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ABSTRACT: Percutaneous energy-based ablation has been used for the treatment of many tumour types. The advent of thermoablative technology for the treatment of small size liver tumour introduced several advantages over surgical resection. The technology involves the creation of an electromagnetic field through an intratumourally placed antenna. A process known as dielectric heating elevates the temperature of the tissue immediately surrounding the slot of the antenna where most of the coagulative necrosis occurs. Attenuation of the electromagnetic field as it travels through the tissue leads to decrease in the rate of tissue necrosis creating a zone of sub-lethal hyperthermia, and then a zone of tissue unaffected by ablation. The temperature spreads across the tissue to destroy the cancer cells. This occurs both directly and indirectly at the membrane and sub cellular levels. Several mechanisms including mitochondrial dysfunction, changes in cell membrane integrity and inhibition of DNA replication have been postulated as pathways through which cell death following hyperthermia occurs. The absorption of power by the tissue (SAR) and the destruction of cancer cell is highly dependent on time and the input power of the antenna. This paper presents the numerical analysis of the important parameters in microwave thermotherapy and the biological mechanisms involved in the death of tumour cells.
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1.           INTRODUCTION

Carcinoma is an early stage cancer that is still confined to the organ or layer, or tissue of origin. Hepatocellular carcinoma is a type of cancer that begins in the liver. It is sometimes called hepatic cancer or liver tumour. Liver tumour ablation involves destroying liver tumour with the local application of extreme temperatures. This induces irreversible cell injury and ultimately a programmed sequence of events leading to the elimination of dead tumour cells and coagulative necrosis. Liver thermoablation techniques include radiofrequency ablation (RFA) and microwave ablation (MWA). Percutaneous energy-based ablation has been used for the treatment of many tumour types, including liver, kidney, lung and bone cancers, as well as soft-tissue tumours of the breast, adrenal glands, and head and neck.

The advent of thermoablative technology introduced several advantages over surgical resection. These include lower morbidity, increased preservation of surrounding tissues, reduced cost and shorter hospitalisation times, as well as intra-procedural monitoring by visualisation, etc. This complementary treatment is called hyperthermia. The basic idea behind this treatment is to create an electromagnetic field (typically between 900 and 2500 MHz) through an intratumourally placed antenna.1 This field makes the polar molecules with permanent dipoles in the tissue undergo realignment with the oscillating electric field. These dipoles are unable to follow the rapid reversals in the field. The alignment of the molecules leads to increase in kinetic energy thereby dissipating heat into the surrounding tissue. This process, referred to as dielectric heating, elevates the temperature of the tissue.2,3

The important properties of the tissue for MWA are relative permittivity and effective conductivity. Relative permittivity describes how well a tissue will accept an electric field while the effective conductivity describes the ability of a tissue to absorb microwave energy. High-conductivity tissues have high water content and readily absorb microwaves, while low-conductivity tissues have low water content and readily allow microwave propagation.4 MWA is more suitable for tissues with high impedance, including lung and bone, and for tissues with high water content, such as solid organs and tumours.1,5

Normal tissues and cancer tissues have different conductivity. The ex vivo electrical conductivity of normal human liver and metastatic tumour tissue using the four-electrode method shows that the conductivity of tumour tissue is significantly higher than that of normal.6 Microwave power is absorbed much more strongly by water due to its large dielectric loss at GHz frequencies. The loss tangent of fluids, which may be related to the ability of the fluid to absorb energy in a microwave cavity depends on the relaxation times of the molecules. MWA has the advantage of the ability to heat tissue up to 2 cm away from the antenna at certain frequencies.1

Research has shown that RFA, MWA and high intensity focused ultrasound (HIFU) cause focal hyperthermic injury to ablated cells. This alters the tumour microenvironment and causes tumour destruction to occur in two phases, through direct and indirect mechanisms.7 The direct mechanism involves the heat injury that occurred during thermal ablation process and is predominately determined by the total energy delivered to the targeted tumour. The indirect mechanism involves injury that usually occurs after thermal ablation. This produces a progression in tissue damage. The indirect injury is not well defined compared with the primary direct effects.

Several papers have reported numerical simulation of microwave ablation therapy for cancer treatment using mathematical algorithms and software packages.8–12 But the recently updated Bioheat transfer module in COMSOL 5.1 package makes possible the simulation of necrosed tissues as a function of the variable parameters. This model gives room for the approximation of several functions. These include input power versus level of necrosis and frequency versus region of maximum necrosis. These variables can be approximated using polynomials, exponential or logarithmic functions.

This paper presents a simulated thermotherapy model and analysis of heat source distribution and temperature distribution in liver tissue and how it influences tissue necrosis based on direct heat injury. The specific absorption rate (SAR) of the tissue was also analysed. The impact of varying input power and frequency on tissue necrosis was always evaluated. It also presents the biological mechanisms involved in the death of tumour cells.

2.           EXPERIMENTAL

2.1           Heating Method

A thin probe as shown in Figure 1 is inserted into the region under study to generate heat on the region under study. The probe is composed of a thin flexible coaxial cable. It has an outer conductor with diameter 1.6 mm. The inner conductor protrudes out of the probe with a length of 3 mm. The antenna is enclosed in a sleeve (catheter) made of polytetrafluoroethylene (PTFE). The probe is inserted into the tumour and operated at 2.45 GHz. The microwave energy generated by the antenna is absorbed by the tumour. The polar molecules with permanent dipoles in the tissue will attempt to realign in the direction of the oscillating electric field. These dipoles are unable to follow the rapid reversals in the field as a result of power dissipating in the tissue due to phase lag. The rapid vibration of the molecules could lead to friction between the atoms and heat is dissipated. This is used to kill cancer cells.
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Figure  1:      Schematic diagram of microwave antenna (not to scale).



The heat distribution inside the liver tissue during the thermotherapy is obtained by solving the Pennes’ bioheat equation.13 The simplified form of the equation is expressed as:
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where ρti, Cti, Tti and kti are, respectively, the density, specific heat, temperature and thermal conductivity of the tissue. Pe is the absorbed energy due to resistive heat generated by the electromagnetic field in the tissue, Pm is the metabolic heat generation and Pp is the perfusion heat term expressed as:
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where Tart is the temperature of the arterial blood, and ρbl, Cbl, and ωbl are, respectively, the density, specific heat, and perfusion rate of blood. The absorption of EM field gives rise to polarisation of the tissue. If the total loss in the tissue, σ is visualised as a combination of DC conductivity, σ0 of the tissue and loss due to polarisation in the tissue, ωϵ″ i.e.:
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where ϵ″ in this context is the loss due to polarisation and σ0 = iωϵ′ then the related conductivity due to polarisation is expressed as:
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The absorbed energy due to resistive heat generated by the electromagnetic field in the tissue, qe is expressed as:
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Normalisation of Pe, the absorbed energy due to resistive heat generated by the electromagnetic field in the tissue with the tissue density is referred to as the specific absorption rate (SAR):
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SAR represents the electromagnetic power deposited per unit mass in tissue (W/kg). Careful examinations of both the SAR pattern and frequency dependent reflection coefficient in tissue are essential for the optimisation of antennas for hepatic MWA.

The influence of temperature on the rate of physico-chemical reactions is often interpreted in terms of what is now known as the Arrhenius equation. The rate of tissue necrosis can be evaluated from studying the influence of temperature on the rate of tissue damage during thermotherapy. The relationship between tissue injury, β and temperature during the ablation process can be fitted into Arrhenius relation as:14
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where the pre-exponential factor, A is the frequency factor (s–1) and E is the activation energy for irreversible damage reaction (J/mol). These two parameters are independent of the tissue type. The fraction of necrotic tissue, Fn, is then evaluated from the relation:15
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2.2           Modelling

The model was implemented using COMSOL Multiphysics 5.1. The computer program treats simulations that involve multiple physical models or multiple simultaneous physical phenomena. It utilises finite element method (FEM) to predict induced field of realistic shape and composition. The FEM transforms differential equations over a volume to algebraic equations at the points, called nodes. These represent the solution to the governing equations and the boundary conditions in an average sense by piecewise simple functions. A modelling domain with radial and axial dimensions of 0.03 m and 0.08 m was used for the simulation. This specified the material under study. The material referred to liver in this study. An antenna was modelled with the diameter of the central conductor, inner diameter of the outer conductor and outer diameter of the outer conductor was modelled to be 0.29 mm, 0.94 mm and 1.19 mm respectively. The diameter of the catheter was 1.79 mm.


The inner and the outer conductors of the antenna were modelled using perfect electric conductor boundary conditions (i.e., electric field, E=0). Low-reflecting boundary conditions were used along the model boundaries to prevent reflection artefacts and axial symmetry boundary conditions were also employed along the axis of rotation.12 The relative permittivity of the inner dielectric of coaxial cable, catheter and liver tissue are 2.03, 2.60 and 43.03 respectively. The electrical conductivity of liver tissue is 1.69 S/m.9 The appropriate physics of electromagnetics and heat transfer was added to the model. The boundary condition and domains for each phenomenon was specified.

An electromagnetic wave propagating in a coaxial cable is characterised by transverse electromagnetic fields (TEM). The time-averaged power flow in the cable of impedance is:
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Using transverse magnetic (TM) formulation, the boundary condition for the metallic surfaces is:
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The physical and dielectric properties of the materials used for the modelling was selected from several literatures.11–13 The blood perfusion rate, ωb = 0.0036 s–1. The specific heat capacity of blood, Cb is 3639 J/kg·K and it enters the liver at the body temperature Tb = 37°C and is heated to a temperature, T. The blood has a density of 1000 kg/m3 while the thermal conductivity of liver is 0.56 W/m.K. The microwave frequency and input power were varied from 900 Hz to 2.6 GHz and 2 W to 15 W respectively.

This model considers the heat transfer problem only in the domain of the liver. Where this domain is truncated, it uses insulation:
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The volume under consideration is solved by first dividing into elements. If sufficient continuity conditions are met, the solution converges to the exact value as the elements are made smaller and increased over the volume. Free triangular mesh of maximum element size of 3 mm and the minimum element size of 2.5 × 10–8 mm was used. The choice of finer mesh as shown in Figure 2 is to reduce the error of computation, thus increasing the accuracy of the result obtained. The study was done at a frequency of 50 Hz and for 5 min to 10 min in 10 s intervals.



[image: art]

Figure  2:      Illustrations of (a) default grid mesh and (b) extra fine grid mesh.



3.           RESULTS AND DISCUSSIONS

Microwave radiation, unlike X-ray, is a non-ionising radiation with enough energy to cause vibration of atoms in a molecule, but not enough to ionise. The electromagnetic wave distribution results in the dielectric heating. Temperature distribution has high intensity within the vicinity of the coaxial cable. The resulting steady-state temperature distribution in the liver tissue for an input microwave power of 10 W for the duration of 10 min is shown in Figure 3. The temperature distribution has a near ellipsoidal shape around the slot with the highest value near the antenna slot. It then decreased with distance from the antenna in accordance with inverse-square law. It decreased to a temperature of about 37°C towards the outer boundaries of the computational domain.

The microwave energy absorbed by the liver tissue attenuates due to energy absorption. The quantum energy of the microwave photons is converted to thermal energy. The thermal energy increases with time thereby leading to increase in the liver temperature. The study of the distribution of temperature in the liver shows that temperature increases with increasing time. Maximum temperature of 98.9°C was obtained after 5 min and after 10 min, the maximum temperature increased to 103°C. The isothermal contours at time t = 10 min is shown in Figure 4.

Comparison of Figure 4 with Figure 5 shows that the temperature field follows the heat-source distribution. This result shows high temperatures around the antenna slot where the heat source is highest while far from the antenna, the heat source is weaker due to attenuation thereby making the blood to be able to keep the tissue at normal body temperature.
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Figure  3:      Computed microwave heat source density after 10 min.
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Figure  4:      Isothermal contours of the liver tissue at 10 min.



The computed power dissipated is 9.353 W. This implies that just about 6.47% of the input 10 W power did not take part in the heating. Upon penetrating the tissue, the wave is attenuated and the power dissipated after passing through the distance x is shown in Figure 5. It nearly satisfied the exponential relation P = P0e–2ax with attenuation coefficient, α = 147.65. The wave attenuation and corresponding power dissipation leads to a decrease in tissue temperature. It also has an exponential relationship as shown in Figure 6. Analysis of temperature change with time at four different points in the liver tissue revealed an exponential increase in temperature with time at every point. The elevated temperature resulted from the continuous increase in kinetic energy due to rotation of the molecules. As the time increases, more power is dissipated resulting in increase in temperature with time.
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Figure  5:      Power density versus penetrating distance.



Direct injury depends on the thermal energy that is applied, the rate of application and the thermal sensitivity of the target tissue.7 It occurs either by inactivation of vital enzymes or rapid protein denaturation, which is immediately cytotoxic and leads to coagulative necrosis.7 At temperatures of around 40°C–45°C, irreversible cell damage occurs only after prolonged exposure (from 30 min to 60 min). At temperatures of above 60°C, the time required to achieve irreversible damage decreases exponentially. Rising temperatures have been shown to change cell membrane fluidity and permeability, and this causes dysfunction of actin filaments and microtubules, leading to impairment of facilitated diffusion across the cell membrane.16 This process was first thought to be the main cause of hyperthermia-induced cell death. However, mitochondrial dysfunction has been shown to occur with heat-induced injury.17 Major sub-cellular structural changes can be seen minutes after heat injury; these include vesicularisation of the mitochondrial cristi, mitochondrial swellings and formation of dense bodies.18 DNA replication is also rapidly inhibited by hyperthermia.
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Figure  6:      Effect of attenuation on tissue temperature.



The SAR evaluated at a distance of 2.5 × 10–3 m parallel to the antenna axis is plotted in Figure 6. The SAR patterns of an interstitial antenna should be highly localised near the tip of the antenna which is clearly shown in Figure 7.8
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Figure  7:      SAR in W/kg along a line parallel to the antenna and at a distance 2.5 mm from the antenna axis.




As seen in Figure 7, the SAR grows almost exponentially up till a point on the tissue corresponding to about 0.063 m of the arc described by the circular path of the emitted microwave energy. This exponential behaviour implies that the microwave power (energy over time) increases as it penetrates the tissue. This is because of the assumption that the tissue also contributes to the energy as the atoms along the path of the beam become thermally energised. This results in an increase in the overall energy supplied. The fall in the energy at about 0.063 m is as a result of the constant perfusion of the tissue by blood, thus reducing the energy of the microwave and attenuating this beam until it falls to its minimum value.

The fraction of necrotic tissue is visualised in the surface plot shown in Figure 8. The figures showcase that the fraction of necrosed tissue is higher at the antenna slot area. Comparing Figures 8(a) and (b), it can be seen that a larger fraction of the tissue near the slot is necrosed after 10 min compared with the amount of tissue necrosed in 5 min. Thus, the amount necrosed is time dependent and the thickness of necrosed tissue increased with increasing time.
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Figure  8:      (a) Fraction of necrotic tissue after 5 min and (b) fraction of necrotic tissue after 10 min.



The dark blue region of Figures 8 confirms that only about 10% of the tissue 3 cm away from the antenna is necrosed after 5 min. Meanwhile, the figure shows that this doubles to 20% in 10 min. This implies that the longer the time spent, the higher the necrosis. Further analysis on the dependence of fraction of necrosed tissue on attenuation and time was performed at four different points from the antenna slot. At a point (0.02, 0.005) from the microwave emitting slot of the antenna which falls in the region with 100% necrosis, the tissue is necrosed to about 100% in about 2 min. Moving further to a point (0.02, 0.01) from the antenna, attenuation reduced the microwave energy supplied to the region and as a result the point is necrosed to about 80% after 5 min and to 100% in about 8 min. The next point at (0.02, 0.015) corresponds to the domain which attains a maximum of a little over 60% necrosis in 10 min. The fourth point at (0.02, 0.02) from the antenna slot shows that a little over 10% of the tissue is necrosed in 5 min whereas about 30% of the tissue is necrosed in 10 min. Further analysis shows that rate of necrosis is not a linear relationship but has a logarithmic relationship with time. To reduce this effect, the heat is administered in fractions; shorter times spread over a period of days or weeks. In 5 min, only about 8% of normal tissue is necrosed and about 16% of this is necrosed in 10 min. Figure 9 show that tissue necrosis decayed exponentially as the heat passed through the tissue. The exponential decrease still results from field attenuation.
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Figure  9:      Fraction of necrotic tissue versus field penetration distance in meters.



In the transition zone, the region immediately surrounding the central area where coagulative necrosis takes place, studies have shown that the presence of inflammatory cells including neutrophils, macrophages, natural killer cells, dentritic cells as well as B and T cells specific to the ablated tissue.19–21

Mechanical cell damaged caused by hyperthermia causes the release of several intracellular substrates like Heat Shock Proteins (HSPs), DNA, RNA and High Mobility Group Protein B1 (HMGP1).22,23 All these generally lead to activation of humoral and cellular mediated antitumor immune response which is responsible for the indirect or delayed cellular damage.


Indirect cellular damage, also referred to as delayed damage, occurs after thermal ablation by the release of pro-inflammatory cytokines such as interleukin-6 (IL-6), IL-8 and tumor necrosis factor-α (TNF-α). This has been shown in both preclinical and clinical studies and has several proposed mechanisms, including induction of apoptosis, vascular damage that causes ischaemia, ischaemia-reperfusion injury, lysosomal contents that are released during tumor necrosis or from invading granulocytes, cytokine release and further stimulation of an immune response.7,16

Input power has effect on some of critical parameters. As a result, input power has been varied to investigate its effect on the tissue necrosis. The plot of radial length of 100% necrotic tissue as a function of input power in Figure 10 shows a logarithmic relationship with a relation d = 0.054 ln(P) – 0.007. where d is thickness of 100% necrosed tissue and P is the input power. This implies that the input power and time for the thermotherapy can be estimated if the volume density of the cancer tissue is known.
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Figure  10:      Thickness of necrosed tissue versus input power.



The total power dissipation is frequency dependent and as a result the tissue temperature and eventual tissue injury is frequency dependent. Analysis of the frequency dependence of necrotic layer will give the clinicians an idea of the operated frequency for optimum performance. The plot of radial length of 100% necrotic tissue as a function of frequency as shown in Figure 11 shows a fourth-degree polynomial relation. It appears that at frequency of 2.3 GHz, the level of increase in cell injury is not very significance. This suggest that 2.3 GHz may be the appropriate operating frequency to perform a thermotherapy.
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Figure  11:      Thickness of necrosed tissue versus microwave frequency.



In terms of delayed or indirect mechanisms of tumour destruction, MWA is a weak stimulator of local inflammation, as well as innate and acquired antitumour immunity. The induction of pro-inflammatory cytokines, including IL1 and IL6 by MWA is minimal compared with that by the other ablative techniques, as is the expression of HSP70.24,25 Even so, the extent of immune cell infiltrates in the ablated tissue is inversely correlated with clinical outcome—specifically, overall survival and risk of local recurrence.26

4.           CONCLUSION

The observed higher temperature within the vicinity of the tissue around the slot results from the high electromagnetic field at the slot of the antenna. More power is dissipated at the region around the slot. The thermal energy decreases towards the domain of the tissue due to attenuation of the electromagnetic field as it travels through the tissue. The absorption of power by the tissue (SAR) is highly dependent on time and the input power of the antenna. The fraction of necrosis depends on input power, frequency, temperature of the liver and exposure time. Thus, input power, frequency and time area key factor in the hyperthermia. Higher power and/or longer times increase the injury caused by the antenna and can consequently damage healthy tissues leading to complications in normal tissues surrounding the liver. This suggests that care must be taken in the choice of microwave operating frequency and when varying the input power of the antenna.
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ABSTRACT: A simplified Hummer’s method was successfully used in synthesising graphene oxide nanoplatelets. These nanoplatelets were synthesised at room temperature at various processing times (24 h, 72 h, and 120 h). Ultraviolet visible spectroscopy (UV-vis) showed that all synthesised graphene oxide nanoplatelets suspensions have similar broad shoulder absorbance at a wavelength of 300 nm. Furthermore, similar functional groups were detected by Fourier transform infrared spectroscopy (FTIR) across all types of graphene oxide nanoplatelets structures. The effect of processing time on the thickness of the sheet size was interpreted through topology using atomic force microscopy (AFM). The structural properties of graphene oxide nanoplatelets were evaluated using X-ray diffraction (XRD). The results showed a slight increase in the interlayer spacing with no sharp distinction in the crystallinity for graphene oxide nanoplatelets at longer processing times. The ratio of carbon to oxygen composition on the surface of each synthesised graphene oxide nanoplatelet was computed using the X-ray photoelectron spectroscopy (XPS). Field emission scanning electron microscopy (FESEM) was used to determine the morphology of the nanoplatelets. Three steps of degradation occurred during the thermogravimetric analysis (TGA). Degradation peaks were identified using differential scanning calorimetry (DSC). Electrical properties were characterised using the four-probe conductivity method. It can be concluded that properties such as sheet size, thickness, morphology and electrical conductivity of the graphene oxide nanoplatelets can be tuned by varying the processing time while maintaining its chemical characteristics.

Keywords: Graphite, graphene oxide, oxidation, electrical properties, thermal stability

1.           INTRODUCTION

Graphene, made of a single layer of carbon atoms which tends to exist in sheet or ribbons, is a two-dimensional (2D) material having length and width but mere one-atom-thick nanosheets that are arranged in a honeycomb or hexagonal lattice.1–3 It is a unique material due to the sp2 hybridisation of carbon atoms, lending a promising characteristic in condensed matter and high-energy physics.4 However, there is still no simple way to obtain graphene in a single-step process from pristine graphite. One of the methods being used is to synthesise it from graphene oxide (GO) through a reduction process. Unlike graphene, GO is a monolayer of graphite oxide that can be synthesised through three different methods: Brodie method, Staudenmaier method, and Hummer’s method.5–7 The Brodie method uses graphitic powder with potassium chlorate (KClO3) in concentrated nitric acid (HNO3).8 The Staudenmaier method replaced the Brodie method using a single-step approach to produce well-oxidised graphite with longer oxidation time. Moreover, a higher amount of excess oxidising agent and additive of concentrated sulfuric acid (H2SO4) is utilised during the continuous process without the need to use nitric acid.9 These two methods require longer processing times, and are risky compared to the Hummer’s method, which uses a shorter time during the oxidation process. In this method, potassium permanganate (KMnO4) and sodium nitrate (NaNO3) are used as oxidising agents in concentrated sulfuric acid (H2SO4).10

Regardless of the method used in producing GO, the structure of the GO nanoplatelets is still unknown. Yet, different structures of GO have been proposed, such as Hofmann structure, Ruess structure, Scholz-Boehm structure, Nakajima-Matsuo structure, Lerf-Klinowski structure, and Décány structure.11 Generally, the proposed structure of GO contains epoxies and hydroxyl groups within the graphene sheets, and carbonyl and carboxyl groups at the edge of the sheets.12 Theoretically, the structure and properties of GO depend highly on the synthesis method and the degree of oxidation. However, there are no studies found catering to the effects of processing time on its structure and properties.


This study investigates the effects of processing time during the production of GO on its properties using the simplified Hummer’s method at room temperature. Unique properties of GO such as morphology, carbon to oxygen ratio (C/O ratio) and electrical conductivity were determined and examined within the requirement of GO in carbon-based theory. Such a consideration would be relevant in polymer nanocomposites when GO nanoplatelets are used as fillers.

2.           EXPERIMENTAL

2.1           Materials

Graphite crystalline flakes (Code: 3061) were supplied by Asbury Graphite Mill, Inc (Asbury, New Jersey, US). Sulfuric acid (H2SO4) 95%–97% for analysis EMSURE® ISO concentration, phosphoric acid (H3PO4) 85%, potassium permanganate (KMnO4) or permanganic acid potassium salt, hydrogen peroxide (H2O2) and hydrochloric acid (HCl) with analytical grade were supplied by Merk KGaA, Darmstadt, Germany. These were used as received. Deionised water was used throughout the experiment.

2.2           Synthesis of GO

GO was synthesised according to the simplified Hummer’s method at room temperature.13 During the process, 360 ml of H2SO4 and 40 ml of H3PO4 (ratio 9:1) were stirred at room temperature until it became homogeneous. Next, 3 g of graphite flakes were added into the chemical mixture, followed by 18 g of KMnO4. The solvent mixture was stirred at room temperature for different processing times: 24 h (GO-24), 72 h (GO-72), and 120 h (GO-120). The mixture was poured into a beaker filled with ice cubes containing 27 ml of H2O2. The final product was centrifuged and washed with 1 M of HCl three times, and then washed repeatedly using deionised water until the pH was around 4–5.

2.3           Characterisation Techniques

The ultraviolet visible spectrum (UV-vis) of each GO was measured using Hitachi’s U-2800 model, a UV-vis spectrophotometer with absorption scanning region from 200 nm to 400 nm. The concentration of each solution was fixed for the purpose of comparative analysis.

Fourier transform infrared spectroscopy (FTIR) analysis was carried out precisely using Perkin Elmer’s spectrometer. GO was dried in an oven at 60°C for 24 h before characterisation. Potassium bromide (KBr) powder was mixed with the dried GO, and grounded until it turned into fine particles. The mixture was pelletised using a hydraulic press at an 8-ton pressure for 3 min. Potassium bromide pellets containing 1 wt% GO mixture were prepared for FTIR. The spectrum for each specimen was scanned 32 times from 450 cm–1 to 4000 cm–1 spectral region with 4 cm–1 resolutions.

The topology of each GO was studied using atomic force microscopy (AFM) with SPA 400, SII Nano Technology, Japan equipped with SI-DF2 cantilever tip under non-contact mode at room temperature. It was spin-coated at 1500 rpm for one minute on a silicon wafer substrate. The crystalline structure and X-ray diffraction pattern of each GO was recorded using Bruker D2 PHASER, at a scanning rate of 0.033°s–1 in a 2θ range from 5° to 40° with Cu Kα radiation (λ=1.5148 Å). The 1-mm diverging slit and 8-mm receiving slit were used. The GO nanoplatelets were spin-coated at 800 rpm for 1 min on quartz glasses. Meanwhile, the interlayer spacing of the GO was retrieved using Bragg’s law:
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The elements in GO, such as carbon (C), hydrogen (H), and oxygen (O), were characterised using the X-ray photoelectron spectroscope (XPS) technique with Kratos Axis DLD.

The morphologies of GO nanoplatelets were characterised using field emission scanning electron microscopy (FESEM) model S-36 (Leica Cambridge Ltd. with Leo Supra 35 VP system). The GO was spin-coated at 1500 rpm for 1 min on a silicon wafer, and scanned at a magnification of 3000X.

Thermogravimetric analysis (TGA), Mettler Toledo, gas controller GC 200, STARe system was used to determine the thermal stability of GO (~10 mg) at a temperature range of 30°C to 800°C with heating rate 10°C/min at 1 atm. A thermal analysis on GO (~5 mg) using the differential scanning calorimetry (TA DSC Q-10) technique was performed in nitrogen atmosphere from 30°C to 250°C with a heating rate 10°C/min.

The electrical conductivity of each GO was determined using the Keithley 2400 semiconductor characterisation system (four-probe method), as presented in Figure 1. The liquid-based GO was casted on a 2.5 cm × 2.5 cm plastic mould and dried in an oven for 24 h at 50°C. The thin films have a thickness of around 35 µm. A constant bias current of 0.1 A was applied to measure the voltage over the GO thin film. Electrical conductivity (σ) was calculated using 1/R, where R is resistivity. Using Equation 2, the resistivity of the specimens was calculated based on the average gradient slope obtained from the current (I) versus voltage (V) from five specimens.
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Figure  1:      Schematic diagram of four points probe test setup.14 Probe 1 and Probe 4 carry current (I), Probe 2 and Probe 3 measure voltage (V).



3.           RESULTS AND DISCUSSION

3.1           Mechanism of GO Formation

The synthesising of GO involved several chemicals (as shown in Figure 2), which started by using graphite flakes as the raw materials. Oxidising agent such as potassium permanganate (KMnO4) will react with strong acid, sulfuric acid (H2SO4) during the oxidation of graphite materials. According to Hummer’s method used in this study, the combination between the chemical reaction of oxidising agent and acid were illustrated as below:11

KMnO4 + 3 H2SO4 → K+ + MnO3+ + H3O+ + 3 HSO

MnO3+ + MnO4– → Mn2O7 (dimanganese heptoxide)

This formation of dark red oil or dimanganese heptoxide was known as an explosive material when the temperature of the reaction is greater than 55°C or placed together with organic compounds.11 However, with the present of oxidising agent (KMnO4) and strong acid (H2SO4) in graphite flakes, the appearance of diol functional groups onto the surface of graphite flakes was identified. Due to the strong acid used, it is believed that formation of holes in the graphene basal plane will appear. Thus, protecting agent such as phosphoric acid (H3PO4) was added into the synthesis process, so that the elimination of hole formation on the surface of graphite will be minimised. As shown in Figure 2, phosphoric acid was reacting with the diol functional groups through in-situ reaction to prevent hole formation. Chelation occurred between the protecting agent and diol functional groups, thus increasing the formation of GO from the graphite flakes.15,16
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Figure  2:      Mechanism of synthesising GO.



3.2           Ultraviolet Visible Spectroscopy (UV-vis)

The GO nanoplatelets were examined by using UV-vis spectroscopy at a fixed volume. Based on the absorbance spectra (0.1 cm path length), two absorption features could be observed in the spectra of all types of GO; a main peak was found at 230 nm for each specimen due to the changes in electronic transition involving π electrons, transition of C=C,17 together with a characteristic shoulder at around 300 nm, which attributed to n electrons in the π* excited state for -C=O-, carbonyl groups.18 As shown in Figure 3, the absorption peak for GO-24, GO-72, and GO-120 were found at 0.859, 1.166 and 1.095, respectively. GO nanoplatelets with a 72-h processing time have the highest absorption at same concentration. This indicates that more functional groups were found on the basal plane of GO.
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Figure  3:      UV-vis absorption spectra (10 mm path length) of 24 h, 72 h and 120 h processing time of GO nanoplatelets.



3.3           Fourier Transform Infrared Spectroscopy

The Fourier transform infrared spectroscopy (FTIR) spectral analysis was performed quantitatively to confirm the chemical structure of all the functional groups. Figure 4 summarises the FTIR spectra of the graphite flakes for all types of synthesised GO. A series of procedures was introduced to quantitatively analyse the FTIR spectra:20


	Baseline correction of the selected region;

	The selected spectra were multiplied by –1; set y is set to 0 to get positive value for the bands;

	Deconvolution of the band; and

	Measurements and spectra processing (chemimetrics) on the area under the curve with non-aromatic band : total band, where subtraction is used to remove the area of aromatic band.


As shown in Figure 4, the graphite spectra contained three dominant characteristic bands at wavenumber 3451–3149 cm–1, 1656 cm–1, and 1111 cm–1 that correspond to the O-H stretch, C=C stretch, and C-O-C band. For GO with a 24-h processing time, the main features can be confirmed by the bands at 3211 cm–1 (O-H hydroxyl group), 1728 cm–1 (C=O carboxyl groups), and 1625 cm–1 (C=C aromatic groups), as well as the bands at 1151 cm–1 and 1028 cm–1, which corresponds with the C-O in the epoxide group. Same spectrum peaks appeared in case of 72 h and 120 h of processing time of GO. Thus, it can be concluded that the synthesised GO specimens exhibit all the important characteristic peaks.21
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Figure  4:      FTIR spectra of GO with different oxidation time.



In contrast, a very broad peak (3000–3600 cm–1) was generated from the stretching vibrations of hydroxyl group (-OH) from carboxylic acid (COOH) and water (H2O). As the processing time was increased, the oxygen-related band ratio to total area was determined. For the aromatic region with wavenumber 1475–1690 cm–1, the ratios are 5.139, 5.673, and 6.356 for the 24-h, 72-h and 120-h processing times, respectively. This indicates that processing time affects the area ratio.

3.4           Atomic Force Microscopy

The topography of the GO specimens is clearly illustrated in Figure 5. A typical sheet-like morphology of GO can be easily distinguished based on the colour contrast of the sheets. The monolayer of GO has a brighter colour in contrast when compared to aggregation or self-assembly of two or three layers of GO. Moreover, wrinkles were found on the surface of GO due to the stacking or agglomeration of graphene sheets.
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Figure  5:      Topology of 3D view for GO nanoplatelets after coated on the silicon wafer according to different processing times: (a) GO-24, (b) GO-72 and (c) GO-120.



Based on the AFM height profile analysis, the mean thickness of the exfoliated GO sheets were noted as 0.89 nm, 1.32 nm, and 1.79 nm for GO-24, GO-72 and GO-120, respectively. This result was derived from a statistical evaluation, which is in agreement with the published AFM data on the minimum thickness of GO fragments on the surface of mica, suggested to be 1.3 nm.19–21

The van der Waals thickness of the single-layer graphene sheet is about 0.34 nm, corresponding to the interlayer spacing of the graphite.21 However, as discussed earlier, the oxidation level of GO has a great effect on the thickness of the graphene sheets. This is because of the presence of covalently bonded oxygen and the displacement of the sp3 hybridised carbon atom slightly above and below the original graphene basal plane.22

3.5           Structural Analysis

X-ray diffraction (XRD) patterns were used to provide a conclusive proof for determining the change in the structure in terms of layer distances, crystallinity and crystallography of GO from graphite when the processing time is varied. Results are summarised in Table 1. All diffractograms are taken in reflection mode, and the corresponding interlayer distance is calculated using Bragg’s law (λ = 1.54 Å), from 5° and 40° for 2θ. It can be seen in Figure 6 that the XRD pattern of the graphite flakes shows a diffraction peak at 2θ = 26.91° (002) planes with an interlayer spacing of about 0.33 nm corresponding to the layer-to-layer distance.23 This indicates the abundance of unoxidised graphite flakes.24 Furthermore, when the processing time is increased, the intensity of the peak at 2θ = 26.91° starts decreasing and finally disappears for 120 h of processing time. When the oxidation time is prolonged, distinct diffraction peaks are formed at 2θ = 9.45°, 8.53°, and 8.58° (represented in Figure 7) for GO with an interlayer spacing, d = 0.94 nm, 1.04 nm, and 1.03 nm, respectively. The interlayer distance of the graphite flakes and the various oxidation levels of GO nanoplatelets were increased throughout the chemical oxidation process.25 During the oxidation process, oxygen functional groups, phosphate (PO4–) and sulphate (SO4–), insert themselves into the graphene layers. However, a slight reduction in interlayer spacing was observed from the 72 h processing time to 120 h processing time due to the behaviour of the phenol related band.26


Table  1:    Summary of structural analysis on GO based on different processing times.



	
	Pristine graphite

	GO-24

	GO-72

	GO-120




	d-spacing (nm)
	0.33

	0.94

	1.04

	1.03




	Crytallite size (Å)
	6.9

	6.3

	6.7

	6.7




	Crystallinity (%)
	28.5

	24.1

	36.6

	40.8




	Amorphous (%)
	71.5

	75.9

	63.4

	59.2
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Figure  6:      XRD pattern of graphite and various oxidation level of GO (GO-24, GO-72 and GO-120).
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Figure  7:      Schematic diagram of layered structure GO at different processing times with (a) GO-24, (b) GO-72 and (c) GO-120.



Based on the results, it can be said that the interlayer spacing for 72 h and 120 h of GO is significantly larger than the one for 24 h processing time. This indicates that a longer oxidation time leads to larger interlayer spacing of graphite oxide by intercalating oxide functional groups on the carbon basal plane. The increment on the interlayer spacing between different oxidation levels of GO is due to the introduction of different levels of oxygen on to the carbon basal plane via a chemical oxidation reaction.13,27 The crystallite sizes of GO at different processing times are 6.3 Å, 6.7 Å, 6.7 Å for GO-24, GO-72 and GO-120, respectively. These values were determined using the Scherrer Equation 3:
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where τ is represented by crystallite size; K is the dimensional shape factor (K=1); λ is the X-ray wavelength; β is the line broadening at half the maximum intensity after the subtraction of instrument line broadening; and θ is the Bragg angle.


It can be concluded that the crystallite sizes of GO are approximately equal to each other (~6.7Å) at higher processing times. The percent crystallinity of each synthesised GO was determined by DIFFRAC.EVA. The results are listed in Table 1 using Equation 4.
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3.6           X-ray Photoelectron Spectroscopy (XPS)

XPS was employed to quantitatively determine the chemistry of the material at the surface.28,29 Figure 8 presents the XPS survey spectra of GO nanoplatelets. Based on the results, only oxygen, carbon, and a slightly traced amount of sodium were detected in all three prepared specimens. The amounts of elements and functional groups computed by XPS are shown in Table 2. The carbon to oxygen (C/O) atom ratio was about 2.86, 2.49, and 2.28 for 24 h, 72 h and 120 h of processing time, respectively. This indicates that the oxidation level of specimens decreases slightly.


Table  2:    Functional groups of GO nanoplatelets computed by XPS.
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The structure of GO consists of the following: epoxide and hydroxyl groups, on the basal plane, are the major components; and carbonyl and carboxyl groups at the edge of the GO structure are the minor components.30 Table 2 shows the elemental composition of the synthesised specimens. This further proves that most of the functional groups containing oxygen, such as epoxide and hydroxyl, appear at the carbon skeleton during the oxidation process with higher atomic percentage. However, very few oxygen atoms existed at the edge of the GO. Two main peaks in GO specimens were identified in Figure 8(b) to (d). The major peak at 284.8–284.6 eV is assigned to carbon atom (C=C) with sp2 hybridised orbitals. The other peak at 286.4–286.6 eV is assigned to epoxide (C-O-C) and hydroxyl (C-O) with sp3 hybridised orbitals.31,32 Minor peaks of ketone or quinone, C=O, (287.2–288.0 eV) and carboxylate, O-C=O (288.2–289.3 eV), were determined according to the peak-fitting method using the Casa XPS software.29 The longer the processing time, the more C=C bonding in GO is decomposed. This leads to the formation of C-C bond, and change of the spectra from sp2 to sp3 hybridised.32


Based on the XPS analyses, the element concentration of carbon and oxygen, at different processing times in the GO series could be calculated quantitatively using Equation 5:31
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where Ielement (C or O) is the integrated intensities of either carbon or oxygen peak in C1s XPS spectra; Selement (C or O) is the sensitivity factor of either carbon or oxygen peak in C1s XPS spectra; and Itotal element and Stotal element are the intensity and sensitivity factor of the total element (carbon and oxygen) in C1s XPS, respectively.

The element concentration calculated is listed in Table 3. It confirms that prolonging the processing time decreases the amount of carbon element; and increases the amount of oxygen element.
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Figure  8:      C 1s XPS spectra of (a) all types of GO nanoplatelets; and enlargement of banding energy from 280–290 eV for (b) 120 h; (c) 72 h; (c) 24 h.




Table  3:    Carbon and oxygen element from different processing time of GO nanoplatelets.



	
	24 h

	72 h

	120 h




	Carbon element, C
	0.638

	0.637

	0.591




	Oxygen element, O
	0.218

	0.363

	0.408





Note: Sensitivity factor, S for carbon is 1 and oxygen is 2.93.29

3.7           Morphologies of GO Nanoplatelets

Based on the micrographs shown in Figure 9, it was found that the lateral dimension of GO decreases in case of a longer oxidation time.33 However, due to the short oxidation time for GO, some graphite particles can still be found in the micrographs. Based on the presented specimens, the optimum oxidation time that can be concluded is 72 h. GO-72 has an average dimension of an exfoliated GO sheet. Based on the FESEM images for GO-120, it could be seen that the lateral dimension of the proposed GO is quite small. This is due to the plausible mechanism of overly oxidised on the GO sheets, which leads to the tearing of the sheets.13
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Figure  9:      FESEM micrographs for (a) GO-24, (b) GO-72 and (c) GO-120 of synthesised GO at magnification 3000X.




3.8           Thermal Analysis

The thermogravimetric analysis (TGA) results provide further information about the different processing times of GO. Figures 10 and 11 show the TGA and derivative thermogravimetric (DTG) results for GO-24, GO-72, and GO-120. The results indicate that there are three steps of degradation of GO that occur during the process at four main temperatures near 200°C, 300°C, 500°C, and 700°C along with a water related peak near 100°C at first dominant temperature. On heating, the GO started losing mass, this is associated with the elimination of loosely bound or adsorbed water and gas molecules.

The first two dominant temperatures near 200°C and 300°C correspond to the decomposition of functional groups. The second two dominant temperatures near 600°C and 700°C correspond to the decomposition of carbon backbones. The peak has a burning temperature around 200°C. This can be ascribed to hydroxyl groups.34 The peak with a higher burning temperature around 300°C has a stronger bond, which can be attributed to carboxyl groups. This is because of the existing double bond between carbon and oxygen of the carboxyl group. This is a stronger bond than the single bond between carbon and oxygen atoms of the hydroxyl group. Studies have shown that in the temperature range from 30°C to 700°C, sp2 carbon backbones appear due to the decreased integrated area at higher oxidation times, and completely disappear after a long oxidation time.34

It can be concluded that the oxidation time of GO will affect the thermal stability of the material due to the functional groups attached at the carbon basal graphene sheets. Based on the results shown in Figure 10, the remaining residues are about 25.78% for GO-24, 18.68% for GO-72 and 16.04% for GO-120, respectively. These indicated that the remaining residue that appeared is potassium element generated from potassium manganate, which did not react completely to from GO.35,36 Thus, it can be concluded that the influence of potassium residues that act as catalyst in the oxidation reaction will be reduced proportionally with the increase in the synthesising time.

The DSC curves of GO at a heating rate of 10°C/min are shown in Figure 12. The differential scanning calorimetry (DSC) of GO shows different correlated degradation peaks centred at 173°C, 166°C, and 170°C for GO-24, GO-72, and GO-120, respectively. The peaks are caused by the decomposition of the organic groups on the GO sheets and evolution of water (H2O), carbon monoxide (CO), and carbon dioxide (CO2).37
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Figure  10:      Thermogravimetric diagram based on different processing times of synthesised GO.
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Figure  11:      Derivative thermogravimetric diagram based on different processing times of synthesised GO.




Based on the results, the 24 h processing time of GO-24 has the highest degradation peak at 173.3°C. This is due to the presence of functional group with less oxygen on the carbon basal plane. This phenomenon principally means that more oxidation and longer exfoliation introduce more defects and functional groups on the GO sheets. This reduces the size of the GO sheets with more functional groups. Furthermore, it lowers the decomposition temperature.38 However, as per results shown in Figure 12, GO-120 has a higher decomposition temperature compared to GO-72. The peak at 170°C is attributed mainly to the decomposition of the oxygenic groups to CO2, and the sharp peak at 166°C of GO-120 is mainly due to the catalytic dehydration of the epoxy, hydroxyl, and C-H species.39
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Figure  12:      DSC thermogram based on different processing times of GO.



3.9           Electrical Conductivity

In terms of electrical conductivity, GO is often described as an electrical insulator due to the presence of the sp3 hybridised bonding network in the structure. However, the conductivity of GO depends on many factors, such as the degree of oxidation, surface chemistry of the GO,O/C ratio,impurities in the GO, and exfoliation of the graphite layers.27,40 As shown in Figure 13, the resistance value obtained from the slope of current (I) versus voltage (V) is 1.09 × 10–2 kΩ for GO-24, 1.49 × 10–2 kΩ for GO-72 and 1.64 × 10–2 kΩ for GO-120. These results are in line with the argument that the oxygen atoms found in the GO functional groups highly affect the resistance of the material. This has also been proved in the previous XPS results. When the processing time is increased, the oxygen content on the surface of the GO increases simultaneously together with the resistance.


Theoretically, the electrical conductivity is the reciprocal of electrical resistivity. Figure 14 shows that the electrical conductivity of GO-24 gives the highest conductivity among all types of synthesised GO. This is due to the lowest oxygen functional groups in the structure. From the experimental data, it can be seen that the conductivity of the GO gradually changes with the effect of C:O ratio that is found in the structure.27
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Figure  13:      Plot of current (I) versus voltage (V) for different processing times of GO at constant bias current of 0.1 A.
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Figure  14:      Electrical conductivity of GO at various processing times.




4.           CONCLUSION

GO nanoplatelets were successfully prepared at room temperature using the simplified Hummer’s method at different processing times. The characteristic shoulder peak at around 300 nm was found on all types of GO using UV-vis. Different absorption peaks were identified due to the effect of the size of GO sheets. These results were further confirmed by obtaining the surface morphology of the GO using FESEM. The relative amount of oxygen functional groups was estimated in FTIR using quantitative measurement. This showed that the ratio of oxygen related band increases when the processing time increases. A topology study using AFM concluded that longer processing times created the largest mean thickness for the sheet sizes of GO. Through X-ray diffraction, the interlayer spacing, crystallinity, and crystallite size were estimated using Bragg’s law, and the percent of crystallinity based on the crystalline and amorphous region was determined using Scherrer equation. The interlayer spacing and crystallite size obtained at higher processing times were closely similar. However, the crystalline behaviour of GO is directly proportional to the processing time.

The XPS and CasaXPS data revealed that GO specimens have functional groups such as hydroxyl (-OH), epoxy group (O-C-O), carboxylate (O-C=O), and ketone (C=O) on the surface. The XPS spectra showed that all specimens have two kinds of carbon atoms: carbon atom with sp2-hybridied orbital and carbon atom with sp3-hybridised orbital. As the processing time is increased, the sp3-hybridised orbital of carbon atoms also increased. The carbon element decreases when the processing time is longer. The thermal gravimetric analysis showed that the processing time of the GO affected the thermal stability of the material due to the functional groups at the edge of the carbon basal graphene sheets. More oxygen functional groups in the GO structure reduce the conductivity of the material. Overall, the surface chemistry of GO influences the sheet size, thickness, morphology, carbon to oxygen ratio, thermal stability properties, and electrical conductivity properties. However, each type of GO nanoplatelets produced at different processing times could be aimed as reinforcement in different applications. For example, the highest conductivity behaviour of GO-24 will be used as reinforcement in electronic application; larger sheets size of GO-72 could provide positive gas barrier behaviour in food packaging applications; and better thermal stability of GO-120 will be aimed as new opportunities in electronics devices.
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ABSTRACT: Ampang Jajar Transfer Station (AJTS) in Pulau Pinang, Malaysia receives wastes from North and Central Seberang Perai, which are consolidated at AJTS before final disposal at Pulau Burung Sanitary Landfill located 40 km south. AJTS is located in an industrial area with the closest residences, Flat Ampang Jajar, about 300 m away. Efforts have been in place to manage odour nuisance by spraying solutions of Effective Microorganism (EM) and Lysol at the operation area of the AJTS. This study was conducted with the objective of verifying the effectiveness of EM and Lysol in odour control and their suitable spraying frequency. Solid wastes taken from AJTS were characterised in the laboratory for solids and moisture content, while its leachate was analysed for chemical oxygen demand (COD) and volatile fatty acids. A portion of the collected sample was also tested for odour concentration with and without EM and Lysol application. Laboratory analysis indicated that AJTS waste is highly degradable with 72% moisture content and 76% volatile solids, thus susceptible to odour production during decomposition. Acetic, butyric and propionic acid were present at concentrations of 3618 ppm, 581 ppm and 549 ppm respectively, higher than their respective odour threshold detection value of 0.21 ppm, 0.001 ppm and 0.16 ppm. The sour and rancid smell attributed with the waste sample is contributed partly by the VFA content. AJTS sample in laboratory conditions was treated more effectively by Lysol (57% odour reduction) compared to EM (24% odour reduction). Lysol reduces malodour by masking the unpleasant “sour garbage” odour with a “soapy” scent instead, leading to a perceived “mildly unpleasant” (–1) hedonic tone. The current spraying of Lysol twice every 6 h at the AJTS is sufficient to manage odour to acceptable levels for 7 h after spray.

Keywords: Municipal solid waste, odour management, effective microorganism, Lysol, odour


1.           INTRODUCTION

Waste transfer station plays an integral part in municipal solid waste management system. It is usually constructed at a strategic place as it acts as a solid waste collection point from municipalities for compacting and transferring before the wastes are disposed at final disposal site. Hence, odour management is one of the critical issues facing the solid waste facilities officials as poor odour management will affect the citizens, workers and surrounding environment.

Odour from transfer stations occurs due to waste loading from waste trucks at dumping area and temporary storage of waste.1 As odour problems are very complex, have non-observable characteristics and may happen occasionally, repeatedly, continuously or vary in intensity, the subjective issues with finding a suitable odour control technique is no less complicated.

For Ampang Jajar Transfer Station (AJTS), Effective Microorganism (EM) is at first chosen as candidate in reducing the odour impacts on the surrounding environment.15 EM spraying technique is implemented at waste tipping area as it is the principal source of odour pollution for the waste transfer station. However, as the amount of waste in Seberang Perai is rising every year (from 668 tonnes per day in 2005 to an estimated 1500 tonnes per day in 2020),2 spraying of chemical product such as Lysol is used occasionally to assist the odour suppression. Hence, this study is proposed to determine the odour removal efficiency in municipal solid waste facility by applying Lysol and EM respectively through simulation at laboratory.

The objectives of this study are to characterise the waste collected from AJTS, compare the odour removal efficiency between the commercial products, i.e., Lysol and EM and to determine the real-time odour concentration at AJTS.

2.           EXPERIMENTAL

2.1           Study Location and Sample Source

The AJTS at Permatang Pauh, North Seberang Perai, Pulau Pinang, Malaysia is located at 5.414064° N, 100.405706° E. The facility collects municipal solid waste from both Northern and Central Seberang Perai, to be consolidated and disposed of at the Pulau Burung Sanitary Landfill in Nibong Tebal, Pulau Pinang, about 40 km south. This study only involves the waste tipping floor area of the waste transfer building. The waste transfer building is semi-covered, with roof top for rain and wind cover, as well side entrances to allow vehicle access for the waste delivery.


2.2           Experimental Procedure

This study involves both an experimental work on samples collected from the waste tipping floor area as well as on-site odour assessment of the same location. The experimental work involved waste characterisation as well as testing odour from the waste samples with and without Lysol and EM treatment. Lysol (25%, pH 10) is a chemical disinfectant with benzalkonium chloride being the principal ingredient.3 The Lysol solution may cause eye and skin irritation, but not expected to be toxic if inhaled or ingested, nor carcinogenic.4

About 2 kg (wet weight) each of biodegradable solid waste samples collected from AJTS (devoid of glasses, plastics and non-biodegradable materials) was kept in a lidded 8 gallons plastic bucket under room conditions (no specific temperature or humidity control during bucket storage), and tested for odour treatment. Lysol and EM were sprayed into two separate waste buckets, at 9.30 am (one-time spraying) and at 9.30 am and 12.30 pm (two-time spraying). The two-time spraying frequency imitates the current practice at AJTS, and further possibility of reducing the spraying to just once instead. Odour monitoring of the untreated and treated AJTS samples were done for every 2.5 h, from 9 am until 5 pm. The test at each spraying frequency was repeated over two days.

For the on-site monitoring, odour concentration was measured at the AJTS waste tipping area. Measurement was taken every hour from 9.30 am till 4.00 pm starting approximately 1 to 2 h after spraying of Lysol by the transfer station operators according to their routine odour and sanitation management procedure. The data collection at site was done twice per week, for two weeks.

2.3           Waste Characterisation

A 1.5 kg wet solid waste sample (only biodegradable materials) was collected from waste tipping area at AJTS and brought to the Environmental Laboratory of School of Civil Engineering, Universiti Sains Malaysia (USM) for laboratory analysis. The 1.5 kg solid waste sample was mixed manually and thoroughly and 1 kg collected sample was sorted out and its leachate extracted. The leachate simulation from solid waste was carried out based on leachate extraction technique developed by Qamaruz Zaman and Milke.5 The simulated leachate was analysed for chemical oxygen demand (COD) using Hach Spectrophotometer DR 2800. For COD analysis, the liquid samples were diluted based on the ratio of 1:500 to obtain the range of 3−150 mg l−1 COD.

Volatile fatty acids (VFAs) in the liquid samples were analysed on gas chromatograph using GC Thermo Finnigan TRACE 2000 (USA) equipped with flame ionisation system (FID). A 1μL filtrated liquid sample was injected using AI 3000 auto sampler into an Agilent J&W DB-FFAP column of 30 m × 0.25 mm I.D. with 0.25-μm film thickness in the split-less mode. Helium gas with constant flow rate of 0.75 ml min–1 was used as carrier gas. The GC oven temperature was raised at initial temperature of 100°C at rate of 8°C min–1 until 200°C and held at 4 min.

On the other hand, another 500 g of the solid waste left was used for measurement of moisture content, total solids (TS) and volatile solids (VS) based on the APHA Standard Methods.6 Approximately 500 g waste samples were distributed quarterly so that approximately one fifth of the sample (100–125 g) was left to form a representative sample.

2.3.1         Odour characterisation

In the laboratory, odour concentration was measured from gas samples withdrawn from the lidded buckets using a vacuum chamber into a 10 L Nalophan sampling bag. A SM100 Scentroid olfactometer was used to determine the odour concentration (OU m–3) of the AJTS samples with and without treatment using a Yes/No method.

During the measurement of odour concentration, hedonic tone for the waste samples was also recorded. The nine-level scale of hedonic tone score (refer Table 1) suggested by German guideline VDI 3882 with scale ranging from minus four (−4) to plus (+4) is used to describe the odour nuisance.7 The + side of the scale represents the relative pleasantness while the – side of the scale represents the unpleasantness with 0 being neutral. The odour character was recorded based on an odour descriptor wheel.8 All odour analyses including odour concentration, hedonic tone and odour descriptor was based on the response of human nasal sensory.

3.           RESULTS AND DISCUSSION

3.1           Characterisation of Solid Waste from Transfer Station

The simulated leachate from the waste samples collected from the AJTS contained between 41,500 mg l−1 to 61,500 mg l−1 of COD with an average value of 55,333 mg l−1 (6036 mg l−1 standard deviation) from nine samples. The COD level observed in this study is in agreement with 55,000 mg l−1 COD of fresh leachate at Taman Beringin Transfer Station from a study by Ghasimi et al.9 The research stated that fresh leachate is generally characterised by high values of COD, pH, ammonia nitrogen and heavy metals brings strong malodour.


Table  1:    Nine-level scale of hedonic tone score.7



	Score
	Perceived hedonic tone



	+4
	Very pleasant



	+3
	Pleasant



	+2
	Moderately pleasant



	+1
	Mildly present



	0
	Neutral / No odour



	−1
	Mildly unpleasant



	−2
	Moderately unpleasant



	−3
	Unpleasant



	−4
	Very unpleasant





Table  2:    Volatile fatty acids of waste collected from AJTS waste tipping area.



	Volatile fatty acid (molecular weight, g mol−1)

	Concentration (ppm)

	Characteristic odour

	Odour threshold detection value (ppm)




	Acetic (60)
	3618

	Sour, vinegar10
	0.2110



	Propionic (74)
	549

	Slightly pungent disagreeable, rancid odour11
	0.1611



	Isobutyric (88)
	14

	Pungent odour like that of butyric acid, but not as unpleasant12
	0.0112



	Butyric (88)
	581

	Sweat, body odour13
	0.00113



	Isovaleric (102)
	38

	Disagreeable, rancid-cheese odour14
	0.0000001714



	N-valeric (102)
	210

	Sweaty, unpleasant and penetrating odour, same as butyric acid14
	0.000000314



	Isocaproic (116)
	23

	Stench14
	0.00000214



	N-caproic (116)
	186

	Sharp, sour, rancid odour, goat-like odour14
	0.00000214



	Heptanoic (130)
	55

	Disagreeable, rancid odour; faint tallow-like odour when spectroscopically pure12
	0.6412




High acetic acid at 3618 ppm was evident in the AJTS leachate from the waste tipping area, followed by butyric and propionic acid at 581 ppm and 549 ppm, respectively (refer Table 2). The acetic, butyric and propionic acid naturally have low odour detection thresholds of 0.21 ppm, 0.001 ppm and 0.16 ppm, and considering their elevated concentrations are likely to have contributed to the sour-rancid-like smell observed from the waste. Occasional unpleasant vomit smell is contributed by butyric acid and propionic acid. The emission of such odorous compounds may cause odour nuisance to the community surrounding the waste transfer station. These acids (acetic, butyric and propionic acid) are lower molecular weight compounds, therefore are volatile and has higher potential for their emission to the atmosphere.

The waste from AJTS is wet with 72% moisture content and highly organic with 76% volatile solids. Given the wet and putrescible condition, odour is expected as the wastes start decomposing. High content of organic matters contributes to the production of foul-smelling products (e.g., H2S and NH3) due to its degradation where wet garbage with higher organic content has higher malodour compared to dry garbage with lower organic content.10

3.2           Odour Removal Between EM and Lysol Solutions with Different Spraying Frequencies

Figure 1 shows odour concentration from the AJTS waste treated with one-time spraying of EM and Lysol solution at 9.30 am. For the EM treated waste pile, odour before treatment was 515 OU m–3 which later dropped to 430 OU m–3, 2 h after EM was sprayed onto the waste. Odour was relatively constant at 390 OU m–3 for about another 2 h before ascending to 493 OU m–3 7 h after spraying. The response of waste odour concentration indicates that the EM solution is effective to control odour for a period of 5 h with an odour reduction efficiency of 24%.
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Figure  1:      Odour concentration of AJTS waste treated with EM ([image: art]) and Lysol ([image: art]) spraying at 9.30 am (dates indicated the experimental period).




On the other hand, for the Lysol treatment, the odour removal was more drastic, from 1201 OU m–3 before treatment at 9.00 am to 721 OU m–3, 2 h after Lysol treatment. Odour continually decreases to a low 515 OU m–3 7 h after spraying. With Lysol, odour control period was longer (7 h instead of 5 h with EM), registering an odour reduction efficiency of 57%.

Hedonic tone defines the pleasantness or unpleasantness of an odour, and is responsible for the perception leading to odour complaint.5 The hedonic tone for the EM application only demonstrated a slight improvement from −3 (unpleasant) to −2 (moderately unpleasant). The change in hedonic tone coincides with a move from an initial sour garbage smell to a fermenting smell after EM spraying. This shows good agreement with Higa and Chinen attributing the fermenting smell due to the reaction of fermenting types of microorganisms present in EM to suppress odour production.11 The hedonic tone markedly improved using Lysol from −3 (unpleasant) to −1 (mildly unpleasant). The initial offensive sour garbage sample was masked with a slight soapy smell that continued to a more neutral smell after long period of application. It seems that in the management of malodour, Lysol acts as a masking agent to reduce the odour issue. Marcovitch in his study also agreed that Lysol with antiseptic and antimicrobial properties has light soapy smell.12 For spraying EM twice, although odour concentration decreases more abruptly compared to spraying only once (refer Figure 2), hedonic tone shows not much improvement for both results of spraying once and twice. The hedonic tone decreases from −3 to −2 repeatedly with the same sour garbage smell to a fermenting smell after EM spraying. In addition, the behaviour of Lysol treatment was similar to the EM application, whereby the hedonic tone for spraying twice remains identical with spraying once. The hedonic tone decreases from −3 to −1, again with sour garbage smell becoming more soapy and later to an almost neutral odour after long period of application.

The results of EM and Lysol application as shown in Figure 1 and Figure 2 indicated that Lysol offers a better option for odour treatment when sprayed onto the AJST waste compared to EM. The former also offers longer lasting odour suppression period up to 7 h compared to only 5 h with EM and with twice the odour removal efficiency. The result is reasonable as Golec et al. had discussed in their research that the breakdown of organic matter and fermentation of organic materials by lactic acid bacteria present in EM normally takes plenty of time.13 Compared to Lysol, EM does not mask the odour but it rapidly accelerates the activity of decomposition and altering the odour compounds in the solid waste to a fully-oxidised state.
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Figure  2:      Odour concentration of AJTS waste treated with EM ([image: art]) and Lysol ([image: art]) spraying at 9.30 am and 12.30 pm (dates indicated the experimental period).



3.3           Odour Emission at AJTS Waste Tipping Area

Table 3 shows the odour concentration at the AJTS observed intermittently in two weeks. The waste tipping floor area was designed as partially enclosed area to manage dust, odour and windblown litter. During observation period, odour was higher especially after mid-afternoon (after 12 pm) where the ambient temperature was around 32°C–34.9°C. The result is agreeable as National Solid Waste Management Association mentioned that at transfer station, odour issues are worse at warmer temperature, longer storage time and low wind conditions.10 Besides, United States Environmental Protection Agency also stated that odour level might increase during warm or wet weather. The effect of wind speed is less significant in this case due to partially enclosed design of the AJTS waste tipping floor.14

As demonstrated in Table 3, the concentration of odour at waste tipping area fluctuates within a limited range of values. The recorded lowest odour concentration was 681 OU m–3 whereas highest odour concentration was recorded as 1361 OU m–3.

The odour concentration measured at the site was comparable to the odour from AJTS waste sample, tested under laboratory conditions as demonstrated by Figure 3. A highest odour concentration of 1201 OU m–3 and a lowest value of 422 OU m–3 was observed, with peaks during noon about 2 pm. This corresponding behaviour of on-site odour concentration and laboratory odour data, indicates that the findings with regards to odour treatment found in the laboratory can be applicable for use at the AJTS.


Table  3:    AJTS waste tipping area real time odour concentration.



	Date
	23/3/2016

	25/5/2016

	30/3/2016

	1/4/2016




	Time
	Odour concentration, OU/m−3




	0900
	1201

	681

	881

	1041




	1000
	721

	721

	721

	681




	1100
	1361

	881

	681

	640




	1200
	1201

	1201

	721

	881




	1400
	1361

	881

	1361

	1041




	1500
	1281

	1201

	721

	1201




	1600
	881

	881

	881

	1361
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Figure  3:      Odour concentration of duplicate AJTS waste sample measured in the laboratory.



4.           CONCLUSION

The municipal solid waste at AJTS waste tipping area has abundant organic matters, evidenced by high COD (between 41,500 mg l−1 to 61,500 mg l−1), volatile solids of 76% and moisture content of 72%. The distinctive sour and pungent garbage smell at the waste tipping area can be explained by the high acetic acid (3618 ppm), butyric acid (581 ppm) and propionic acid (549 ppm) content, significantly beyond their odour detection threshold of 0.21 ppm, 0.001 ppm and 0.16 ppm respectively. Lysol also has higher capability in reducing odour for a longer period  of 7 h compared to just 5 h with EM. Spraying Lysol two times (morning and noon) within 6 h would be effective to reduce odour by 57%, emitting a mildly unpleasant ‘soapy’ scent rather than an unpleasant sour garbage odour.
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ABSTRACT: This study was conducted to investigate the effects of operational factors, namely: 1. type of activated sludge; 2. activated sludge concentration; 3. initial phenol concentration; and 4. addition of sucrose; on the biodegradation of phenol in batch experiments. At various initial phenol concentrations, complete phenol biodegradations with chemical oxygen demand (COD) removal of 95% were achieved by both unacclimated and phenol-acclimated activated sludge. The performance of biodegradation was greatly enhanced, with biodegradation time shortened from 330–1260 to 35–330 min for initial phenol concentrations of 25–250 mg l–1, when the activated sludge was acclimated to the target compound, despite the low acclimation concentration of 50 mg l–1. Phenol biodegradation time was found to decrease with increasing activated sludge concentration and decreasing initial phenol concentration. In the presence of sucrose as co-substrate, biodegradations of phenol by both unacclimated and phenol-acclimated activated sludge were improved. The kinetic data for the biodegradation of phenol was well-fitted into pseudo-first-order model. The values of rate constant of phenol-acclimated activated sludge were found to be higher compared to those of unacclimated activated sludge under all the operational conditions studied. For phenol-acclimated activated sludge, the values of pseudo-first-order rate constant, k, were observed to decrease with increasing concentration of activated sludge and decreasing initial phenol concentration.

Keywords: Biodegradation, operational factors, phenol, acclimation, kinetics


1.           INTRODUCTION

Phenolic compounds are widely used in the industrial fields such as oil refining, petrochemical, pharmaceuticals, phenol manufacturing, agro-industry, coke and coal gasification industries.1–4 These compounds are carcinogenic and dangerous due to their toxicity and high bioaccumulation rate along the food chain.3 Therefore, phenolic-containing effluents have to be treated properly before discharged into discharge into external environment. According to the Environmental Quality Act 1974, the discharge of industrial effluent containing phenol is limited to 0.001 and 1.0 mg l–1 for Standard A and B, respectively.

Increasing environmental awareness coupled with more stringent regulation standards have triggered various industries to challenge themselves in seeking appropriate wastewater treatment technologies.5 The removal of phenolic compounds from wastewater can be achieved using physical, chemical or biological methods. However, physico-chemical methods such as activated carbon adsorption, reverse osmosis, solvent extraction, electrolytic oxidation and chemical oxidation are costly and show incomplete removal of toxic pollutants.2,4–7 In contrast, biological approaches provide economical and eco-friendly treatments of phenolic compounds in addition to the low possibility of by-product formation and hence mineralisation of phenols is achievable.8 Activated sludge process is one of the widely used biological treatment systems in which the wastewater is treated with a mixture of microorganism.9 In comparison with the pure culture, complete mineralisation of phenolic compounds using mixed culture is more practical and efficient.1,10

Sequencing batch reactor (SBR) system, one of the activated sludge processes, provides a good alternative compared to others due to its effectiveness and operational flexibility. Studies have shown the complete mineralisation of various phenolic compounds using activated sludge obtained from sequencing batch reactor systems.10–13 Nonetheless, it was observed that the biodegradation of phenolic compounds was mostly conducted using activated sludge that was acclimated to the target compound beforehand.2,10,13,14 Acclimated activated sludge consists of microorganisms with adjusted morphological, behavioural, physical or biochemical traits in response to changes in the environment. A study has presented that complete removal of 4CP up to 300 mg l–1 was achieved by employing acclimated activated sludge.10 In the study by Vazquez-Rodriguez et al., no lag phase was found during the biodegradation of phenol by activated sludge acclimated to 700 mg l−1 of phenol.13 Similar result was reported by Janeczko and Oleszkiewicz that immediate biodegradation of 2-nitrophenol (2NP) without any lag was shown using acclimated activated sludge, whereas a 170 to 230 h lag was observed before the initiation of 2NP removal using unacclimated activated sludge.14 In view of the wide range concentration of phenol in industrial wastewater, Lim et al. investigated the response of the low-strength phenol-acclimated sludge to shock loading of high phenol concentration and found that activated sludge acclimated to 140 mg l–1 was able to achieve complete degradation of phenol up to 1050 mg l–1.1 However, to the best of our knowledge, studies on the effect of operational factors on the phenol biodegradation efficiency and kinetics using unacclimated and low-strength acclimated activated sludge are still limited.

Cometabolism is defined as biotransformation of non-growth substrates by organism that require alternative substrate for energy or cell growth.15,16 Studies had been carried out in adding different types of co-substrate aiming to improve the removal efficiency of phenol. Enhancement of inhibition tolerance of pure culture, P. putida towards phenol was observed by Lob and Tar when the system was supplemented with optimum concentrations of yeast extract and glucose, respectively.6 On the other hand, adverse effect of co-substrate was reported by V. Arutchelvan et al. in which the phenol degradation efficiency was found to reduce comparatively in the presence of dextrose as co-substrate.17 In this study, the feasibility of using sucrose as the co-substrate to improve the biodegradation of phenol was investigated.

In the light of the above observations, the main objective of this study is to evaluate the effects of operational factors, namely: 1. type of activated sludge; 2. concentration of activated sludge; 3. initial concentration of phenol; and 4. addition of sucrose; on the removal efficiency of phenol. Additionally, the biodegradation kinetics of phenol was also assessed under different operational conditions.

2.           EXPERIMENTAL

2.1           Culturing and Acclimation of Activated Sludge

The seed of activated sludge was collected from a local municipal sewage treatment plant at Batu Ferringhi, Penang, Malaysia. It was then cultured using two identical laboratory-scale SBRs, namely, R-P and R-C. Each reactor with the working volume of 5 l was operated with five operational periods of FILL, REACT, SETTLE, DRAW and IDLE with the ratio of time of 2: 8: 1: 0.75: 0.25 for a cycle of 24 h. The reactors were fed with the base mix of the following composition (in mg l–1): bacto-peptone (188), sucrose (563), KH2PO4 (32), K2HPO4 (180), (NH4)2SO4 (212), NaHCO3 (500), MgSO4 (49), FeCl3∙H2O (18.8) and CaCl2 (40). A volume of 3.5 l of feed solution was added into the reactor and equal volume of treated effluent was withdrawn from the reactor during the FILL and DRAW periods, respectively, for each cycle. The low-strength phenol-acclimated activated sludge was cultured in reactor R-P, in which the activated sludge was gradually acclimated to phenol by increasing the phenol concentration from 5 to 50 mg l–1 with both sucrose and bacto-peptone concentrations gradually reduced to half. The reactor R-C served as control without acclimation. Once the quasi-steady state was attained as indicated by fairly constant concentrations of mixed liquor suspended solids (MLSS) of 4500 ± 300 mg l–1 and 3500 ± 300 mg l–1 for reactors R-C and R-P, respectively, the unacclimated and phenol-acclimated activated sludge were used in the biodegradation studies.

2.2           Batch Biodegradation Studies

The studies of biodegradation of phenol were carried out in batch mode. The effects of operational factors, namely: 1. type of activated sludge; 2. concentration of activated sludge; 3. initial concentration of phenol; and 4. addition of co-substrate on the biodegradation efficiency and kinetics; were investigated in this study. Concentrations of phenol and dissolved oxygen (DO) as well as pH were monitored throughout the experiment. At the end of the biodegradation experiments, chemical oxygen demand (COD) concentration was measured on the last sample using closed reflux and titrimetric method to ascertain the attainment of mineralisation.18

2.2.1         Types of activated sludge

Biodegradations of phenol using unacclimated and phenol-acclimated activated sludge, respectively, were conducted in 2-l conical flasks. A volume of 1.5 l of solution containing nutrients with the same composition as the base mix mentioned previously and 50 mg l–1 of phenol was added into the flask. Subsequently, an amount of 200 mg l–1 of activated sludge was added into the solution followed by immediate aeration. Frequent sampling was carried out at regular time intervals for the determination of residual phenol concentration until the concentration was less than 1.0 mg l–1. The sample was filtered through filter paper Whatman No. 1 and the filtrate was analysed for the residual phenol concentration using colorimetric 4-aminoantipyrine method at the λmax of 506 nm.18

2.2.2         Concentration of activated sludge

The effect of concentration of activated sludge on the degradation of phenol were investigated following the procedure as described in Section 2.2.1. Unacclimated and phenol-acclimated activated sludge at different concentrations of 100 to 400 mg l–1, respectively, were used.


2.2.3         Initial concentration of phenol

The degradation of phenol was investigated by varying the initial phenol concentration (25, 50, 150 and 250 mg l–1) using 400 mg l–1 of unacclimated and phenol-acclimated activated sludge, respectively.

2.2.4         Addition of co-substrate

The biodegradation of 50 mg l–1 of phenol in the presence of sucrose as co-substrate was evaluated. Procedure as described in Section 2.2.1 was repeated with the addition of different concentration of sucrose (5, 10 and 20 mg l–1) and 200 mg l–1 of unacclimated and phenol-acclimated activated sludge, respectively.

2.3           Kinetic Studies

The time course data of residual phenol concentration from each of the batch experiment studies (Section 2.2) were fitted into the pseudo-first-order equation as shown in Equation 1:
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where [S]0 is the initial concentration of phenolic compounds, [S]t is the concentration of phenol at time t and k is the pseudo-first-order rate constant of phenol removal.

The values of k obtained were statistically analysed with two-way ANOVA test using the software Minitab version 16 and then compared in order to assess the biodegradation kinetics using unacclimated and phenol-acclimated activated sludge, respectively, under different operational conditions.

3.           RESULTS AND DISCUSSION

3.1           Effect of Operational Factors on Biodegradation of Phenol

3.1.1         Different activated sludge concentrations

The time courses of phenol removal by unacclimated and phenol-acclimated activated sludge at various concentrations of 100 to 400 mg l–1 are shown in Figure 1(a) and (b), respectively. At the initial concentration of 50 mg l–1, phenol was completely degraded with no observable lag phase for all the cases. The time required for complete removal of phenol was found to decrease with increasing concentration of activated sludge for both unacclimated and phenol-acclimated activated sludge. Approximately 19 h was required for complete degradation of phenol at 100 mg l–1 of unacclimated activated sludge. The duration was reduced to 15 h, 12 h and 8 h, respectively, when the activated sludge concentration was increased to 200, 300 and 400 mg l–1. For phenol-acclimated activated sludge, approximately 9 h, 7 h, 3 h and 1 h, respectively, were required for 100, 200, 300 and 400 mg l–1 of activated sludge. Relatively shorter biodegradation time was observed for phenol-acclimated activated sludge indicating the importance of acclimation process. Acclimation process shortened the lag phase and enhanced the degradation ability of target compound, therefore the biodegradation time became shorter.2,13 This can be supported by the findings of Lim et al. which reported the higher efficiencies of phenolic compounds removal using phenol-acclimated activated sludge compared to those of unacclimated activated sludge.1,2

3.1.2         Different initial phenol concentrations

Time courses of the residual phenol concentration during biodegradations by 400 mg l–1 of unacclimated and phenol-acclimated activated sludge at various initial phenol concentrations are shown in Figure 2(a) and (b), respectively. Complete mineralisation of phenol, which could be verified by approximately 95% COD removal, was achieved in all the cases. No lag phase was observed for all the initial phenol concentrations studied. However, for both type of activated sludge, the time required to completely remove phenol was found to increase with increasing initial phenol concentration, signifying the greater toxicity effect toward their own biodegradations attributed by the inhibited microbial growth at higher phenol concentration.19 Similar trend was reported by Saravanan et al.20 In addition, the performance of biodegradation was observed to be greatly enhanced by acclimation in spite of the low acclimation concentration of 50 mg l –1. Lim et al. has shown the ability of low-strength phenol-acclimated activated sludge to completely degrade phenol at initial concentration of 7.5 times higher of which it had been acclimated.1

In this study, the phenol-acclimated activated sludge was able to remove 250 mg l–1 of phenol (a concentration of five times higher than the acclimation concentration) within 330 min. However, for unacclimated activated sludge, only 50 mg l–1 of phenol was degraded within the same time limit. The enhancement by acclimation was found to be more pronounced at lower initial phenol concentration, in which the biodegradation time for phenol-acclimated activated sludge was found to be 9 and 7 times, respectively, shorter compared to those of unacclimated activated sludge, at the initial phenol concentration of 50 and 100 mg l–1. Thus, it is feasible to use low-strength phenol-acclimated activated sludge to treat wastewater containing a much higher concentration of phenol.
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Figure  1:      Time courses of the residual phenol concentration at various concentrations of (a) unacclimated and (b) phenol-acclimated activated sludge.
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Figure  2:      Time courses of the residual phenol concentration at various initial phenol concentrations for (a) unacclimated and (b) phenol-acclimated activated sludge.




3.1.3         Addition of co-substrate

Time courses of residual phenol concentration during the biodegradation of phenol in the presence of various concentrations of sucrose as co-substrate using unacclimated and phenol-acclimated activated sludge, respectively, are shown in Figures 3(a) and (b). It was observed that for unacclimated activated sludge, reduction in biodegradation time was only observed for the addition of 20 mg l–1 of sucrose, from 900 to 720 min. Whereas for phenol-acclimated activated sludge, more significant reduction in biodegradation time was observed, from 420 to 270 min in the presence of as low as 5 mg l–1 of sucrose. This revealed the occurrence of cometabolic biodegradation in which xenobiotic compound could be mineralised more effectively with the addition of second non-toxic substrate attributed to the decreased toxicity and growth inhibitory of xenobiotics compounds on cells.16 Yu and Ward reported that the degradation of pentachlorophenol (PCP) was facilitated with the addition of alternative carbon sources, such as glucose and peptone.21 It could be plausibly explained by the role of these non-toxic carbon sources in increasing the transformation rate of xenobiotics and acting as a reducing agent for degradation of recalcitrant organic compounds as well as an inducing agent for biodegradation enzymes.22,23

3.2           Kinetic Study

The kinetics of the biodegradation of phenol using unacclimated and phenol-acclimated activated sludge under various operational conditions were investigated using pseudo-first-order equation (Equation 1). In this study, the values of R2 obtained ranged from 0.75 to 0.98 at different operational conditions and the values of pseudo-first-order rate constant of phenolic removal, k, for unacclimated and phenol-acclimated activated sludge are listed in Tables 1 and 2, respectively.

The results showed that phenol-acclimated activated sludge exhibited significantly higher values of rate constant compared to unacclimated activated sludge under all the operational conditions investigated. This further substantiates the importance of acclimation on activated sludge in order to achieve more effective biodegradation of phenol, albeit the lower acclimation concentration at 50 mg l–1. Many previous studies have shown the importance of acclimation on activated sludge. It was manifested that phenol was degraded completely without any observable lag phase at high initial phenol concentration (1050 mg l–1) by acclimated activated sludge. In contrast, biodegradation using unacclimated activated sludge was inhibited at low concentration of phenol at only 15 mg l–1.1 Nonetheless, it was also reported that the toxicity of 4CP on the activated sludge was decreased substantially and complete removal was achieved easily after acclimation.10
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Figure  3:      Time courses of the residual phenol concentration at various sucrose concentrations for (a) unacclimated and (b) phenol-acclimated activated sludge.




Table  1:    Pseudo-first-order rate constants of phenol removal, k, under different operational conditions for unacclimated activated sludge.



	Operational factors

	Activated sludge concentration (mg l−1)

	Initial phenol concentration (mg l−1)

	Sucrose concentration (mg l−1)

	Rate constant, k (×10−3 min−1)

	R2




	Activated sludge concentration
	100

	50

	0

	1.00a

	0.8687




	200

	
	
	1.65a

	0.8205




	300

	
	
	2.25a

	0.8735




	400

	
	
	5.25a

	0.8296




	Initial phenol concentration
	400

	25

	0

	8.15a

	0.8814




	
	50

	
	5.25a

	08296




	
	150

	
	3.90a

	0.7490




	
	250

	
	0.60a

	0.8912




	Sucrose concentration
	200

	50

	0

	1.65a

	0.8205




	
	
	5

	1.30a

	0.8368




	
	
	10

	1.60a

	0.7835




	
	
	20

	1.35a

	0.8228





Note: Mean data accompanied by different alphabet letters are significantly different (Two-way ANOVA, Tukey test, p < 0.05).


Table  2:    Pseudo-first-order rate constants of phenol removal, k, under different operational conditions for phenol-acclimated activated sludge.



	Operational factors

	Activated sludge concentration (mg l−1)

	Initial phenol concentration (mg l−1)

	Sucrose concentration (mg l−1)

	Rate constant, k (×10−3 min−1)

	R2




	Activated sludge concentration
	100

	
	0

	3.55a

	0.8259




	200

	
	
	9.85a

	0.9291




	300

	
	
	25.65b

	0.9424




	400

	
	
	61.60c

	0.9781




	Initial phenol concentration
	400

	25

	0

	122.25b

	0.9201




	
	50

	
	61.60c

	0.9781




	
	150

	
	10.60a

	0.8373




	
	250

	
	8.85a

	0.8517




	Sucrose concentration
	200

	50

	0

	9.85b

	0.9291




	
	
	5

	8.50b

	0.8622




	
	
	10

	8.90b

	0.8766




	
	
	20

	8.60b

	0.8286





Note: Mean data accompanied by different alphabet letters are significantly different (Two-way ANOVA, Tukey test, p < 0.05).


For unacclimated activated sludge, the values of rate constant ranged from 1.0 × 10–3 to 5.25 × 10–3 min–1 for 100 to 400 mg l–1 of activated sludge, with no significant difference. In contrast, notable difference in rate constants was shown by using phenol-acclimated activated sludge. The values obtained are 3.55 × 10–3, 9.85 × 10–3, 25.65 × 10–3 and 61.6 × 10–3 min–1 for 100, 200, 300 and 400 mg l–1 phenol-acclimated activated sludge, respectively. A similar result was reported by Sahinkaya and Dilek, in which the degradation rate of 4CP increased with increasing concentration of biomass used.10

Furthermore, the kinetics of phenol using unacclimated activated sludge was not affected significantly by the initial phenol concentration range studied. The values of biodegradation rate constants were found to be 0.60 × 10–3 to 8.15 × 10–3 min–1 at the initial phenol concentration of 25 to 250 mg l–1. In contrast to unacclimated activated sludge, phenol-acclimated activated sludge exhibited remarkable reduction in the values of rate constant, from 122.25 × 10–3 to 8.85 × 10–3 min–1, when the initial phenol concentration was increased from 25 to 250 mg l–1. This is due to the inhibition of degradation by shock loading of high phenol concentration. In a study by Marrot et al., the inhibition effect of phenol was reported to become predominant at higher concentration and thus the low rate of substrate utilisation.19 Similar trend was shown by Lim et al. investigating the kinetics of various phenolic compounds using phenol-acclimated activated sludge.2 This phenomenon could be explained by the change in the pathway (ortho- or meta-cleavage) at different initial concentrations of phenol, resulting in the formation of distinct intermediates and thus led to slow degradation.24

As described in Section 3.3.1, phenol biodegradation time was found to decrease with the addition of sucrose (Figure 3). However, when the k values (Tables 1 and 2) were compared statistically, it was observed that the increase in the sucrose concentration from 0 to 20 mg l–1 had no significant effect on the phenol biodegradation rate constants for both the unacclimated and phenol-acclimated activated sludge. The addition of sucrose in the concentration range tested in this study was possibly too low to exert significant effect on the biodegradation rate. Tobajas et al. reported that toxicity of 4CP can be greatly attenuated by adding glucose as primary substrate with the concentration ranged from 25 to 250 mg l–1 and no lag phase was observed.25 However, complete removal of 4CP was only achieved when the highest concentration of glucose was used. Therefore, a higher concentration of sucrose is suggested for further investigation in order to evaluate the effect of sucrose as the co-substrate on the enhancement of phenol biodegradation.


4.           CONCLUSION

This study was carried out to investigate the effects of operational factors, namely type of activated sludge, activated sludge concentration, initial phenol concentration and addition of sucrose on the biodegradation of phenol. In spite of the low acclimation concentration of 50 mg l–1, phenol-acclimated activated sludge performed more effectively during the biodegradation of phenol compared to unacclimated activated sludge. This indicates the importance of acclimation process in activated sludge. The enhancement in the biodegradation by acclimation was found to be more pronounced at high concentration of activated sludge and low initial phenol concentration. In addition, phenol biodegradation facilitated with the addition of sucrose as a co-substrate helped in decreasing the inhibitory effect on the activated sludge. For kinetic studies, the phenol-acclimated activated sludge exhibited significantly higher values of rate constant of phenol removal, k, under all the operational conditions compared to unacclimated activated sludge. The k values for phenol-acclimated activated sludge increased from 3.55 × 10–3 to 61.6 × 10–3 min–1 and 8.85 × 10–3 to 122.25 × 10–3 min–1, respectively, with increasing concentrations of activated sludge from 100 to 400 mg l–1 and decreasing initial phenol from 250 to 25 mg l–1.
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ABSTRACT: Nuclear quadrupole resonance (NQR) spectroscopy is proven to be a very sensitive technique for measuring distribution of electric charge around quadrupolar nuclei. Quadrupolar parameters of nuclei can be used as a tool to understand the electronic structure of compounds. The electronic structure of magnesium alanate, Mg(AlH4)2, as promising hydrogen storage materials for hydrogen fuel cell-powered automobile applications, has been studied in detail by ab initio calculated NQR parameters. Furthermore, using calculated nuclear quadrupole coupling constants (NQCCs) of hydrogen atoms (2H-NQCC), the electronic structure of α-Mg(AlH4)2 with its high-pressure forms, β- and γ- Mg(AlH4)2, was compared. The electric field gradient (EFG) at the site of 2H atoms was calculated to obtain NQCC parameters. The results show that in the γ-Mg(AlH4)2, 2H-NQCCs are smaller than that of other considered phases. In other words, Al–H bonds in γ-Mg(AlH4)2 nanocrystal is weaker than others and the charge transfer from Al to hydrogen atom is less than the others and therefore these hydrogens have weaker bonds with Al and easier condition for dehydrogenation is expected in γ-Mg(AlH4)2. Comparison of calculated dehydrogenation enthalpies of various Mg(AlH4)2 phases verifies this prediction. All calculations performed using Gaussian 03 at the HF/3-21G level of theory. The selected level and basis set give the rather acceptable qualitative NQCCs of hydrogen atoms.

Keywords: Nuclear quadrupole resonance, Mg(AlH4)2, hydrogen, ab initio calculations, 2H-NQCC


1.           INTRODUCTION

The alanates (complex aluminohydrides) possess a relatively high gravimetric hydrogen density. They are also considered among the most promising solid-state hydrogen-storage materials. Studies show that alanates such as LiAlH4 and Mg(AlH4)2 are promising hydrogen storage materials in hydrogen fuel cell-powered automobile applications.1–12 Mg(AlH4)2 possesses a very high theoretical hydrogen capacity (9.3%) and low decomposition temperature (<150°C).8–11 Mg(AlH4)2 was first synthesised in 1950 by Wiberg and Bauer, while its thermal decomposition behaviour was also studied.6,9,10,13 The crystal structure of Mg(AlH4)2 (hereafter, α-Mg(AlH4)2) has been determined by X-ray and neutron diffraction experiments.14 Using ab initio methods, the electronic structure and vibrational properties of some magnesium alanates were studied by Setten et al., and Spano and Bernasconi, respectively.15,16 It is known that Mg(AlH4)2 retains a higher capacity for hydrogen storage compared to sodium alanate.17,18 It was also reported that Mg(AlH4)2 readily decomposes at temperatures below 200°C.10

Experiments on X-ray powder-diffraction found that, under ambient conditions, the α-Mg(AlH4)2 structure (Figure 1) exhibits the space-group symmetry P-3m1 with a CdI2-layered structure. Except for Ca(BF4)2-type structure, in which magnesium atom located at the centre of a distorted square anti-prism is coordinated by eight H atoms, in α-Mg(AlH4)2 and other proposed magnesium alanates, there almost exist two kinds of polyhedral. First is the AlH4 tetrahedron in which the aluminium atom is tetrahedrally coordinated by one H1 and three H2 atoms. Second is the MgH6 octahedron in which the magnesium atom is octahedrally coordinated by six H2 atoms.19

Calculations on the total energy indicate that under ambient pressure the structure of α-Mg(AlH4)2 found by experiments is more stable than the other proposed structures.19 Nevertheless, despite these detailed studies and the promise of magnesium aluminium hydride systems, there remain still considerable challenges, which are impeded by uncertainties about thermodynamic and kinetic parameters of removing hydrogen from them and adding hydrogen to them. Hu et al. showed that with pressure increasing the structural transition from α- to β- Mg(AlH4)2 (δ-Zr(MoO4)2-type structure) and then β- to γ- Mg(AlH4)2 (Ca(BF4)2-type structure) occur at 0.67 and 10.28 GPa respectively, accompanied by volume reductions of 6.6% and 8.7%.19

Understanding the bonding nature of aluminium and hydrogen is essential in order to improve its fundamental dehydrogenation performance. To further understand the nature of the bonding, charge density distribution is typically investigated by Nuclear Quadrupole Resonance (NQR) spectroscopy analysis.20 NQR spectroscopy is a very sensitive technique for measurement of the electric charge distribution around quadrupolar nuclei (I > 1/2).21
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Figure  1:      Crystal structure of α-Mg(AlH4)2 modification.



The quantum mechanical approach is an effective method in determination of the charge distribution in molecules or complexes.22 In this method, the electric field gradient (EFG), resulting from whole molecular charges, can be estimated at any point in the molecular space.23 Verification of the EFG has become possible by the quadrupolar nuclei which possess a nuclear quadrupole moment and interact with molecular EFG tensor.23 This interaction is measured by the nuclear quadrupole coupling constant (NQCC).

NQCC tensor is the energy of interaction of the electric quadrupole moment (Q) of the atomic nucleus and electric field gradient (EFG) at the site of the nucleus.20–23 Thus, quantum chemistry calculation of the expectation values of the components of the EFG tensor allows calculation of the components of the NQCC tensor. The NQCC of a nucleus is a perfect criterion for determination of charge density on a nucleus. In the present paper, calculated NQCCs of 2H nuclei in a unit cell of nanocrystal of Mg(AlH4)2 and some pressure-induced structural transitions of this compound were used to explore the electronic structure and steric factors controlling Al–H bond strength of these compounds.

2.           COMPUTATIONAL DETAILS

Experimentally established nanocrystal structure data for α-Mg(AlH4)2 were used as input (Figure 1). Experimental structural data for β- and γ-Mg(AlH4)2 are not available, but the calculated findings from reference are included in Table 1.13,19 A unit cell of β-Mg(AlH4)2 and γ-Mg(AlH4)2 nanocrystals are shown in Figures 2 and 3.


Table  1:    Structural parameters for Mg(AlH4)2 nanocrystals in ambient and high-pressure phases.



	Structure
	Lattice constants, A°
	Internal parameters



	α-Mg(AlH4)2 (p-3m1)
	a = 5.208
	Mg: 0.0000, 0.0000, 0.0000



	b = 5.839
	Al: 0.3333, 0.6667, 0.6991



	H1: 0.3333, 0.6667, 0.4242



	H2: 0.1671, −0.1671, 0.8105



	β-Mg(AlH4)2 (C2/m)
	a = 9.027
	Mg: 0.0000, 0.0000, 0.0000



	b = 5.194
	Al: 0.3273, 0.0000, 0.2908



	c = 6.073
	H1: 0.0941, −0.2548, 0.8207



	β = 89.55
	H2: 0.1601, 0.0000, 0.2036



	H3: 0.3341, 0.0000, 0.5496



	γ-Mg(AlH4)2 (pbca)
	a = 12.722
	Mg: 0.1126, −0.4807, 0.2032



	b = 8.827
	Al1: −0.0557, −0.2275, 0.0248



	c = 8.588
	Al2: 0.1509, −0.1251, 0.3015



	H1: −0.0148, −0.3593, 0.1417



	H2: 0.1383, 0.3860, 0.3892



	H3: 0.1292, 0.3217, 0.0972



	H4: 0.0375, −0.3558, 0.4325



	H5: 0.1584, −0.0938, 0.4856



	H6: 0.0298, −0.1028, 0.2416



	H7: 0.1878, −0.2944, 0.2599



	H8: 0.2238, −0.0082, 0.2057




The HF/3-21G computational model as implemented in the Gaussian software package has been shown to be effective for efficient and accurate calculation of deuterium NQCC tensors.24–27 We report here the results of calculations made for the NQCC tensors using this model as implemented in the Gaussian 03.24

2.1           Evaluations of NQCCs

NQR spectroscopy or zero Field NMR is a chemical analysis technique mediated by the interaction of the electric field gradient (EFG) with the quadrupole moment of the nuclear charge distribution.22 Briefly, the electric field gradient at the nucleus due to its external charges is conveniently described using spatial derivatives of the corresponding electrostatic potential, V, evaluated at the nucleus:
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Figure  2:      Crystal structure of β-Mg(AlH4)2 modification.
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Figure  3:      Crystal structure of γ-Mg(AlH4)2 modification.



Thus, the EFG can be described by a real, symmetric, traceless 3×3 tensor that in the principal axes system the components satisfy that: |qzz|≥|qyy|≥|qxx|. A non-zero electric quadrupole moment arises for nuclei that are classically non spherical. Values of Q are conveniently expressed in units of 10–24 cm2 = 1 barn. Nuclear quadrupole coupling constant can be calculated using:
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where h is the Planck’s constant, Q is nuclear electric quadrupole moment and qzz is the Z component of the EFG tensor in the principal axes system.23

Similar to the many previous studies, here we assumed that the nuclear electric quadrupole moments act as a simple constant or scaling parameter, and we do not parameterise it.25–27 Among the wide range of published standard values of Q(2H), we selected Q(2H) = 2.86 mb reported by Pyykko.28 It is evident that since the bond properties depend on electrons, it is possible to replace hydrogen atoms by deuterium, assuming no structural changes will occur.

3.           RESULTS AND DISCUSSION

Calculated NQCCs of nuclei seem to be an appropriate tool for better understanding of the electronic structure of compounds. NQCC is a proper criterion for the charge density of atoms. It is essential to calculate the electric field gradient (EFG) tensor at a nucleus to achieve theoretical calculation of NQCCs. According to NQCC expression, NQCC of nuclei is directly proportional to qzz.

Charge density on the nucleus and symmetry of EFG around the quadrupolar nucleus are effective factors in the values of qzz. It is evident that the importance of NQCCs is to be found in the different values of the field gradient for the same nucleus in different molecules. Nucleus with higher charge density has greater qzz and consequently larger χ. In this present work, the calculated NQCCs of hydrogens of pressure-induced phases of magnesium alanate were studied to find a possible relationship between their electronic structures and their hydrogen desorption ability. NQR parameters are highly sensitive to local charge distribution. These calculations worked and since there is no experimental data on NQCCs of considered compounds, the results of these calculations were applied in qualitative predictions.

3.1           Study of the Charge Density of Hydrogen Atoms in α-, β- and γ-Mg(AlH4)2

The α → β→ γ transition under high pressure is believed to be feasible for Mg(AlH4)2. The mechanism of the high-pressure structural transition was described by analysing the variation in their structural and electronic structures by Hu et al., and it was found that all the α, β and γ phases exhibit a common nonmetallic feature and it’s a great source for hydride ions.19

The results from the calculated density of states (DOS) for α-, β- and γ-Mg(AlH4)2 is consistent with the ionic bonding between Mg and the AlH4 subunit.19 Mg(AlH4)2 is an ionic compound comprised of Mg2+ and AlH4−. It is a great source for hydride ions. Aluminium has a low electronegativity. Therefore, the Al-H bond is very polarised with Al being positive and H being negative. In order to form a binding, the electrical charge must be transferred from aluminium atom to hydrogen. For a strong binding the mentioned charge transfer must be significant and more complete.

As it has been shown in previous studies, the NQCCs parameters at a considered coordinated atom are sensitive indicators of binding to another centre, so that rather detailed inferences regarding the extent of electron transfer can be obtained from the NQR data of this nucleus.25–27 In this work, Al-H bond strength in various modifications of Mg(AlH4)2 unit cell was studied using calculated NQCCs. The results are shown in Table 2.

From expression χ = e2QqZZ/h, it is obvious that NQCC of nuclei is directly proportional to qZZ. Thus larger 2H-NQCC is equal to stronger Al-H bond.

Table 2 shows that in γ-Mg(AlH4)2, some calculated 2H-NQCCs are smaller than 10 KHz while in α- and β- Mg(AlH4)2 some 2H-NQCCs about 500 KHz and 1000 KHz are seen. Small 2H-NQCCs in γ-Mg(AlH4)2 are related to hydrogen atoms with low charge density. In other words, Al-H bonds in γ-Mg(AlH4)2 nanocrystal is weaker than others and the charge transfer from Al to hydrogen atom is less than the others. Therefore, these hydrogens have weaker bonds with Al. It is expected that in the γ-Mg(AlH4)2 phase, hydrogen atoms can be removed easier and the γ phase stands out as a promising candidate for hydrogen storage and this high-pressure induced phase has easier condition for dehydrogenation.

3.2           Comparison of Dehydrogenation Ability of Pressure-Induced Phases of Mg(AlH4)2 using Calculated Enthalpies

Dehydrogenation reaction enthalpies are based on the dehydrogenation down to the dihydride:
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Table  2:    Calculated 2H-NQCCs in considered unit cells.
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MgH2 has four different phases. α-MgH2 at 2.5 GPa, γ-MgH2 at ambient pressure (after pressure release), β-MgH2 at 8.56 GPa, and δ-MgH2 at 15.36 GPa. This point was considered for enthalpy calculations. ΔH values relate to bond energies by:
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In Table 3, calculated enthalpies of dehydrogenation reaction for one formula unit (f.u.) of α- Mg(AlH4)2 and other pressure-induced phases of Mg(AlH4)2 were compared.


Table  3:    The calculated enthalpies of dehydrogenation reaction for one formula unit, f.u. of α-Mg(AlH4)2 and other pressure induce phases of Mg(AlH4)2.
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Inspection of Table 3 shows that ΔH value of γ-Mg(AlH4)2 is more negative than other considered phases and in this case the energy used for the bond breaking of γ-Mg(AlH4)2 is smaller than the energy released in the reaction, which corroborate the predicted results using calculated NQCCs.

4.           CONCLUSION

According to the data obtained from charge distributions, the quadrupolar parameters of nuclei can be used as a useful tool to understand the electronic structure of the compounds. In γ-Mg(AlH4)2, hydrogens have small NQCC and therefore these hydrogens have weaker bonds with Al and easier dehydrogenation is expected in γ-Mg(AlH4)2. Comparison of calculated dehydrogenation enthalpies of Mg(AlH4)2 phases verifies this point.
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ABSTRACT: Pristine natural rubber (NR) and its composites including natural rubber-halloysite nanotube (NR-HNT) as well as natural rubber-silver (NR-Ag) have been prepared in the form of films for the decolorisation of dyes via adsorption as well as degradation. As an adsorbent, the flatsheet NR film was capable in adsorbing methylene blue (MB). However, incorporation of HNT into the films enhanced this property. It was found that the percentage of MB removal increased from 66% to 93% within 2 h when 10 wt% and 70 wt% HNT were incorporated respectively. The NR film was also able to function as a catalytic film in the presence of Ag. The flatsheet NR-Ag films degraded MB with Ag content of as low as 0.002 wt%. Furthermore, we show that the efficiency of these films can be improved by preparing porous NR films. This work shows how the function of NR can be altered by incorporating various fillers.

Keywords: Natural rubber, halloysite nanotubes, silver, degradation, adsorption

1.           INTRODUCTION

Urbanisation has resulted in the use of a wide range of cationic dyes in numerous industries such as textiles, pulp mills, leather, dye synthesis, printing, plastic and food. This has led to water pollution, which results in malicious odours and unpleasant views. Indirectly, the quality of water drastically decreases and harms aquatic life. There exist several methods to treat the coloured contaminant effluent from industrial area. Adsorption using adsorbents such as α-chitin nanoparticles, activated carbon, chitosan, kaolin and rubber from waste tires is one of the methods which show potential for removal of dyes.1–5 Catalytic degradation using catalysts such as Ag, TiO2 and ZnO is another method frequently employed.6–9 Although numerous works employing either of the methods are available, the use of NR which consists of repeating cis-1,4-polyisoprene units for these purposes, have not been fully exploited.

Natural rubber is an inexpensive environmental friendly polymer which is readily available throughout Southeast Asia. To date, this polymer, which is in the form of composites, has shown great potential to be used for water remediation purposes.10 As examples, previous works have reported the adsorption of MB on NR/Chitosan blends as well as the adsorption of direct violet dye onto natural rubber chips.11,12 In addition, researchers have also reported the use of NR composites as catalyst. In recent work, NR/TiO2 and NR/TiO2Ag were used as photocatalysts for dye degradation.13,14 In the work reported by Stropa and coworkers, the presence of Ag did not show a significant impact on the degradation of MB.14 Other researchers have also used activated carbon (AC) and TiO2 with NR to degrade the same dye under UV light exposure.15

To our knowledge, no work has discussed in detail the potential of NR composites containing halloysite nanotubes (HNT) or solely Ag for the decolorisation of dyes. Hence, in this work, we demonstrate how NR can act as an adsorbent and how its capability and function can be altered by modifying it with various fillers such as HNT and Ag nanoparticles. It has been shown that HNT can be used as an adsorbent for adsorption of MB. However, its disadvantage is that the wastewater has to go through sedimentation process to obtain a clear treated solution.16 Immobilising HNT on NR may be the answer to this dilemma. Subsequently, Ag has also been exploited as a catalyst. Hence incorporation of this noble metal on NR can result in a film that can decolorise dyes via adsorption and degradation.

2.           EXPERIMENTAL

2.1           Materials

All chemicals were used as received. Natural rubber latex (60% dry rubber content) was obtained from Malaysian Rubber Board, Kuala Lumpur as a gift. HNT was purchased from Sigma-Aldrich, AgNO3 and MB from R & M Chemicals while sodium dodecyl sulfate (SDS) (99%) from Acros Organics Belgium.


2.2           Fabrication of Flatsheet NR Films

2.2.1         Preparation of NR films via latex casting (NR)

As much as 1 g of natural rubber latex (NRL) was dispersed in a mould. The latex was then dried for 5 h in an oven at 50°C and used directly for adsorption studies.

2.2.2         Preparation of NR-HNT films

Typically, the 10 wt% NR-HNT film was prepared by homogenising 1.6 g of NRL with 0.1 g of HNT dispersed in 2 ml of SDS. After stirring for 2 h, the mixture was cast and dried in an oven at 45°C. Similar procedures were employed for the preparation of NR-HNT films with 30, 50 and 70 wt% of HNT, however, the amount of HNT was varied. The pristine NR film was prepared by mixing 1.6 g of NRL with 2 ml of distilled water.

2.2.3         Preparation of NR-Ag films

An amount of 1 g of latex was cast in a beaker. It was then left to dry before adding 55.6 µl of 1 × 10–4 M AgNO3 solution. The NR-Ag film was then dried in an oven for 5 h with a temperature of 50°C. The wt% of Ag tested were varied at 3.0 × 10–4, 7.0 × 10–4, 11.0 × 10–4, 18.0 × 10–4 and 20.0 × 10–4 wt%.

2.3           Fabrication of Films for Comparison Studies

2.3.1         NR-Ag porous films

The NRL was air dried to form dry rubber. As much as 1.0 g of the dry rubber was cut into small pieces and dissolved in 40 ml of chloroform. The mixture was mixed with 10 ml DMF solvent and stirred for 3 h to obtain a homogeneous and clear solution. The solution was heated at 38°C for 30 min before electrospining using an EsprayerTM ES-2000. The temperature of the chamber was kept at 28°C to 32°C and was monitored using the Esprayer Multi 1.1 software. A voltage of 18 kV was applied to the sample with an extrusion rate of 15 μl min–1. The prepared solution was placed in a syringe having a needle with an internal diameter of 0.5 mm. Aluminium foil was placed on the metal collector covered with a non-conductive plastic. The product was collected at a distance of 20 cm to the syringe tip. The mass of the final porous NR film was approximately 0.13 g.

An amount of 7.4 μl of 1.0 × 10–4 M AgNO3 stock solution was dropped onto the prepared NR porous film and 3 ml distilled water was poured to the film in order to homogenise the Ag metal. Then, the film was dried for 5 h in an oven at 50°C.


2.3.2         Flatsheet NR-Ag films

An amount of 0.13 g of NRL was placed in a mould and was left to dry at room temperature before 7.4 μl of 1.0 × 10–4 M AgNO3 stock solution was pipetted onto the NR with 3 ml of distilled water. Then, the film was dried in an oven at 50°C for 5 h.

2.4           Characterisation Techniques

SEM (Quanta FEG 650) was used to study the morphology of the NR flatsheet and porous films. A small area was cut out from the fabricated films. The samples were mounted on aluminium stubs and sputter-coated (Quorum, Q150TS) with a layer of gold. A voltage of 15 kV was applied and different magnifications were used (200X, 2000X, 10000X) to view the sample.

Flame-AAS from Perkin Elmer (US), AAnalyst 100 was used to analyse the Ag element. Typically, the NR-Ag films were calcined at 500°C for 4 h. The obtained dry ashes were then digested using a mixture of HCl:HNO3 with a ratio of 3:1 while heating. The resulting mixture was then diluted with distilled water, filtered and topped up to 25 ml before analysing. The determination of Ag content involved the flatsheet.

2.5           Adsorption Studies

MB was employed to investigate the adsorption capability of the NR and NR-HNT films. The effect of HNT weight percentage (wt%) and initial MB concentration were studied. As much as 10 ml of the MB solution was placed in a sample vial in the presence of a piece of a film. It was then stirred continuously throughout the experiment. The UV-Vis spectra of MB were recorded at predetermined intervals of time to monitor the extent of MB adsorption. The amount of MB absorbed at a certain time was calculated using Equation 1, where qt is the amount of absorbed dye at any time (mg g–1), V is the volume of MB solution (l), C0 and Ct are the initial concentration and concentration of MB at a certain time (mg l–1), respectively and W is the mass of HNT employed (g):
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2.6           Catalytic Degradation Studies

An amount of 20 ml of 6.4 mg l–1 MB solution was added to the NR-Ag film. Subsequently, 0.027 g KBH4 in 20 ml distilled water was added as a reducing agent. The mixture was homogenised and recorded at predetermined interval of times using a UV-Vis spectrophotometer. The kinetics of MB degradation was calculated based on the first-order reaction model as in Equation 2. The integrated rate law of a first-order reaction is as follows:
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where [A]0 is initial concentration of MB, [A]t is the concentration of MB at time t, k is the rate constant, and t is the elapsed time.

3.           RESULTS AND DISCUSSION

3.1           NR Films

The role of NR film as an adsorbent for MB was investigated using different concentrations of MB dye. From Table 1, it can be seen that the adsorption capacity equilibrium (qe) increased from 0.07–0.31 mg gHNT–1 when the MB concentrations were increased from 3.2–16 mg l–1. Subsequently, the percentage of MB removal increased from 67.5% to 79.2% when the MB concentration was increased from 3.2 to 6.4 mg l–1 respectively. In contrast, increasing the concentrations of MB to 12.8 and 16 mg l–1 resulted in a decrease in the removal percentage to 64.2% and 59.3%. As can be seen, optimum adsorption of MB was at a concentration of 6.4 mg l–1.

Percentage of dye removal is highly dependent on the concentration of the dye.17 The trend observed can be best explained by the fact that at lower concentrations of MB, the ratio of adsorption sites to the total dye molecules in the solution is high. Hence, there is a high availability of adsorption sites for the MB molecules to be adsorbed onto the NR surface.18 As the concentration of the MB increases, the number of adsorption sites is insufficient to accommodate MB dye molecules.18 This can be best explained by the fact that the surface of NR has a limited number of adsorption sites and it becomes saturated upon achieving a certain MB concentration.19 The saturated surface of NR shields the excess of MB molecules from adsorbing onto the adsorption sites of NR surface. This decreases the percentage of MB removal. The data was fitted to the Langmuir, Freundlich and Tempkin isotherm models. This is presented in Figure 1. The Tempkin model best fit the data giving an R2 value of 0.9754. Values are tabulated in Table 2.


3.2           Natural Rubber Composite Films

3.2.1         NR-HNT composites

In a separate work, the potential of flatsheet NR-HNT films as an adsorbent for MB was investigated and compared to that of pristine NR under similar conditions. In this case, the HNT was sterically stabilised by the NR polymer. The extent in which the dye was adsorbed as a function of HNT content was studied. The amount of absorbed dyes (qe) and the percentage of MB removal (%R) of films with different wt% of HNT are tabulated in Table 1.


Table  1:    Adsorption capacity, qe (mg gHNT–1) of NR and NR-HNT adsorbents.



	Samples

	Concentration (mg l–1)

	qe (mg gHNT–1)

	%R




	NR
	3.2

	0.07

	67.50




	6.4

	0.15

	79.22




	12.8

	0.26

	64.20




	16

	0.31

	59.30




	NR
	
	1.44

	51.52




	10% NR-HNT
	
	2.69

	97.50




	30% NR-HNT
	5.92

	0.64

	83.90




	50% NR-HNT
	
	0.40

	95.65




	70% NR-HNT
	
	0.20

	95.47




	
	2.96

	1.29

	93.06




	10% NR-HNT
	11.8

	4.21

	97.08




	
	17.0

	5.13

	92.88






Table  2:    Isotherm parameters for the removal of MB dye onto NR and NR-HNT.



	Isotherms
	Parameters
	NR
	NR-HNT (10wt%)
	NR-HNT (50wt%)



	Langmuir
	(mg g–1)
	9.9502

	6.6489

	−0.9061




	KL (l mg–1)
	0.0222

	3.9167

	−0.9958




	
	0.7260

	0.0157

	−0.0694




	R2
	0.8587

	0.9720

	0.9640




	Freundlich
	KF (mg g–1 (l mg–1)
	0.2023

	5.1603

	2.6786




	1/n
	0.8110

	0.3330

	1.6061




	R2
	0.8873

	0.8827

	0.9761




	Tempkin
	A (l g–1)
	5.4202

	55.2580

	4.7569




	B (J mol–1)
	0.1340

	1.2730

	1.0150




	R2
	0.9754

	0.9287

	0.9988
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Figure  1:      The (a) Langmuir, (b) Freundlich and (c) Tempkin adsorption isotherms for NR as well as 10 wt% and 50 wt% NR-HNT films.



Our findings show that the NR-HNT films exhibited superior adsorption properties in comparison to pristine NR films. Overall, the NR-HNT films exhibited a %R of more than 80% irrespective of the HNT content, while pristine NR removed approximately 51% of MB within 500 min. The enhanced adsorption of MB by the NR-HNT films can be attributed to the availability of HNT. Previous work reported that HNT is an excellent adsorbent for cationic dye.16 The surface of HNT is mostly negative at pH 2–12. As the pH is increased, the surface of HNT becomes more negatively charged and thus, increasing the attraction between the negatively charged adsorbent and the positively charged cationic dye.

In this case, it can be seen that the 10 wt% NR-HNT has the highest qe among all the samples. The qe value decreased as the wt% of HNT was increased. This is because the weight and adsorption sites of the adsorbent increased as the wt% of HNT was increased but the amount of MB remained constant. A similar trend was seen in Peng et al.’s study.20

The influence of various initial MB concentrations was also studied. Values of qe and %R are presented in Table 1. It was found that qe increased from 1.29 to 5.13 mg gHNT–1 with the increase in initial concentration of MB from 2.96–17.0 mg l–1. These adsorption data were fitted to the Langmuir (a), Freundlich (b) and (c) isotherms as plotted in Figure 1. The coefficients are presented in Table 2.

It can be seen that the 10 wt% NR-HNT fitted the Langmuir isotherm (Figure 1(a)) indicating that the MB adsorbed as a monolayer on the surface of the film. In contrast, the 50 wt% NR-HNT gave a negative qmax value. According to previous works, this shows that the Langmuir isotherm (Figure 1(a)) was insufficient in describing the adsorption of MB for the 50 wt% NR-HNT.21,22 Interestingly, similar to the NR film, the 50 wt% NR-HNT film best fitted the Tempkin isotherm (Figure 1(c)). Here, the difference in the adsorption phenomenon between the 10 wt% NR-HNT and 50 wt% NR-HNT may be attributed to the distribution of HNT in or on the NR film.

3.2.2         NR-Ag composites

Ag nanoparticles were also incorporated into the NR to form NR-Ag films. The films exhibited different shades of brown depending on the Ag content. This is indicative of the availability of various Ag particle sizes. The stabilisation of these Ag particles occurs via coordination with amine groups of protein which is naturally available in NR.23 Upon testing the films for the decolorisation of MB, it was found that the NR-Ag films decolorised the dye via two mechanisms, adsorption and degradation. The NR functions to adsorb the MB dye while the Ag nanoparticles play a role in the degradation of the dyes.

The adsorption of MB on the NR was evidenced by the FTIR analysis. As shown in Figure 2(b), the peaks for NR, attributed to C=C, CH2 and CH3 bending of natural rubber are positioned at 1657 and 833, 1446 as well as 1374 cm–1 respectively.24 The =NH deformation and peptide linkage which originate from the protein in NR is proven by the peak at 3287 cm–1.25 Another peak which is attributed to =NH coincides with the peak for CH2 at 1446 cm–1.25 In addition, the peaks at 2961, 2925 and 2853 cm–1 of NR were attributed to asymmetry -CH3, asymmetry -CH2- and symmetry -CH2- and -CH3.26 Additional strong peaks arise at 1603, 1392, 1335 and 887 cm–1 for the NR sample after adsorption with MB (Figure 2(c)) and these peaks match with MB (Figure 2(a)) which are at 1595, 1392, 1335 and 887 cm–1 respectively.27 This shows that NR can adsorb MB dye.
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Figure  2:      FTIR spectra of (a) methylene blue, (b) NR before adsorption, and (c) NR film after adsorption.



The effect of Ag content on the degradation of MB was investigated using a UV-Vis spectroscopy. As tabulated in Table 3, the percentage R of MB as well as the rate of degradation (k) varied with the Ag content in the NR film. In this study, the total removal of MB achieved at least 90% in the presence of NR incorporated with 3–20 × 10–4 wt% Ag. Furthermore, the percentage removal of MB increases within a shorter time, when higher quantities of Ag were applied. It is also found that the rate of degradation increases with the increase of Ag content in the film. For instance, the k value is 0.019, 0.043, 0.057, 0.095 and 0.131 min–1 for NR with 3 × 10–4, 7 × 10–4, 11 × 10–4, 18 × 10–4 and 20 × 10–4 wt% Ag respectively. This trend can be attributed to higher number of active sites available for the reaction to occur when the Ag content was increased.


Table  3:    Efficiency of percentage removal dependent on Ag content.



	Ag content (×10–4wt%)

	Rate constant, k (min–1)

	% Removal




	3

	0.019

	91




	7

	0.043

	93




	11

	0.057

	92




	18

	0.095

	93




	20

	0.131

	95






3.3           Different Forms of NR Films

The NR films were prepared in different forms to investigate the effect of different preparation methods on its surface morphology and indirectly its catalytic activity. The SEM images of the flatsheet and porous films are presented in Figure 3. As can be seen, latex casting resulted in films with a smooth surface while electrospinning gave rise to porous films. Hence the latter consists of a higher surface area. The films were then incorporated with Ag to understand how the surface morphology influences the degradation behaviour. Upon applying the films for the degradation of MB, it was found that the time required to complete the degradation of MB were 92 and 30 min for the NR-Ag flatsheet and porous films respectively. This shows that the higher surface area of the porous film leads to an improvement in the catalytic performance. The kinetics of degradation was plotted according to the first-order reaction and the data were analysed. The k values as well as correlation coefficients (R2) are presented in Figure 4. The k values for flatsheet and porous film are 0.022 and 0.141 min–1. This proves that the catalytic activity of the porous film is higher when compared to the flatsheet film. As can be seen from Figure 4, the degradation of MB by the flatsheet film initially occurs rapidly (the first 2 min) and then occurs gradually. This can be related to the active sites which may partially be blocked by the MB molecule or its degradation products within the first few minutes. In contrast, degradation continuously occurred rapidly for the porous film. Although some active sites may partially be blocked by the MB molecule or its degradation products, however the higher number of active sites still available due to the higher porosity of the film may have resulted in the trend observed.
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Figure  3:      SEM images of NR flatsheet film (left) and NR porous film (right).
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Figure  4:      Kinetic of degradation for (♦) NR-Ag flatsheet and (▪) NR-Ag porous film.



4.           CONCLUSION

In general, the capability of NR as an adsorbent or a catalytic film is influenced by several factors, mainly the type of filler incorporated into NR and the surface area of NR. Incorporation of adsorbing fillers such as HNT dramatically increases the adsorption properties of the resulting composite films. In contrast, incorporation of fillers such as Ag gives rise to catalytic properties to the films. However, the distribution of the filler on or in the NR as well as its amount largely influences these properties.
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ABSTRACT: Fenton oxidation process is used to degrade the recalcitrant pharmaceutical product ceftriaxone (CF), a commonly-used antibiotic in Malaysia. An effluent containing ceftriaxone antibiotic whose chemical oxygen demand (COD) and total suspended solids (TSS) was found to be 944 mg l−1 and 280 mg l−1 respectively. Physical and chemical treatment methods were employed to find the optimal concentration of Fenton reagent which was needed to degrade the antibiotic to a safe disposal level. Physical treatment included the variation in temperatures (37°C, 42°C, 47°C and 50°C) and pH (2.6, 5.2, 6.1 and 10). The molar concentration of Fenton reagent was varied at 0.1, 0.2, 0.3, 0.35 and 0.4 M. The molar ratio of ferrous ions (Fe2+) to hydrogen peroxide ions (H2O2) in Fenton reagent was varied at 1:2, 1:4, 1:8 and 1:10. The optimum conditions for maximum reduction in COD level were at pH 2.6, 0.4 M of Fenton reagent and Fe2+/H2O2 ratio of 1:8, reaching 84.6% reduction within 30 min of reaction. The experiment was carried out at ambient temperature 28°C and at atmospheric pressure. A further investigation (pH and temperature variation) was made to deduce the percentage of reduction in terms of COD and TSS level that were obtained by the optimum sample. Findings reveal that a significant decrease of 76.5% was observed at 47°C and pH 5.2. Total suspended solid investigation reveals that a maximum reduction of 93% occurred at 0.4 M of Fenton reagent having the ratio of Fe2+/H2O2 of 1:2. Furthermore, 8 intermediates (5-thiazolecarboxylic acid, 5-[5-(methoxymethyl)-1,2-oxazol-3-yl]-4H-1,2,4-triazole-3,4-diamine, methanone bis [(methylthio)oxidoamino], 5-{[2,6-dimethyl-4-(2-methyl-2-propanyl)benzyl]sulfonyl}-1-pentanol, benzene 5-(1,1-dimethylethyl)-2-[[(2-ethoxyethyl)sulfonyl]methyl]-1,3-dimethyl, 3D 1-(ethylsulfonyl)-5-methoxy-6,6-dimethyl-4-heptanol, 3-{[2,6-dimethyl-4-(2-methyl-2-propanyl)benzyl]sulfonyl}-1-propanol and 2R-3-[(S)-{(1R)-1-[4-(2-methyl-2-propanyl) phenyl]ethyl}sulfinyl]-1,2-propanediol were identified from the degradation products obtained by LC/MS analysis.

Keywords: Advanced oxidation processes, ceftriaxone antibiotic, Fe2+/H2O2 variation, LC-MS

1.           INTRODUCTION

A large amount of antibiotic chemical is used as pharmaceutical products in the world reaching to an estimation of 100,000 to 200,000 tons per year.1 The purpose of antibiotics is to treat diseases in human and also to promote growth in the agricultural industry.2 Despite their vital importance in our daily life, antibiotics seem to raise a concern as a persistent water contaminant.3 The presence of the antibiotic has been reported around the world in rivers of Europe, water surfaces of America water streams of Australia and rivers of Asia.4–8,10

Antibiotic formulation effluents are well known for the difficulty of their elimination by traditional bio-treatment methods and their important contribution to environmental pollution is due to their fluctuating and recalcitrant nature.11 Until now, antibiotics have not yet been reported to be present in drinking water, only certain pharmaceuticals and diagnostics such as clofibric acid or amidotrizoic acid have been reported to date.11 Bacteria, fungi and microalgae are the organisms primarily affected by antibiotics, because antibiotics are designed to affect microorganisms.11 This will affect the ecosystem. However, hazards of the residual antibiotic in surface water (ceftriaxone) is not stated yet in the literature.

Besides the human health risks posed by the presence of antibiotic resistant bacteria in the environment, and the unwanted presence of antibiotics in water bodies, concern for the ecological fate and environmental threat of antibiotics in the aquatic milieu is becoming a global phenomenon.11 In the determination of ceftriaxone in plasma and urine by high-performance liquid chromatography, a study proved that drug ceftriaxone stability during sample storage, sample pretreatment and chromatography showed no degradation of ceftriaxone.12 This is one of the evidences that the compound is recalcitrant. Until now the presence of ceftriazone in water bodies in Malaysia has not been found despite being prescribed by doctors mostly. However, there are evidences showing that this type of antibiotics is most dangerous threat to water bodies since this type of contaminants has been present in water bodies in Nigeria.13 This study is carried out taking perspective from global point of view.


Antibiotics, once administered, are metabolised and excreted through urine and faeces which eventually reach sewage. The sewage water requires to be treated in wastewater treatment plants (WWTP). However, it was noticed that the antibiotic compounds were still present after treatment confirming the inability of conventional WWTP to degrade recalcitrant materials. Similarly, the effluent wastewater from pharmaceutical manufacturing industries still contains antibiotic traces after treatment.14

Since the conventional wastewater treatment does not fully remove recalcitrant pharmaceutics, an approach to an additional advanced treatment technology is required. There are different advanced technologies which have been studied recently for the purpose of disintegrating non-biodegradable products. Those technologies are chemical oxidation using ozone and ozone/hydrogen peroxide, activated carbon as sorption processes and membrane filtration such as nanofiltration and reverse osmosis.15–18 The limitations of treating further the concentrate from membrane filtration and sorption processes drive the interest towards further exploring and optimising chemical oxidation process.19

Advanced oxidation processes (AOPs) are based on the generation of free hydroxyl radicals (OH). Free hydroxyl radicals are highly reactive due to their unstable state in the configuration of energy shell, and non-selective oxidising agents. The radicals are able to degrade organic pollutants by hydrogen atom abstraction reaction, followed by electron transfer or electrophilic addition to π systems.20 There are several AOPs namely UV/O3, O3 and O3/H2O2 which exist. Among these AOPs, an effective AOP is Fenton process.19

Fenton reagent consists of a mixture of ferrous ions (Fe2+) and hydrogen peroxide (H2O2). Different results in terms of reduction in organic content and toxicity were obtained by varying the molar ratio of ferrous to hydrogen peroxide in the Fenton reagent.21 Other parameters such as pH and temperature also affect the efficiency of the process.19 An analytical way to compare results is to verify the chemical oxygen demand (COD) level and total suspended solids (TSS) level before the oxidation process and after the treatment.

Ceftriaxone, as shown in Figure 1, is an antibiotic used for bacterial infection such as pneumonia, ear infections and skin infection. Ceftriaxone is mostly used when organisms are resistant to other commonly used antibiotics such as amoxicillin and penicillin. Ceftriaxone is available in tablet form as well as solvent form for injection. The most common way to administer ceftriaxone into human beings is by injection; intravenous or intramuscular.22
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Figure  1:      Skeletal structure of ceftriaxone antibiotic.



Antibiotic prescribing rates are high in both public and private primary care settings in Malaysia, especially in the latter. The antibiotic groups prescribed in descending order of preference were: penicillins, cephalosporins, macrolides, quinolones and tetracyclines in Malaysia.23 Ceftriaxone is classified under cephalosporins group. According to Sulong et al., ceftriaxone is a widely prescribed antibiotic by the physicians in Tuanku Mizan Armed Forces Hospital (TMAFH) in Malaysia.24 It has become the most frequently prescribed antibiotic in the hospital, recording a distinctive high number of prescription orders.24 During production this compound may prevail in pharmaceutical wastewater due to high demand.

To carry out this research, an artificial effluent was obtained. It was also found that only a few studies were carried out on the Fenton effect of oxidation on ceftriaxone despite its common use in Malaysia. There is no literature on degradation of ceftriaxone by Fenton process, nor any publication on the intermediates produced by AOP degradation of the antibiotic.25 Therefore, ceftriaxone was chosen to be studied to close this research gap. Contribution to the body of knowledge includes the identification of intermediates formed during degradation of ceftriaxone by AOP.

The main objective of this research is to find out the degradation efficiency of ceftriaxone antibiotic using Fenton oxidation process by varying concentrations and molar ratios of Fe2+/H2O2 of Fenton reagent. A further investigation is made on that particular optimum ratio which has been found, to study the effect of temperature and pH on the degradation in terms of COD/TSS level reduction. Finally, LC/MS technology is used to determine the degradation products obtained in the treated sample.


2.           EXPERIMENTAL

2.1           Chemicals and Antibiotic

Ferrous sulfate heptahydrate (FeSO4.7H2O) and hydrogen peroxide (30% w/w) were purchased from Systerm, Malaysia. Sulfuric acid 98% Grade AR and sodium hydroxide pellets were purchased from Schmidt Chemical, Malaysia. High performance liquid chromatography (HPLC) grade methanol (99.9%) was obtained from Merck. A small amount of ceftriaxone sodium (1g) was obtained from Klinik Kapar, Kuala Selangor, Malaysia (Stravencon Ltd.).

2.2           Analytical Methods

2.2.1         pH measurement

The pH of each sample was measured using an electronic pH meter with pH probe (Hanna GLP, United States).

2.2.2         Chemical oxygen demand

Chemical oxygen demand (COD, mg l−1) was measured using Standard Method 410 (Titrimetric, Mid-level)and digestion solution of dichromate.26 Concentrated sulphuric acid was used as a strong oxidising agent. Ferrous ammonium sulphate (FAS) solution was used as standard stock to titrate against the digested sample. The digestion solution and the treated sample were kept under closed reflux at 150°C for 2 h. Ferroin solution was used as indicator.

2.2.3         Total suspended solids

Total Suspended Solids (TSS, mg l−1) was measured using Standard Method 2540D.27 934-AH RTU glass microfibre filters were used. The filter paper was washed with Milli-Q ultrapure water to remove any impurities. The filter paper was placed on an aluminum dish and was oven dried for 2 h at 105°C. The filter was then weighed using an analytical balance. The filter paper was then placed onto a vacuum filter set-up. An amount of 10 ml of the water sample was pipetted through the filter paper. The vacuum suction set-up fastened the filtration process. The filter paper containing the suspended solids from the degraded antibiotic was oven dried for 2 h at 105°C. The filter paper was weighed again in duplicate and TSS value can be calculated.


2.2.4         Qualitative analysis

LC/MS Q-TOF was used to carry out the analysis of the degradation products. The equipment was an Agilent Series Model G6550A. The sample was quenched with HPLC grade methanol. The quenched sample was then filtered through a 0.45µm membrane. The analysis was carried out in negative ionisation mode, using HPLC (Agilent series 1100) equipped with a 3 × 150 mm C18 Column, 5 µm particle size (Zorbax-Agilent Technologies). The mobile phases A and B were acetonitrile and water with 0.1% formic acid, respectively, at a flow rate of 0.4 ml per min. The injection volume was 20 µl. A linear gradient progressed from 10% A to 100% A in 30 min and held for 3 min. A retention time of ceftriaxone was between 27.1 and 28.9 min with a detection limit of 5 mg l−1. The HPLC system was connected to an Agilent MSD time-of-flight mass spectrometer with an electrospray interface operating under the following conditions: capillary, 4000 V; nebulizer, 40 psi; drying gas, 7.0 l min−1; gas temperature, 300°C; skimmer voltage, 60 V; octapole dc1, 36.5 V; octapole rf, 250 V; fragmentor, 190 V.

ChemSpider software was used to identify the structural formula of the intermediates which occurred within a matching range of 90% to 100%.28

2.2.5         Statistical analysis

All the experiments were carried out in triplicate and IBM SPSS 22.0 software program was used to perform statistical analysis. Analysis of variance (ANOVA) was performed by paired sample t-test. A t-test analysis was used because the number of sample is less than 100. A significant change in the variance of COD/TSS level of pre-treated sample and tested sample was observed. Mean differences were considered significant at the p < 0.05.

2.3           Synthetic Effluent

Ceftriaxone sodium was not purified further before use. 500 mg of ceftriaxone sodium was measured and diluted in 1000 ml of distilled water to prepare a pharmaceutical effluent concentration of 500 mg l−1. The room temperature and pH of solution were recorded immediately. The room temperature showed 28°C and the pharmaceutical effluent has a pH 5.9. The pharmaceutical effluent was kept refrigerated at 4°C and covered by aluminum foil in the dark to avoid any degradation.


2.4           Fenton Oxidation Process

Fenton reagent is the addition of ferrous sulphate to hydrogen peroxide. Initially ferrous sulphate was added to pharmaceutical effluent and mixed thoroughly. Later to the mixture, H2O2 was added. The reaction was extremely exothermic and reactive. The pharmaceutical effluent was treated with different molar concentrations of Fenton reagent at different molar ratio of 1:2, 1:4, 1:8 and 1:10.

An amount of 20 ml of pharmaceutical effluent was poured into four 250 ml beakers. The pH of the effluent was adjusted by adding a few drops of 0.05 M of sulfuric acid to bring the pH between 2 to 3.29 For 0.1 molar ratio of Fenton reagent, 1:2 ratio of Ferrous to hydrogen peroxide, 6.2 g of ferrous sulphate was added to pharmaceutical effluent. The mixture was mixed thoroughly. Later, 12.5 ml of hydrogen peroxide was added to the mixture. During this step, foam formation occurred and the reaction was exothermic.

Similarly, different ratios (1:4, 1:8 and 1:10) of ferrous to hydrogen peroxide were added to 20 ml of pharmaceutical effluent. The experiment was also repeated for different concentrations of Fenton reagent (0.2, 0.3, 0.35 and 0.4 M) and different ratios (1:4, 1:8 and 1:10) of ferrous to hydrogen peroxide.

2.5           Variation of pH and Temperature

First, 100 ml of the pharmaceutical effluent was taken. A few drops of diluted sulfuric acid (0.001 M) was added to adjust the pH to 5.2. 20 ml of the untreated sample was distributed into 4 different 50 ml beakers and heated up to 37°C, 42°C, 47°C and 50°C respectively using a hot plate magnetic stirrer for 45 min. COD (mg l−1) level was tested for each sample after treatment with Fenton reagent.

From the 100 ml of the pharmaceutical effluent taken, 20 ml of pharmaceutical effluent was poured into 4 different flasks each. Effluent pH was varied to 2.6, 5.2, 6.1 and 10.1 by the addition of sulfuric acid or sodium hydroxide solution. COD (mg l−1) level was tested for each sample after treatment with Fenton reagent.

3.           RESULTS AND DISCUSSION

3.1           COD Variation for Different Molar Ratio of Fenton Reagent of Fe2+/H2O2

The chemical treatment results for COD (mg l−1) obtained from the treated pharmaceutical effluent are displayed in Figure 2. At 0.1 M of Fenton reagent, a gradual decrease in COD (mg l−1) level was observed as the molar ratio of Fe2+/H2O2 increased. This indicates that a higher amount of hydrogen peroxide generated a higher number of hydroxyl radicals and thus, more carbon atoms may be oxidised. The percentage reduction of COD (mg l−1) level varied from a maximum of 64.6% (displayed at a Fe2+/H2O2 of 1:10) to a minimum of 56.9% (displayed at Fe2+/H2O2 of 1:2) within 30 min of degradation reaction. The efficiency of the oxidation process is not desirable because approximately 40% of the recalcitrant antibiotic, i.e., organic compound was still present in the treated sample. The organic compounds which did not degrade may be accounted by the overall insufficient supply of hydroxyl radicals.19
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Figure  2:      Percentage COD reduction for different variation in ratio of Fe2+/H2O2 at molar concentration 0.1M, 0.2M, 0.3M, 0.35M and 0.4M.



At 0.2 M of Fenton reagent, degradation efficiency is higher than 0.1 M with a maximum degradation 67.4% (displayed at Fe2+/H2O2 ratio of 1:8). The minimum decrease in COD (mg l−1) of 61.5% is observed at a ferrous to hydrogen peroxide ratio of 1:2. The degradation retention time was maintained at 30 min. This implies that a higher concentration of Fenton reagent leads to a higher decrease in COD (mg l−1) level of treated sample. The oxidation efficiency is not desirable as a significant amount of approximately 40% of recalcitrant products is still present in the treated sample and requires more time for degradation process. At Fe2+/H2O2 of 1:10, the decrease in COD (mg l−1) level is 63 % which is lower than the degradation efficiency observed at Fe2+/H2O2 of 1:4 and 1:8. This slight increase in COD level is accounted by a phenomenon which happens when a sudden higher amount of hydroxyl radical is generated within a short period of time causing the diminution of dissolved oxygen.19

At higher molar concentration of 0.3 M of Fenton reagent, maximum reduction in COD is as high as 81.8%. 1:2 molar ratio of Fe2+/H2O2 shows the lowest COD reduction of 65.7%, which is still more efficient than previous 0.1 and 0.2 M concentration of Fenton reagent. At Fe2+/H2O2 of 1:10, the degradation reaction was less compared to all other samples. The excessive amount of hydrogen peroxide interferes in the experiment by reacting with ∙OH and hence, reducing the efficiency of the treatment.30 Similar results are observed during Fenton reagent study on the pharmaceutical sludge by Nithyanandam et al.19

At 0.35 M concentration of Fenton reagent, maximum COD level reduction of 73.7% is observed. It was observed that 0.35 M concentration shows a lower efficiency than 0.3 M concentration. This may be related to the reaction kinetics during the degradation process.19,31 The minimum reduction is 31.4% at molar ratio of Fe2+/H2O2 of 1:10.

The most efficient and promising efficiency occurs at 0.4 M. All the samples showed high reduction in a range of 72% to 84% within 30 min of reaction. The highest peak of 84.6% was recorded at the molar ratio of Fe2+/H2O2 of 1:8. Since that particular sample shows the maximum percentage of reduction and hence, high efficiency, it is considered as the optimum Fe2+/H2O2 ratio and conditions for degradation of the antibiotic ceftriaxone. A pH of 2–3 and ambient temperature of 28°C are maintained. It is observed that there is not much difference between the efficiency of 0.3 M and 0.4 M of Fenton reagent. Study done by Zanta and Martinez-Huitle shows that threshold values for optimisation of Fenton reaction are around pH 2–3 and molar ratio Fe2+/H2O2 greater than 1:5, a reagent concentration of 0.3 and above.32

The antibiotic has a promising potential to reach mineralisation level if the hydroxyl radicals are allowed to react for a longer period of time.33 Mineralisation is the complete degradation of the organic compound into water (H2O) and carbon dioxide (CO2). From the findings, so far it seems feasible to implement this oxidation process after secondary treatment in pharmaceutical industrial wastewater plants. However, the Fenton reaction works in an acidic environment of pH 2–3. It is well known that WWTPs do not operate at such low pH. Hence, a method to restore the appropriate working pH of WWTP should be further studied, optimised and to be employed.


3.2           TSS Variation for Different Molar Ratios of Fenton Reagent of Fe2+/H2O2

Initial amount of TSS was found to be 280 mg l−1. The highest efficiency of TSS is 93% at 0.4 M of Fenton reagent and molar ratio of Fe2+/H2O2 of 1:2 as shown in Figure 3. The lowest efficiency is only 16% at Fenton reagent concentration of 0.35 M and molar ratio of Fe2+/H2O2 of 1:8. A similar concentration of 0.35 M did not prove to be efficient as shown by COD variation charts. The same reason might be because of the reaction kinetics. It can be seen that the molar ratio of Fe2+/H2O2 directly affects the amount of TSS (mg l−1) in the treated samples. The ratios which give the lowest TSS (mg l−1) is at 1:2 and 1:8.19 The hydroxyl radical attack indicates that bonds do not break in an orderly manner but rather depending on concentration of radicals present during the reaction and the kinetic rate of each reaction.33
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Figure  3:      Percentage TSS reduction for different variation in ratio of Fe2+/H2O2 at molar concentration 0.1 M, 0.2 M, 0.3 M, 0.35 M and 0.4 M.



In the Fenton system, the reaction between ferrous ions and the hydrogen peroxide which produces hydroxyl radicals and ferric ions, has a high rate constant (k = 63 l mol−1s−1). However, Fe(II) regeneration from Fe(III) and the H2O2 reaction, is much slower (k = 3.1 × 10−3 l mol−1s−1).34 Hence higher radical concentration has the capability to reduce TSS at a faster rate, however because of addition of Ferrous sulphate amount of sludge will be increased too. This can be removed by gravity separation.


A high reduction in TSS level indicates that the organic compounds found in the antibiotic effluent have been reduced in terms of their molecular structures.33 As the radicals attack the bonds in between the carbon and hydrogen atoms, some carbon atoms’ bonds are broken from bigger molecular compound of the antibiotic. This results into smaller functional groups like thiozole and carboxylic acid groups.35

3.3           COD Variation by Varying pH and Temperature

From the result shown in Figure 4, it can be deduced that the Fenton reagent works best within a pH of 2–3 as previously reviewed from the literature.19 Generation of hydroxyl radical depends largely on the pH value of the solution in which the radicals are generated. As the pH increases to more than 4, lower number of radicals are formed and thus, degradation efficiency is reduced. Less radicals being formed may be due to the fact that there is a decrease in dissolved iron.19 Maximum reduction in COD was, however, recorded at pH 5.2 and temperature of 47°C. pH 6.1 shows that COD level can be reduced furthermore compared to other pH values. An increase in temperature does not seem to affect the process significantly.
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Figure  4:      COD (mg l−1) variation by varying the pH and Temperature (37°C, 42°C, 47°C and 50°C).



A considerate reduction in antibiotic component has been achieved. However, mineralisation of the ceftriaxone antibiotic results into water and carbon dioxide. Carbon dioxide is not a water pollutant but is a greenhouse gas. It is well known that greenhouse gases are causing a major climate change. By solving the problem of antibiotics present in water streams, the method should not raise other issues for the environment. Further procedures should be employed such as carbon capture technologies for reusing carbon dioxide more efficiently rather than just releasing into the air. Simple procedure such as passing the gas through calcium carbonate can be explored. The procedure also uses acidic conditions to operate. Neutralisation should be done after treatment by addition of alkali-based products such as sodium hydroxide. By using the Fenton reagent, some precipitation of Fe3+ will occur after 2 h of treatment. The precipitation may be removed by the addition of sodium hydroxide which will result into Fe(OH) salt.19

3.4           Statistical Analysis Using SPSS 22.0

Figure 5(a) shows the statistical results obtained from SPSS software 22.0. From the result of statistical test (paired samples t-test), the mean difference in COD at t = 36.44 and p value is less than 5%, it can be concluded that a null hypothesis can be rejected. The null hypothesis states that the mean of the COD level before treatment and after treatment is the same. Clearly, there is a significant difference in the mean of COD level before the treatment and after the Fenton process treatment. For TSS, the null hypothesis is rejected because the results obtained at t = 10.72 and p < 5%. Therefore, the reduction in TSS level after treatment was significantly different. All testing was carried out at a 95% confidence level.
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Figure  5:      Statistical analysis results.




Variation in the ratio of Fe2+/H2O2 at different molar concentration from 0.1 to 0.4 (referring to Figure 3) resulted in an insignificant different in the percentage reduction in TSS level since the statistical analysis result has F = 1.483, p = 0.257 > 5% shown in Figure 5(b). With a range of pH varying from 2.6 to 10.1 and temperature from 37 °C to 50 °C (referring to Figure 4), this is no significant different in the level of COD as the statistical result in F = 2.533, p = 0.094 > 5%.

3.5           Compound Analysis of Degradation Process

Figures 6 and 7, and Table 1 represent 8 main compounds that have been identified from the 54 components (not shown) detected from the chromatogram graph obtained in Liquid Chromatography/Mass Spectrometry Quadrupole Time-of-Flight (LC/MS Q TOF) analysis.
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Figure  6:      Chromatogram A of LC MS analysis.



The degradation of cephalosporin is highly dependent on the side chain C7 and the C3 atoms. The leaving group at C3 facilitates the expulsion of 3’-substituent by concerted event due to hydrolysis of C-N bond of β-lactam nucleus. As can be seen from Table 1, there is no beta-lactam ring present even in the highest carbon containing molecule C4 identified (5-{[2,6-dimethyl-4-(2-methyl-2-propanyl) benzyl] sulfonyl}-1-pentanol) at peak mass of 326 and C5 molecule (identified as benzene, 5-(1,1-dimethylethyl)-2-[[(2-ethoxyethyl) sulfonyl] methyl]-1,3-dimethyl) giving clue that the beta-lactam ring got attacked in the first stages of degradation. Normally, authors point out that, hydroxylation takes places at early stage of degradation.36
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Figure  7:      Chromatogram B of LC MS analysis.




Table  1:    Identification of degradation products from LC/MS Q TOF analysis.
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The third-generation cephalosporin is isomerised to its second-generation isomer, and leads the antibiotic material to be more stable. The authors suggested that chemical degradation of cephalosporin leads to 7ACA and further degradation leads to thiazole-4-carboxylic acid.33 The presence of the thiazole-carboxyl group is present in the first intermediate, C1 found, leading to conclude that the hypothesis is valid.


Further degradation is observed in intermediates following the 5-thizole carboxylic acid with elimination of side methyl groups as it can be seen in the C2 molecule 5-[5-(methoxymethyl)-1,2-oxazol-3-yl]-4H-1,2,4-triazole-3(4-diamine). The role of iron as catalyst acts in such a way that mercaptide group is formed. This is confirmed in the C1, C3 and C8 intermediate. There is the presence of the sulphur atom rendering the component mercaptide.36

It is quite hard to assign the exact location of substitute or leaving functional groups of the complex parent molecule simply by looking at the molecules. The LC/MS analysis is unable to provide such information. A further study on bond-forming and bond-breaking has to be made to be more accurate in conclusion. However, Trovo et al. used similar methods to degrade similar forms of antibiotic suggests that, there are approximately three degradation pathways which can be determined.33

From the parent molecule, Trovo et al. also suggest that hydroxylation occurs first and results to thiazolidine ring (confirmed by C1 intermediate). Later, the next attack is most probable on electrophilic nature, i.e., benzoic ring as shown in C6, C5 and C4 intermediate. There is opening of the benzoic ring from C6 intermediate to C7 intermediate. While another pathway suggests the side methyl groups can gradually be eliminated as shown from C5 to C8 intermediate.33

Another pathway suggested by Trovo et al. is the direct opening of the lactam ring to stereo isomers of penoilloic acid and a series of derivatives (C2, C4 and C6). Further decarboxylation is the removal of carboxylic functional group. This is shown through the intermediates C2, C3 and C7. Decarboxylation is produced by hydrolysis.30

4.           CONCLUSION

The antibiotic ceftriaxone has been successfully degraded by 84.6% within 30 min of degradation. The total suspended solids level was reduced by 93% after the Fenton treatment. It can be concluded that parameters such as pH and temperature affected the degradation process. The optimum operating conditions at ambient temperature are reflected at pH 2.6, Fenton reagent concentration of 0.4 M and Fe2+/H2O2 molar ratio of 1:8. From the identified degradation products, ceftriaxone complex C18-molecular structure has been reduced till C3-molecular structure. Further treatment includes neutralisation of treated sample by use of sodium hydroxide and application of carbon capture methods to reduce the emission of carbon dioxide gas.
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ABSTRACT: This study was conducted to evaluate the performance of sugar palm yarn fibre reinforced unsaturated polyester composites. The effect of sugar palm fibre yarn loading on the physical (density, voids and water absorption analysis), mechanical (tensile, flexural and impact analysis) and thermal (TGA) properties of composites were investigated. Composites with different sugar palm fibre yarn loadings (10, 20, 30, 40 and 50 wt%) were prepared using the hand layup method. Results showed that the determination of composite density indicates void determination, much of which is related to an increase in fibre loadings. Determination of water absorption at various loadings revealed that the percentage of water absorption increases as fibre loading increases. Water absorption reached equilibrium absorption on day 12. Tensile strength, tensile modulus, flexural strength and flexural modulus show increments up to 30 wt% of fibre loadings. Elongation at break showed an increasing trend up to 50 wt% of fibre loading. Furthermore, impact strength of the 40 wt% fibre loadings sample showed the highest impact energy in resisting the fractures among all samples. The addition of sugar palm decreases the thermal stability of the entire system.

Keywords: Sugar palm, yarn, unsaturated polyester, properties of sugar palm, fibre loading


1.           INTRODUCTION

Recently, an increase in ecological awareness has caused a paradigm shift towards the utilisation of renewable resources and the production of environmentally friendly materials. Therefore, natural fibres such as those from sugar palm, banana, pineapple leaf, kenaf, cotton and jute have attracted the attention of academia and industry for their potential widespread applications.1 Enthusiasm has grown for natural fibres as reinforcement materials due to their relative abundance, renewability, low density, significant strength and stiffness enhancement, environmental friendliness, and ability to substitute for petroleum-based synthetic glass and carbon fibres. Koronis et al. listed different kinds of natural fibres (e.g., flax, hemp, jute, kenaf and so on) together with their physical and mechanical properties.2

According to Vilay et al., by taking into consideration of the natural fibres’ low density, their specific strength and stiffness are comparable to those of glass fibre.3 However, natural fibres’ major drawback is their highly hydrophilic nature, which leads to inherent incompatibility and interfacial debonding effects with the hydrophobic thermoplastic and thermosetting matrices.4 Hence, several studies on natural fibres’ use as reinforcement in polymeric composites have shown that the sensitivity of certain physical, mechanical and thermal properties towards moisture absorption maybe minimised or prevented with the use of physical and chemical modifications of the fibres’ surface and structure.5–7

Sugar palm fibre is a natural fibre with great potential sourced from Arengga pinnata trees. Palm sap tapping was historically popular, as the sap was commonly used as the base material for making traditional sugar blocks, locally known as gula kabung or gula enau.8,9 Its fruits may also be processed for making pickles, juices and desserts, and are usually canned for the food industry. The most important part after its palm sugar and fruits is its black fibre called ijuk. This black fibre has many applications and uses, such as the manufacturing of brooms, paint brushes, septic tank base filters, clear water filters, door mates, carpets and ropes for sea cordage.10 According to Ishak et al., sugar palm fibre usage has three major advantages.11 It offers high tensile strength (similar to the strength of coir, kenaf, bamboo and hemp fibres within the range between 138.7 MPa to 270 MPa) lasts long before degradation; it is a fairly durable fibrous material with good resistance to sea water; and finally, it is less affected by heat and moisture damage as compared to coir fibre. Concerning the use of sugar palm fibre as a reinforcement material in composites, a number of studies had been carried out on the properties of sugar palm fibre reinforced composites. It has been shown that sugar palm fibres have excellent composite potential, not unlike other natural fibres such as kenaf, jute, oil palm, sugarcane bagasse, pineapple leaf, and banana pseudo stem fibres.12–26


In natural fibre-reinforced polymer composite applications, the fibres orientation plays a significant role in determining the mechanical properties of the composites with respect to the orientation of the applied load.27 Applied fibre alignment is another major factor influencing such composites’ properties. The best tensile, flexural, and impact properties are found in properly-aligned natural fibre composites. Fibre alignment choice is much more significant with higher fibre contents. Residual stress in thermoplastic matrix composites exists due to internal pressure gradients; non-uniform temperature profiles; polymer chain alignment; and differences in fibre and matrix thermal expansion coefficients. All these factors may reduce composite strength.28 Studies done by Brahim and Cheikh on alfa reinforced polyester composites with different fibre orientation (0°, 10°, 30°, 45° and 90°) found that the tensile strength and modulus decreased with an increase in angle from 150 MPa down to 18 MPa, and 122.3 GPa down to 5 GPa, respectively.29 The decrease in modulus for the 10° orientation was found to be less than 7% when compared to the 0° (longitudinal direction), and was tremendously decreased for increasing angles up to the 90° (transverse direction). However, most researchers have focused on random orientation either in the form of short or long fibres, and only a few researchers have examined the yarn structure of fibres used as reinforcement. In industrial practice, there are two types of twisted or yarn fibre structures in terms of fibre length used: continuous long fibre (filament) and the short fibre (staple) system. Pan explained the basis role of twist in continuous long fibre as mainly to produce a coherent structure that cannot readily be disintegrated by lateral actions.30

The twist structure is therefore not essential to adding tensile strength to the structure. It may in fact lower yarn strength because of the induction of fibre obliquity. However, yarn twist in most short fibre yarns has the primary function of causing the fibres to be bound together by friction in forming a stronger yarn. The twist is hence fundamental to providing a certain minimum coherence between fibres, without which a short fibre yarn with significant tensile strength cannot be made. This coherence is dependent on the frictional forces brought into play by the lateral pressures between fibres arising from the applications of a tensile stress along the yarn axis.30

Pan also made the assumption of stress transfer towards the yarn composites system in which when a fibre breaks, the load it is carrying is then equally shared among the surviving fibres.30 The effects of stress concentration and dynamic wave propagation may thus be ignored.30 Additionally, Monego and Becker explained the fragmentation mechanisms of stress distribution within the composites of the yarn fibres.31 It was observed during the fracture process of both composites and yarns, that the constituent fibres broke repeatedly with increasing strain of the structure before overall material failure. This phenomenon indicates that quite contrary to commonplace assumptions, a broken fibre can again build up tension, carry subsequent load, break again into even shorter segments, and still contribute to overall system strength.32

Generally, increasing fibre loading on the composites will result in a significant increase of composite stiffness, as tensile and impact strengths are increased through the addition of natural fibres. However, the increase of fibre loading increases composite odour as well as water uptake.1,33 Recently, several studies have been conducted to determine the natural fibre loading optimum value within the composites in order to improve their mechanical properties. Per Shalwan and Yousif, there is not yet a fibre volume faction and natural fibre loading universal value for which an optimum tensile strength could be achieved.27 In other words, for each fibre type, there is a type-specific optimum loading for exhibiting good tensile strength. This may be related to the nature of the natural fibres and their inherent strength, interfacial adhesion, and physical properties characteristics.27 Furthermore, several researchers have commonly agreed that at a high volume fraction (above 50%), fibres tend to form aggregations which result in the weakening of the interfacial area and debonding between the fibres and matric.29,33–36

Therefore, the objective of this study includes investigating the effects of sugar palm fibre yarn loading on the physical, mechanical and thermal properties of reinforced unsaturated polyester composites.

2.           EXPERIMENTAL

2.1           Materials and Methods

Sugar palm fibre (L/D ratio 66.67) was obtained from Kampung Kuala Jempol, Negeri Sembilan, Malaysia. The chemical constituents of sugar palm fibre are shown in Table 1 as determined using an in-house method of the Malaysia Agricultural Research and Development Institute (MARDI). Unsaturated polyester resin (UPE) (RTM grade, 40% of styrene content, density of 1.025 g cm−3); methyl ethyl ketone peroxide (MEKP) (Butanox-M50) as curing initiator; and cobalt as reaction accelerator were supplied by CCP Composites Resins Malaysia Sdn. Bhd.


Table  1:    Chemical constituents of sugar palm fibre.



	Chemical constituents
	Composition (%)




	Cellulose
	47.74




	Hemicellulose
	5.96




	Lignin
	37.68




	Others
	8.62






2.2           Yarning of Sugar Palm Fibre

A manual hand spinning machine from SDL ATLAS was used to make a sugar palm fibre yarn with 2500 tex (Figure 1(a)).


[image: art]

Figure  1:      Sugar palm fibre yarn fibre (a), and sugar palm yarn fibre reinforced unsaturated polyester composite (b).



2.3           Preparation of Composite

The sugar palm fibre yarn was horizontally placed in the closed steel mould with dimensions 160 mm × 120 mm × 3 mm. Initially, the 1% of MEKP as the initiator was mixed well with UPE resin, followed by mixing it with 0.2% of cobalt. Then, the mixed resin was poured over the fibre and compressed using hot press machine with 70°C and 80 bar for 30 min. A mould was pre-sprayed with silicon mould release agent to avoid any stacking with the composites.

2.4           Characterisations

2.4.1         Physical testing

The densities of the composites were determined using Electronic Densimeter Alfa Mirage. The theoretical densities of these composites were calculated per ASTM as in Equation 1:
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where Td is the theoretical density, R and r1 referred to resin and sugar palm fibre wt% respectively. D and d1 referred to densities of resin and sugar palm. Values from the theoretical and experimental are compared in Table 2.

The theoretical void content is calculated using Equation 2 and the void content is tabulated in Table 2:37
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where V is a void content, Td is a theoretical composite density, and Md is an experimental composite density.

The effect of water absorption on composites was calculated using Equation 3 according to ASTM D570. Specimens with dimensions of 10 mm × 10 mm × 3 mm were immersed for 24 h intervals until constant weight was obtained:
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where W1 and W2 are the average weights of the specimens before and after immersion in distilled water, respectively.

2.4.2         Mechanical testing

The tensile test was performed using Instron 3365 test machine according to ASTM D3039. The dimensions of the samples were 120 mm × 15 mm × 3 mm. The gauge length was 60 mm, with a crosshead speed of 5 mm min−1 applied for the test. The flexural test was performed using the three-point bending method using Instron 3365 test machine according to ASTM D790. The dimensions of the samples were 127 mm × 13 mm × 3 mm. The crosshead speed was set at 5 mm min−1. The izod impact test was performed using Instron CEAST 9050 testing machine with the capacity of pendulum 5.5 J according to ASTM D256. The dimensions of the samples were 65 mm × 10 mm × 3 mm. For each sample, 10 repetitions were performed and the average then calculated.

2.4.3         Thermal testing

Thermogravimetric analysis (TGA) was performed via a Perkin Elmer Pyris 6 TGA. TGA analysis was conducted under ramp mode from 30°C to 600°C under a nitrogen atmosphere at a flow rate of 50 ml min−1. The heating rate utilised was 20°C min−1.


3.           RESULTS AND DISCUSSION

3.1           Physical Characterisations

3.1.1         Density and void determination

Table 2 shows the density of the sugar palm yarn fibre reinforced polyester composites with varying fibre loadings. The experimental density of the composites decreased from 1.212 g cm−3 to 1.120 g cm−3 within 0 wt% to 50 wt% of fibre loading range. The density of composites decreased with the fibre loading increase. This may be due to sugar palm fibres’ lower density (1.053 g cm−3) compared to the polyester resin (1.212 g cm−3).


Table  2:    Variation of density of sugar palm yarn fibre reinforced polyester composites.



	Fibre loading (wt%)

	Experimental density (g cm−3)

	Theoretical density (g cm−3)

	Theoretical void content (vol%)




	0

	1.212

	1.1–1.15

	0




	10

	1.207

	1.194

	0




	20

	1.206

	1.177

	0




	30

	1.157

	1.159

	0.173




	40

	1.137

	1.143

	0.525




	50

	1.120

	1.127

	0.621





The results show that sugar palm yarn reinforcement decreases the value of experimental densities. However, as a comparison of its experimental and theoretical density values, efficient packing and greater extent interfacial adhesion may be reasons for higher experimental composites densities, leading to a zero theoretical value for the voids. For pure UPE, density varies from the theoretical value due to moulding temperature, moulding time, and thereby the extent of inherent crosslinking. In the case of 30 wt% to 50 wt% of yarn loading, the void content increases as the fibre loading increases. This may be due to entrapped moisture between the fibres, and the increased hemicellulose and cellulose presence categorised in the hydroxyl group and which tend to attract water molecules.

Composites at higher fibre loadings may also exhibit voids. Voids in polymer composites are largely attributed to the processing effect and may occur during the curing process of the resin, residual solvents, or from entrapped air. Besides the usual shrinkage during the resins’ curing, cooling rate plays an important role in void formation.37–39


3.1.2         Water absorption determination

Moisture absorption results for sugar palm fibre yarn reinforced unsaturated polyester composites are shown in Figure 2. It can be seen that the composites’ water absorption levels increase correspondingly with soaking time. As the fibre content increases, the percentage of water absorption also increases. Due to hydrophilic nature of sugar palm fibre, increased fibre loading is known to increase the number of hydroxyl groups present in the cellulose and lignin structures.40 This hydroxyl groups can hold water molecules, via hydrogen bonding, within the fibre cell wall. Thus, as the sugar palm fibre yarn increases, the composites’ water absorption increases due to the increase in hydroxyl groups in the composites.41 However, water absorption reached its plateau on day 12 onwards, indicating that they became equilibrated with water immersion.22
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Figure  2:      Effect of sugar palm yarn loading on water absorption.



3.2           Mechanical Characterisations

3.2.1         Tensile properties

The tensile properties of sugar palm fibre yarn reinforced unsaturated polyester composites are presented in Table 3.

The fibre was used as reinforcement in yarn form and is applied parallel to the tensile stress direction (longitudinal). This meant that any stress applied is uniaxial, behaving as an isotropic material. Initial tensile strengths for the 10 and 20 wt% fibre loading are low, as the inherent fibres were unable to equally distribute stress along its fibre as the matrix taking up the stress within the composite. However, tensile strength and modulus value of composites increase after the addition of fibre loadings up to 30 wt%. Upon reaching 30 wt% loading, the stress can then be transferred successfully and uniformly along the fibre yarns. Further increase in the fibre loading however results in properties decrement. Similar findings were reported by Sreekumar et al., where they found that, the addition of sisal leaf fibre reinforced polyester composites up to 43 vol% increases the tensile strength, tensile modulus, flexural strength and flexural modulus.42 Tensile strength, tensile modulus, flexural strength and flexural modulus decreased after the addition of sisal leaf fibre after the 50 vol%. At lower fibre loadings, fibre dispersion is quite poor and stress transfer will not occur properly. At higher fibre loadings, the tendency of fibre-fibre interaction is high. This leads to poor fibres wetting. In such systems, crack initiation and propagation will occur more easily at higher loadings.42


Table  3:    Effect of yarn sugar palm loading on tensile properties.



	Sugar palm yarn loading (wt%)

	Tensile properties




	Strength (MPa)

	Modulus (GPa)

	Elongation at break (%)




	0

	44.40 (2.62)

	3.54 (0.11)

	2.15 (0.27)




	10

	19.12 (2.16)

	3.16 (0.23)

	0.80 (0.14)




	20

	29.30 (1.49)

	3.28 (0.11)

	1.13 (0.11)




	30

	40.91 (1.57)

	4.43 (0.08)

	1.39 (0.07)




	40

	38.00 (1.94)

	4.01 (0.09)

	1.65 (0.12)




	50

	36.73 (1.26)

	3.90 (0.14)

	1.73 (0.16)





Notes: Figures in parentheses refer to standard deviation

However, unsaturated polyester composites demonstrated higher tensile strength before fibre loading addition from 10 wt% to 50 wt%; this is due to little stress concentration between appearance. This is strongly related to unsaturated polyester matrix dilution, and the introduction of flaws at the fibre ends, where high stress concentration occurs as a result of interfacial bond between sugar palm fibres as imparted by the inbuilt cellulose microfibrils.

Another factor contributing to the tensile strength deterioration after 30 wt% fibre loading is the de-wetting effect.43 Higher sugar palm fibre loading tends to promote more fibre-fibre interaction as opposed to fibre-matrix interaction. Therefore, the wettability of sugar palm fibre yarn by the unsaturated polyester matrix was significantly reduced, thus resulted in poor stress transfer upon application of stress concentrations. With an increase in fibre loadings, incompatibility in the interfacial region between sugar palm fibre and unsaturated polyester increased. This is due to highly hydrophilic nature of sugar palm and the hydrophobic nature of unsaturated polyester matrix.41


The tensile modulus corresponds to stiffness, i.e., the higher the tensile modulus value, the stiffer the composites. According to Supri and Ismail, the tensile modulus or stiffness of a composite is also dependent on the stiffness of the fibre itself.44 In this study, the incorporation of sugar palm fibre yarn increases the composites stiffness, as shown by the higher tensile modulus, which gradually increased with sugar palm yarn loading accretions. The presence of the sugar palm yarn restricts the unsaturated polyester matrix from moving freely, thereby increasing the rigidity of the composite.45 The elongation at break of sugar palm fibre yarn reinforced unsaturated polyester composites with different fibre loadings are also affected. The elongation at break for composites at 50 wt% is the highest as compared to 10, 20, 30 and 40 wt% of fibre loadings. This is due to the rigidity of sugar palm fibers contributing to the plasticity of the composites system (the elongation at break of sugar palm is 7.83% while UPE is 2.15%).46

From the Rule of Mixture (ROM) theory, an approximate composite modulus can be obtained from a modified ROM equation as follows:
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where η0 refers to as the Krenchel factor or efficiency factor, and the value differs according to the fibre orientation. Ef and Em refer to modulus of fibre and matrix respectively, while Vf and Vm refer to volume fraction of fibre and matrix respectively. According to Aziz et al., the η0 for unidirectional fibre is equal to 1 and η0 for randomly oriented fibre is equal to 0.25.47

Figure 3 shows that there are differences between the theoretical and experimental values of the modulus. The experimental modulus value obtained for the 20 wt% yarn loading is less than its theoretical value. The lowered differences could be due to the fibre orientation during the composites’ preparation. The action of manually lining up the fibres in a straight manner is almost impossible due to the nature of natural fibre. Consequently, sugar palm fibres used were in coil form. Fibres were not perfectly aligned, causing alignment problems during the yarning process and composite manufacturing. Besides that, deviation in fibre angles amounts to a maximum 5°–10° instead of straight alignment manifested as slight waviness.37,42 Since the average fibre length in sugar palm fibre bundle is evaluated at about 100 to 200 mm, of which exceeds considerably the fibres’ stress transfer length, a relatively uniform planar arrangement of fibres in the mat may be present. It is seen that the composites’ tensile modulus is slightly but consistently over-predicted at loadings below 30 wt%. This is likely due to the presence of fibre curvature in the mat (as seen in Figure 1(a)) making the composite somewhat wavier.
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Figure  3:      Comparison of tensile modulus form experimental value and theoretical value from Rules of Mixture (ROM).



Furthermore, it can be observed from the theoretical values, as calculated using the rule of mixtures formulation, that the modulus values increase as the fibre wt% loading increases, compared to their experimental value which should decrease after 40 wt% fibre loading. Research done by Aziz et al., and Sreekala et al., has shown that at very high fibre loadings, processing is difficult with their compatibility becoming very poor, which may be the reason for the decrementation of its properties.37,47 At higher fibre loading, the fibre entanglement possibility increases as the fibre orientation uniformity decreases; fibres having the layering out possibility due to decreased interlaminar bonding. Further packing defects may occur, which may reduce the stress transfer effectiveness from matrix to the fibres. It has also been noted that especially for compression moulding process, squeezing flow causes some transverse fibre orientation in the surface area. This is a decisive factor in the composites’ mechanical performance.

3.2.2         Flexural properties

For flexural loading tests, the composite samples were subject to compression, tension and shear stress. In a three-point flexural test, the failures occurred due to bending and shearing actions. According to Abdul Khalil et al., in general, the flexural properties will initially decrease to a certain amount of fibre, before reposting a reversal.41 Figure 4 shows the flexural strength and modulus of untreated and treated sugar palm fibre yarn reinforced polyester composites.


From the obtained results, increases in fibre loading up to 30 wt% produce a corresponding flexural strength and modulus value increase compared with fibre loading from 10 to 50 wt%. However, the flexural properties of composites declined after 40 wt% fibre content. This flexural property decreases at higher fibre loadings (> 40 wt%) due to increased fibre-fibre interactions and the insufficiency of the matrix to penetrate and coat the fibres, which results in a low-stress transfer mechanism.48,49 Meanwhile, flexural property enhancement with increased fibre loading was due to the fact that the composites are able to withstand more loads with corresponding fibres population increase in the composite. Fibre presence in sufficient amounts can establish an effective stress transfer within the matrix, due to the inherent properties of sugar palm yarn. Besides, the fibre orientation in the specimen also has a significant effect on the results. According to Aziz et al., flexural strength greatly depends on fibre orientation and alignment and the location of resin-rich areas.47 However, long fibres tend to give better strength than short fibres due to their good orientation parallel to applied load.
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Figure  4:      Effect of sugar palm fibre yarn loading on flexural properties.



3.2.3         Impact properties

Impact strength is defined as the ability of the material in resisting fractures under high speed applied stress, and the related energy required to break said specimens. This is related to the materials’ inherent toughness, which is influenced by respective built-in interfacial bonding strength and the fibre itself.50

The effects of sugar palm yarn on the reinforced unsaturated polyester composites’ impact strength at various fibre loadings are shown in Figure 5. As depicted in Figure 5, impact strength increased moderately at 1100% with the incorporation of 10 wt% sugar palm fibre yarn. With a yarn fibre loading increase from 10 wt% to 40 wt%, the composites’ impact strength also increased, which may be attributed to the improved toughness offered by the sugar palm fibre yarn in the composites.51 The impact strength increased with further sugar palm fibre increases beyond the 10 wt% level. The sugar palm fibre bundles’ alignment in parallel the direction of the impact force may help absorb the impact force imparted to the test samples. Enhanced impact strength was shown for higher sugar palm fibre filling levels beyond 10 wt% up to 40 wt% loading. At 50 wt% loading, the sugar palm fibre clustering effect in the composite took over.
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Figure  5:      Effect of yarn sugar palm loading on impact strength.



An amount of 40 wt% loading composites demonstrated the highest impact properties among the set tested. According to Khalil et al., these values are contributed to by the sufficient presence of fibres in the composite.41 These fibres provided an effective stress transfer between the fibres and the matrix. Excellent wettability of the fibres also occurred with this composition. A tremendous impact strength increase was reported at 40 wt% yarn loading, which may be contributed to by the pack arrangement of sugar palm fibre yarn within the composites. This arrangement contributed to an effective load transference between the matrix and fibre when the composite is subject to a high-speed impact load.

However, composites with fibre loading over 40 wt% exhibited some reduction of impact properties. This is due to increases in fibre-fibre interaction and decreased effectiveness of stress transfer between the fibre and matrix. This contributes to the impact properties decrease at higher fibre loadings. According to Aziz et al., in addition to the commonly practiced surface treatment for improving fibre-matrix bond, the toughness of composites may be improved by reducing the friction stress between the fibre and matrix at a fibre critical length.47


3.3           Thermal Characterisations

3.3.1         Thermogravimetric analysis

TGA analysis was carried out to observe the distinct process of the fibre’s weight loss at different temperatures. Figure 6(a) shows there are three stages of weight loss process within a prolonged temperature ranges. From the curve, there is a small noticeable step in the first stage of weight loss. The first occurrence was at the temperature range of 30°C to 110°C (Figure 6 (a)). This is due to the release of the fibre’s moisture content. A major decomposition occurs at the second stage with the temperature range of 150°C to 380°C (Figures 6(a) and (b)). This is due to the decomposition of the three major constituents of natural fibres, which are hemicellulose, cellulose and lignin. A single degradation step was observed for neat UPE by statistical chain rupture, in which styrene is the primary product at the range of 360°C to 400°C (Figure 6 (b)).52

According to Sahari et al., the decomposition of natural fibres generally consists of four stages.25 The first stage is the decomposition of hemicellulose, followed by cellulose, lignin and finally, the ash. Hemicelluloses often decompose at 220°C, which substantially completes at 315°C. The decomposition of cellulose takes place as the second stage of decomposition. Due to the highly crystalline nature of cellulose, it is relatively thermally stable. Cellulose itself has crystalline and amorphous parts. The amorphous part will degrade earlier than the crystalline part, which has higher thermal stability, as shown as a multi-step in the second main decomposition stage as visualised in the DTG curve. Lignin shows peaks in DTG below 200°C (Figure 6(b)). Between 200°C and 320°C (Figure 6(b)), there are two distinct peaks which show hemicellulose and cellulose components decomposition. Highly crystalline cellulose starts to decompose until hemicellulose had completely decomposed; which normally starts at higher temperature, about 320°C. Further down the line is the decomposition of lignin. Lignin’s molecular structure is mostly composed of aromatic rings. Its various branching and relevant present chemical bonds lead to a wide range of decomposition temperatures.53 It is more difficult to decompose compared to hemicellulose and cellulose. The decomposition of lignin starts at a temperature as early as 160°C and it decomposes slowly. Lignin extends its decomposition temperature as high as 900°C in order to complete this process.54 The prolonged decomposition is due to lignin being a very tough component. Accordingly, it is known as the compound that gives rigidity to plant materials. Finally, once the lignin has completely decomposed, the component left is the inorganic ash material (not unlike silica). This inorganic material only decomposes at the very high temperature of 1730°C.25
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Figure  6:      Effect of yarn loading on thermal properties: TGA curve (a) and DTG curve (b).



From the result obtained in Table 4, it may be concluded that the sugar palm fibres addition to the composite decreases the UPE degradation onset occurring temperature, and the maximum thermal decomposition. This occurs due to some portions of the UPE matrix being replaced with the less thermally stable sugar palm fibres, which then reduces the thermal stability of the polymer matrix system as a whole.55 The tremendous thermal stability decreases upon the sugar palm fibres increases is also contributed to by fibres-fibres interaction. This particular fibre-fibre interaction is stronger at higher sugar palm fibres loadings than that of fibres-UPE interaction; this may further reduce the decomposition temperature due to non-limited mobility.56


Table  4:    Characteristic temperature at elevated weight loss.
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It is clearly shown that the increase in fibre hence increases the residue content percentage as compared to neat UPE. The formation of residue provides a barrier between the heat source and polymeric material, subsequently slowing down or inhibiting the out-diffusion of volatile decomposition products from the composites.57 Thus, by increasing the sugar palm loading, the char residue increases and forms a thicker barrier/layer between the heat source and polymeric material. This thicker barrier of char residue thus result in the higher temperatures required for the composites’ decomposition. Therefore, the thermal stability of the composites increases with the sugar palm loading increase.45

4.           CONCLUSION

The density of the composites decreases with the increase in sugar palm yarn loadings, due to lower density of sugar palm fibres which is 1.053 g cm−3 as compared to the cured density of unsaturated polyester composites, which is 1.212 g cm−3.Theoretical void calculations indicate that 30 wt% to 50 wt% of fibre loading exhibits voids as compared to the 0, 10 and 20 wt% fibre loadings. Similar increasing trends in the performance of tensile strength, tensile modulus, flexural strength and flexural modulus were shown in sugar palm yarn loadings of up to 30 wt%. However, maximum impact strength is achieved at 40 wt% of sugar palm fibre yarn loadings. Elongation at break increases with the increment of sugar palm yarn loading up to 50 wt%. The different values obtained from the ROM demonstrate how several key parameters which must be taken into account during composite processing in order to achieve the desired performance. The thermal stability of the composite decreases in accordance with onset and maximum temperatures, while the percentage of residue increases for higher fibre loadings.
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ABSTRACT: In the present work, the natural radioactivity of surrounding soil samples collected from Assuit cement factory (Egypt) have been measured by using NaI(Tl) detector. Gamma analysis for each sample along with the calculated specific activities shows that the average concentrations of Ra-226, Th-232 and K-40 were 31.44 ± 3.67 Bq kg−1, 39.77 ± 2.00 Bq kg−1 and 113.23 ± 5.66 Bq kg−1 respectively, where only the values of Ra-226 and K-40 are lower than the worldwide average, while the average value of radium equivalent activity, absorbed gamma dose rate, external and internal hazard indices, gamma index, alpha index, indoor and outer door effective doses for each sample were 132.02 Bq kg−1, 43.27 nGy h−1, 0.256, 0.346, 0.691, 0.157, 0.212 mSv y−1 and 0.0572 mSv y−1 respectively. All these values were found to be lower than the permissibility limit value.

Keywords: Cement exhaust, natural radioactivity, radium equivalent activity, soil, annual effective dose

1.           INTRODUCTION

Soil is the upper part of the earth’s crust and formed as a result of rock deformation by complex physicochemical processes including weathering decomposition, water movement and organic matter addition. Soil consists of minerals, organic matter, water and air. Their percentages vary widely according to soil type, usage, and particle size.1 Natural radioactivity is widespread in the earth’s environment. It exists in soil, plant, water, air, coal and phosphate. The natural radioactivity in soil comes mainly from 238U series, 232Th series and 40K. One of the components of external gamma-ray exposure to which a person is exposed to regularly is the naturally occurring radioactive materials (NORMs) in soil. Natural environmental radioactivity and the associated external exposure due to gamma radiation depend primarily on geological and geographical conditions, and exist at different levels in the soils of each region in the world. The specific levels of terrestrial environmental radiation are related to the geological composition for each lithological separated area, and to the content of uranium, thorium and potassium in the rock from which the soil originated in each area.2

High levels of uranium and its decay products in rock and soil and thorium in monazite sands are the main sources of high natural background areas that have been identified in several areas of the world, e.g., Yangjiang in China, Rasmar in Iran, Kerala coast of India, etc.3 Therefore, measurements of natural radioactivity in soil are of a great interest for many researchers throughout the world, which led to worldwide national surveys in the last two decades. El-Taher et al. studied the elemental analysis of Toshki soil in south Egypt by instrumental neutron activation analysis, and also the radioactivity in soil samples from Wadi Al-Assuity protective area in Upper Egypt.4,5

The authors measured the 226Ra, 232Th and 40K levels in phosphate fertiliser and its environmental implications in Assuit governorate, Upper Egypt.6 More specifically, natural environmental radioactivity due to gamma radiation depends primarily on the geological and geographical conditions, and appears at different levels in the soils of each region in the world.3

Because there are no existing databases for the natural radioactivity in soil around cement factory, our results are a start to establishing a database for cement factory environment. It is hoped that the data presented here will be useful to those dealing with soil and related fields. The aim of the present work is to assess the activity concentration levels of naturally occurring radionuclides such as 226Ra, 232Th and 40K in some soil samples around cement factory. Additionally, the radiological parameters due to natural radionuclides in soil will also be considered. This database will be used as reference to gauge any input sand trans boundary radioactive release in future.


2.           EXPERIMENTAL

2.1           Sample Collection and Preparation

A total of 21 soil samples were collected from around Assuit cement factory, Egypt. The samples were ground, homogenised and sieved to about 100 mesh by a crushing machine. The samples were dried at 110°C to ensure that moisture is completely removed. Samples weighing 1 kg each were placed in beaker of 350 cm3 volume. The beakers were sealed completely for over one month to allow radioactive equilibrium to be reached. This is a necessary step to ensure that radon gas is adequately confined within the volume, and that the daughters will also remain in the sample.5–7

2.2           Samples Counting

Specific activates were performed using gamma ray spectrometer, employing a NaI(Tl) scintillation detector 3″ × 3″. The assembly is hermetically sealed, and includes a NaI(Tl) crystal, coupled to PC-MCA Canberra Accuspe. To reduce the gamma ray background, a cylindrical lead shield of 100 mm in thickness with a fixed bottom and movable cover shielded the detector. The lead shield contained an inner concentric cylinder of copper (0.3 mm thick) to absorb X-rays generated in the lead. To determine the background distribution in the environment around the detector, an empty sealed beaker was counted in the same manner and in the same geometry as the samples. The γ-ray spectrometer energy was calibrated using 60Co and 137Cs point sources. The naturally occurring radionuclides considered in the present analysis of the measured γ-ray spectra are: 212Pb (with a main gamma energy at ~239 keV and a gamma yield of ~43.1%); 214Pb (~352 keV, ~37.1%); 214Bi (~609 keV, ~1120 keV and ~1765 keV, ~46.1%, ~15% and ~15.9% respectively); 228Ac (~911 keV, ~ 29%); 208Tl (~2615 keV, ~35.9%); and 40K (~1461 keV, ~10.7%). Under the assumption that secular equilibrium was reached between232Th and 238U and their decay products, the specific activity of 232Th was determined from the average specific activities of 212Pb, 208Tl and 228Ac in the samples, and that of 226Ra was determined from the average concentrations of the 214Pb and 214Bi decay products. The γ-ray spectrometer energy was calibrated using 60Co and 137Cs point sources. The measuring time for gamma-ray spectra range was 12 h. In order to determine the background distribution due to naturally occurring radionuclides in the environment around the detector, an empty backer was counted in the same manner as the samples. After measurement and subtraction of the background, the specific activity was calculated by the equation:8
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where:

A = activity concentrations of the sample in units Bq kg−1

Ɛ = energy efficiency

m = mass of sample in unit kg

t = time measurement (43200 s)

Iγ = gamma intensity

3.           RESULTS AND DISCUSSION

Specific activities of 226Ra, 232Th and 40K in 21 of the surrounding soil samples for cement factory exhaust in Assuit province were shown in Table 1. From Table 1, it is observed that the specific activity of 226Ra ranged from 21.37 ± 3.5 Bq kg−1 in Sample 5 to 40.19 ± 2.27 Bq kg−1 in Sample 18 with an average value of 31.44 ± 3.67 Bq kg−1. For 232Th, the specific activity ranged from 1.78 ± 0.14 Bq kg−1 in Sample 2 to 70.82 ± 3.55 Bq kg−1 in Sample 11 with an average value of 39.77 ± 2.00 Bq kg−1. On the other hand, for 40K activity, the values ranged from 90.32 ± 4.52 Bq kg−1 in Sample 5 to 130.48 ± 6.25 Bq kg−1 in Sample 7 with an average value of 113.23 ± 5.66 Bq kg−1. For the average value of specific activity of present study, value of 226Ra is lower than the world average of 32 Bq kg−1, activity for 232Th is lower than world average value of 45 Bq kg−1, and activity of 40K is also lower than the world average value of 412 Bq kg−1.16 Other observation from Table 1 is the specific activity of 40K is higher than the specific activity of radionuclides such as 226Ra and 232Th for all samples. The specific activities values of 226Ra, 232Th and 40K in the surrounding soil samples for cement factory exhaust are shown in Figure 1.


Table  1:    Specific activity concentrations of 226Ra, 232Th and 40K for soil samples surrounding Assuit cement factory.



	Sample locations

	Values (Bq kg−1)




	Ra-226

	Th-232

	K-40




	1

	33.74 ± 3.71

	41.11 ± 2.07

	118.40 ± 5.92




	2

	27.26 ± 3.47

	1.78 ± 0.14

	119.93 ± 6.00




	3

	31.58 ± 4.27

	38.35 ± 1.93

	121.42 ± 6.07




	4

	30.67 ± 3.63

	37.87 ± 1.90

	105.48 ± 5.27




	5

	21.37 ± 3.50

	30.84 ± 1.55

	90.32 ± 4.52




	6

	33.06 ± 4.01

	40.45 ± 2.03

	123.70 ± 6.19




	7

	30.44 ± 3.53

	30.72 ± 1.55

	130.48 ± 6.52




	8

	31.12 ± 4.39

	2.88 ± 0.19

	110.02 ± 5.50




	9

	31.30 ± 4.69

	40.11 ± 2.01

	112.45 ± 5.62




	10

	28.80 ± 3.89

	2.45 ± 0.12

	106.76 ± 5.34




	11

	36.74 ± 3.80

	70.82 ± 3.55

	118.95 ± 5.95




	12

	33.07 ± 3.92

	42.89 ± 2.15

	116.46 ± 5.82




	13

	31.75 ± 3.62

	42.61 ± 2.14

	122.16 ± 6.11




	14

	29.15 ± 3.93

	37.10 ± 1.86

	114.92 ± 5.75




	15

	37.18 ± 4.12

	61.45 ± 3.08

	117.55 ± 5.88




	16

	27.06 ± 3.30

	36.86 ± 1.85

	100.09 ± 5.01




	17

	21.63 ± 1.40

	30.56 ± 1.54

	94.16 ± 4.71




	18

	40.19 ± 2.27

	70.31 ± 3.52

	119.47 ± 5.97




	19

	36.43 ± 4.22

	37.54 ± 1.89

	111.00 ± 5.55




	20

	31.23 ± 3.41

	69.30 ± 3.47

	106.81 ± 5.34




	21

	36.45 ± 4.14

	69.32 ± 3.48

	117.37 ± 5.87




	Average ± S.D.
	31.44 ± 3.67

	39.77 ± 2.00

	113.23 ± 5.66




	Worldwide average
	35

	30

	400
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Figure  1:      Specific activity concentrations of 226Ra, 232Th and 40K for soil samples surrounding Assuit cement factory.




3.1           Radiological Parameters

3.1.1         Radium equivalent activity (Raeq)

The natural radioactivity of cement material is usually determined from the contents of 226Ra, 232Th and 40K. Since 98.5% of the radiological effects 238U series are produced by 226Ra and its daughter products, the contribution from the 238U was replaced with the decay product 226Ra. As sand beach minerals, rejected light sands and sea beach soils can be used in industries and building constructions, the γ-ray radiation hazards due to the specified radionuclides were assessed by three different indices. Radium equivalent activity is an index introduced to represent the specific activities of 226Ra, 232Th and 40K by a single quantity, taking into account the radiation hazards associated with them. The radium equivalent activity can be calculated according the following equation below:9
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where ARa, ATh and AK are the specific activities of 226Ra,232Th and 40K in Bq kg−1, respectively. The Raeq is related to the external γ-dose and internal dose due to radon and its daughters. From Table 2, it can be noticed that the values of Raeq ranged from 38.21 Bq kg−1 in Sample 2 to 149.10 Bq kg−1 in Sample 18 with an average value of 96.24 Bq kg−1. The global limit of Raeq in building materials must be less than 370 Bq kg−1 for safe use.9


Table  2:    Raeq, D, Hex, Hin, Iγ and Iα of soil samples.
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3.1.2         Absorbed Gamma Dose Rate (D)

The external outdoor absorbed gamma dose rate due to terrestrial gamma rays from the nuclides for 226Ra, 232Th and 40K at 1 m above the ground level were calculated as follows outlined by:10
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where ARa, ATh and AK are the specific activities of 226Ra,232Th and 40K, respectively. The highest value of dose rate was 66.02 nGy h−1 in Sample 18, while the lowest value was 18.67 nGy h−1 in Sample 2 with an average value of 43.27 nGy h−1. The results of Raeq and D results are shown graphically in Figure 2.

3.1.3         External hazard indices (Hex) and internal hazard indices (Hin)

Hex is obtained from Raeq expression through the supposition that its maximum value allowed (equal to unity) corresponds to the upper limit of Raeq 370 Bq kg−1. This index value must be less than unity in order to keep the radiation hazard insignificant, i.e., the radiation exposure due to the radioactivity from construction materials is limited to 1.0 mSv y−1. The Hex can be defined as:11
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where ARa, ATh and AK are the specific activities of 226Ra,232Th and 40K, respectively.
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Figure  2:      Radium equivalent activity, Raeq (Bq kg−1) and Absorbed gamma dose rate, D (nGy h−1) results for soil samples.



The internal exposure is caused by the inhalation of radon gas and its relevant examples which can be expressed in terms of Hin and calculated with equation below:12
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The values of Hex and Hin were varied from 0.105 in Sample 2 to 0.404 in Sample 18, 0.178 in Sample 2 to 0.512 in Sample 18 respectively, with an average value of 0.256 and 0.346. It should be added that this factor must be less than unity, so that it is placed within the allowable universal value.

3.1.4         Gamma index (Iγr)

Another radiation hazard called the representative level index or gamma index (Iγr), is defined as follows:13
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where ARa, ATh and AK are the specific activities of 226Ra,232Th and 40K in Bq kg−1, respectively. Iγr varied from 0.281 in Sample 2 to 1.050 in Sample 18 with an average value of 0.157.

3.1.5         Alpha index (Iα)

Also, several indices dealing with assessment of the excess alpha radiation due to the radon inhalation originating from building materials called alpha index (Iα) or internal index have been developed.15 In the present work, (Iα) was determined through the following formula:14


[image: art]

The values of Iα ranged from 0.138 in Sample 2 to 0.200 in Sample 18 with an average of 0.157.

The calculated values of Raeq, D, Hex, Hin, Iγ and Iα are listed in Table 2.

3.1.6         The annual effective dose

To calculate the annual effective dose, the following must be taken into consideration: first, the conversion factor of absorbed dose to effective dose; and second, the internal occupation factor. The factor from observed dose in the air is used in the annual effective dose received by adult and 0.8 is put as the internal occupation (which is the ratio of time spent at home) and 0.2 put as external occupation as below:16,17
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The values of indoor annual effective dose and outdoor annual effective dose varied from 0.0916 mSv y−1 in Sample 2 to 0.323 mSv y−1 in Sample 18, 0.0229 mSv y−1 in Sample 2 to 0.0809 mSv y−1 in Sample 18 with an average value of 0.42 mSv y−1 and 0.08 mSv y−1 respectively.

The annual effective dose rate outdoors in units of mSv y−1, is also can be calculated by the following formula:18
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where D is the calculated dose rate (in nGy h−1), T is the outdoor occupancy time (0.2 × 24 h × 365.25, d ≈ 1753 h y−1), and F is the conversion factor (0.7 × 10–6 Sv Gy−1). Table 3 shows the values of the indoor and outdoor effective dose rate and the annual effective dose rate. The indoor annual effective dose and outdoor annual effective dose rate are shown graphically in Figure 3.

The specific activities measured in this study were compared with those from other countries (Table 4 and Table 5). The 226Ra activity concentration for virgin soils in our study was higher than Nigeria but less compared to those values recorded in Yemen, Bangladesh, China, Turkey, Botswana, Malaysia and Iraq, as in Table 4. On the other hand, the value of the agricultural soils in the present study was higher than Pakistan, but less than those in Yugoslavia, Egypt, Algeria, Iraq and Malaysia, as in Table 5. The specific activity of 232Th for virgin soils in the study area was less than other countries except Nigeria and Iraq, while its value in agricultural soils was less than all the countries except Iraq. The 40K specific activity values for both virgin and agricultural soils in this study were less than those in all other the countries.
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Figure  3:      Annual effective dose Ein and annual effective dose Eout results.




Table  3:    The indoor and outdoor effective dose rate and the annual effective dose rate of soil samples.



	Sample locations

	Ein (mSv y−1)

	Eout (mSv y−1)

	Annual effective dose rate (mSv y−1)




	1

	0.222

	0.0556

	0.0556




	2

	0.0916

	0.0229

	0.0229




	3

	0.210

	0.0525

	0.0525




	4

	0.203

	0.0508

	0.0508




	5

	0.158

	0.0395

	0.0395




	6

	0.220

	0.0550

	0.0550




	7

	0.186

	0.0466

	0.0467




	8

	0.101

	0.0253

	0.0254




	9

	0.212

	0.0532

	0.0532




	10

	0.0943

	0.0235

	0.0236




	11

	0.317

	0.0793

	0.0794




	12

	0.225

	0.0564

	0.0565




	13

	0.223

	0.0558

	0.0558




	14

	0.199

	0.0498

	0.0499




	15

	0.290

	0.0726

	0.0726




	16

	0.191

	0.0477

	0.0477




	17

	0.158

	0.0397

	0.0397




	18

	0.323

	0.0809

	0.0810




	19

	0.216

	0.0541

	0.0541




	20

	0.298

	0.0745

	0.0745




	21

	0.312

	0.0790

	0.0780




	Average
	0.212

	0.0572

	0.0530




	Worldwide average
	0.42

	0.08

	0.08






Table  4:    Comparison of radioactivity levels in virgin soil samples with other countries.



	Virgin soil




	Country

	226Ra (Bq kg−1)

	232Th (Bq kg−1)

	40K (Bq kg−1)

	Reference




	Yemen
	44

	58

	822

	[19]




	Bangladesh
	60.20

	60.80

	928.00

	[20]




	Nigeria
	18

	22

	210

	[21]




	China
	38

	57.6

	838

	[22]




	Turkey
	115

	192

	1207

	[23]




	Botswana
	34.8

	41.8

	432.7

	[24]




	Malaysia (Penang)
	396

	165

	835

	[25]




	Malaysia (Pontian)
	37

	53

	293

	[26]




	Malaysia
	51.6

	78.44

	125.66

	[27]




	Iraq
	32.52

	20.30

	378.93

	[28]




	Egypt
	31.44

	39.77

	113.23

	Present study






Table  5:    Comparison of radioactivity levels in agriculture soil samples with other countries.



	Country

	226Ra (Bq kg−1)

	232Th (Bq kg−1)

	40K (Bq kg−1)

	Reference




	Yugoslavia
	39.3

	53

	454

	[29]




	Pakistan
	−

	50.6–64

	560.2–625.6

	[30]




	Pakistan
	30

	56

	602

	[31]




	Egypt
	43

	54

	183

	[32]




	Algeria
	53.2

	50.03

	311

	[33]




	Malaysia
	80.63

	116.87

	200.66

	[27]




	Iraq
	33.55

	21.52

	326.74

	[34]




	Egypt
	31.44

	39.77

	113.23

	Present study






4.           CONCLUSION

It is important to determine the background radiation level in order to evaluate the health hazards. The average specific activity values for 226Ra and 40K are below the worldwide average, except for 232Th.16 Additionally, the average value of the eight radiation hazard indices was found to be less than the average recommended indices given by the worldwide average.16 The data produced in the present work can be used as baseline radiological data for future investigations.
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ABSTRACT: Malaysia produces a large amount of oil palm biomass yearly especially in the form oil palm trunks. The purpose of this research was to convert oil palm trunk waste into value-added panels namely particleboard. Binderless particleboards and particleboards with addition of 10% urea formaldehyde were made from oil palm trunk particles at higher thickness levels. Particleboards were manufactured at two thickness levels namely 10 mm and 15 mm at target density of 0.8 g cm−3. Physical and mechanical properties of particleboards including density, thickness swelling, water absorption, modulus of rupture and internal bond strength were determined. Moreover, properties of oil palm trunk particleboard were characterised in terms of thermal analysis by thermogravimetric analyses (TGA) and morphological analysis by scanning electron microscopy (SEM). Based on the results obtained, particleboards with addition of urea formaldehyde exhibited higher physical and mechanical properties in comparison to binderless particleboards at each thickness levels. On the other hand, particleboard of 10 mm in thickness showed better properties than particleboards of 15 mm in thickness except for modulus of rupture. The mechanical properties of all types of boards have met the minimum requirement of Japanese Industrial Standard for Type 8. The overall results revealed that addition of minimal amount of urea formaldehyde as adhesive can improve the basic properties of oil palm trunk particleboard.

Keywords: Oil palm trunk, particleboard, physical properties, mechanical properties, oil palm biomass


1.           INTRODUCTION

Malaysia is one of the largest producers of palm oil in the world with huge areas of oil palm plantation. The palm oil has a high demand in many countries as it can be used for various applications including in food such as cooking oil and margarines, and also in non-food industries such as detergents, shampoo and biofuel.1 Consequently, a large amount of waste has been generated from oil palm plantation due to high-value utilisation of palm oil. Other parts of oil palm tree namely trunk, fronds and empty fruit bunch are considered a solid waste once they reach economic life span of 25 years.2

Wastes obtained from oil palm plantation give rise to environmental issues due to improper disposal of the residues such as open burning which leads to major air pollution. Since a massive amount of solid waste is generated yearly, they can be utilised efficiently and effectively for production of value-added products such as fibre-based products, wood-based composite products and building construction, as well as sources of energy.3

With a limited supply of wood material arising from depleting forest resources, wood-based industry is searching for wood substitute. Utilisation of waste from oil palm plantations will solve the demand for wood materials and thus reduce disposal of those wastes. Many studies have been conducted to explore new usage of oil palm waste especially for wood-based panels, where it has been utilised as raw materials for particleboard, plywood and fibreboard production.4

The intention of particleboard without addition of any adhesive is an alternative way to reduce and eliminate the use of synthetic resin and to produce an environmentally friendly product. Furthermore, much effort has been put on utilisation of agricultural waste or lignocellulosic materials from oil palm trunk, kenaf fibre, empty fruit bunch and also coconut husk.5 Hashim et al. have explored utilisation of oil palm trunk for the production of binderless particleboard where it can emit usage of synthetic adhesive which is hazardous to human health.6 However, the basic properties of oil palm trunk binderless particleboard still need improvisation.

In this study, urea formaldehyde was added as adhesive at a low percentage to improve the basic properties of oil palm trunk particleboard in comparison to binderless boards. Furthermore, particleboard of higher level of thickness was manufactured to diversify its end product purpose. Baskaran et al. have successfully manufactured boards at higher thickness levels.7 However, in this study, the influence of urea formaldehyde on higher thickness levels oil palm trunk particleboard was investigated.


2.           EXPERIMENTAL

Raw materials used for particleboard production in this study are oil palm trunk particles which were supplied by Encore Agricultural Industries Sdn Bhd. Oil palm trunk particleboards were manufactured at two thickness levels of 10 mm and 15 mm with two different conditions namely binderless particleboard and particleboard with addition of urea formaldehyde at a target density 0.80 g cm−3.

Oil palm particles were weighted and placed into a mould with dimension 20.5 cm × 20.5 cm followed by pre-pressing for 3 min to form a mat at target thicknesses of 10 mm and 15 mm. Unlike binderless particleboard, particleboard with addition of urea formaldehyde were manufactured with addition of 10% of urea formaldehyde adhesive, which were calculated based on air dried weight of oil palm trunks, was mixed manually with oil palm particles before formed into mat. The mat was pressed at manufacturing condition at a pressure of 5 MPa and temperature of 180°C for 20 min.7 A total of 24 single-layer particleboards where 6 replicates were manufactured for each type of particleboards.

2.1           Testing of Particleboards

Physical and mechanical properties of boards that were carried out include density, thickness swelling and water absorption, modulus of rupture and internal bond strength according to Japanese Industrial Standard JIS A 5908: 2003 Particleboard.8 Three specimens from each board with the dimension of 5 cm × 5 cm were used to determine thickness swelling and water absorption by soaking them in water for 24 h. The thickness of each specimen was measured before and after water soaking at four points of midway along each side and 1 cm from the edge at accuracy of 0.01 mm. One specimen for modulus of rupture and three specimens for internal bond strength with the dimension of 5 cm × 15 cm, and 5 cm × 5 cm respectively were prepared from each type of board for the evaluation of mechanical properties. Both tests were done on an Instron Testing System Model UTM-5582 equipped with a load cell capacity of 1000 kg.

2.2           Thermal Analysis

The thermogravimetric analysis (TGA) analysed thermal stability of materials at different temperatures were conducted using a Perkin Elmer TGA 7 thermogravimetric analyser. Scans were recorded from 30°C to 800°C for samples of 5–10 mg placed in an aluminium pan with a heating rate of 20°C min−1 under a nitrogen atmosphere.


2.3           Morphological Analysis

Scanning electron microscopy (SEM) was employed to analyse morphological structure of oil palm trunk particles between binderless particleboard and particleboard with addition of urea formaldehyde. Micrographs were taken from cross sections of 0.5 cm × 0.5 cm of experimental panels. The samples were coated with gold by an ion sputter coater (Polaron SC515, Fisons Instruments, UK). A Scanning Electron Microscope LEO Supra 50 Vp, Field Emission SEM, Carl-Zeiss SMT, Oberkochen, Germany was employed for microscopic study.

3.           RESULTS AND DISCUSSION

3.1           Evaluation on Water Absorption and Thickness Swelling

The physical properties, namely thickness swelling and water absorption of binderless particleboard and particleboard with addition of urea formaldehyde are shown in Table 1 which was evaluated by Tukey Test. Based on the result obtained in Table 1, binderless particleboard with thickness of 15 mm had the highest water uptake compared to other boards. The water absorption values of binderless particleboard improved as the addition of urea formaldehyde in the oil palm trunk particleboard. The values significantly reduced by 4.86% and 12.95% for particleboard with addition of urea formaldehyde at thickness levels of 10 mm and 15 mm respectively. Thickness swelling of the boards with 10 mm in thickness reduced significantly to 21.93% while 55.28% for boards in 15 mm in thickness when the addition of urea formaldehyde compared to binderless particleboard.


Table  1:    Physical and mechanical properties of binderless particleboard (B) and particleboard with addition of urea formaldehyde (U).

[image: art]

Notes: 10 and 15 represent thickness levels; values in parenthesis are standard deviation; different letters in superscript represent statistical significance while same letters indicate a similarity of differences (p < 0.05).

The rate of water absorption in particleboard also depends on the board thickness. The higher thickness boards have higher percentage of water uptake. Besides that, there is a significant increase of 28.82% for water absorption and 17.81% for thickness swelling as increasing thickness of oil palm binderless particleboard.


Oil palm trunk is a highly hygroscopic material which can absorb higher moisture from the surroundings.9 Hence, the absorption of water by particleboard was affected by the hygroscopic properties of oil palm trunk. However, the percentage of water uptake was lower for particleboards with addition of urea formaldehyde. The porosity of the boards was reduced by addition of urea formaldehyde resin. The particles that have been pressed and show high compaction level are attributed to low water penetration and diffusion into the boards, as the particleboards have low capacity to absorb water.10

3.2           Evaluation on Modulus of Rupture

Modulus of rupture of all particleboards met the requirement of the Japanese Industrial Standard for Type 8.8 The values improved with the presence of urea formaldehyde and also higher thickness. As can be seen in Table 1, modulus of rupture values increase significantly by 27.23% for board of 10 mm in thickness and 16.48% for board of 15 mm in thickness as addition of urea formaldehyde in comparison to binderless particleboard. Whereas, a significantly increase of 61.48% and 47.86% were found as increasing thickness level for binderless particleboard and board with addition of urea formaldehyde.

The binderless particleboard had lowest bending strength because the strength of board was attributed by self-bonding process only. Moreover, types of raw material also affect the strength values since oil palm trunk has lower strength values.6 Thus, addition of adhesive like urea formaldehyde can form a strong fibre contact within oil palm particles. It is revealed from the result obtained where boards with addition of urea formaldehyde have high modulus of rupture values.

3.3           Evaluation on Internal Bond Strength

The internal bond strength for particleboard with addition of urea formaldehyde was higher than binderless particleboard. The values increased significantly as addition of urea formaldehyde with 71.43% and 87.50% for particleboard with thickness level of 10 mm and 15 mm respectively as shown in Table 1. Urea formaldehyde enhanced the bonding between particles and fibres especially during hot pressing process. Internal bond values reduced as increasing thickness level of board. Particleboard of 10 mm in thickness with addition of 10% urea formaldehyde has highest internal bond strength. High compaction ratio between oil palm particles at lower thickness and also addition formaldehyde based adhesive improved bonding between raw materials resulted in high mechanical properties. The higher internal bond was contributed by high cellulose content and moderate lignin content of oil palm trunk samples.11 All types of particleboard made from oil palm trunk have exceeded the minimum requirement of Japanese Industrial Standard for Type 8.8


3.4           Evaluation on Thermal Degradation

The thermal degradation for binderless particleboards and particleboards with addition of urea formaldehyde are shown in Figure 1. Figure 1(a) represents the weight loss curve (TG) and Figure 1(b) represents derivative thermogravimetric (DTG) profiles. The curves show that the weight starts to decreased when the temperature is increased between 200°C and 300°C. This is because the materials begin to absorb the heat energy.12
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Figure  1:      (a) TG and (b) DTG curve of binderless particleboard (B) and particleboard with addition of urea formaldehyde (U) at different thickness levels of 10 mm and 15 mm.




The weight loss in binderless particleboard is lower compared to board with addition of urea formaldehyde. This indicates that urea formaldehyde has good structural stability. It can be concluded that binderless particleboard thermally degraded faster compared to particleboard with addition of urea formaldehyde. Particleboard with addition of urea formaldehyde takes slightly longer time to degrade as the oil palm particles are bonded together with urea formaldehyde. Hence, the presence of adhesive produces stronger crosslinking of hydrogen bond and hard to be broken. As a result, the degradation of materials required more heat energy. The peak temperature shows where the maximum weight loss occurs. First and foremost, hemicellulose will degrade followed by cellulose. Compared to hemicellulose and cellulose, degradation of lignin required a longer period of time to ensure the decomposition is complete.13

3.5           Evaluation on Morphological Properties

The morphological properties of binderless particleboard and particleboard with addition of urea formaldehyde can be observed from SEM analysis as illustrated in Figure 2.
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Figure  2:      Micrographs of binderless particleboard (left) and particleboard with addition of urea formaldehyde (right).



From Figure 2, compressed cell walls and fibres of oil palm trunk can be seen clearly from the micrograph. This is due to high pressure applied during hot pressing when particleboard was manufactured. Hot pressing helps adhesive to melt and disperse evenly within the oil palm particles. Besides, adhesive caused the particles to become bonded together and more bonding are formed. Hence, particleboard with addition of urea formaldehyde has greater compactness compared to binderless particleboard. The presence of urea formaldehyde can be clearly seen as glue line in particleboard with addition of urea formaldehyde at high magnification level in Figure 2(b). The presences of silica in the samples with addition of urea formaldehyde were found in both thickness levels namely 10 mm and 15 mm. Besides that, the starch in oil palm trunk also can be detected from the Figure 2.

4.           CONCLUSION

Properties of binderless particleboard and particleboard with addition of urea formaldehyde at two different levels of thickness, namely 10 mm and 15 mm were investigated. Based on the result, urea formaldehyde was found to be a potential adhesive as it improved physical and mechanical properties of oil palm trunk particleboard at each level of thickness. Besides, the mechanical properties of all types of board have met the minimum requirement of Japanese Industrial Standard for Type 8 which should have internal bond strength of 0.15 MPa in minimum and modulus of rupture of 8.0 MPa in minimum. Particleboard of 10 mm in thickness showed better properties than particleboards of 15 mm in thickness except for modulus of rupture. Therefore, higher thickness boards are more suitable for lower strength application. The addition of 10% of urea formaldehyde improved physical, mechanical, thermal and morphological properties of oil palm trunk particleboard. As conclusion, oil palm trunk biomass especially oil palm trunk particles have a great potential to be used in wood-based composites product especially for interior applications such as frame, cupboard, table, chair and accessories. Moreover, it can help to minimise waste and conserve the environment by producing binderless particleboard with higher thickness levels.
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