Oil palm frond, cellulose nanocrystals, chemo-mechanical, OPF waste, isolated CNC


1.          INTRODUCTION

Lignocellulosic materials are derived from agricultural waste and in Malaysia, a major contributor of biomass waste is from the oil palm (Elaeis guineensis) plantation. Malaysia has the second largest oil palm plantation area in the world which was reported to be 5.4 million hectares as of 2014.1 Oil palm plantation has generated a huge quantity of lignocellulosic resources consistently throughout the year in the form of oil palm trunk (OPT), empty fruit bunches (EFB), oil palm frond (OPF) and leaves. The OPF was reported to be the largest biomass which is 47% out of the total oil palm waste.2 Despite being a waste, OPF is abundant, readily available and inexpensive which makes it suitable to be used as a raw material for some value-added products.3 The current practice for disposal of OPF is by direct decaying and burning on the site while some small amount of OPF is used for composting.4 These actions are not desirable to the environment as they do not only pollute the environment, but will also cause harm to human beings due to the effect of polluted air. Hence, a proper waste management is needed to overcome the problems and minimise environmental issues.

OPF is spongy and fibrous in nature.5 Since it is highly fibrous, the OPF is suitable to be used in the production of cellulose nanocrystals (CNC) that has gained much attention in recent years. The main composition of the OPF are vascular bundles and parenchyma that contain extractives, cellulose, hemicellulose and lignin. Therefore, to obtain CNC, the other components have to be removed by chemical, mechanical, chemo-mechanical or enzymatic treatment. Generally, cellulose has a high molecular weight homopolymer of β-D-glucopyranosyl repeating units joined by 1, 4-glycosidic linkages.6 The mechanical strength of cellulose is comparable to steel thus making it suitable as a reinforcing agent in some applications. In recent years, CNC has gained interest in the production of environmentally friendly and sustainable biocomposite materials for biomedical and industrial applications due to its biodegradability and renewable sources.7 For instance, it can be used for bone and tissue repair and reconstruction when mixed with suitable matrix.8 A study by Cherian et al. developed cellulose nanofibres from pineapple leaf and found that its versatility is suitable for the production of cardiovascular implants, repair of articulate cartilage, vascular grafts and artificial skin.9

Previous work has shown some isolation of CNC which is also known as nanowhiskers from various types of biomass such as from oil palm EFB, OPT, bagasse, cotton linters and others due to its potential for various applications. A work done by Saurabh et al. used retting OPF vascular bundles to produce cellulose nanowhiskers but the raw materials and methodology were different compared to this present work.10 Hence, this study was conducted to characterise the properties of CNC obtained from the whole fresh OPF and analyse the potential of this material to be used in the production of fibre-based materials.

The process of isolating CNC from the OPF depends on the target cellulose that one desires. Chemical treatment is done by subjecting the raw material with chemicals in order to remove the impurities while mechanical treatment is usually attributed to pulping process to obtain pulp before it is further purified. Chemo-mechanical treatment combines the use of chemicals and mechanical process in order to successfully remove lignin and hemicellulose. The enzymatic treatment uses few types of enzymes and is found to be mild in comparison with chemical and mechanical treatment. It will not cause damage to the fibres. However, the enzymatic treatment alone was reported to be unable to completely remove the lignin and hemicellulose in the samples.11 Therefore, it is crucial for researchers to find the best treatment for the isolation of CNC before it is being used for further application.

Research by Fahma et al. on the production of cellulose nanofibre from oil palm EFB showed that the optimum condition was obtained by combining chemical and mechanical treatment.12 Henriksson and Berglund developed an environmentally friendly method for the production of microfibrillated cellulose (MFC) by using pulping and enzyme.13 It was found that the MFC has a more favourable structure than nanofibres obtained from hydrolysis by strong acid. A work done by Bhattacharya et al. produced cellulose microfibers from bagasse and proved that 60% (v/v) sulphuric acid hydrolysis managed to almost completely remove the amorphous structure without giving significant damage to the crystal structure.14

2.          EXPERIMENTAL

2.1        Materials

The OPFs were obtained from oil palm plantation in Kuala Selangor, Selangor, Malaysia. The fronds were debarked and cut into small pieces prior to drying in the oven at a temperature of 50°C for 24 h to avoid fungal attack. After drying, the fronds were ground and sieved using a 70 mesh. The samples that passed through the sieved were used for the isolation of cellulose nanocrystals.

2.2        Extraction of Raw Oil Palm Frond

A total of 24 g of OPF samples were used for the extraction to remove extractives using the soxhlet extractor. The mixture of ethanol and toluene were used as a solvent with a ratio of 2:1. The extraction was done for 6 h at a temperature of 60°C ± 5 until the colour of the solvent became clear. The extracted samples were washed with distilled water prior to drying. The samples were then dried in the oven of 50°C before being further used.

2.3        Isolation of CNC

Twenty grams of extractive free OPF samples were used for the isolation. They were soaked and shaken in sodium chlorite (NaClO2) and 10% (v/v) acetic acid alternately for four times, at a temperature of 70°C for 4 h and were subsequently washed with distilled water. This process is also known as bleaching process, which is aimed to eliminate the lignin in the OPF sample. The bleached samples were then soaked in 6% of potassium hydroxide (KOH) solution under 20°C for 24 h to remove hemicellulose. After that, the fibres were washed with distilled water until it reached pH 7. The fibres were then subjected to acid hydrolysis with the ratio of fibre to acid 1:10 by adding 200 ml of 64% (v/v) sulphuric acid at 45°C under strong agitation for 1 h. The hydrolysis was terminated by adding 400 ml of cold distilled water to the solution. The precipitate was resuspended in water and centrifuged at 10000 rpm to remove the excess water. Hydrolysis was done using the dialysis tube to obtain suspension of CNC at pH 7. When the fibres had reached constant pH, they were homogenised, sonicated and freeze dried before they were ready to be used for analysis.9

2.4        Transmission Electron Microscope Study

The structure and size of the CNC were observed by transmission electron microscopy using a Philips CM 12 electron microscope. A drop of diluted CNC suspension was deposited on a carbon-coated grid and allowed to dry at room temperature. The diameter of the fibres were measured manually using an image analyser program, XL Docu. A total of 10 single fibres of each sample were measured, and the result was calculated as the mean value of the data from each set of measurements.

2.5        X-ray Diffraction Analysis

The X-ray diffraction analysis was performed to check the crystallinity index of the CNC. Structural and phase analyses of the samples were measured by using an X-ray diffractometer, Bruker Advance 8 with CuKα radiation (wavelength of 1.5406 Ǻ) generated at an operating voltage and current of 40 kV and 30 mA, respectively. The CuKα radiation was filtered electronically with a Ni-filter. A 2θ angle range from 5° to 60° in reflection mode was scanned at 2°/min. The crystallinity index was calculated based on the following Equation 1:
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where I200 is the peak intensity corresponding to crystalline and Iam is the peak intensity of the amorphous fraction.15

2.6        FTIR Spectrometry

The presence of any changes in functional groups of the samples during the treatment was observed by FTIR spectroscopy. The pellets were prepared by mixing approximately 5 mg of particles samples with 95 mg of finely ground KBr before pressing it into a transparent pellet. Spectra were viewed using a Nicolet infrared spectrophotometer (Avatar 360 FT-IR E.S.P) machine. The spectra produced are transmittance mode between wave numbers of 4000 cm–1 and 500cm–1.

2.7        Thermal Gravimetric Analysis

Thermogravimetric analysis was performed to determine the thermal properties of the OPF fibres for raw and CNC samples. The thermal stability data were collected on a Perkin Elmer TGA 7 thermogravimetric analyser under linear temperature conditions. The temperature was swept from 50°C to 800°C for samples of 10–15 mg placed in an aluminium pan at a heating rate of 10°C/min under nitrogen atmosphere.

3.          RESULTS AND DISCUSSION

3.1        Transmission Electron Microscopy (TEM)

The image from TEM in Figure 1 showed the structure of individual fibre. The dimensions of each fibre were measured and resulted in having the average width of 9.88 nm and 504.12 nm in length. The average aspect ratio of the fibre was 51.02. Based on the dimensions of width and length of the fibre, it is categorised as cellulose nanowhiskers.16 Since the fibres underwent acid hydrolysis treatment which managed to remove major amounts of its amorphous structure, therefore it is categorised as cellulose nanocrystals.17 It can be observed that the fibres were in the form of individual fibres and not in a bundle. This is due to the chemo-mechanical treatments subjected to the OPF during the isolation that successfully removed lignin and hemicellulose.
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Figure 1:    TEM image of CNC at 34000 magnification (left) and 50000 magnification (right).



3.2        X-Ray Diffraction

Naturally, celluloses are crystalline unit whereas lignin and hemicellulose are amorphous. The hemicellulose and lignin are categorised as non-celluloses polysaccharides and found surrounding the celluloses. In order to increase the crystallinity index of a sample, lignin and hemicellulose should be removed by chemical, mechanical or enzymatic treatment. Based on Figure 2, it can be observed that the peak of CNC is sharper than raw OPF. This indicates that the CNC possesses higher crystallinity index in comparison with raw OPF. Broader peaks correspond to more amorphous region as raw OPF has high amount of lignin and hemicellulose, meanwhile CNC has sharper peak due to elimination of hemicellulose and lignin after acid hydrolysis treatment.18

The diffractogram was presumed to represent typical cellulose I because it showed a single peak at 2θ = 22° and a shoulder in the region 2θ =19°. The crystallinity index were 54.5% and 36% for CNC and raw OPF respectively. The acid hydrolysis treatment managed to improve the crystallinity index of the CNC by 34%. This finding complements a previous study on recovery of nanocellulose from OPF which obtained crystallinity index of 57.7%.19 Crystallinity index obtained in this study was slightly lower than theirs and this could be attributed to the time of acid hydrolysis. A longer hydrolysis time may have partially degraded the crystalline structure of cellulose nancrystals hence resulted in a lower crystallinity index in this study. Based on the XRD analysis, it shows that the removal of lignin and hemicellulose could lead to an increment in crystallinity of the samples.
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Figure 2:    X-ray diffraction of (a) OPF CNC and (b) raw OPF.



3.3        FTIR Spectroscopy

The FTIR spectroscopy is a non-destructive method to study the physico-chemical properties of lignocellulosic materials.20 The spectroscopy was taken between the wavelengths of 4000 cm–1 and 450 cm–1. It can be observed in Figure 3 that the peaks look almost similar which indicated that both samples have the same chemical composition. The peaks in the 3,344–3,415 and 1,635–1,645 cm–1 regions were attributed to O–H stretching and bending vibrations, respectively, of hydrogen bonded hydroxyl (OH) groups of absorbed water, aliphatic primary and secondary alcohols found in cellulose, hemicellulose, and carboxylic acids in extractives.12,21 The peaks at 1,701–1,737 cm–1 in raw OPF corresponded to the C=O stretching of hemicellulose and lignin while in CNC, the peaks were shorter which indicated lesser amount of the chemical components available in the sample. It can also be observed that the peaks at 1,509–1,609 cm–1 which corresponded to C=C aromatic skeletal vibration of lignin only appeared in raw OPF.
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Figure 3:    FTIR spectra of raw OPF and CNC.



The peaks at 1,058–1,060 and 896–900 cm–1 were attributed to the C–O stretching and C–H rocking vibrations of cellulose.22 The peaks indicated that the treatment managed to remove major part of hemicellulose and lignin.23

3.4        Thermal Gravimetric Analysis

The TGA determined thermal degradation of fibres and weight loss upon heating in order to identify their applicability when it is subjected to high temperature. The summary of thermal degradation data of CNC and raw OPF is tabulated in Table 1, analysed at the temperatures at which 10% weight loss of the samples occurred. The char residue was calculated as percentage from the total amount of sample.


Table 1:     Thermal properties of CNC and raw OPF.



	Samples
	Degradation temp (°C) T10%

	Residual weight (%)

	DTG peak temp (°C) Tmax




	OPF CNC
	258.34

	14.05

	345.37




	Raw OPF
	197.48

	24.91

	328.26
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Figure 4:    Thermal gravimetric curves of CNC and raw OPF.



Based on Figure 4, it was observed that there was an initial weight loss from 50°C to 150°C for both samples due to evaporation of water in cellulose fibre and nanocrystals while the temperature range between 150°C and 250°C showed depolymerisation of non-celluloses such as hemicellulose and lignin. Degradation of the α-celluloses took place at temperature range between 300°C and 350°C.24 It can be observed that the major decomposition peak temperature of CNC occurred at 274.91°C while for raw OPF, it occurred at 227.59°C. These temperatures indicated where cellulose degradation takes place. The degradation of cellulosic materials starts from low to moderate temperatures.25 The degradation temperature of CNC was higher compared to raw OPF, ascribed to the removal of hemicellulose and lignin in the CNC thus improved its thermal property. According to Ouajai and Shanks, and Haafiz, a greater crystalline of cellulose nanowhiskers structure requires a higher degradation temperature.26,27


4.          CONCLUSION

This study showed that the properties of OPF CNC had improved compared to its original raw material. The images from TEM showed good dispersion of individual fibres resulted from the chemo-mechanical treatment. The XRD analysis showed increment of crystallinity index of CNC and was supported by the results from TGA. Improvement in thermal properties were attributed to the removal of hemicellulose and lignin in the OPF samples. The FTIR spectra confirmed the removal of non-cellulosic polysaccharides by some shifting and change in intensities of the peaks. Based on the results obtained, CNC is suitable to be used for various applications in biomedical field such as tissue engineering, medical implants, drug delivery, wound dressing and cardiac devices due to their excellent properties. This study has shown that despite being a biomass waste, OPF could be used as a starting material for the production of biocomposites for high performance applications. The substitution of natural fibres to petroleum based materials would reduce the dependency on imported oil thus contributing to cost effectiveness.
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ABSTRACT: Polycrystalline thin films of silver oxide were synthesised by chemical bath deposition (CBD) technique. The particle size in the deposited films was found to decrease with increasing bath temperature while the porosity was found to increase with increasing temperature of deposition. The band gap in the film was found to increase with decreasing particle size. The sensitivity in the presence of alcohol was found to increase with working temperature before reaching maximum at 250°C. A maximum sensitivity of ~35% was observed at 250°C in presence of 1000 ppm ethanol for films deposited at highest deposition temperature.
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1.          INTRODUCTION

Nano crystalline silver oxide thin films have attracted great attention of several researchers due to its unique physiochemical, electrochemical, electronic and optical properties. Some of the important applications of silver oxide thin films are in the field of flat panel displays, ultra-high density optical data storage devices, plasmon photonic devices, organic light-emitting diodes, sensors for gas detection, anti-bacterial coating, active cathode materials in alkaline batteries, and as photovoltaic material.1–8

As silver is a multivalent atom, it forms various phases like Ag2O, AgO, Ag3O4, Ag4O3, and Ag2O3 by interacting with oxygen atom. The formation of a phase depends upon reaction condition of the growth mechanism. Among these, most stable phases are Ag2O and AgO. Silver oxide has been reported to be a p-type semiconductor with direct band gap ranging from 1.2 to 3.4 eV depending on the deviation in structure, stoichiometry and crystalline phase, which in turn depends on deposition technique employed to synthesise the film. Different deposition techniques employed by researchers include thermal evaporation, pulsed laser deposition, chemical vapor deposition (CVD), RF sputtering, DC sputtering, electron beam evaporation, and chemical bath deposition (CBD).9–16 Physical techniques (such as sputtering, evaporation, etc.) require vacuum and high temperatures which limit their practical applications. CBD, a chemical solution process, yields stable, adherent, uniform and hard films with good reproducibility and is suitable for preparing highly efficient thin films in a simple and cost effective way. The growth of thin films by CBD strongly depends on growth conditions, such as duration of deposition, composition and temperature of the bath solution.

In this present work, we have deposited AgO thin films by CBD method with varying deposition temperature (60°C–80°C). The influence of deposition temperature on structural, morphological and optical band gap was reported. Also, alcohol (ethanol) sensing characteristics of the films were studied. Alcohol is an organic solvent which is broadly applied in many industries and research laboratories such as in automotive fuels, developing of coloured materials, dyes and pigments, drugs and medicines, aromas and perfumes, etc. However, it is toxic and long-term exposure to alcohol vapour can result in diseases such as eyesight trouble and nerve diseases. Owing to its large-scale applications, toxicity and clinical applications, the improvement of a simple and reliable ethanol sensor has become essential. To the best of our knowledge, this is the first report for detection of ethanol with silver oxide thin films. Primarily SnO2, CuO, ZnO and Fe2O3 have been used by researchers for ethanol sensing which generally requires high operating temperatures. Although ZnO has been reported to show significant ethanol sensitivity at low temperature (120°C–140°C), SnO2 was reported to show high sensitivity to low concentrations of ethanol in the temperature range 420°C–450°C, Fe2O3 was reported to show high sensitivity at 350°C and CuO was reported to show maximum sensitivity at 400°C (15.4%).17–20 ZnO was synthesised by Pulsed LASER deposition and spray pyrolysis in those works.17,18 The primary objective of the present work was to synthesise AgO thin films by cost effective CBD method and to check their potentiality as ethanol sensor.


2.          EXPERIMENTAL

Silver peroxide (AgO) thin films were synthesised on pre-cleaned biological glass slide substrates by CBD method. Before deposition glass substrates were degreased in nitric acid for 24 h, washed with detergent, and ultra-sonically cleaned using alcohol and dried in air. Two gram of silver nitrate AgNQ3 was dissolved in 10 ml of distilled water in a beaker. Then, 5 ml of triethanolamine (C6H15NO3) (commonly known as TEA) was added drop wise in the solution under continuous stirring in a magnetic stirrer. TEA was used as a complexing agent which turned the brownish solution colourless.22 Final solution volume was made 100 ml by addition of distilled water. The bath solution was kept on a hot plate and the glass slide was placed vertically into the beaker. After suitable deposition time (90 min), the slides were removed from the bath, rinsed with distilled water, and dried in air. Three thin films of silver peroxide were synthesised by variation of bath solution temperature from 60°C to 80°C in steps of 10°C. Silver nitrate forms a complex in presence of the complexing agent in the solution which serves as source of Ag2+ ion. The silver ion reacts with hydroxyl ion (OH−) present in the solution to give silver hydroxide (oxyhydroxide intermediate). The synthesised films were finally heat treated in air at 250°C for conversion to silver oxide. Heat treatment also leads to better adhesion.

The thickness of AgO films was measured by commonly used weight difference method using a sensitive microbalance as reported by Mitra and Khan.23 The method involves measuring the weight of the substrate before and after film deposition. Thus if W1 and W2 be the weights of the substrate before and after film deposition in gm, A is the area of film deposition in cm2 and ρ be the theoretical density, then the film thickness can be evaluated from the equation:
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Film thickness was calculated using the theoretical density of 7.3 gm/cm3 for AgO.24 The thickness of the film was found to increase with deposition temperature. The estimated thicknesses were ~210 nm, ~340 nm and ~430 nm for films deposited at 60°C, 70°C and 80°C bath temperature respectively. The gravimetry method of film thickness determination has some limitations because of non-uniformity, porosity and edge tapering effects in chemically deposited films with porous microstructure. The actual density of the film is always lower than the theoretical density used in gravimetry technique which does not takes account of porosity. Thus the actual thickness is always greater than the measured one using theoretical density. However, this error does not affect the comparative data of measured film thickness.

The phase identification and crystalline properties of the samples were studied by X-ray diffraction (XRD) method with the help of a Bruker (D8 advance) X-ray diffract meter using Ni-filtered CuKα radiation (λ = 1.5418 Å). The diffraction data were recorded in the range 20°–80° scattering angle and the experimental peak positions were compared with standard Joint Committee of Powder Diffraction System (JCPDS) files. UV-VIS photometric measurements were taken using a double-beam spectrophotometer (Shimadzu, UV-1800) at room temperature. The spectra were recorded by using a similar glass as a reference and hence, the absorption only due to the film was obtained. The band gap of the films was calculated from the absorption edge of the spectrum.

Gas sensing property was carried out using static gas sensing arrangement in a home-made two-probe assembly housed inside glass. Sensors were tested in a chamber that allowed temperature control and gas flow. Ethanol was injected by a micro syringe into the test chamber and the sensing characteristics of the sensor were then observed by measuring the electrical resistance change of sensor when the latter was exposed to ethanol. The target gas concentration was varied in the range 200–1200 ppm by varying the injection level. Upon the exposure to ethanol the resistance of the material decreases. The sensitivity is defined as:25
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where Rair and Rgas represent the equilibrium sample resistance in ambient air and under test gas respectively. The sensor resistance was allowed to equilibrate in air for a reasonable time (~30 min) to get a stable value of Rair. Target gas was injected after a stable value of Rair was reached.

3.          RESULTS AND DISCUSSION

Figure 1 shows the XRD pattern of AgO thin films deposited at different deposition temperatures. The observed diffraction peaks were compared with standard JCPDS-ICPD diffraction patterns from PDF-2 sets 1–43 database as reported by Ifeanyichukwu.26 The major diffraction peak at ~38.52° corresponds to reflection from (111) diffraction plane. The four minor peaks at ~32.72°, ~44.84°, ~64.84° and ~77.83° correspond to the reflection from (002), (200), (220) and (311) diffraction plane respectively. The XRD data confirmed polycrystalline cubic phase of silver oxide. The crystallite size (D) was calculated using well known Scherrer’s formula:27,28

[image: art]

where λ is the wavelength of radiation used, k is the Scherrer’s constant, β is the full width at half maximum (FWHM) intensity of the diffraction peak for which the particle size is to be calculated, and θ is the diffraction angle of the concerned diffraction peak. The estimated particle size for highest intense peak is ~10 nm, ~8 nm and ~5.5 nm for films deposited at 60°C, 70°C and 80°C bath temperature respectively. In this connection it must be mentioned that instrumental and strain broadening was not taken into account while finding the particle size. Thus the measured particle size is always on the lower side (at most 20%) of the actual particle size. Decrease in grain size with increasing bath temperature indicated more polycrystallinity of the films at higher deposition temperature.
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Figure 1:    XRD pattern for films deposited at 60°C (a), 70°C (b) and 80°C (c) bath temperature respectively.




The strain (ε) in the films were determined using the following formula:29
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The estimated values of strain were ~2.13 × 10–3, ~2.75 × 10–3 and ~3.23 × 10–3 for films deposited at 60°C, 70°C and 80°C bath temperature respectively. The increase in strain might be the reason for lowering of particle size for films deposited at enhanced bath temperatures. Thus, strain enhancement in turn has beneficial effect on surface related properties (such as sensing) since lowering of particle size is equivalent to an exaggerated surface effect.

The optical absorption spectrum (absorbance as a function of wavelength) was recorded using UV-VIS spectrophotometer measurements. The optical band gap (Eg) was estimated from the plots of (αhv)2 versus photon energy (hv) using Tauc’s relation:30

[image: art]

where A is a constant, α is the absorption coefficient and n depends on the nature of transition. For direct transitions n = 1/2 or 2/3, while for indirect ones n = 2 or 3, depending on whether they are allowed or forbidden. The best fit of experimental data was obtained for n = 1/2 corresponding to direct band gap energy. The optical band gap energy was obtained by extrapolating the linear regions of the plot on the photon energy axis (Figure 2). The estimated values of band gaps were ~1.46 eV, ~1.55 eV and ~1.64 eV for films deposited at 60°C, 70°C and 80°C bath temperatures respectively. Enhancement of band gap might be due to decrease in particle size for enhanced bath temperature deposited films showing signature of quantum confinement effect. The optical band gap has been reported to depend on stoichiometry and density of states (DOS) of valance band and conduction band.31 No attempt to find stoichiometry (by EDX) or theoretical modelling to find DOS has been made in the present work. Enhancement of absorbance with deposition temperature is due to enhanced thickness. Conversely, increase of thickness lowers transmittance in the films. The obtained value of band gap compares well with reported ones for AgO film as reported by Nwanya et al.22
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Figure 2:    Tauc’s plot for films deposited at 60°C (a), 70°C (b) and 80°C (c) bath temperature respectively.



Figure 3 shows the FESEM images of AgO thin films deposited at different bath temperatures. The figure shows a general view of the morphology of the films. The microstructure consisting of off spherical grains and agglomeration of small crystallites in all the samples is evident from the figure. It is difficult to have any idea about the particle size from FESEM images since the particles (small crystallites) agglomerates to create coarse grains in the pictures. Films deposited at 60°C shows compact interconnected grains with low porosity. However, with enhanced temperature of deposition, such compactness is lost leading to enhanced porosity. Thus, bath temperature significantly influences the morphology of the films by reducing interconnectivity and compactness of the grains and thereby increasing porosity. Such porous films with small particle size is particularly suitable for gas sensing applications.
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Figure 3:    SEM image for films deposited at 60°C (a), 70°C (b) and 80°C (c) bath temperature respectively.




Figure 4 shows the dependence of ethanol gas sensitivity of AgO thin film at different temperature. The target gas concentration was 200 ppm (parts per million) in air. Highest sensitivity was obtained at 250°C for all the films. The sensitivity increased with increase of bath temperature which is due the increase of porosity and decrease of particle size of the film deposited with bath higher temperature. Lowering of particle size results in larger specific surface area. The specific surface area (A) is related to particle size according to the equation:32
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where d is the bulk density of the material and D is the average particle size. The number 6 is the shape factor. The reduction of particle size from ~10 nm for 60°C bath temperature deposited film to ~5.5 nm for 80°C bath temperature deposited film clearly shows a large enhancement in specific surface area for the latter case. Also, the bulk density in the sample depends on porosity. Enhancement in porosity for higher bath temperature deposited film indicates reduction of density in the sample which in turn increases the specific surface area. No attempt was made to find the porosity (and hence bulk density) in the present work. Only qualitatively we can conclude that decrease in particle size and decrease in bulk density observed in our present experiment clearly indicate enhancement of specific surface area. Enhancement in specific surface area implies higher surface-to-volume ratio and an exaggerated surface effect. As sensing is essentially a surface phenomenon involving reaction between target gas molecule and chemisorbed oxygen species at the surface, exaggerated surface effect leads to enhanced number of chemisorbed species and thereby increasing the sensitivity. The gas sensing mechanism normally accepted for semiconducting oxides assumes that the oxygen adsorbed on the surface of the material traps conduction electrons and thus increases the material’s resistivity.33 The surface adsorbed oxygen species thus becomes negatively charged chemisorbed speciesor ([image: art] or O−) and acts as reaction centres for gas molecules. When reduction gas molecules come in contact with this surface, they interact with this chemisorbed oxygen species, leading to an inverse charge transference and enhanced conductivity.34 The reaction mechanism for ethanol with surface adsorbed species leading to the final products CO2 and H2O can be represented as follows:
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The electron released in the process goes to conduction band and decreases the resistance of the material. Withdrawal of the target gas results in increase of resistance (re-adsorption of oxygen and re-trapping of electrons) and the material finally comes back to original resistance in air.
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Figure 4:    Plot of sensitivity with operating temperature with 200 ppm alcohol concentration for films deposited at (a) 60°C, (b) 70°C and (c) 80°C bath temperature respectively.



Thus, the increase of sensitivity with temperature up to a particular temperature may be attributed to the increase of oxygen species concentration on the surface and sufficient conversion of absorbed oxygen into negatively charged chemisorbed species ([image: art] or O−).35 The decrease in response after attaining a maximum is attributed to reduction of gas adsorption ability beyond a certain temperature.36

Figure 5 shows the variation of sensitivity with operating temperature at different ethanol concentration for film deposited at 80°C bath temperature. Inset shows the variation of maximum sensitivity (obtained by 250°C) against ethanol concentration in the range 200–1220 ppm. For small concentration of alcohol, the surface reaction rate is low due to the lower coverage of gas molecules on the film surface. An increase in gas concentration enhances the surface reaction rate and thus sensitivity increases. At higher concentrations, saturation is reached due to full surface coverage with test gas molecules. The maximum sensitivity observed was ~35% for 1000 ppm concentration of target gas (see inset) beyond which saturation effect appears. Although no systematic study was carried out on selectivity, the material was found to show little sensitivity to 1000 ppm concentration of acetone (~10% at 250°C) and was almost insensitive to ammonia.
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Figure 5:    The variation of sensitivity with operating temperature at different alcohol concentration and inset of the figure shows the variation of sensitivity with alcohol concentration for film deposited at 80°C bath temperature.



Figure 6 shows the response and recovery characteristics of 80°C bath temperature deposited AgO thin film at 250°C in presence of 400 ppm alcohol. The resistance decreases on exposure to target gas and finally saturates with time i.e., reaches Rgas value in presence of target gas. The Rgas value was ~ 4.4 MΩ and the Rair value was 6.2 MΩ. Thus the total resistance reduction was 1.8 MΩ. Reponse time to target gas (defined as time required for 90% reduction of total resistance reduction) is 48 s and recovery time (defined as time required to get back to original resistance in air i.e. Rair) is 3 min.
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Figure 6:    Response and recovery characteristics of 80°C bath temperature deposited AgO thin film at 250°C in presence of 400 ppm alcohol.



4.          CONCLUSION

Polycrystalline AgO thin film was synthesised by CBD technique. Deposition temperature was found to influence the microstructure strongly. Higher deposition temperature results in lowering of particle size and higher porosity. Such porous polycrystalline thin film with small particle size is particularly suitable for their application as gas sensing material. The sensitivity was found to be a function of operating temperature of the sensor material and maximum sensitivity was observed at ~250°C. A maximum sensitivity for ~35% was observed in presence of 1000 ppm ethanol at this temperature. The material shows reasonably fast response and recovery.
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ABSTRACT: Stable isotope technique has been applied in this study to determine whether the isotopic ratio values of 2H and 18O could be used distinctly to identify palm oil mill effluent (POME) as a source of surface water and groundwater contamination in the study area. In this project, surface water samples from upstream and downstream of palm oil effluent mill-related furrow and river groundwater samples within the study site, along with POME samples, were analysed to study the applicability of the stable isotope ratios as a tool for evaluating the characteristics of POME and its impact to the environment. The highly enriched isotopic values of POME and treated POME associated with oil palm production processes and treatment of the POME in the Effluent Treatment Plant (ETP) provide unique distinct isotopic composition for the POME and treated POME-impacted waters resulted from the mixing process either in the surface water or groundwater.

Keywords: Palm oil mill effluent, stable isotope, surface water, groundwater, POME


1.          INTRODUCTION

Oil palm is the world’s most efficient oilseed crop. A single hectare of oil palm plantation is able to produce up to ten times more oil (Figure 1) than other leading oilseed crops such as soybean, rapeseed and sunflower.3
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Figure 1:    Oil palm efficiency vs. other major oil crops.



Among the ten major oilseeds, oil palm accounts for only 5.3% of global land use in terms of cultivation but 31.3% of global oils and fats output in 2011 (Figure 2). Palm oil is one of the 17 major oils and fats produced globally. Among these, palm oil was the most-consumed oil in 2011, with a total of 49.05 million tonnes (Figure 3) reaching three billion people in 150 countries. China is the largest consumer of oils and fats, followed by the EU, India and the United States.3
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Figure 2:    (a) Comparison between oils production for ten major oilseeds and (b) global land use.
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Figure 3:    World consumption of oils and fats in 2011 (total = 178.26 million tonnes).



Due to these impressive statistics, palm oil production has become a major industry in Malaysia, which now ranks as one of the largest producers in the world. Malaysia and Indonesia combined produce about 85% of the world’s palm oil. Other producer countries include Thailand, Columbia and Nigeria. As one of the world’s main exporters and producers of palm oil, the total oil palm planted area in Malaysia reached 4.98 Mha as of September 2011, covering approximately 73% of the agricultural land and 14.3% of total land area.7 In Malaysia, the total production of crude palm oil (CPO) in 2011 increased by 11.3% to a record high of 18.91 million tonnes.5 Although Malaysian oil palm accounted for just 1.97% (approx. 5 million hectares) of the total 253.9 million hectares planted with oilseed crops globally, it supplied a total of 12.7% (18.91 million tonnes) of global vegetable oils and fats output in 2011. From the total 18.91 million tonnes of Malaysian palm oil produced, 17.99 million tonnes contributed to the total global trade of oils and fats in 2011, making up 26.2% of world exports. Due to this high level of production, large amounts of water are required for extracted oil clarification and palm fruit bunch sterilisation. Also, oil palm mill processes require a large quantity of water for operations. Therefore, a huge amount of palm oil mill effluent (POME) is released by the palm oil industries. Around 0.87 m3 POME is released for each tonne of palm fruit milled in the factory.2

In 2008 alone, at least 44 million tonnes of POME were generated in Malaysia.12 This was an increase compared to 2004, when more than 40 million tonnes of POME were generated from 372 mills in Malaysia.11 This wastewater is composed of a viscous, brownish liquid containing about 95%–96% water, 0.6%–0.7% oil, and 4%–5% total solids (including 2%–4% suspended solids). It is acidic (pH 4–5), with a high temperature (80°C–90°C), high organic COD (50,000 mg/l), and high BOD (25,000 mg/l). It is 100 times more recalcitrant than domestic wastewater.10 A summary of raw POME characteristics from various studies is provided in Table 1. If the effluent is discharged untreated, it may cause significant environmental impact due to its highly soluble chemical materials.


Conventional techniques are limited because these cannot differentiate pollution of POME, leading to the use of isotope technique in detecting the contamination. Nevertheless, these two techniques must be coupled together because the use of the isotope technique alone could lead to misinterpretation. Previous studies on leachate contamination have demonstrated that the biogeochemical processes within the landfill environment can produce a unique composition for these isotopes and that the stable isotope ratios of d 2 H, d 18 O, and d 13 C can be utilised successfully to delineate leachate influence.1 However, no study has yet to investigate the POME influence on the surface and groundwater using stable isotope of 13 C in Malaysia. Mohd Tadza et al. used stable isotopes of 2 H and 18 O to study the interconnection between leachate-groundwater-surface waters and tritium to determine the age (the water is mixed of sub-modern and modern groundwater) of the water samples at the same landfill site.6 Therefore, the main objective of this study is to evaluate the ability of stable isotope ratios of d 2 H and d 18 O in distinguishing the water samples analysed and generate a potential tool in detecting POME contamination in surface and groundwater. In doing so, a clearer picture of the situation of the water bodies system may be identified.


Table 1:     Characteristics of raw POME from various studies (in mg/L unless otherwise stated).
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2.          EXPERIMENTAL

2.1        Study Area

The study area was conducted at a palm oil mill in Perak, Peninsular Malaysia (Figure 4). This palm oil mill is located in the northern region of Peninsular Malaysia. The palm oil mill has a mill capacity of 30 metric tonnes/hour (mt/hr) and the annual tonnages production of crude palm oil (CPO) is approximately 35,000 tonnes.


[image: art]

Figure 4:    Study area map.



2.2        Geophysical Technique

Groundwater contamination investigation at the study sites began with a minimum intrusive technique known as the geophysical technique with the purpose of initial field screening method. This technique is less expensive than other, more intrusive techniques such as soil borings, test pits and well monitoring. One of the important categories of geophysical technique is electrical resistivity imaging (ERI). ERI is a geophysical survey used at the surface to provide a rapid reconnaissance of the hydrogeological conditions such as depth to bedrock, degree of weathering, and presence of clay lenses or fractured zones. In additional, ERI technique also can be used to detect and map inorganic contaminant plumes, obtain the flow direction, and estimate the concentration gradient. The results obtained from the ERI will be analysed and used to identify potential borehole drilling sites. ERI was performed with the multi-channel data acquisition ABEM LUND Imaging System consisting of a Terrameter SAS 4000 system, LUND electrode selector system (ES464), multi-core cable, and electrodes (Figure 5).
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Figure 5:    ABEM LUND Imaging System arrangements at site.



In this study, two ERI lines, each 400 m long were laid at the study site. For this 400 m survey line, two multicore cables (200 m each) were used. These survey lines were positioned at the upgradient (higher topographic area) and downgradient (lower topographic area) of the Effluent Treatment Plant (ETP), as normally groundwater will flow from higher level area towards the lower level area. Coordinates of each line are shown in Table 2. The upgradient and downgradient lines are stated as Line A and Line B, respectively. The electrode spacing for ERI survey was set at 10 m apart. Such an arrangement provides a resistivity layer output of the subsurface geological information for up to approximately 30 m below the ground surface.


Table 2:     ERI survey line coordinates.



	Study area
	Survey line
	Locations
	Coordinates



	Palm oil mill A
	Line A
	0 m
	04° 53’ 15.9” N, 101° 05’ 21.1” E



	200 m (centre)
	04° 53’ 22.3” N, 101° 05’ 21.1” E



	400 m
	04° 53’ 28.7” N, 101° 05’ 21.2” E



	Line B
	0 m
	04° 53’ 22.0” N, 101° 05’ 35.9” E



	200 m (centre)
	04° 53’ 25.0” N, 101° 05’ 31.1” E



	400 m
	04° 53’ 29.3” N, 101° 05’ 28.0” E




2.3        Hydrochemical Technique

The study was carried out for two years, with water sampling conducted three times for each year, beginning in January 2013 (Table 3). The water sampling involved collecting samples from groundwater (monitoring wells and piezometer) and surface water (furrow upstream, meeting point between furrow and river, river upstream and river downstream). The groundwater and surface waters were labelled GW/PZ and SW, respectively. POME samples were taken from the raw POME and treated POME. In this study, raw POME is the POME which came from the mill after the processing of full fruit bunch (FFB) and collected in ponds before being treated in the ETP. While treated POME is the treated raw POME and discharged to the environment. This treated POME which discharged into the furrow will further flows to the river.

A total of 26 water samples were collected from the sampling points from January to April for the two consecutive years. The monitoring wells were purged with three well-casing volumes to remove stagnant water in the well, so that the water being sampled would be stabilised; representative groundwater was thus obtained prior to sampling.13 The surface waters were collected using grab sample from the furrow and river.

The sampling for the hydrochemical technique included the in–situ/field measurement of electrical conductivity (EC), pH, temperature, Total Dissolve Solid (TDS) and Dissolve Oxygen (DO) using portable YSI 556 Multi Probe System. The Multi Probe System for in-situ measurements were calibrated with an appropriate buffer solution (pH 7.00) before every sampling program.

2.4        Stable Isotope Technique

The primary technique used in this research project is the stable isotope technique. The IRMS used for isotopic analysis is a specialised mass spectrometer which produces precise and accurate measurements of variations in the natural isotopic abundance of light stable isotopes. If an isotopic signature could be established for POME, then the δ2H and δ18O stable isotope ratios could be used as indicators to identify POME as contamination sources in a monitored palm oil estate environment.

The collection of water samples for stable isotope technique was conducted simultaneously with the hydrochemical technique. All the samples were measured for δ2H–water and δ18O–water.

δ2H–H2O and δ18O–H2O were measured using SERCON GEO 20–20 Continuous Flow Isotope Ratio Mass Spectrometer (CF–IRMS). Samples for δ2H–H2O and δ18O–H2O analyses were treated in the SERCON Water Equilibration System (WES) prior to analysis through the IRMS. Only 0.5 ml of water sample in a vial were used for each analysis. The δ18O–H2O values were measured via equilibration with CO2 at 50°C for 8 h, and δ2H–H2O values were measured via equilibration with H2 and its reaction with the platinum stick catalyst at 50°C for 1 h. In the δ2H–H2O analysis, a platinum catalyst stick was used to accelerate the reaction, and gas exchange equilibrium took place between the introduced pure H2 gas and water vapour. This gas exchange equilibrium caused the water vapour to emit a signature to the introduced pure H2 gas, which represents the isotopic composition of the water before the H2 gas is analysed by the IRMS (Figure 6).

It is to be noted that a sample preparation unit for the analysis of water samples for hydrogen and oxygen isotope ratios is water equilibration system (WES), which consists of controlled temperature heating block.9
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Figure 6:    Schematic diagram of an elemental analyser (EA) in series with an IRMS for the analysis of carbon isotope ratios (SERCON, 2007).



3.          RESULTS AND DISCUSSION

Based on the result profile of electrical resistivity survey for Line A (Figure 7), location with groundwater potential is at position 200m, with values ranging from 10–100 Ωm resistivity. The depth of potential groundwater based on this profile began at approximately 20 m below ground level.
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Figure 7:    Palm oil mill survey line A (upgradient).




Location with groundwater potential electrical resistivity survey for Line B (Figure 8) is at position 215 m, with values ranging from 10–100 Ωm resistivity. The depth of potential groundwater based on this profile began at approximately 10 m below ground level.
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Figure 8:    Palm oil mill survey line B (downgradient).



3.1        Installation of Monitoring Wells and Sampling Points

Based on the result profile of electrical resistivity survey, a total of 2 monitoring wells and 1 piezometers were constructed at the study sites. There were 4 surface water sampling points at the site. The coordinates of the monitoring wells, piezometers and surface water sampling points are shown in Table 4 below.

Table 3:     Monitoring wells, piezometers and surface water sampling points coordinates.



	Study area
	Sampling points
	Coordinates
	Borehole depth (m.b.g.l)

	Reduce level (m.a.s.l)




	Palm oil mill A
	EMW1
	04° 53’ 24.8” N, 101° 05’ 31.0” E (200m)
	30.00

	76.00




	EMW2
	04° 53’ 21.9” N, 101° 05’ 21.2” E (200m)
	20.00

	102.00




	EPZ1
	04° 53’ 22.0” N, 101° 05’ 35.7” E
	20.00

	71.00




	ESW1
	04° 53’ 21.3” N, 101° 05’ 35.0” E
	–

	–




	ESW2
	04° 53’ 28.3” N, 101° 06’ 8.1” E
	–

	–




	ESW3
	04° 53’ 25.8” N, 101° 06’ 11.3” E
	–

	–




	ESW4
	04° 53’ 32.5” N, 101° 06’ 4.2” E
	–

	–





The monitoring wells, piezometers and surface water sampling points maps of palm oil mill are shown in Figure 9.
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Figure 9:    Palm oil mill A sampling locations.



The plot of δ2H–H2O vs δ18O–H2O for palm oil mill A is shown in Figure 10. This is in accordance with the Global Meteoric Water Line (GMWL) and the theoretical relationship between water bodies (Figure 11). However, the value for surface water was a bit depleted (located slightly below the GMWL) and this was anticipated as it is more subject to evaporative process compared to the groundwater. The raw POME and treated POME was found lying on the evaporation line with highly enriched (more positive) values of δ2H and δ18O compared to groundwater and surface water. This was also expected, as raw POME and treated POME were placed in ponds and thus were more subject to evaporation. Treated POME is relatively enriched compared to raw POME, due to longer residence time and biological processes in the ETP. All the surface water upstream (ESW1) showed no sign of mixing with neither raw POME nor treated POME as ESW1 was located quite distant from raw POME and treated POME in the δ2H–H2O vs δ18O–H2O plot. However, ESW1 was located exactly between groundwater and surface water in this plot, which may indicate an interaction between surface water and groundwater. This may be due to the groundwater is recharging the surface water (ESW1) in the vicinity of the furrow area.
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Figure 10:  Plot of δ2H–H2O vs δ18O–H2O for palm oil mill A.
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Figure 11:  Theoretical δ2H and δ18O relationship – possible isotopic contrast between different types of water interacting in the vicinity of a reservoir.




4.          CONCLUSION

Stable isotopes technique has been applied in this study to determine the isotopic values of 2H and 18O. Results suggested that individual isotopic fingerprints can be used distinctly to identify POME as a source of surface water and groundwater contamination in the study area. The highly enriched isotopic values of POME and treated POME associated with oil palm production processes and treatment in the ETP provide unique distinct isotopic composition for the POME and treated POME-affected waters resulted from the mixing process either in the surface water or groundwater.
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ABSTRACT: In this study, we successfully developed a solid-state reference electrode based on sodium polyanethol sulfonate (SPS) immobilised on a cellulose acetate membrane and coated on a layer of polypyrrole on top of a carbon screen-printed electrode (SPE). We varied the concentration of SPS salt from 1% to 5% (w/v) and achieved an optimal concentration of 4%. SPS optimisation test was performed by varying concentrations of KCl and pH buffer solution. The slope obtained for 4% SPS was 3.5 ± 0.3 with a residual standard deviation (RSD) of 9.3% of KCl solution, whereas the slope obtained for pH buffer solution was 3.4 ± 0.2 with 1.2% RSD. The stability test in pH 7 buffer and 10−3 M KCl yielded drift at <0.4 mV/h for 60 h of continuous monitoring. We also performed tests using standard NH4+, K+ and NO3− ion-selective electrode sensors, and the slopes measured were respectively 52.4 ± 0.4, 51.4 ± 0.4, and −52.3 ± 0.9 mV/dec with a dynamic range of 0.1–10−5 M.

Keywords: Solid-state reference electrode, poly (anethol sulfonic acid), cellulose acetate, screen-printed electrode, sodium polyanethol


1.          INTRODUCTION

An analysis method based on potentiometric ion has been widely known since the 1970s. This method has been used in various types of ion measurement applications, such as medical, environmental, food, beverage industry, and many more. The measurement of potential value of the system is conducted on zero current condition.1,2 This method can measure very low ionic concentrations that is in 10−10 M or in parts per trillion (ppt).3 According to International Union of Pure and Applied Chemistry (IUPAC), potentiometric analysis measures the potential difference that occurs between the working and reference electrodes, which is directly proportional to the logarithm of the concentration of ions. The working electrode is an electrode that has an ion-selective membrane against the target, which is commonly referred as ion-selective electrode (ISE).4 Potentiometric measurement will follow the Nernst equation:
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where Eo is an intercept whose value is tied to the state of the membrane and ion interference; R, T, and F are a universal gas constant, temperature, and Faraday’s constant respectively; Z is the ionic charge of the analytes; and ai concentration of analytes.5–6

One critical component in potentiometric measurement technique is the reference electrode, which is as important as the working electrode. Till date, research on reference electrode has not been conducted as much as the research on the development of working electrode. Thus, there is an urgent need to conduct further research on reference electrodes.7,8

In potentiometric techniques, reference electrode is employed to determine the potential of working electrode. A major feature of reference electrode is the ability to maintain a steady potential over enormous range that should not be affected by sample size and its environment.9 Typical reference electrodes used are calomel and Ag/AgCl-based electrodes. Both of these are usually large, making them incompatible when coupled with micro-sized or planar working electrode. It is inseparable from the evolution of micro-sized working electrode rapidly.10–12

To reach the stated goal, research related to the maturation of the reference electrode is considered every bit of the potential areas to be built up. In recent years, several studies on small and planar reference electrodes have been recorded, such as research conducted by Kisiel et al. who utilised poly(n-butyl acrylate) membrane with lipophilic salts, such as potassium tetrakis (p-chlorophenyl) borate (KTpClPB).13 Meanwhile, Renata et al. used a PVC polymer containing ionic liquid.14 The use of two different types of lipophilic salts of similar concentration has also been reported for the miniaturisation of reference electrode. Both lipophilic salts such as KTpClPB and tridodecylmethylammonium chloride (TDMA-Cl) can be immobilised on poly(urethane) (PU) membrane.15,16

Even so, problems frequently arise from planar reference electrode due to leaching of components over time. In addition, the formation of a layer of air trapped between the surface of the electrode and the membrane seriously affects the stability of reference electrode.17

To overcome this problem, in this work, the authors used ionic polymers such as sodium polyanethol sulfonate (SPS) salt as an electrolyte in a solid-state reference electrode. Ionic polymer-based membrane contains a large number of charges that can be ionised in water and other aprotic solvents.18 The chemical structure of polymers can be seen in Figure 1. Referring to Nernst equation, if the charge value of the chemicals (z) is high then the potential value obtained will be low. Therefore, a large number of charge on the ionic polymers will induce the potential value of the planar electrode toward 0, whereas if the charge exceeds 60, then the predicted slope will be <1 mV. This corresponds to the ideal characteristics of the reference electrode potential unperturbed by environmental changes.19
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Figure 1:    Chemical structure of SPS salt.




2.          EXPERIMENTAL

2.1        Materials

The ionic polymer of sodium polyanethol sulfonate 98% and cellulose acetate were obtained from Sigma Aldrich. Tetrahydrofuran (THF), potassium chloride (KCl), nitric acid (KNO3), ammonium chloride (NH4Cl), and monomer pyrrole 98% were purchased from Merck, whereas the buffer solution with pH 4, 7 and 10 were purchased from Fisher Scientific. We purchased powder polisher Al2O3 from Metrohm.

3.          METHODS

3.1        Preparation of Electrode Transducers

The carbon screen printed electrode (SPE) (Scrint Print BHD, Malaysia) was scrubbed with Al2O3 powder for approximately 30 min and then washed with deionised water until clear. Next, the electrodes were rinsed and sonicated for 1 min to get rid of Al2O3 dirt and particle remnants that sticked to the surface of the electrode. After sonication, the electrode was again rinsed and cleaned with deionised water and dried with a tissue paper. After drying, the carbon SPE was soaked in a solution containing monomers of 0.5 M pyrrole and 1 M KCl as a dopant and connected to Autolab PGSTAT 128N MODEL potentiostat for electropolymerisation process. Carbon SPE acted as a working electrode, Pt electrode as counter electrode, and Ag/AgCl double junction electrode as a reference electrode. The process of polymerisation was started by supplying a current density of 2mA/cm2 for 90 sec. The completion of polypyrrole polymerisation process was marked by a dark purple layer formed on the surface of carbon SPE. After that, the carbon SPE was rinsed with deionised water and was dried using a tissue paper.

3.1.1      Preparation and characterisation of solid-state reference electrode

SPE coated with a layer of polypyrrole was deposited with a 50 μL cocktail of polymeric ions containing 5% cellulose acetate at varying concentrations (1%–5%, w/v) of ionic SPS polymer and THF as a solvent. After the surface of the electrode was coated with the cocktail, the electrode was left to dry overnight at room temperature. The completed reference electrode was further tested for the Nernstian number at various concentrations and for pH using KCl solution wherein the solid-state reference electrode acted as a working electrode. In addition, a stability test under continuous monitoring in KCl 10−3 M and pH 7 buffer solution was performed. In the final test, the response to NH4+, K+ and NO3− ISE electrode was measured, where the measurement outcomes were compared to ISE paired with a standard double junction reference electrode. All the tests were conducted using ion meter Orion 5 Star.

4.          RESULTS AND DISCUSSION

4.1        Characterisation of Electrode Transducers

Prior to testing the performance of the solid-state reference electrode, some headway toward the characterisation of a carbon SPE after coating polypyrrole-chloride (PPy/Cl), and also after placing the cellulose acetate membrane/SPS need to be attained. This aims to ensure that polypyrrole was polymerised and SPS salt is present in the system of the solid-state reference electrode. The characterisation was performed by visual inspection, scanning electron microscopy (SEM), cyclic voltammetry (CV), 0.1 M KCl solution, and potentiometric measurements.

With the aid of visual inspection and SEM analysis, differences were noticed between the bare carbon electrode, after coating with PPy/Cl, and after deposition of cellulose acetate membrane/SPS on top of PPy/Cl layer (Figure 2). In Figure 2(a), an electrode with scratches, black layer, and SEM image shows un-homogeneous thin layer spots. Furthermore, after polymerisation, pyrrole monomers converted to polypyrrole on the surface of the carbon electrode forming a new layer. As seen in Figure 2(b), the surface of the electrode becomes thicker and smoother. This is supported by a SEM image showing real change, whereby after polymerisation, a layer with smoother texture and shape like a stack of raisins was formed. This picture is in accordance with the data presented in the previous research.20,21 Figure 2(c) shows the presence of a shiny layer that is transparent and slippery like plastic, which is a layer of cellulose acetate membrane that contains SPS salt. SEM was conducted using cross section of the side edges, where the thickness of the layers was visible that the membrane is less about 436 mm.
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Figure 2:    Visual and scanning electron microscopy (SEM) of electrode (a) carbon electrode, (b) after polymerisation of PPy, and (c) after deposition of cellulose acetate containing SPS salt.




Figure 3 and Table 1 show the presence of the PPy/Cl layer and cellulose acetate/SPS membranes. Figure 3 also shows the CV graph, a carbon electrode, and PPy/Cl layer that were performed with the use of three cells in a solution of 0.1 M KCl, where carbon electrodes and PPy/Cl also acted as the working electrode. The reference electrode was a double junction of standard Ag/AgCl electrode and the counter electrode was a Pt electrode. Figure 3(a) shows the CV image of the carbon electrode and this form is the specific pattern of the carbon electrode. As seen in Figure 3(a), carbon electrodes were not showing oxidation peak at −1 V to 1 V window, where the scan rate used was 100 mV/s, whereas we also found that the carbon electrode’s CV was very thin. This suggests that there is a surface on the carbon electrode that is not contaminated from other materials.22,23 Figure 3(b) shows the CV of PPy/Cl in a solution of 0.1 M KCl, wherein the window between −1 V and 0.4 V was seen as the peak oxidation on region 0 V and the peak reduction at −0.8 V. This indicates that PPy/Cl had formed above the surface layer of carbon electrodes. In addition, the presence of peaks of oxidation and reduction also indicates that the PPy/Cl formed will make electrode transducer having the ability to make charge transfer on the surface layer of carbon.24

To ascertain the presence of a PPy/Cl layer and also the presence of SPS salt on the cellulose acetate membrane, we tested the cellulose acetate membranes using the Nernstian number measurement in solution buffer at pH 4, 7 and 10. This was performed because PPy/Cl is highly prone to deprotonation, making it very sensitive to pH changes, which will lead to the occurrence of positive slope close to the Nernstian number.25 Meanwhile, the presence of SPS salt on the cellulose membrane and on the surface of PPy/Cl will cause the response slope to be dropped significantly (Table 1). It is inseparable from the SPS salt, which is a type of polyion that has a large charge, thus causing potential changes on the surface of the electrodes. The presence of H+ on the surface of the transducer is not enough to affect the change in the potential at the surface of the transducer.26 Different things are indicated if the cellulose acetate membranes used do not contain a salt of SPS (Table 1). This does not change the response of the electrode transducer. Transducer still retains the characteristics of the response of PPy/Cl, which is sensitive to alterations in pH. This is because the properties of cellulose acetate membrane, that is porosity with no charge,27,28 caused the samples to enter freely into the membrane toward the surface of the electrode without being influenced by changes of the charge on the membrane.
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Figure 3:    The cyclic voltammetry of (a–c) carbon electrode (d–f) after PPy deposited. Testing in 0.1 M KCl solution.




Table 1:     Slope comparison of PPy/Cl layer and after cellulose acetate/SPS deposited on top of PPy/Cl layer.



	Parameters
	PPy/Cl

	Cellulose acetate bare

	Cellulose acetate/SPS (top of PPy/Cl layer)




	Slope (mV/dec)
	55

	54.7

	3.4




	SD
	2.2

	1.9

	0.2




	RSD (%)
	4.0

	4.4

	1.2




	r2
	0.9991

	0.9986

	0.9884





Note: PPyCl:polypyrrole-chloride RSD: relative standard deviation; SD: standard deviation; SPS: sodium polyanethol sulfonate.

4.2        Effects of Sodium Salt of Poly(Anethol Sulfonic Acid)

The sodium salt of poly(anethol sulfonic acid) is a type of polymeric ion, which is also known as SPS. It is usually used as an anticoagulant in blood samples of the bacteria breeding in a bottle. In addition, SPS also serves as a barrier to reproductive cells that can intervene with the growth of bacteria in a sample of media.29 Moreover, SPS is also employed as an ionophore in the preparation of sodium ISE.30

In this work, SPS at varying concentrations was immobilised on cellulose acetate membrane and applied on a solid-state reference electrode matrix. The choice of the cellulose acetate membrane was based on its properties such as easy decomposability, thermoplastic in nature, easily soluble in various organic solvents, flexibility, and possesses good mechanical durability. In addition to these, cellulose acetate membrane has a porous physical structure, which helps in the movement of both ions and water molecules toward the sample or in the opposite direction.31–34

As seen in Table 2, the concentration of SPS salt immobilised onto the cellulose acetate membrane gives an impression of the response slope when tested at various concentrations of KCl solution and pH of the solution when the solid-state reference electrode was coupled with the standard Ag/AgCl reference electrode with double junction type. In this work, the solid-state reference electrode functioned as a working electrode.


Table 2:     Slope of various types of solid state reference electrode in the various concentrations of a KCl solution and pH of buffer solution.
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Note: RSD: relative standard deviation; SPS: sodium polyanethol sulfonate.

In this study, we have seen that the concentration of SPS salt will influence the value of the slope of the solid-state reference electrodes. This phenomenon is seen because of the amount of the charge contained in the polymeric ionic salts such as SPS. This great amount of charge if inserted into Equation 1 will make the Nernstian number or the slope to go down.19

In the manufacture of ionic sensors, lipophilic salts are added to increase the dynamic side of the membrane, allowing ions to move toward the layer to of the membrane.35–37 With a similar concept, the addition of SPS salts should also work as lipophilic salts in the solid-state reference electrode prepared in this work. If this is determined, the slope resulting from the measurements tends to sustain a positive response, which may be inseparable from the negative charge of the functional groups of sulfonate. Then, the lining of the membrane will tend to deliver a large negative active site thereby making the positively charged ions such as K+ and H+ to extract into the membrane and provide stimulus potential value (Figure 4).38,39

Studies on the variations of the concentration of SPS aim to determine the optimal composition of the ingredients in the making of solid-state reference electrodes. Table 2 shows that with increasing concentration of SPS salt, the average Nernstian number will go down from 7.5 to 3.5 for KCl solution and 7.9 changes to 2.1 for pH buffer solution (1%–4% w/v). This is due to the increase in the concentration of SPS salt used that will also cause a rise in total charge of the lining membrane of the surface electrodes contained in the solid-state reference electrode. This will have a reduction in the Nernstian number.19 In addition, it will also increase the negative side of the cellulose acetate membrane. This will also improve competition between ions that are present in the sample to allow movement into the membrane of solid-state reference electrode so that the resulting slope also decreased.40
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Figure 4:    The mechanism of charge transfer process in a solid reference electrode.



Meanwhile, at a concentration of 4%–5%, the number of Nernstian produced visible already a constant. This is because the total amount of charge on the film’s layer of cellulose acetate membrane was already saturated. This will result in a charge balance in the solid-state reference electrode as it approaches the balancing stage. In a state of saturation, the resulting potential difference tends to be incessant. In summation, the equilibrium will also change direction, that is, from the membrane towards the sample. It appears at a pH testing solution, which slope at a concentration of 5% is somewhat higher than the concentration of 4%.41,42

4.3        Drift Study

The reference electrode drift study was evaluated through the stability of the potential value.43 Stability was defined as the ability of the reference electrode to maintain at a constant potential within a certain time period.44 The reference electrodes were immersed in two types of solutions: 10−3 M potassium chloride (KCl) solution and buffer solution with pH 7 for a continuous measurement of 60 h. Figure 5 shows potential response measurement of reference electrodes versus time. Initially in the first 35 h of measurement period, there was a change in the potential value observed with a drift rate of 0.13 mV/h in KCl solution and 0.09 mV/h in the pH 7 buffer solution. Meanwhile, during the last 25 min, reference electrodes that were immersed in 10−3 M KCl solution showed fairly significant drift of 0.33 mV/h or 73.7% drift increment. However, electrodes studied in buffer solution pH 7 exhibits 0.26 mV/h drift rate or 188.9% drift increment. A good reference electrode drift rate is reported not exceeding 1 mV/h.11–14, 45–47
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Figure 5:    The stability of solid-state reference electrode potential value for 60 h in a solution of 10−3 M of KCl and buffer solution at pH 7.



The non-ideal effects existed in many sensors. The sensor drift can be influenced by many factors such as poor component entrapment in the polymer matrix. However, in this work, the drift was induced by the occurrence of leaching-off of SPS salt components from the polymer matrix of the cellulose acetate membrane. This leaching process was due to the apparent motion of ions from the membrane towards the sample or otherwise, as well as process water ingress into the cellulose acetate membrane.15,16,47 The porous form of cellulose acetate membrane also contributed to the onset of the process of leaching of SPS salts from the cellulose acetate matrix.29–34 From Figure 5, it can be observed that the stability of the solid-state reference electrode was initially low and started to degrade after 35 h.

4.4        Response vs. ISE

To demonstrate the merit of the functional reference electrode, the developed SPS-based solid-state electrodes were evaluated by measuring its potential shift in comparison to commercial ISE sensors such as NH4+, K+ and NO3−. A validation test of the selected ISE’s versus standard Ag/AgCl double junction reference electrode was also conducted with regard to Nerstian response.

Based on the result shown in Figure 6, it was observed that the commercial NH4+, K+ and NO3− ISE sensors paired with solid-state reference electrode exhibited linear logarithmic relationship that agree to Nerst response. NH4+ and K+ ISE sensors showed a positive slope response to positively charged ions, whereas NO3− ion yields a negative slope response to negatively charged ions.51

This suggests that the solid-state reference electrode has a potential value that is almost unchanged despite changes in the concentration of samples and environment. This is an important feature of a solid-state reference electrode.9 This data is also supported by the value of the Nernstian number as displayed in Table 2 which shows the value that approximates the value of the Nernstian number, where the ideal number of values at a temperature of 25°C Nernstian is 59.16 mV/dec. for monovalent ions.48
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Figure 6:    Response of commercial ion-selective electrode (ISE) sensors vs. (a) solid-state reference electrode, (b) commercial Ag/AgCl double junction reference electrode.




Based on the results tabulated in Table 3, comparable results were obtained for the SPS-based solid-state reference electrode’s performance with the standard Ag/AgCl double junction reference electrodes used. The Nerstian slope response generated by SPS solid-state reference was relatively low as compared to the standard Ag/AgCl reference electrode. This is governed by the type of electrolyte used.11 The standard Ag/AgCl reference electrodes are constructed with a liquid-type electrolyte inner filling solution. However, solid-type electrolyte was embedded on a solid-state reference electrode design. The solid-type electrolyte will affect the movement of ions, where the motion of the ions will be slightly stunted compared to the liquid-type electrolyte. This will cause a large increase in the value of the underground electrode which will decline the Nernstian number.52

Table 3:     Comparability of the performance of ISE sensors paired with solid-state reference electrode and standard of Ag/AgCl reference electrode with double junction type.
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Note: LR: linear range; LOD: limit of detection; ISE: ion-selective electrode RSD: relative standard deviation; SPS: sodium polyanethol sulfonate.

In the membranous layers of solid-type electrolytes, such as ours, the movement of the ions occurs through the mechanism of ion jumps or hopping.53 In this mechanism, the lipophilic salts, such as salt of SPS, will form pools that are spread evenly throughout the membrane solids such as sprinkles of raisins in the bread. Ions will move by jumping from one pond to another nearby pond until it reaches the surface of the transducer polypyrrole found on top of a layer of carbon on the surface of the SPE electrode.

The other factor that causes low solid-state reference electrode’s numerical Nernstian slope is the different size of electrode’s design. The miniaturised designed planar solid-state reference electrode has a small area compared to the bulky commercial standard reference electrodes. The small design of the electrode will affect the capacity of electrolytes contained in the reference electrode, which contributes to a low Nerstian slope value. Consequently, it constrains the ability of electrolyte to pull ions into the membrane that later affects low sensor signal performance. The same behaviour of reference electrode has also been reported by Simonis et al. in 2004.12

5.          CONCLUSION

In this work, a new solid-state reference electrode based on polymeric sodium salt of SPS ion has been successfully developed in a planar type formed. The solid-state electrode has been prepared via electropolymerisation of PPy/Cl and drop-casted SPS membrane film assembly. The fabricated electrode has shown comparable linear logarithmic response similar to the standard Ag/AgCl double junction electrode. Thus, the SPS-based solid-state reference electrode has demonstrated good stability with the achieved drift rate <0.4 mV/h within 60 h. Moreover, the developed solid-state reference electrode can be applied as an alternative reference electrode in the analysis using ISE method. In conclusion, the planar-type SPS-based solid-state reference electrode offers a free liquid maintenance, ease of handling, and high potential to be integrated into ion sensors array.
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