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    Abstract:Gamma-ray irradiation technique was used to functionalise graphene oxide (GO) withvarious alkyl chain length alkylamine. Functionalisation of alkylchain onto the GO was confirmed by nuclear magnetic resonance (1H NMR), Fourier transform infrared (FTIR) and X-ray diffraction (XRD). FTIR of functionalised GO showed the appearance of significant peaks around 2850–2960 cm–1 (–CH2) which come from long alkylchain together with peak around 1450–1560 cm–1 indicating the formation of C–NH–C. XRD showed an additional diffraction peak at lower 2θ angle, indicating that the intercalation of alkylamine was successful. The effects of various alkyl lengths functionalised-GO on morphological and thermal properties were investigated. Scanning electron microscopy (SEM) analysis showed an increase in surface roughness when the alkyl chain length increases. The addition of alkylchain on GO surfaces significantly improves the thermal stability of GO, suggesting their great potential for hydrophobic material in industry.
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    1.INTRODUCTION


    Graphene has drawn a great deal of attention from scientific communities in recent years due to its excellent mechanical, thermal, optical and electronic properties. It’s a new class of two-dimensional carbon nanostructure with a single layer of sp2 network of atom in honeycomb lattice. It can be produced by mechanical exfoliation of graphite, epitaxial growth, chemical vapour deposition (CVD), liquid-phase exfoliation1, solvent-thermal2 and the reduction of graphene oxide (GO). Among them, reduction of GO is the most economic method for synthesis of graphene which based on exfoliation of graphite into one atom thick sheets by oxidation, creating GO and subsequent reduction of GO into graphene sheet by reducing agents such as hydrazine, hydroquinone, vitamin C, sodium borohydride, dimethylformamide, urea and so on. Reduced GO approach the highly desired properties of graphene such as electric conductivity to various degrees, but not completely.


    On the other hand, GO is a graphene sheet with oxygen functional group on its edges and basal plane, as proposed by Lerf and coworkers.3 It is believed that carboxylic and carbonyl groups are at its edges, whereas phenol, hydroxyl, and epoxide groups are on its basal plane.4 GO is an interesting derivative of carbon material which has sparked a tremendous attention from scientist communities in recent years due to its unique and amazing properties. It has been proposed uses as electronic devices, sensors, energy materials, hydrogen storage materials and also as a value added-filler in composite materials.


    Brodie, in year 1859, first demonstrated the synthesis of GO by adding a portion of potassium chlorate to a slurry of graphite in fuming nitric acid. In year 1898, Staudenmaier improved on this protocol by using concentrated sulphuric acid as well as fuming nitric acid and adding the chlorate in multiple aliquots over the course of the reaction. In year 1958, Hummers reported the method most commonly used today, oxidising graphite by treatment with KMnO4 and NaNO3 in concentrated H2SO4. However, all three of these procedures involve the generation of the toxic or explosive gases NO2, N2O4 and ClO2. Various synthesis methods are summarised in Table 1.


    Table 1:Summary of GO synthesis methods.


    
      
        	Method

        	Year

        	Oxidants

        	Solvent

        	Reference
      


      
        	Brodie

        	1859

        	KClO3

        	HNO3

        	
          5

        
      


      
        	Staudenmaier

        	1898

        	KClO3

        	HNO3(fuming), H2SO4

        	
          6

        
      


      
        	Hofmann

        	1937

        	KClO3

        	HNO3, H2SO4

        	
          7

        
      


      
        	Hummers

        	1958

        	NaNO3, KMnO4

        	H2SO4

        	
          8

        
      


      
        	Modified Hummers

        	1999

        	K2S2O8, P2O5, KMnO4

        	H2SO4

        	
          9

        
      


      
        	

        	2010

        	KMnO4

        	H2SO4, H3PO4

        	
          10

        
      

    


    Nevertheless, the synthesis of graphene by these methods is fraught with problems, including defective graphene layers and difficulties in scale-up production. An alternative to mitigate the problem of graphene is to use GO.


    Nowadays, researchers are always interested in finding a filler material which promise to deliver strong and multifunctional properties even with low filler content. In fact, the excellent performance of GO as a filler does not only depend on the inherent properties on itself, but more importantly on the compatibility of GO with the polymer matrices. So, the challenge to achieve a good dispersion and compatibilisation become a major obstacle to these goals. The presence of moieties oxygen functionalities on GO such as carboxyl, epoxide, and hydroxyl leads to lower compatibility with non-polar polymer matrices. Introduction of hydrophobic groups on GO surfaces is an attractive objective especially when aiming for compatibilisation with non-polar material.


    In 2006, Stankovich et al. has modified GO with isocyanate to reduce the hydrophilic properties of GO which then can be exfoliated in polar aprotic solvent.11 Afterwards, many researchers modified GO with octadecylamine (ODA) through various types of reaction. Li et al. prepared functionalised GO with ODA through nucleophilic substitution reaction to improve the dispersion of these material with polystyrene matrix.12 This method also increase the conductivity of the material where it can be used as a good electrical conductor. Cao, Feng and Fu prepared functionalised-GO with long alkyl chain by simply using an amidation reaction and the result showed homogenous dispersion and intimate adhesion with polypropylene matrix.13 Compton et al. also modified GO with hexylamine followed by reduction processes to improve conductivity of GO which can be an attractive strategy for producing electrically conductive material.14 Not only that, Mei et al. modified GO with various alkylamine to tuning hydrophilic properties of GO to hydrophobic.15 Based on the literature review, chemicals with long alkyl chains such as ODA have been used for modification of GO not only change the hydrophilic properties of GO to hydrophobic, but also can improve some features such as conductivity, dispersibility and solubility of GO.


    Up to now, there are many different method to functionalise GO such as chemical method that usually possesses long reaction time, involving toxic reagents with strictly reaction condition which will limited the large scale production.14,16,17,18 Therefore, a novel route that combines the economic benefits and convenience of chemical synthesis with possessing high reduction efficiency, has been an import target for the preparation of functionalised-GO. Recently, gamma-ray (γ-ray) irradiation has attracted attention among researchers in promising not only environmental friendly method, but also feasible, cost effective and can be perform in room temperature as well. However, the study of γ-ray radiation induced grafting on surface of GO is still an emerging field. Therefore, in this paper, we demonstrate that GO can be produced using an improved Hummers method without using NaNO3 and proceed with functionalisation with alkylamine throughgamma-irradiation technique. This method decreases the cost, time and environmental duty of GO production and functionalisation of them. The effects of different alkyl chain lengths were investigated.


    2.EXPERIMENTAL


    2.1Materials


    Graphite powder (< 20 µm) was obtained from Sigma Aldrich (Missouri, USA). Sulphuric acid (H2SO4, 98%) and hydrogen peroxide (H2O2, 30%) were obtained from R&J Chemicals and used as received. Potassium permanganate (KMnO4, 99.9%) and hydrochloric acid (HCl, 36%) were purchased from SYSTERM. Dodecylamine, tetradecylamine, hexadecylamine and octadecylamine werepurchased from Acros organic. All other chemicals are of analytical grade and used as received without further purification. Distilled water was used for the washings.


    2.2Preparation of GO


    Graphene oxide was synthesised from graphite using a simplified Hummers’ method. 5 g of graphite were first oxidised by reacting them with concentrated H2SO4 (500 ml) before adding KMnO4 (18 g). The reaction was allowed to go on for 60 hours to fully oxidise graphite to graphite oxide. H2O2 solution (5% v/v) was added to destroy excess KMnO4 and terminate the oxidation process. The graphite oxide formed was washed several times with 1M of aqueous HCl solution to remove SO42– ions. Then, the mixture was washed repeatedly with distilled water to remove Cl– ions in the mixture. The washing process was carried out using a simple decantation of the supernatant with a centrifugation technique. The final product was vacuum dried in a vacuum dryer at 80°C and pressure of 70 cm Hg.


    2.3Functionalisation of GO


    GO (0.6 g) was dissolved and exfoliated in 300 ml deionised water via ultrasonication. The resulting suspension was mixed with the solution of octadecylamine (0.9 g) in 90 ml ethanol. The mixture was undergo ultrasonication before sending for irradiation treatment. The 60Co gamma ray source was used in room temperature atmosphere with total doses of 25 kGy. After irradiation treatment, the resultant product (denoted as GO-A18) was separated by filtration process. The collected solid was thoroughly washed by ethanol several times and dried at 70°C in vacuum oven. The dried GO-A18 were ready for characterisations. Similar synthesis steps were followed in preparing dodecylamine (GO-A12), tetradecylamine (GO-A14) and hexadecylamine (GO-A16) functionalised-GO.


    2.4Characterisations


    Fourier Transform Infrared spectra were recorded using a spectrum BX Perkin Elmer with UATR technique. The infrared spectra of the samples were recorded in the range of the frequency 280 to 4000 cm–1 at 25°C. A Perkin Elmer delta series TGA-7 was used for thermogravimetric analysis (TGA) of the samples. About 10–15 mg of each samples were used for the analysis. The samples were heated from 35°C to 800°C at the heating rate of 10°C/min. The analysis was carried out nitrogen at flow rate of 20 ml/min.The weight loss temperature function graph was plotted. XRD with Cu Kα radiation (λ = 1.542 Å) operated at 30 kV and 30 mA was used to determine the interlaying spacing of the GO sheets before and after functionalised. Data were collected within the range of scattering angles (2θ) of 2° to 30° at the rate of 2°/min. 1H NMR spectra were obtained from JOEL JMTC spectrometer (500 MHz). Chemical shift were recorded in ppm relatives to tetramethylsilane (TMS, 0.00 ppm) signal and deuterated chloroform (CD3Cl) was used as a solvent. X-ray photoelectron spectroscopy (XPS) was employed to investigate the surface chemical state of the GO and functionalised-GO. The analysis was performed on a ULVAC-PHI II (Ulvac-PHI, INC) instrument using a monochromatic Al-Kα (1486.6 eV) source at power of 25.6 W. Scanning electron microscopy (SEM) images were performed at magnification of 1000× by JEOL JSM-6400F.


    3.RESULTS AND DISCUSSION


    Natural graphite was used as the starting material. The inter-graphene layers can be intercalated by various molecular species or ions, during which the interlayer spacing changed. We employed concentrated sulphuric acid to oxidise the natural graphite powders. The yields (the weight of GO divided by weight of graphite powder) of GO produced was measure to be ~100%. This indicates that the solution of concentrated H2SO4 containing KMnO4 is capable of oxidising graphite to GO with high product yield, even without the assistance of NaNO3 as used in Hummers method.


    3.1X-ray Diffraction (XRD)


    The mechanism of GO producing is mainly the generation of oxygen containing groups on graphene’s surface when oxidation process take place. During oxidation process, hydroxyl, carbonyl, epoxy or peroxy groups were bonded to the edges of basal planes of the graphite structure. Simultaneously, carbon hydrolysation occurred and the sp2 bonds changed to sp3 bonds. At the same time, H2O or SO42– ions could insert themselves into the graphene layer to increase the interlayer spacing. In Figure 1(a) of XRD results, there is only one diffraction peak around 2θ = 26.4° in pristine graphite, a typical reflection peak (002) in graphite, and the d-spacing is about 0.334 nm. As oxidation proceeds, the intensity of this peak gradually weakened and finally disappeared. Simultaneously, the diffraction peak at about 10.2° appeared correspond to an increasing the interlayer spacing from 0.334 nm of graphite to 0.824 nm of GO. The interlayer spacing of graphite oxide is increased due to the present of abundant covalently bounded oxygen-containing functional group on the graphene sheets during oxidation process. These abundant oxygen containing functional groups weaken the van de Waals interactions between graphene sheets and thus increase the distance between graphene sheets.19,20,21,22 The oxidation process itself also causes of the breaking of the graphite structure into smaller fragments.23 Upon functionalisation with alkylamine, the interlayer spacing was further enlarged by intercalation of the long chain alkylamine between the graphene layers. XRD patterns of GO and various type of alkylamine functionalised-GO (GO-A8, GO-A12, GO-A18) were shown in Figure 1(b). The interaction of alkylamine with GO may decrease the order of crystallinity in graphite or deteriorate the degree of graphite crystallinity, which induces the main diffraction peak to become broader and slightly shifting to low angle.24 After functionalisation, the peak was further shifted to 3.8° (GO-A12), 3.5° (GO-A14), and 3.3° (GO-A16 and GO-A18) correspond to the expansion on the interlayer of GO sheets from 0.824 nm to 2.325 nm (GO-A12), 2.525 nm (GOA14) and 2.677 nm (GO-A16 and GO-A18) respectively. On the other hand, the broad peak around 18°–24° was arise due to the formation of reaggregated graphene sheets.18 This change supports the successful functionalisation of alkylamine to GO through γ-ray irradiation technique.


    
      [image: art]


      Figure 1: XRD spectra of (a) GO and graphite (b) GO and functionalised-GOs.

    


    3.2Fourier Transform Infrared (FTIR)


    FTIR analysis can be one of the direct evidence for GO’s functionalisation as it provides information about functional groups that present in the sample. FTIR spectra of GOand functionalised-GO were presented in Figure 2(a). Generally, GO shows typical peaks of broad band at ~3340 cm–1 which associated to hydroxyl groups, while 1717 cm–1 correspond to carboxyl groups, 1625 cm–1 is C=C in aromatic ring and 1060 cm–1 is for C–O–C in epoxide respectively.20,21,24 Thus the FTIR data verify the existence of oxygen containing functional groups in GO. Upon functionalisation with various alkylamine through γ-ray irradiation, the peaks around 2852–2920 cm–1 appeared corresponding to the C–H stretching vibration of the alkyl chain (CH2) together with peak around ~728 cm–1. The peak at 1590 cm–1 of functionalised-GO is probably due to the N–H bend, while the same peak appears at 1585 cm–1 in pristine ODA in Figure 2(b). The peak at 1082 cm–1 in functionalised-GO is probably due to the shift of C–N stretch at 1067 cm–1 in parent amine ODA. The peak at 1486 cm–1 of ODA belongs to C–H bend, and it moves to 1464 cm–1 in functionalised-GO. The spectral shift observed might result from the functionalised alkylamine with GO. The band at 1717 and 1060 cm–1 corresponding to carboxyl and epoxide were weakened after functionalised and a new peak at 1082 cm–1 (C–N) appears, indicating the formation of C–NH–C bands.17 Generally, γ-ray irradiation method illustrating the simultaneous functionalisation and slightly reduction on GO.25,26,27,28 A certain decrease in the intensity of the bands at ~1717, 1625 and 1060 cm–1 could be related to the evolution of water or labile oxygen chemical groups duringγ-ray irradiation as reported by Anson et al.29
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      Figure 2: FTIR spectra of (a) GO and functionalised-GOs and (b) ODA (octadecylamine).

    


    3.3Thermogravimetric Analysis (TGA)


    TGA was used to investigate thermal stability of the samples. Figure 3(a) depicts the TGA of GO and functionalised-GOs. Pristine GO showed a major weight loss of about 80% in temperature range of 130°C–200°C corresponding to the decomposition of labile oxygen-containing functionalities and illustrating lower thermal stability. A significant drop of GO in mass around 300°C is due to more stable oxygen-containing functional groups and the bulk pyrolysis of carbon skeleton.30 After functionalisation with different chain length of amine through γ-ray irradiation, the result showed no significant weight loss up to 175°C. This showed an improvement in thermal stability and decelerated degradation rate, which is possibility due to interaction of grafted alkylamine and GO surfaces.17 The thermal stability of functionalised-GO increased substantially below 400°C with increasing chain length of grafted alkylamine. Figure 3(b) showed DTG thermograms of the samples. The major weight loss is about ~60% in therange of 178°C–530°C was attributed to the thermal decomposition of alkylamine chain. Interestingly, below 100°C of functionalised-GO showed less than 10% weight loss which indicating an enhanced hydrophobicity that minimised the amount of adsorbed water18 compared to pristine GO which usually exhibited a weight loss about ~18% below 100°C corresponding to evaporation of the trapped water molecules in the GO.31 After functionalisation, results showed small degradation peak in range 200°C contributed to the loss of small fragment of alkylamine. However, when the chain length of alkylamine grafted was increased (GO-A12 and GO-A18), two degradation temperature were observed. The second degradation peak arise around 350°C was supported by degradation of grafted long alkylamine that intercalated between GO sheets.18
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      Figure 3: (a) TGA and (b) DTG thermograms of GO and functionalised-GOs.

    


    3.4Nuclear Magnetic Resonance (NMR)


    NMR was used to elucidate the bonding chemistry between alkylamine and GO after functionalisation and the result was presented on Figure 4. The peak at ~7 ppm is assigned to CDCl3 solvent. 1H NMR spectrum shows the presence of alkylamine chain on sample by appearing of several signals at 0.88 (–CH3, small intensity) and 1.25 ppm (–CH2, very intense). It also showed small peak around 3.14 and 3.28 ppm which corresponding to H peak of (–NH) which supports the reaction of alkylamine with GO.12,17,18
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      Figure 4: 1H NMR spectrum of GO-A18 in CDCl3.

    


    3.5X-ray Photoelectron Spectroscopy


    Additionally, the successful of reduction and functionalisation is also proved by the XPS analysis and the results are displayed in Figure 5 (a–d). Survey scan results of the GO showed two strong peak at 280 eV and 532 eV, which correspond to C1s and O1s peaks (Figure 5[a]). Functionalisation of long alkylamine on the GO surface resulted in a significant increase in peak intensity of the C1s peak (280 eV) with extremely attenuated in O1s peak (532 eV) which also be found by Zhang et al.32 Functionalisation also corroborated by the decrease in the O/C ratio from 2.34 (GO) to 0.30 (GO-A18) as showed in Table 2. Successful of functionalisation is further revealed by the appearance of a new peak at 400 eV (N1s) (Figure 5[a]), which is further confirmed from the rise in the N/O ratio (Table 1). Deconvolution of high resolution spectra (C1s, O1s and N1s) was carried out and a few representative results are included in Figure 5 (b, c, d and e). The resolution of XPS spectrometer does not allow to analyse peaks of C–C and C=C separately, therefore it will be treated as a single signal and compared with peaks corresponding to the carbon atoms bounded with other groups. Deconvolution of C1s spectra of pristine GO showed four major peaks that correspond to C–C/C–H (284.79 eV), C–O (287.00 eV), C=O (288.62 eV) and COOH (290.51 eV). This indicates considerably degree of oxidation of GO that means the presence of different oxygen functional groups in GO structure.33 In addition, functionalisation of GO with alkylamine such as octadecylamine (GO-A18) resulted in significant rise in C–C/C–H and drastic decrease in the peaks corresponding to C–O, C=O and COOH, along with the appearance of peak at 285.79 eV (C–N).34 Information provided by the analysis of the O1s complements the information provided by the analysis of the C1s spectra. By reference to the changes of C1s peak upon functionalisation, there is sudden decrease of C–O and C=O hence only two peaks appeared in the deconvoluted O1s spectra. This fact is further revealed from the deconvoluted N1s spectra, which showed two peaks at 399.49 eV (C–N) and at 400.50 eV (N–H).


    Table 2:Survey scan results for functionalised-GOs samples.


    
      
        	Sample

        	
          O/C ratio

        

        	
          N/O ratio

        
      


      
        	GO

        	
          2.34

        

        	
          0.08

        
      


      
        	GO-A12

        	
          0.51

        

        	
          0.91

        
      


      
        	GO-A14

        	
          0.48

        

        	
          0.74

        
      


      
        	GO-A16

        	
          0.36

        

        	
          0.74

        
      


      
        	GO-A18

        	
          0.30

        

        	
          1.55
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      Figure 5: Binding energy and XPS results of GO and functionalised-GOs.

    


    3.6Scanning Electron Microscopy (SEM)


    Surface morphologies of the pristine GO and functionalised-GO were determined by using SEM and the micrographs were shown on Figure 6. Pristine GO showed close stacking of sheets with relatively smooth surface together with very sharp edges35 compared to functionalised-GO. However, samples show crumpled flakes with wrinkles and some folded regions in random orientation after functionalisation with alkylamine. For GO-A12 there are only a few aggregated domains that are less dense and the surface roughness is quite small. Increasing the chain length of alkylamine (GO-A14, GO-A16 and GO-A18) resulted in the formation of many large and more obvious thick domain with high surface roughness indicated that this long-chain of alkylamine were successfully attached on the GO surfaces. The difference in surface roughness between GO and GO-A can be explained in terms of their chemical properties. GO is hydrophilic which can easily dispersed in water to form individual-sheets with smooth surface due to the slow vacuum-filtration process. However, an attachment of long alkyl chain onto GO changed them to hydrophobic leading to a poor dispersion in polar solvent and tend to form a large aggregated domains due to a fast vacuum-filtration process. This special morphological features not only enhances the surfaces roughness, but substantially tuning the wettability properties of solid surfaces and dispersion behaviours of the samples.35,36,37


    4.CONCLUSION


    This work suggests that pristine graphite, when treated directly by appropriate chemical can readily generate exfoliated graphene oxide without the need for any chemical agents. This method does not generate toxic gas, in contrast to Hummers’ method. With further surface modifications, GO with multi properties can be accessible, thereby further expecting in many application of GO. Besides, GO was successfully functionalised and slightly reduced by gamma-ray irradiation in ethanol/water blend solution. The chemical structural changes due to the radiation induced functionalisation are proved by means of XRD, FTIR, NMR, XPS and TG analysis. The elimination of those hydroxyl groups and the decarboxylation effect is demonstrated. Alkyl groups are attached onto GO sheets due to the recombination of radicals. The SEM images show that functionalised-GO obtained having high surface roughness. All the results indicate that the radiation induced functionalisation in ethanol/water is a good method to obtain functionalised-GO which is desirable for hydrophobic materials preparation.
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      Figure 6: SEM micrography of GO and functionalised-GOs.
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    Abstract:The effect of ethylene dimethacrylate (EDMA) as surface modifier and polyaniline (PAni) into poly (vinyl chloride) (PVC)/poly (ethylene oxide) (PEO) blends was studied. PVC/PEO conductive films with 2.5, 5, 7.5 and 10 wt % of PAni were prepared using solution casting technique. The addition of EDMA showed higher electrical properties, tensile strength and modulus of elasticity for all compositions of PVC/PEO conductive films. Scanning electron microscopy (SEM) results show that the addition of EDMA in conductive films gives good fillers dispersion in the PVC/PEO/PANI conductive films.
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    1.INTRODUCTION


    Intrinsically conducting polymers (ICPs) receive great attention worldwide thanks to their novel electronic and electrical properties. They offer very exciting electrical, magnetic and optical properties which can be used to develop scientific knowledge and technological applications. Despite these attractive potentials, poor mechanical properties and processing difficulties have hindered their commercial use.1 Numerous techniques have been developed to overcome these limitations in the past three decades. One of the most successful methods is the coating of conducting polymers such as polyaniline (PAni) or polypyrrole (PPy) onto filler surfaces. ICP-coated fillers can be normally prepared through the in situ oxidative polymerisation of aniline or pyrrol in the existence of a suitable filler using an appropriate oxidant2 or an electrochemical technique.3


    Polymer blending is a great technique for designing materials with variety of properties. Compounding of conductive particles with nonconductive polymer is the most commonly used method for making conductive polymer composites. Normally, polymers are easily mixed with conductive fillers to form compounds with various properties and shapes. In this study, poly (vinyl chloride)/poly (ethylene oxide) (PVC/PEO) blends was incorporated with PAni. The PVC/PEO blend was prepared by solution casting technique which is low in cost and easy to process.


    PAni shows good electrical, chemical and optical properties, which are associated with its conducting and insulating forms. However, two major limitations of polyaniline are its poor mechanical properties and the inability to process it by conventional methods. These drawbacks can be overcome by preparing polyaniline blends and composites which have the mechanical properties of the matrix and the electrical properties of the conducting polyaniline. Note that if the host is a polymer, the system is named a polyaniline blend (or composite), but if the host is a nonpolymer material (e.g. silica, metal oxides), it is invariably termed as a composite.4 It has the potential applications in electromagnetic shielding, sensor materials, conducting glues and electricity dissipation.


    The homogeneity of matrix/filler influenced the degradation of the mechanical properties of conductive polymer composites. Improved dispersion of fillers in the polymer matrix for conductive film can be accomplished by the modification of filler particles with chemical treatment and the addition of surface modifier. This leads to improve films surface to transmit conductivity in non-conductive polymer blends.5 In this paper, the effect of ethylene dimethacrylate (EDMA) as surface modifier and PAni into PVC/PEO blends on the tensile properties and electrical conductivity were studied.


    2.EXPERIMENTAL


    2.1Materials


    PVC and PEO were used as matrixes in this study. The molecular weight of PVC powder used was 220,000 g/mol with the melting temperature of 100°C–260°C. PEO powders used consist of 100,000 g/mol of molecular weight and 65°C of melting temperature. PAni (emeraldine salt with 20 wt % of carbon black) used in this study is a commercial product with particle size of 21 µm, and melting point of 300°C. Tetrahydrofuran (72.11 g/mol of molecular weight and 66°C of boiling point) was used to dissolve PVC and PEO. It was obtained from AR Alatan Sdn. Bhd., Alor Setar, Kedah, Malaysia. Dioctyl terephthalate with molecular weight of 390 g/mol and melting point of –48°C was supplied by AR Alatan Sdn. Bhd. Ethylene dimethacrylate with density of 1.05 g/mL and molecular weight of 198.22 g/mol was purchased from Fisher science.


    2.2Conductive Films Preparation


    The PVC/PEO/PAni and PVC/PEO/PAni/EDMA conductive films were formed by using solution casting technique. First, PVC and PEO are dissolved individually in separate conical flask using THF solvent at room temperature. Afterwards, the dissolved PVC and PEO were mixed and stirred to achieve homogeneous solution. The amount of dioctyl terephthalate (DOTP) added into the mixture was fixed for all composition ratios. Then, PAni and EDMA were added into the solution after the DOTP were incorporated. The solution was allowed to stir for 4 h at 400 rpm at room temperature to achieve homogeneous solution and suitable viscosity for casting. The solutions were then casted onto a glass mold and were placed inside a fume cupboard at room temperature. The same method was used to prepare thin films for all different ratios of PAni loading as shown in Table 1.


    2.3Tensile Test


    Tensile tests were carried out according to ASTM D638 by using Instron 5569 with crosshead speed of 30 mm/min. An average of five rectangular shaped samples were used for each conductive films. The tensile strength and Young’s modulus of each of the films were attained.


    Table 1:Formulations of the PVC/PEO/PAni conductive films and PVC/PEO/PAni/EDMA conductive films with different polyaniline loading.


    
      
        	Conductive films code

        	
          PVC/PEO (60:40) (wt %)

        

        	
          DOTP (wt %)

        

        	
          PAni (wt %)

        

        	
          EDMA (wt %)

        
      


      
        	PVC/PEO

        	
          79

        

        	
          15

        

        	
          –

        

        	
          –

        
      


      
        	PVC/PEO/PAni-2.5

        	
          76.5

        

        	
          15

        

        	
          2.5

        

        	
          –

        
      


      
        	PVC/PEO/PAni-5

        	
          74

        

        	
          15

        

        	
          5

        

        	
          –

        
      


      
        	PVC/PEO/PAni-7.5

        	
          71.5

        

        	
          15

        

        	
          7.5

        

        	
          –

        
      


      
        	PVC/PEO/PAni-10

        	
          69

        

        	
          15

        

        	
          10

        

        	
          –

        
      


      
        	PVC/PEO/PAni/EDMA-2.5

        	
          76.5

        

        	
          15

        

        	
          2.5

        

        	
          6

        
      


      
        	PVC/PEO/PAni/EDMA-5

        	
          74

        

        	
          15

        

        	
          5

        

        	
          6

        
      


      
        	PVC/PEO/PAni/EDMA-7.5

        	
          71.5

        

        	
          15

        

        	
          7.5

        

        	
          6

        
      


      
        	PVC/PEO/PAni/EDMA-10

        	
          69

        

        	
          15

        

        	
          10

        

        	
          6

        
      

    


    Notes: PVC = poly (vinyl chloride); PEO = poly (ethylene oxide); PAni = polyaniline; EDMA = ethylene dimethacrylate


    2.4Scanning Electron Microscopy (SEM)


    Scanning electron microscopy (SEM) observation was carried out by using scanning electron microscope (SEM) model JEOL JSM-6460LA. The PVC/PEO/PAni and PVC/PEO/PAni/EDMA conductive films were extracted with toluene for 46 h at room temperature. Before the examination of SEM, the samples were mounted on aluminium stubs and allowed to undergo sputtering coating. A thin palladium layer was sputter coated on the samples surfaces to avoid electrostatic charged during examination.


    2.5Electrical Conductivity Test


    The electrical conductivity test of PVC/PEO/PAni and PVC/PEO/PAni/EDMA conductive film was analysed using two-probe I-V measurement system. The electrical conductivity were measured using Keithley Model 4200 semiconductor characterisation system with voltage varied from 0 to 10 V. The conductivity was calculated using its relationship with resistivity. The resistivity can be calculated using the Equation 1:
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    where


    R = resistance of the films, w = width, t = thickness, l = length between the metal probe contact and the conductivity, σ, was calculated using the Equation 2:
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    3.RESULTS AND DISCUSSION


    3.1Tensile Properties


    The tensile strength of PVC/PEO/PAni and PVC/PEO/PAni/EDMA conductive films is shown in Figure 1. The PVC/PEO/PAni and PVC/PEO/PAni/EDMA conductive films showed a decreasing trend when PAni loading increased. This was due to the incorporating of fillers into the blend and the inability of PAni to support the stress transfer from the matrix, PVC/PEO blend. Larger amount of filler leads to larger particle formation due to the inability of filler to properly disperse. These large PAni particles increased the stress-concentration points in the blend which caused tensile strength failure at lower strain. The PVC/PEO/PAni/EDMA conductive films show a higher tensile strength compared to PVC/PEO/PAni conductive films. The presence of EDMA in the conductive film improved the interfacial adhesion between PVC/PEO blends and PAni. Roy et al.6 also found a similar trend in their research. The addition of ethylene glycol dimethacrylate showed further increase of tensile strength in the coir fibre-reinforced ethylene glycol dimethacrylate (EGDMA)-based composite.


    The Young’s modulus of PVC/PEO/PAni and PVC/PEO/PAni/EDMA conductive films at different fibre loading is presented in Figure 2. The Young’s modulus increased as filler loading increased. This could be attributed to the ability of PAni to provide greater stiffness to the conductive films. Ramesh et al.7 investigated the mechanical properties of PVC/PEO based polymer electrolytes for lithium polymer cell. They found that the Young’s modulus improved with the addition of silica. The polymer chains become rigid and stiffened, making the composite polymer electrolytes harder to stretch. In addition, the PVC/PEO/PAni/EDMA conductive films have a greater Young’s modulus than the PVC/PEO/PAni conductive film. The improvement of filler dispersion due to the presence of EDMA increase the Young’s modulus. At a similar report by Jagtap et al.,8 around 67% improvement in the tensile modulus was found when half neutralised adipic acid (modifier), improve the dipersion of multiwall carbon nanotube (filler) in PEO (matrix).
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      Figure 1: Tensile strength vs fibre loading of PVC/PEO/PAni conductive films and PVC/PEO/PAni/EDMA conductive films.
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      Figure 2: Young’s modulus vs fibre loading of PVC/PEO/PAni conductive films and PVC/PEO/PAni/EDMA conductive films.

    


    3.2Morphology Analysis


    Figure 3 shows the SEM micrograph of extracted surface of PVC/PEO, PVC/PEO/PAni and PVC/PEO/PAni/EDMA conductive films with different filler loading. Figure 3(a) displays the surface morphology of the soaked PVC/PEO blends at ×400 magnification. Soaked conductive films filled with PAni create holes due to the extraction of PAni using toluene. The PVC/PEO blend shows smooth surface morphology, confirming that PVC and PEO are miscible blends. Figures 3(b) and 3(c) show the micrograph of PVC/PEO/PAni without EDMA while Figures 3(d) and 3(e) show the micrograph of PVC/PEO/PAni conductive films containing EDMA.
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      Figure 3 (a–e): SEM morphology of extracted surface of PVC/PEO/PAni conductive films and PVC/PEO/PAni/EDMA conductive films at different fibre loadings.

    


    Figures 3(b) and 3(d) indicate that PVC/PEO/PAni and PVC/PEO/PAni/EDMA conductive films at 5 wt % have good distribution of fillers and the formation of smooth surfaces on the extracted surface. At high filler loading, filler agglomeration is easily occurred due to the formation of matrix-matrix interaction. The agglomeration of PAni can be clearly seen in Figures 3(c) and 3(e). The extracted surface of PVC/PEO/PAni conductive films with addition of EDMA (Figures 3[d] and 3[e]) showed improved distribution and dispersion compared to PVC/PEO/PAni conductive films. The addition of EDMA on PVC/PEO/PAni conductive films reduces the formation of agglomerations on the surface of the film at high filler loading.


    3.3Electrical conductivity


    Figure 4 displays the electrical conductivity of PVC/PEO/PAni and PVC/PEO/Pani/EDMA conductive films with different filler loading. The electrical conductivity of PVC/PEO/Pani and PVC/PEO/PAni/EDMA conductive films increased as the filler loading increased. This is due to the increase of conductive path occurred as the distance between the conducting particles, PAni, becomes narrower. This rises the conductivity of the films as the electrons are easily flow through filler and matrix. Merlini et al.9 have reported that addition of PAni-coated coconut fibres as the conductive fillers enhances significantly the electrical conductivity because of the formation of a conducting pathway through the matrix.


    The electrical conductivity of PVC/PEO/PAni conductive films improve with the addition of EDMA. The presence of EDMA stimulates better distribution of PAni on the surface of PVC/PEO/PAni/EDMA conductive films compared to PVC/PEO/PAni conductive films. Castillo-Castro et al.10 stated in their study that the coupling agent played a significant role in the arrangement of conducting paths in the composite. The electrical conductivity of low density polyethylene/n-dodecylbenzene sulfonate doped polyaniline films drastically increased with 5 wt % polyethylene-graft-maleic anhydride (PEgMA), showing a moderate improvement for higher concentrations.
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      Figure 4: Electrical conductivity of PVC/PEO/PAni conductive films and PVC/PEO/PAni/EDMA conductive films at different fibre loadings.

    


    4.CONCLUSION


    The tensile strength and the Young’s modulus of PVC/PEO/PAni/EDMA conductive films show higher value than the PVC/PEO/PAni conductive films. The SEM morphology supports the data by showing improves filler distribution on the surface of PVC/PEO/PAni conductive films with the addition of EDMA. The electrical conductivity increased gradually with the addition of EDMA in PVC/PEO/PAni/EDMA conductive films compared to PVC/PEO/PAni conductive films.
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    Abstract:Nanoparticles have been discovered to have intrinsic peroxidase-like catalytic activity that shows beneficial applications in a biosensor. The aim of this study is to investigate the synthesised Fe/Au nanoparticles’ peroxidase-like activity and further evaluate them for development of a nanocatalytic-based assay specifically designed to detect 17β-estradiol in water. The peroxidase-like activity of the synthesised Fe/Au nanoparticles was optimised using the H2O2-ABTS system and was characterised using Michaelis-Menten kinetics. Then, the nanoparticles surface was functionalised with aptamers for specific conjugation with the target analyte, 17β-estradiol. The feasibility of this assay was tested at different concentration of aptamer-tagged Fe/Au nanoparticles and 17β-estradiol. Also, assessment of this assay was conducted with potentially interfering materials and spiked real tap water samples. Results obtained from absorbance data reveal that the Fe/Au-17β-estradiol complex significantly hampered the peroxidase-like catalytic activity of the nanoparticles. The absorbance intensity declined drastically after aptamer-tagged nanoparticles (Fe/Au-fl-apt) “captured” the targets and formed nanoparticles-analytes complexes. This assay showed good accuracy and reproducibility for detection of 17β-estradiol concentration ranging from 3 to 272 ng/L. Furthermore, the aptamers used in this study were very selective towards the target analyte and related compounds showed little to no interference. Thus, a simple, rapid and sensitive detection assay, specific for 17β-estradiol was developed using a new detection strategy by manipulation of nanoparticles’ peroxidase-like activity.


    Keywords: Fe/Au nanoparticles, peroxidase-like activity, nanocatalytic-based assay, detection of 17β-estradiol


    1.INTRODUCTION


    Recently, many nanoparticles have been reported to show enzyme mimetic activity such as magnetite,1 Au nanoparticles,2 Fe3O4-Au3 and Ag3PO4.4 These enzyme-like nanoparticles display a beneficial property as they could potentially replace peroxidase in various applications, including hydrogen peroxide dependent systems.


    Besides the growing interest in nanoparticles’ catalytic property, nanoparticles have long been known for their excellent ability to conjugate with biomolecules such as enzymes, DNAzymes, antibodies and aptamers. These biomolecules can be immobilised on the modified nanoparticle surfaces by direct conjugation to the surface of some nanoparticles and to surface-bound stabilising ligands or coatings, either directly or using small cross-linking molecules and other intermediaries.5 Aptamers are short synthetic oligonucleotides that could be chemically synthesised for any targets and show many advantages, for examples easy to modify, high stability and cost effective.6,7


    Analytical assays that utilise a hydrogen peroxide dependent system by catalysing the oxidation of certain substrates have been extensively used for numerous applications. This analytical assay has become a powerful detection tool especially in immunoassay studies. Recently, replacement of horseradish peroxidase with nanoparticles as a peroxidase mimetic has demonstrated improvement in biosensors. Zhang’s group presented work with γ-Fe2O3 nanoparticles modified by Prussian blue (PBMNPs) that were further conjugated with staphylococcal protein A (SPA) and showed a potential application in bio-detection. Here, the PBMNPs served as an inexpensive horseradish peroxidase, HRP.8 A recent study by Liu et al.9 reported that the incorporation of casein on magnetic nanoparticles helped to improve the affinity towards both H2O2 and 3,3´,5,5´- tetramethylbenzidine (TMB) thus resulting in a simple, inexpensive, highly sensitive and selective method for glucose detection.


    While prior work has demonstrated the capability of nanoparticles to conjugate with the target analytes and has utilised nanoparticles’ peroxidase-like activity for an analytical assay, we observed that a similar strategy could be adapted for development of a nanocatalytic-based assay. It has been reported that peroxidase-like activity of iron oxide nanoparticles is dependent on the surface attributes of the nanoparticles.10 Therefore, in this study we report on a detection strategy formulated by the nanoparticles capability to conjugate with analytes and then the nanoparticles-analytes catalytic activity was evaluated using a hydrogen peroxide dependent system. We envisaged that the conjugation of target analytes to the Fe/Au nanoparticles would hinder the peroxidase activity resulting in an assay response that was inversely proportional to the analyte concentration. This is based on the fact that the formation of this complex would create a gap with substrate molecules and lower the nanoparticles catalytic activity by reducing the affinity of nanoparticles for substrate molecules.


    To evaluate the feasibility of this assay, the synthesised nanoalloy, Fe/Au nanoparticles were initially assessed for their peroxidase-like activity using the hydrogen peroxide dependent system, H2O2-ABTS. A specifically designed aptamer was attached to the Fe/Au nanoparticles to confer specific conjugation abilities for the target analyte, 17β-estradiol. It is known as an endocrine disrupting chemical (EDCs) that has the greatest estrogenic activity.11 When 17β-estradiol was successfully “captured” by aptamer-tagged nanoparticles and formed Fe/Au-17β-estradiol complex, the catalytic activity of this complex was measured using the hydrogen peroxide dependent system.


    This is the first work reported, to our knowledge, to use this approach for development of such a detection assay. Hence, it is hoped that this study would initiate a comprehensive research exploration of nanoparticles’ peroxidase-like activity in nanosensor systems and further develop a simple, reliable and sensitive detection assay.


    2.MATERIALS AND METHODS


    2.1Chemicals


    Chemical reagents used in this experiment were ferrous sulfate heptahydrate (FeSO4.7H2, ReagentPlus®, > 99%), hydrogen tetrachloro-aurate (III) (HAuCl4.3H2O, ≥ 99.9%), sodium hydroxide (NaOH, ACS Reagent, ≥ 97%), trisodium citrate (Na3C6H5O7, anhydrous, ≥ 98%, GC), nitric acid (HNO3, ACS Reagent 70%) diluted to 65%, phosphate buffered saline (PBS) buffer (tablet), Tween 20 (viscous liquid), 2,2´-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) diammonium salt (ABTS, 10 mg/tablet), 30% H2O2, PBS buffer (tablet), Tween 20 (viscous liquid), sodium acetate anhydrous (NaAc), MES buffer (≥ 99.5%), 17β-estradiol (98%), estriol (≥ 97%), nonylphenol (99.8%) and carbaryl (99.8%). These chemical reagents were purchased from Sigma Aldrich. Thiolated aptamer (SH-apt) was adapted from Wang, Wang and Dong12 with slight modification and was synthesised at Alpha DNA (Montreal, Quebec) and the probe aptamer (fl-apt) was adapted from Kim et al.13 with slight modification and was synthesised from Eurofins MWG Operon LLC (Hunstville, AL). All reagents were analytical grade and were used as received without further purification.


    2.2Preparation of Fe/Au Nanoparticles


    The formation of Fe/Au nanoparticles is based on electrostatic interaction between positively charge γ-Fe2O3 as in Nurdin et al.14 and negatively charge citrate-capped AuNPs. Initially, they were synthesised separately. γ-Fe2O3 were synthesised using a reverse co-precipitation method adapted from Mahmed et al.15 with slight modification and then were treated with HNO3 (6 mol). AuNPs were synthesised using the Turkevish method by mixing 500 µL HAuCl4.3H2O (10 mM) in a solution containing 300 µL Na3C6H5O7 (100 mM) and 10 mL deionised water. Then, 12 mg/mL of γ-Fe2O3 were mixed with 2.5 mL citrate-capped AuNPs for 1 h. Then, the nanoparticles were separated by a permanent magnet overnight. The separated Fe/Au nanoparticles were stabilised with 3.5 mL of PBS-T (10 mM, pH 4) by vigorous mixing for 1 h. Subsequently, the solution was centrifuged for 10 min at 6.5 × 1000 rpm and the Fe/Au nanoparticles were separated using a permanent magnet and washed several times with PBS-T and stored at 4°C until use.


    2.3Measurement of Fe/Au Peroxidase-Like Activity


    The prepared Fe/Au nanoparticles weighed to approximately 50 mg and were added into 1 mL PBS buffer (10 mM, pH 4). The extent of reaction was indicated by a green colour development and was measured by absorbance at 414 nm based on the presence of the oxidised ABTS (ABTSox) in the solution, using microplate reader (Multiskan Ascent, Labsystems). To calculate the amount of absorption that is contributed by the Fe/Au catalytic reaction, the obtained absorbance needed to be subtracted from the control absorbance. The catalytic reaction by Fe/Au is as follows:


    [image: art]


    2.4Steady-State Kinetic Analysis


    The kinetic analysis of Fe/Au and γ-Fe2O3 nanoparticles with ABTS as the substrate was performed by adding 10 µL of nanoparticles aliquot, 10 µL of H2O2 (100 mM) and different concentrations (0.9, 1.8, 3.6 and 4.5 mM) of ABTS reagent. For kinetic analysis with H2O2 as the substrate, 10 µL of nanoparticles aliquot, 30 µL of ABTS (18.2 mM) and different concentrations (0.5, 1.5, 2.5 and 5.0 mM) of H2O2 were used. Both kinetic analyses were performed in 165 µL reaction buffer (10 mm NaAc, pH 5). The green colour developed as the reactions proceeded was monitored kinetically in a 96-well microplate at room temperature for 300 sec with 60 sec of time interval. The Michaelis-Menten constant was estimated based on a Hanes-Woolf plot:
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    where v is the initial velocity, Vmax is the maximal reaction velocity, [S] is the concentration of substrate and Km is Michaelis constant for the particular enzyme being investigated.


    2.5Development of Nanocatalytic-Based Assay


    2.5.1 Surface functionalisation with aptamer


    Fe/Au nanoparticles were weighed to approximately 50 mg and were added to 1 mL MES buffer (10 mM, pH 4). Subsequently, 5 µmol of the thiolated aptamer (SH-apt) was added to the solution and this was incubated by mixing at room temperature for 1 h. To remove the unbound SH-apt, the solution was centrifuged for 5 min and was washed twice with PBS-T, pH 4 and was further separated using a permanent magnet. 1 mL MES buffer, pH 7 was added to the Fe/Au-SH-apt nanoparticles. The next step of this strategy was to attach the probe aptamer (fl-apt) to the Fe/Au-SH-apt nanoparticles, where 5 µmol of fl-apt was added to the solution. The interaction was allowed at room temperature for 1 h. To remove the unbound fl-apt, the solution was centrifuged for 10 min and was washed twice with PBS-T, pH 4 and was separated using permanent magnet. Finally, 1 mL PBS buffer, pH 4 was added to the aptamer-tagged nanoparticles (Fe/Au-fl apt) and stored at 4°C until use. The presence of bound aptamers on the nanoparticles surface was evaluated using a UV-VIS spectrophotometer (Diode Array spectrophotometer, HP) based on the presence of fluorescent molecules, cyanine dyes (Cy5.5). Two types of aptamers used in this study are SH-apt (SH–C6–TCTCTTGGACCC) and fl-apt (AGAGAACCTGGG–GCT–TCC–AGC–TTA–TTG–AAT–TAC–ACG–CAG–AGG–GTA–GCG–GCT–CTG–CGCATT–CAA–TTG–CTG–CGC–GCT–GAA–GCG–CGG–AAG–C–(Cy5.5)).


    2.5.2 Assessment of nanocatalytic-based assay


    10 µL of the prepared Fe/Au-fl-apt nanoparticles (approximately 50 mg) was incubated with 100 µL of 17β-estradiol (100 nmol) and 890 µL PBS buffer (10 mM, pH 4) at room temperature for 1 h to allow Fe/Au-17β-estradiol complex formation. To remove the unbound 17β-estradiol, the solution was centrifuged for 10 min and was washed twice with PBS-T, pH 4, and was further separated using a permanent magnet. Then, the nanoparticles-analytes catalytic activity was measured by adding 50 µL of Fe/Au-17β-estradiol aliquot, 10 µL of H2O2 (100 mM), 30µL of ABTS reagent (18.2 mM), and 110 µL reaction buffer (10 mM NaAc, pH 5) in 96-wells microplate. The absorbance signal at 414 nm was measured using the microplate reader after 5 min of interaction. High absorbance intensity indicated that a strong catalytic activity was present.


    Further assessment was done by testing a serial dilution of 17β-estradiol (0.01, 0.1, 1.0 and 10 nmol) at different Fe/Au-fl-apt nanoparticles concentrations (33, 17 and 2.5 mg/mL) in PBS buffer (10 mM, pH 4) with total volume of 1 mL. To remove the unbound 17β-estradiol, the solution was centrifuged for 10 min and was washed twice with PBS-T, pH 4, and was further separated using a permanent magnet. Then, the nanoparticles-analytes catalytic activity was measured as discuss previously.


    In this study, the experimental assay was measured in triplicate (n = 3) for inter- assay and two assays run (n = 2) for determination of intra-assay variability. To assess the selectivity of this assay, a cross-reactivity study was conducted with potentially interfering materials such as estriol, nonylphenol (4NNP) and carbaryl and was evaluated at 100 nmol concentrations for each EDCs. To further test this assay in real water sample, different concentration of 17β-estradiol (0.1, 1 and 10 nmol) was added into filtered tap water (F) and non-filtered tap water (NF). Then, 10 µL prepared Fe/Au-fl-apt nanoparticles (approximately 50 mg) was added into the contaminant solution with total volume of 1 mL. The detection was conducted at room temperature for 1 h. To remove the unbound 17β-estradiol, the solution was centrifuged for 10 min and was washed twice with PBS-T, pH 4, and was further separated using a permanent magnet. Then, the nanoparticles-analytes catalytic activity was measured and detection efficiency was calculated as follows:
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    whereas A0 and A are absorbance intensity at 414 nm before and after various concentration of 17β-estradiol are added in tap water samples.


    2.5.3 Characterisation


    For morphology and heterostructural analysis, the nanoparticle samples were sent to the Canadian Centre for Electron Microscopy (CCEM), McMaster University, where high-resolution transmission electron microscopy (HRTEM, JEOL) was used at an accelerating voltage of 200 kV, and the Energy Dispersive X-Ray Analysis (EDX) technique was used to identify the elemental composition of the materials. Zeta potential was employed using a Malvern Zetasizer to obtain information on the nanoparticles surface charge.


    3.RESULTS AND DISCUSSION


    3.1Analysis of Fe/Au Peroxidase-Like Activity


    Fe/Au nanoparticles are prepared by a strong electrostatic interaction between γ-Fe2O3 and AuNPs that subsequently formed a metastable heterogeneous structure as characterised using TEM and EDX (S1). Due to the fact that both nanoparticles (γ-Fe2O3 and AuNPs) exhibit a good peroxidase-like activity, it is of interest to investigate the catalytic activity of the synthesised Fe/Au nanoparticles. The catalysis performance of the synthesised nanoparticles was examined using ABTS, a non-carcinogenic chromogenic substrate and is oxidised in the presence of peroxidase and H2O2 to a green reaction product with maximum absorbance at approximately 414 nm.


    The optimum pH value for nanoparticles’ catalytic activity was found at pH 5 and a linear absorbance of Fe/Au concentration (0.995) was obtained (S2). We also observed that increase of nanoparticles concentration also contribute to nanoparticles aggregation and we can speculate that due to the increase of nanoparticles-substrate interaction that lead to surface modification, the nanoparticle tends to aggregate since Fe/Au shows metastable structure.


    3.2Steady-State Kinetic Analysis


    The steady-state reaction rates at different concentrations of substrate and co-substrate (ABTS and H2O2) were obtained by calculating the slopes of initial absorbance changes with time. The reaction was determined in 10 mM NaAc buffer, pH 5 at room temperature for 300 sec. Absorbance data were back-calculated to concentration by the Beer–Lambert Law using a molar absorption coefficient of 36,000 mol–1 cm–1 for ABTS-derived oxidation products at 414 nm.16 As a comparison, the steady state kinetics for γ-Fe2O3 nanoparticles were also examined to investigate the surface modification impact on catalytic activity.


    The reaction catalysed by Fe/Au and γ-Fe2O3 nanoparticles displayed Michaelis–Menten kinetics (S3). The Michaelis constant (Km) and maximal reaction velocity (Vmax) were obtained from the slope and intercept of the extrapolated straight line with the horizontal axis in the Hanes-Woolf plot (S4). A high Km value represents a weak affinity whereas a low Km value suggests high affinity.17Km value of Fe/Au with H2O2 as the substrate was significantly lower than γ-Fe2O3 (Table 1) shows that Fe/Au nanoparticles have a strong affinity towards H2O2. In addition, the corresponding Km values of the Fe/Au nanoparticles also indicate that the catalytic reaction can reach the maximum rate at a lower concentration of H2O2. According to Voinov et al.,17 Fe3O4 nanoparticles were significantly more effective in producing hydroxyl radicals (.OH) than the γ-Fe2O3 nanoparticles at the same ratio of the nanoparticle total surface and reaction volume. The peroxidase-like activity mostly originates from ferric ions which have a low rate constant and is thus a rate-limited reaction process.8


    Study conducted by Sun et al.3 demonstrated that Fe3O4-Au nanocomposites exhibited better catalytic activity than pure Fe3O4 resulting from the specific electronic structure at the nanoparticles interfaces. They proposed that the AuNPs changed the electron structure at the interface, which may accelerate the electron transfer. Moreover, the partial electron transfer from Fe3O4 to Au facilitates H2O2 adsorption and activation. Hence, it is most likely the synthesised γ-Fe2O3 catalytic activity in this study was enhanced upon surface modification with AuNPs as proven by the strong affinity of Fe/Au nanoparticles towards H2O2.


    Conversely, the Km value for Fe/Au nanoparticles with ABTS as the substrate was slightly higher than γ-Fe2O3, suggesting that the Fe/Au nanoparticles had a slightly lower affinity for ABTS. The plausible reason for this phenomenon is due to the difference in charges present on the Fe/Au and γ-Fe2O3 nanoparticles’ surface. Results obtained from zeta potential measurements showed that the γ-Fe2O3 nanoparticles have a positive surface charge (+17.80 mV) while Fe/Au nanoparticles have a negative surface charge (–24.70 mV) (S5). It is known that ABTS contains two negatively charged sulfonic groups, thus, exhibiting higher affinity toward a positively charged nanoparticles surface.10 However, the effect of charge difference was relatively small because of the slight difference in Km values, and suggested that the surface modification by Au deposition help to enhance the interaction between nanoparticles and ABTS.


    Therefore, the intrinsic peroxidase-like activity of Fe/Au nanoparticles is largely influenced by surface modification. From this information, we could utilised the nanoparticles surface modification flexibility and manipulate the catalytic property to develop an analytical assay. Development of the detection assay is further discussed in the next subsection.


    Table 1:Comparison of the kinetic parameters of γ-Fe2O3 and Fe/Au nanoparticles.


    
      
        	Nanoparticles

        	
          Substrate

        

        	
          Km (mM)

        

        	
          Vmax (mols–1)

        
      


      
        	γ-Fe2O3

        	
          H2O2

        

        	
          0.137

        

        	
          2.892 × 10–7

        
      


      
        	

        	
          ABTS

        

        	
          0.674

        

        	
          9.400 × 10–8

        
      


      
        	Fe/Au

        	
          H2O2

        

        	
          .0021

        

        	
          5.935 × 10–8

        
      


      
        	

        	
          ABTS

        

        	
          1.019

        

        	
          9.226 × 10–8

        
      

    


    3.3Development of Nanocatalytic-Based Assay


    3.3.1 Analysis of aptamer-mediated conjugation


    The probe aptamer that contained a fluorescent dye-labeled 17β-estradiol (fl-apt) was easily attached at the SH-apt complementary site by interaction between the nucleobases. After the nanoparticles were successfully functionalised with the probe aptamer, Fe/Au-fl-apt would be able to “capture” the 17β-estradiol molecules in solution by conjugation at site-specific sequence, and subsequently form Fe/Au-17β-estradiol complexes (S6).


    The SH-apt would covalently attach to the Fe/Au nanoparticles based on the Au-SH chemisorption interaction where the sulfur atom of a thiol contributes a lone pair of electrons to the empty orbitals of Au atoms at an interface.5 Another advantage of introducing a thiolated-aptamer is to avoid aptamer desorption from the nanoparticle’s surface and loss the nanoparticle functionality. On the other hand, the attachment of the fl-apt would facilitate the conjugation process between nanoparticles and 17β-estradiol molecules due to the presence of 17β-estradiol site-specific sequence. The attachment of the fl-apt to thiolated-tagged nanoparticles can be determined using cyanine dye, Cy5.5. This dye excites at 675 nm and emits at 695 nm.18 The fluorescence emission intensity at 695 nm was measured from the visible light absorption spectrum. We could observe a broad band ranging from 600 to 700 nm suggesting that the fl-apt was successfully attached to the thiolated-tagged nanoparticles and no obvious peak was observed for Fe/Au nanoparticles (S7). The possible reason for its low absorbance intensity might be due to the quenching effect of Fe/Au nanoparticles, as both Fe and Au nanoparticles can be efficient fluorescence quenchers as demonstrated by many analytical analysis studies.19,20


    3.3.2 Detection of 17β-estradiol


    A simple nanocatalytic-based assay to detect 17β-estradiol was devised as illustrated in Figure 1. In general, this assay requires two simple steps, immobilisation and catalytic reaction process. The immobilisation process is based on the conjugation of aptamer-tagged nanoparticles with 17β-estradiol. The bound 17β-estradiol formed a complex at the nanoparticle surface and this was easily separated from the solution using a permanent magnet. Then, the catalytic property of Fe/Au-17β-estradiol was measured using the H2O2-ABTS system in a 96-well microplate. The absorbance signal was measured at 414 nm as an indicator that oxidised ABTS was present in the solution.


    From result in Figure 2, we can observe that a slight difference could be found after Fe/Au nanoparticles were functionalised with probe aptamer (Fe/Aufl-apt). The effect of surface functionalisation with probe aptamer is negligible due to its low impact on the nanoparticles catalytic activity. Inversely, the absorbance intensity was significantly decreased after nanoparticles-analytes complex was formed. Low absorbance intensity indicates that weak catalytic activity is involved. Thus, it clearly shows that the peroxidase activity of Fe/Au nanoparticles is disrupted or hindered by Fe/Au-17β-estradiol complex formation. This forms the basis of the assay, where a reduced signal should be proportional to an increase in 17β-estradiol concentration, and vice-versa.


    To further evaluate the feasibility of this assay, a serial dilution of 17β-estradiol (0.01, 0.1, 1.0 and 10 nmol) was tested at different concentrations of aptamer-tagged nanoparticles (33, 17 and 2.5 mg/mL). As expected, the absorbance intensity was inversely proportional to the 17β-estradiol concentrations (Figure 3). Therefore, we could suggest that steric hindrance effects are most likely contributing to the disruption of nanoparticles catalytic activity. According to the literature, for small-molecules targets like 17β-estradiol, aptamers often form a cage surrounding the ligand.21,22 Thus, it is speculated that when aptamer-tagged nanoparticles “captured” 17β-estradiol, the aptamer became folded and formed a cage surrounding the target. Assuming many cages were formed at the Fe/Au nanoparticles surface resulting in molecular crowding, its effect on the nanoparticles’ catalytic activity is substantial. A study by Pitulice et al.23 revealed that the volume occupied by the crowding agent has a significant impact on the rate of ABTS reaction by H2O2 and catalysed by HRP. The Vmax and Km of the Michaelis-Menten plot decay along with the growth of obstacle concentration.


    It is known that interaction between the nanoparticles and substrate is important to ensure the catalytic process can occur, similar to enzyme-substrate interaction principals. The intermolecular steric hindrance considerably affects the catalytic activity of nanoparticles because the active centre (catalytic site) is less accessible to the substrate molecules. Since the substrates are unable to move into close proximity, interaction between nanoparticles and substrate molecules is interrupted causing weak apparent catalytic activity.
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      Figure 1: Illustration of the detection strategy for a nanocatalytic-based assay that consists of two main steps i.e. an immobilisation process and a catalytic reaction process, measured at 414 nm wavelength for 5 min of reaction.
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      Figure 2: Absorbance intensity at 414 nm for unmodified (Fe/Au) and modified nanoparticles (Fe/Au-fl-apt; Fe/Au-17β-estradiol) with each nanoparticles concentration approximately 12.5mg/mL (error bars represent standard deviation [S.D.] of the absorbance mean).

    


    At low aptamer-tagged nanoparticles concentrations (2.5 mg/mL), a linear correlation coefficient was obtained, suggesting a better sensitivity for 17β-estradiol detection. Further evaluation for batch-to-batch reproducibility was conducted (S8). A low CV (%) can be observed for 17β-estradiol concentration (0.01 to 1 nmol) indicating that the developed assay could be used repeatedly, and further revealed the possibility of batch preparation. A study by Atkinson24 reported that 17β-estradiol was found at maximum concentrations in raw sewage (Ottawa and Cornwall, Ontario, Canada) at 66.9 ng/L. For this assay, the detection limit is ranging from 3 to 272 ng/L based on the calculation of 17β-estradiol molecular weight (272.4 g/mol). Therefore, this assay shows a practical use for detection of 17β-estradiol in environment particularly in wastewater.
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      Figure 3: Serial dilution of 17β-estradiol at different aptamer-tagged nanoparticles concentration, (a) 33, (b) 17 and (c) 2.5 mg/mL (error bars represent S.D. of the absorbance mean).

    


    3.3.3 Specificity test


    To determine the specificity of the probe aptamer used in this study, several related endocrine disrupting chemicals (EDCs) such as carbaryl, 4NNP and estriol were studied by incubation with the Fe/Au nanoparticles. Then, the nanocatalytic-based assay was measured for each EDCs sample. As shown in Figure 4, the results from this assay show a slight absorbance difference between the blank control (Fe/Au-fl-apt) and ones containing other EDCs. In contrast, the absorbance declined substantially when 17β-estradiol was incubated with the nanoparticles, indicating a good selectivity of this assay. Therefore, the nanocatalytic-based assay using the probe aptamer attached on Fe/Au nanoparticles surface could specifically detect 17β-estradiol.
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      Figure 4: Cross-reactivity study with estriol, carbaryl and nonylphenol (4NNP). All the samples were evaluated at 100 nmol of each EDCs with approximately 12.5 mg/mL of Fe/Au-fl-apt nanoparticles concentration (error bars represent S.D. of the absorbance mean).

    


    3.3.4 Tap water test


    Based on this preliminary study to evaluate the detection efficiency in real water samples, the detection efficiency of Fe/Au-fl-apt nanoparticles show considerably good responses towards 17β-estradiol in filtered tap water (F) compared to non-filtered tap water (NF). The plausible reason is because the presence of other particles in NF that possibly interfere significantly the Fe/Au nanoparticles catalytic activity. Surprisingly, high detection efficiency of 17β-estradiol at concentration 10 nmol was obtained for NF (Figure 5). Thus, this preliminary testing in tap water provides a good starting point for detection of 17β-estradiol in real water samples using Fe/Au-fl-apt nanoparticles.
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      Figure 5: Detection efficiency of Fe/Au-fl-apt nanoparticles with various concentration of 17β-estradiol in tap water samples. Two types of tap water samples were tested, (a) NF and (b) F. All the samples were evaluated with approximately 12.5 mg/mL of Fe/Au-fl-apt nanoparticles concentration (error bars represent S.D. of the absorbance mean).

    


    4.CONCLUSION


    In summary, we investigated the synthesised Fe/Au nanoparticles’ intrinsic peroxidase-like activity and the potential manipulation of this interesting property for development of a nanocatalytic-based assay. A catalytic reaction by the Fe/Au nanoparticles for the oxidation of ABTS by H2O2 showed a typical Michaelis-Menten kinetic form and exhibited a good catalytic efficiency. We also functionalised the nanoparticles by attachment of a specific aptamer to “capture” a target analyte, 17β-estradiol that would form a nanoparticles-analytes complex. The formation of this complex significantly influenced and decreased the nanoparticles’ catalytic activity as shown by drastic declines in the absorbance intensity. We suggest that steric effects might be a plausible reason for this phenomenon since the active centre, which is the catalytic site, is less accessible to the substrate molecules once the target analyte has complexed with the nanoparticle. We also suggest that 17β-estradiol concentrations ranging between 3 to 272 ng/L are detected with this assay with good accuracy and reproducibility. However, a study of optimised sensing conditions needs to be done, in order to improve the assay performance, as this is our first attempt to investigate the practicality of this assay.


    Our study provides a new way of utilisation of the nanoparticles’ peroxidase-like activity for development of a simple, rapid and sensitive detection assay that appears to specifically detect 17β-estradiol in aqueous solution.
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      TEM image of metastable Fe/Au nanoparticles.
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      EDX analysis of metastable Fe/Au nanoparticles.

    


    Supplementary Materials 2 (S2)
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      a) Effect of different pH value on Fe/Au peroxidase-like activity.


      b) Effect of different concentration of Fe/Au on peroxidase-like activity (error bars represent S.D. of the absorbance mean).

    


    Supplementary Materials 3 (S3)
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      Steady-state kinetics of γ-Fe2O3 (dashed line) and Fe-Au nanoparticles (black line) with (a) ABTS concentration at 1.8 mM and varied H2O2 concentration and (b) H2O2 concentration at 5mM and varied ABTS concentration (error bars represent S.D. of the velocity mean).

    


    Supplementary Materials 4 (S4)
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      Hanes-Woolf plot of γ-Fe2O3 (blue) and Fe/Au nanoparticles (red) (a) with ABTS concentration at 1.8 mM and varied H2O2 concentration and (b) with H2O2 concentration at 5mM and varied ABTS concentration.

    


    Supplementary Materials 5 (S5)
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      DLS measurement of γ-Fe2O3 surface charge.
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      DLS measurement of Fe/Au nanoparticles surface charge.

    


    Supplementary Materials 6 (S6)
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      A sequential attachment of thiolated aptamer (SH-apt) and probe aptamer (fl-apt) to functionalise Fe/Au nanoparticle surfaces followed by conjugation of 17β-estradiol at the site-specific sequence to generate Fe/Au-17β-estradiol complex.

    


    Supplementary Materials 7 (S7)
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      UV-Vis spectrophotometer measurement of Fe/Au nanoparticles (black dots), Fe/Au-flapt (solid black) and probe aptamer, fl-apt as a sample control (solid red).

    


    Supplementary Materials 8 (S8)


    Intra-assay coefficients of variation (CV) for serial dilutions of 17β-estradiol at 2.5 mg/mL of aptamer-tagged nanoparticles for batch-to-batch reproducibility determination.
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    Abstract:Investigation on the effect of different processing parameters onto injection moulded low density polyethylene (LDPE) had been done. The LDPE was moulded into dumbbell shape with weld line to better understand the flow front of the polymer melt and where two flow fronts meet. Three parameters were chosen to shear modify the LDPE, which were injection speed, injection pressure and mould temperature. Tensile testing was being done onto the dumbbell samples to evaluate the strength of the weld line produced. Differential Scanning Calorimetry was being done onto the weld line region to obtain the degree of crystallinity but was found to be not a good method for strength evaluation. Measurement of the thickness of the weld line under optical microscope showed that it was related to the tensile strength of the dumbbell samples with inverse relationship. Simulation of the polymer melt flow was also being done using CADMOULD to visualise the effect of the chosen processing parameters onto the polymer flow front and was found to be able to evaluate the weld line strength.
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    1.INTRODUCTION


    Polymeric materials had been used to replace many other materials such as metal, wood and glass in manufacturing products in modern industries due to several advantages of polymeric materials.1 Injection moulding is, among many fabrication methods, able to manufacture products having complex structure with precious dimension in high efficiency with its fully automated processing cycle.2


    The polymer processing parameters such as injection pressure, moulding temperature and injection speed will lead to difference in orientation of the polymer chains, residual stress, molecular degradation and degree of crystallisation of the final polymer product3 and to further complicating the situation, the shear modification will recover with time depending on the molecular structure of that particular polymer.4,5 The structural change in polymer caused by the complicated polymer melt flow as mentioned above will ultimately influence the final properties of the product.6–9


    Without a thorough understanding of what happens to the polymer melt flow in the mould cavity, the properties of polymer products are hard to predict, even so in the polymer industry where normally trial and error is being practiced to achieve a desirable product. It is understandable that with profit in mind, trial and error without much studying of the issue is quite favourable, but a good understanding of how the polymer melt behave is beneficial in a long run.


    One of the problems in understanding how the polymer melt behave during injection moulding is the issue of observing the melt flow in the cavity. This problem of monitoring flow inside the obscured mould cavity during the fast process can be achieved by the assistance of computer-aided mould filling simulation. Although the exact condition cannot be mimicked,10,11 but simulation of the polymer melt provide much information that can be related with the experimental results obtained.


    2.EXPERIMENTAL


    2.1Material and Sample Preparation


    Low density polyethylene (LDPE) was chosen to be the representative of polymers and subject of investigation in this study. The LDPE resin was provided by Lotte Chemical with the code TITANLENE LDF 200YZ.


    Dumbbell samples were produced with BOY 22M injection moulding machine with referring to ASTM D638 where the dimensions were shown in Figure 1. Three parameters were chosen to be investigated, which were injection speed, injection pressure and mould temperature. Three levels were used for each parameter and can be tabulated as in Table 1. The samples were produced with weld line incorporated.


    
      [image: art]


      Figure 1: Dimensions of dumbbell sample.

    


    Table 1:Processing parameters used and the respective assigned code.


    
      
        	Code

        	
          Injection speed (mm/s)

        

        	
          Injection pressure (bar)

        

        	
          Mould temperature (°C)

        
      


      
        	IS1

        	
          30

        

        	
          30

        

        	
          30

        
      


      
        	IS2

        	
          50

        

        	
          30

        

        	
          30

        
      


      
        	IS3

        	
          70

        

        	
          30

        

        	
          30

        
      


      
        	IP1

        	
          30

        

        	
          30

        

        	
          30

        
      


      
        	IP2

        	
          30

        

        	
          40

        

        	
          30

        
      


      
        	IP3

        	
          30

        

        	
          50

        

        	
          30

        
      


      
        	MT1

        	
          30

        

        	
          30

        

        	
          30

        
      


      
        	MT2

        	
          30

        

        	
          30

        

        	
          40

        
      


      
        	MT3

        	
          30

        

        	
          30

        

        	
          50

        
      

    


    2.2Tensile Testing


    Tensile testing was being done onto the obtained dumbbell samples according to ASTM D638. Grip distance of 60 mm, gauge length of 50 mm and crosshead speed of 50 mm/min were being used in the testing.


    2.3Differential Scanning Calorimetry


    Differenntial Scanning Calorimetry (DSC) was conducted to measure the crystallinity of LDPE sample under various parameters. Specimens were cut and weighed to have 5–10 mg. The specimens were heated from 25°C to 200°C at a rate of 10°C/min. Peak temperature and enthalpies at crystallisation and melting were determined. The percentage crystallinity (Xc) of LDPE can be calculated by:
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    where, ΔHm is the enthalpy of melting, ΔHc is the enthalpy of cold crystallisation and ΔH°m is perfect heat of fusion, which is 293.1 J/g for LDPE.12,13


    2.4Optical Microscopy


    The weld line region on the dumbbell samples were being observed under Dino-Lite AM413ZT handheld digital microscope at 50× magnification. The images captured were analysed by ImageJ software.


    2.5Melt Flow Simulation


    3D model of the dumbbell sample was being drawn using SolidWorks according to the dimensions in Figure 1 with the thickness of 3 mm. The 3D model was then loaded into CADMOULD to simulate the melt flow of LDPE inside the mould cavity.


    3.RESULTS


    3.1Tensile Strength and Degree of Crystallinity


    Figure 2 showed the tensile strength of LDPE samples underwent different processing conditions. It can be seen that the tensile strength of LDPE was increased by the increment of all of the investigated parameters, injection speed, injection pressure and mould temperature respectively. DSC was done onto the LDPE samples to obtain the degree of crystallinity of the samples as in Figure 3. LDPE is a semi-crystalline polymer and it is expected that the molecular chains will form a certain level of crystallinity at its normalised state and the degree of crystallinity will change according to the processing history it underwent.14


    Comparing Figures 2 and 3, it was found that the tensile strength of LDPE samples will increase with decreasing degree of crystallinity, as opposed to literature15 and research findings.16–18 There are probably two reasons for this, one of which is the tensile strength of LDPE investigated in this study is not highly dependent of the degree of crystallinity of the polymer itself, where it indicates that there are other properties that have higher influence onto the tensile strength of LDPE samples. Another reason would be the degree of crystallinity obtained from the DSC was inaccurate. Kong and Hay17,18 reported and cited from various sources that questioned the validity of DSC as a method to determine the degree of crystallinity of polymers where the results differ substantially from that determined by other analytical techniques.
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      Figure 2: Tensile strength of LDPE samples from different parameters.
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      Figure 3: Degree of crystallinity of LDPE samples from different parameters.

    


    3.2Evaluation of Tensile Strength by Weld Line


    Since the degree of crystallinity was found to be having inverse effect on the tensile strength of LDPE and contradicted what researchers had established; addition of the claim of inaccuracy of the DSC for determining degree of crystallinity, the tensile strength of dumbbell samples with weld line can be evaluated by examining the weld line itself. Figure 4 showed the weld line region of dumbbell sample under ordinary camera and the zoomed image at 50× magnification. The measurement of the thickness of the weld line can be seen in Figure 5 with respect to different processing parameters. Thinner weld line indicates that the melt flow from two different directions meet and diffuse together better compared to thicker weld line. Comparing Figures 2 and 5, it can be seen that the thinner weld line, the stronger the dumbbell samples will be.


    It can be seen from Figure 5 that the weld line on the dumbbell samples was getting thinner as the injection speed, injection pressure and mould temperature increase, indicating the tensile strength of the pieces getting stronger. Similar results were being reported by Wu and Liang.19 Being processed at higher injection speed made the polymer melt fronts experienced higher shear stress and thus the diffusion of the melt fronts increased, giving rise to a stronger weld line. In the case of injection pressure, higher pressure gave to higher packing of the polymer melt at the weld line and produced a thinner weld line. As for mould temperature, high mould temperature provided more time before solidification for the polymer melt to diffuse and for the polymer chains to entangle between each other, giving a stronger weld line.
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      Figure 4: Weld line of dumbbell sample under 50× magnification.
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      Figure 5: Thickness of weld line from different parameters.

    


    3.3Evaluation by Simulation


    Figure 6 showed the simulation of filling of the dumbbell samples by CADMOULD software. Lines propagate across the dumbbell sample indicating the flow of polymer melt inside the mould cavity. The region near the weld line was magnified and inspected for the diffusion of two melt fronts at the weld line. In the zoomed image in Figure 6, arrows showed the flow direction of polymer melts and the place where the arrows turned horizontal indicated where the weld line should be. Figure 6 showed the simulation of time of filling in the simulation and by fixing the line per element in the simulation as a constant; the speed of the melt fronts can be estimated by counting the distance between each line. The relationship can be shown as:
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    The distance between lines, measured in pixel, is directly proportional to the speed of melt flow and as explained above the higher speed will result in thinner and stronger weld line.
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      Figure 6: Simulation of time of filing of the polymer melt in dumbbell sample.

    


    The measured distance between lines of the simulation was shown in Figure 7. It can be seen that the increment in injection speed, injection pressure and mould temperature all caused the distance to increase. This simulation showed that the polymer melt flow speed will increase with the increasing of the three parameters, and consequently increase the strength of the weld line formed on the dumbbell samples, as shown in Figure 2. Figures 2, 5 and 7 showed that the weld line thickness and distance of flow lines in simulation are in good agreement, although in inverse relationship, and could be used to evaluate the tensile strength of the dumbbell samples with weld line. The simulation result from CADMOULD perhaps can be used to predict the strength of a polymer product, without the need of production of testing samples and wastage of materials.
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      Figure 7: Distance between flow lines of the simulated result.

    


    4.CONCLUSION


    The increment in injection speed, injection pressure and mould temperature during injection moulding will increase the tensile strength of the samples moulded. Although the degree of crystallinity is known to change with different processing conditions and is related to the tensile strength, but it did not show a clear trend to be correlated with the tensile strength, and probably was due to the inability of the DSC analysis to accurately record changes in crystallinity within the sample since molecular orientation can vary with the thickness of the sample. On the other hand, the measurement of thickness of weld line under optical microscope and the evaluation of CADMOULD simulation showed a solid relationship with the tensile strength. It was found that the thinner the weld line, the stronger the weld line will be. Measurement of the distance of flow lines in CADMOULD simulation can also be used to predict the tensile strength of the samples simulated.
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    Abstract:The use of short natural fibre in polymer matrix is common since it would be easier for the processing purposes. The common method used to shorten the fibre is via the pulverisation process. Pulverisation is a size reduction process by means of mechanical cutting using sharp rotating steel blades. However, less attention was given to the effects of this process towards the micro-structural properties of the natural fibre. This study is to trash out the most significant mechanical damage to the treated and untreated, pulverised Kenaf fibre using 0.25 and 5.0 mm sieve sizes. The micro-structural properties of the fibre were analysed using polarised optical microscope. From the results obtained, it was identified that there are seven types of fibre damage to the Kenaf fibre after passing through the pulverisation processes. These damages are the fibre axial splits, fibrillar failure, granular fracture, fatigue failure, fibre peel off, chemically degraded fibre brake and biaxial failure. By knowing the behaviour and fibre condition, the cause of inconsistency of natural fibre based composite strength can be further discussed.


    Keywords: Kenaf short fibre, pulverisation process, unsaturated polyester, fibre damage, mechanical damage


    1.INTRODUCTION


    Short fibre can be considered as one of the most favourable fibre systems to be used in the polymer composite for various applications. This is because of the ease of handling and processing. Nevertheless, problems remain and difficulty faced are the anisotropic property and limited wetting1 resulting to poor disperse-ability of fibre in the composite system. The mentioned problem will lead to variability of the composites properties.2


    The effect of an anisotropy is more critical in the short fibre composites due to the limitation of the matrix to “hold” the fibre (fibre aspect ratio) and the orientation of the fibre it self.3 Hence, increasing the fibre aspect ratio will help in reducing the anisotropicity resulting to more physically and mechanically stable composite. In addition to that, the anisotropy problem in the composite may occur at a much earlier stage – materials preparation process4,5 especially for the preparation of short fibre from bio-base sources.


    There is a research done by Le Duc et al.2 where the scope of their study is focusing on the fibre failure after mixing process. The result identifies the ruptured fibre failure that happened to the flax fibre and fibre length distribution is identical between long kink bands. Apparently, the research results only identify only one type fibre failure after the mixing process whereby there are many possibilities of failure might happened due to fibre size reduction process.6


    A study conducted by Herrera-Franco and Valadez-Gonzáles7 in their single fibre pull-out test shows that henequen fibre treated with both NaOH and silane produce highest interfacial shear strength with critical length and aspect ratio of 3.5 and 19.44 mm respectively and the claim was supported by Le Duc et al.2 On the other hand Kardos8 pointed out that that the individual short fibre aspect ratio can be neglected and the most important is bundle short fibre aspect ratio. The fibre-matrix adhesion at interface also can be ignored as the optimisation of fabrication is the most essential to reduce the formation of voids in the sample.8


    Thus, the aim of this study is to determine mechanical damage to the treated and untreated kenaf fibre due to the pulverisation process as to be incorporated into the unsaturated polyester for the composite fabrication. This study also expected to be one of the efforts for better understanding on the kenaf fibre polymer composites properties and inconsistency towards stronger and greener environmental product in future.


    2.METHODOLOGY


    2.1Treatments Process


    The fibre was immersed in 6% NaOH for 3 h. The fibre was washed thoroughly with distilled water to remove any excess of NaOH on the fibre surface. The treated fibre was dried in an oven at 70°C for four days. The fibre was further treated using aminosilane chemical dissolved in Ethanol and water with the ratio of 1:95:4 respectively for 30 min. The pH of immersion was controlled in the range of 3.5 to 5.5 using acetic acid. The fibre was again dried in the oven at 70°C for four days.


    2.2Sample Preparation Process


    The completely dried fibre was pulverised into two different lengths; 5 and 0.25 mm sieve sizes using Fritsch Power Cutting Mill Pulverisette 15. The formulation of fibre loading is as shown in Table 1. The mixing process was carried out by stirring the unsaturated polyester and methyl ethyl ketone peroxide thoroughly prior to the addition of kenaf fibre. The mixture was closed and pressed using hydraulic hot press at 70°C for 40 min. The mould was removed and post-cured in oven at 70°C for 24 h.


    Table 1:The formulations and labelling of samples.


    
      
        	Group

        	
          W/W (%)

        

        	
          A – Fibre category(7.55 ± 0.42 aspect ratio)(0.43 ± 0.33 mm length)

        

        	
          B – Fibre category(7.5 ± 0.64 aspect ratio)(2.89 ± 1.36 mm length)

        
      


      
        	
          Untreated

        

        	
          Treated

        

        	
          Untreated

        

        	
          Treated

        
      


      
        	Low fibre loading

        	
          5

        

        	
          5 FUnA

        

        	
          5 FTrA

        

        	
          5 FUnB

        

        	
          5 FTrB

        
      


      
        	
          10

        

        	
          10 FUnA

        

        	
          10 FTrA

        

        	
          10 FUnB

        

        	
          10 FTrB

        
      


      
        	
          15

        

        	
          15 FUnA

        

        	
          15 FTrA

        

        	
          15 FUnB

        

        	
          15 FTrB

        
      


      
        	High fibre loading

        	
          45

        

        	
          45 FUnA

        

        	
          45 FTrA

        

        	
          45 FUnB

        

        	
          45 FTrB

        
      


      
        	
          50

        

        	
          50 FUnA

        

        	
          50 FTrA

        

        	
          50 FUnB

        

        	
          50 FTrB

        
      


      
        	
          55

        

        	
          55 FUnA

        

        	
          55 FTrA

        

        	
          55 FUnB

        

        	
          55 FTrB

        
      

    


    2.3Morphological Analysis Process


    The pulverised fibre was put on a glass slide and closed with a glass lid without immersion oil and viewed at 10× magnification. The technique used to observed the compress sample is call the “in sample focused” where the fibre observed is embedded in the unsaturated polyester not on the surface of the composite panel as shown in Figure 1.


    
      [image: art]


      Figure 1: “In sample focused” using transmitted optical microscope to observed fibre in composite panel: (a) objective lense, (b) sample surface, (c) light source and (d) focused fibre.

    


    3.RESULTS AND DISCUSSIONS


    3.1Pulverised Fibre


    Using optical microscope, there are seven types of fibre damage characteristics to both treated and untreated kenaf fibre was identified. These characteristic may become the cause of failure during mechanical test (stress concentrator). The fibre damage characteristics are the fibre axial splits, granular fracture, fibrillar failure, fatigue failure, fibre peel off, chemical degraded fibre brake and biaxial failure.


    Figure 2 shows the complete structure of fibre without subjected to any mechanical damage. It looks like the fibrils were attached one to another strongly. Long axial splits of pulverised fibre (Figure 3[a]) was caused by a small horizontal hole defect in the fibre internally or externally at the fibre. Thus, as higher shear stress build by pulverise rotating blade applied onto the fibre during pulverised process, the hole defect elongate horizontally (Figure 3[a1]) producing fibre separation in the middle part of the fibre.9,10 It producing an empty space in the fibre that can cause a reduction in mechanical strength as it create voids that can initiate crack when subjected to stress.11 Fibre axial splits that propagate at the fibre edge was presented in Figure 3(b). It was caused by the initiation cut to give bifurcation cracks (Figure 3[a2]) at the edge of fibre. This fibre failure was caused by a certain geometry angle cut, which developed uniformly in inner cracks at the fibre end.9 This fibre failure might increase the stress transfer efficiency from matrix as it possess wider fibre end area but in the other hand, it can give low strain properties as the branching fibre’s end can detached during strain forces applied.
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      Figure 2: Complete structure of fibre fibrils.

    


    Fibre fibrillar failure happened when fibre was treated with sodium hydroxide and aminosilane, the fibril-fibril interaction were weakened because the presence of moisture9,12 even after drying process and due to stress, it initiates crack randomly on the fibre (Figure 3[c]). Figure 4 demonstrated the independent fibrillar break of treated and untreated fibre after pulverisation process. The fibrils begin to break individually as tension were applied onto the fibre as in Figure 4(a). The fibrils breakage were multiplied as prolong tension applied onto the fibre (Figure 4[b]). Finally the fibrils bundle were broken (Figure 4[c]) and forming a cone tip (Figure 4[d]) at the fibre end.9,10 This type of fibre failure probably can caused low stress retaining ability as low stress transfer efficiency occurred. It was due to low fibre contact area at the tip of the fibre.


    Granular fracture that happened onto pulverised fibre was from stepped break failure (Figure 5). It formed initially with an axial split in the middle of the fibre. The breakage process continues with two pre-fracture on two parts of fibre in area of axial split. However, as there was some weak bonding between the fibril in the fibre, the stress was transferred to the neighbouring fibril and finally the fibre completely break.9 Granular fracture may leads to faster fibre pull out breakage, it is due to low contact area especially the treated roughen surface that detached from the fibre.


    Pulverise process also contributes to fatigue failure of pulverised fibre. The failure was initiated with a transverse crack on fibre (Figure 6[a]). Noted that, transverse crack depths determine the fibre diameter as deeper crack, cause thinner fibre diameter. The crack was split and continually growing parallel to the fibre axis as in Figure 6(b). The separation was getting deeper and detached from the fibre. In the end the fibre reduced in its diameter (Figure 6[c]) or cross-section (Figure 6[d]). These failure eventually can cause ductile tensile break fibre failure during composite testing after fabricated with polymer matrix.9,10 Fatigue failure can give low elastic properties to the fibre, as fibre with diameter reduction area might be the weak point to the fibre. It can easily detached giving low stiffness properties to the fibre.
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      Figure 3: Fibre long axial splits at the middle part (a) and propagated at edge of the fibre, (b) fibre fibrillar failure and (c) using optical microscope with 10× magnification. Illustrations of horizontal hole elongates as (a1) prolong shear stresses increases and (a2) different split propagation pattern at both broken fibre.9
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      Figure 4: Schematic illustration of fibre fibrillar failure.9
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      Figure 5: Fibre end step brake failure using optical microscope with 10× magnification. Step brake failure illustration for fibre granular fracture.9

    


    Surface shear from pulverised blades might cause fibre peel off on the fibre surface. The cause of this fibre failure was initiated with shear force that applied onto the fibre that forming a crack below the surface of the fibre. Prolong shear on the fibre, makes the crack run along the fibre fibril and continually peel off the other fibril in the fibre as in Figure 6(e). Eventually, these fibrils splitting causing cross section reduction in fibre at the end of the pulverise process.9,10 Practically, the reduction of fibre area indicate that low cellulose content that strengthening the fibre. Hence, fibre peel off can caused reduction of fibre’s strength when stress applied as it produced imperfect fibre condition. Socket brake cut (Figure 6[f]) that caused from chemical fibre degradation were experienced by fibre that treated with sodium hydroxide and aminosilane. Sodium hydroxide that used to roughen the fibre surface for interlocking mechanism between fibre and matrix1,11,13–15 was probable cause for this fibre failure. Prolong sodium hydroxide treatment initiate small crack on the fibre surface.15
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      Figure 6: Tensile fatigue failure sequence: (a) fibre transverse crack, (b) fibre axial split, (c) fibre with middle diameter reduction (d) fibre failure with reduce in cross-section, (e) surface fibre peel off splitting with multidirectional direction, (f) chemical degraded fibre breakage and biaxial failure, using polarised microscope with 10× magnification.

    


    Biaxial rotation failure as in Figure 6(f) occurred as fibre middle area bends and rotated bidirectional in clockwise and anti-clockwise at both fibre ends. Initially, the fibre crack in axial direction when repeated rotations were applied at fibre ends. Bundle of fibrils that attached strongly were split slightly at fibre middle parts. Further repeated rotations, break outer fibrils layer and break the inner fibrils with wide multiple splitting.9,10 The fibre cracked on fibre surface and, weaken fibre structure bonding after the occurrence of socket brake cut and biaxial rotation at fibre end respectively; might contribute to the faster composite failure during testing. It might reduce the composite’s stress properties but in other hand, it can improved the elastic properties of the composite sample.


    3.2Composite Board


    In order to prove the existence of these fibre failures from pulverised fibre, the compressed kenaf/unsaturated polyester composite was analyse under polarised microscope using 20× magnification.
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      Figure 7: Fibre long axial splits at (a) middle and (b) fibre edge, (c) fibrillar failure, (d) granular fracture for stepped break failure, (e) fibre transverse crack, (f) fibre axial splits, (g) fibre with middle diameter reduction, (h) fibre failure with reduce in cross section, (i) surface fibre peel off, (j) chemical degraded fibre brake and (k) biaxial failure, using polarised microscope with 20× magnification.

    


    4.CONCLUSION


    The effect of fibre length and aspect ratio to the mechanical properties of kenaf/unsaturated polyester composite were studied. The behaviour of tensile sample fracture area with the correlation with fibre condition after pulverise process is been considered. It identified that, condition of the fibre failure is crucial in reinforcing mechanism of the composite. The results shows that there are seven identified fibre failure of kenaf fibre after pass through pulverise processes. This including fibre axial splits, fibrillar failure, granular fracture, fatigue failure, fibre peel off, chemical degraded fibre brake and biaxial failure which contribute to the composite properties. The combination of individual fibre contact area, interphase factor and optimise fabrication process are crucial to produce superior properties of short fibre reinforce composite. In conclusion, by knowing the fibre failure behaviour, the cause of inconsistency of natural fibre based composite strength can be resolved.
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    Abstract:This recent study investigates the properties of recycled polypropylene (RPP)/peanut shell powder (PSP) composites under the effect of alkaline peroxide pre-treatment. RPP/PSP composites were prepared by melt-mixing and compression molding with 0 to 40 wt % of PSP loading. The untreated RPP/PSP composites and treated RPP/PSP/H2O2 composites were compared and characterised by tensile properties, Fourier transform infrared (FTIR) spectroscopy, scanning electron microscopy (SEM) and thermogravimetric analysis (TGA). The results showed that the treated PSP enhanced the tensile and thermal properties of RPP/PSP/H2O2 composites while the FTIR spectra and SEM morphology presented the elimination of lignin content strongly influenced the fractured surface and chemical characteristics of the RPP/PSP/H2O2 composites.


    Keywords: Lignocellulosic, alkaline peroxide, peanut shell powder, recycled polypropylene, lignin removal


    1.INTRODUCTION


    Natural fillers are acquiescent to modification as they enclose hydroxyl groups from lignin and cellulose. The interfaces or the effectiveness of natural fillers towards the matrix may possibly decrease due to the involvement of hydroxyl groups in hydrogen bonding within the cellulose molecules. Physical and mechanical properties of composites are relying on the interfaces. However, specific interfacial additives or chemical/physical treatments can be employed to enhance the interfacial adhesion by activate these groups and providing the new moieties that can efficiently interconnect between fillers and polymer matrix.1,2Besides that, traditional chemical treatment such as extraction with benzene, alcohol, or NaOH (delignation and bleaching) also can be used. Different levels of achievement in enhancing strength, fitness and adhesion between fillers and matrix can be accomplished by various chemical modifications of natural fillers. Alkaline peroxide pre-treatment is one of the significant modifications of natural fillers by interference of hydrogen bonding in the network structure. Through this treatment, celluloses are depolymerised and short length crystallites are exposed while a certain amount of lignin, oils and wax that covering the external surface of the fillers cell wall are removed.3 The ionisation of hydroxyl groups to alkoxide are endorsed by the addition of aqueous sodium hydroxide (NaOH) to natural fillers.4 Through this treatment, the exposure of celluloses on the fillers surface is increased and mechanical interlocking is improved. Meaning that, the number of possible reaction sites are increased, thus promotes natural fillers wetting. Furthermore, many studies on alkaline treatments have been done in order to increase the mechanical properties of polymer composites. For instance, John et al. investigated the effect of alkali treatment on properties of hybrid fillers composites. The results indicated that alkali treatment tends to increase the fillers surface area effectiveness in contacting the polymer matrix by breaking the fillers bundle into smaller size of fillers.5 Besides that, Sreekala et al. and Mukherjee et al. reported in their findings that the interfibrillar region becomes less dense and less rigid after the partial removal of lignin and hemicellulose by alkali modification of cellulose fillers.6,7 In this study, lignocellulosic PSP fillers were pre-treated with hydrogen peroxide to eliminate lignin prior to produce recycled polypropylene (RPP) composites. The tensile properties, Fourier transform infrared (FTIR) spectra, scanning electron microscope (SEM) images and thermogravimetric analysis (TGA) of recycled polypropylene (RPP) composites containing treated and untreated PSP at different filler loadings were compared.


    2.EXPERIMENTAL


    2.1Materials


    Recycled polypropylene (RPP) with melt flow index of 30 g/10 min, density of 0.896 g/cm3, and tensile modulus of 900 MPa was purchased from Zarm Scientific and Supplies, Pulau Pinang, Malaysia. Peanut shell powder (PSP) was also supplied by Zarm Scientific and Supplies, Pulau Pinang, Malaysia. Prior to composite fabrication, the peanut shells were ground to an average particle diameter of 66.84 μm and dried for 3 h at 70°C using a vacuum oven. Sodium hydroxide (NaOH), hydrogen peroxide (H2O2) and acetic acid were obtained from Sigma Aldrich, Kuala Lumpur, Malaysia.


    2.2Pre-treatment of PSP by Alkaline Peroxide


    PSP was soaked in distilled water at a temperature of 65°C to 80°C for at least 12 h to eliminate the impurities and large particles. A total of 20 g of PSP was placed in a 500 mL flask containing 15 w/v % of NaOH. The flask was maintained at 75°C in a water bath with shaking at 40 rpm for 3 h to remove lignin. Next, the PSP was washed several times with distilled water and treated with 2 w/v % of H2O2 at 45°C and 40 rpm for 8 h. Continued reaction will remove more lignin content and activate the OH groups of the cellulose. The PSP was washed with distilled water and treated with 10 w/v % of acetic acid at room temperature for 30 min to neutralise the excess NaOH.


    2.3Composite Preparation and Processing


    Two types of composites were prepared: RPP with untreated PSP (RPP/PSP) and RPP with H2O2-treated PSP (RPP/PSP/H2O2). Both composites were prepared using an internal mixer (model R600/610 Rheomixmixer, Haake, Karlsruhe, Germany) at 180°C and 50 rpm to obtain a homogeneous sample. The RPP was placed in the mixer and melted for 4 min before the PSP was added. The composites were mixed for another 8 min until the mixing torque stabilised. The total mixing time was 12 min for all samples. The processed samples were compression molded into a 1 mm thick sheet by an electrically heated hydraulic press (Kao Tieh Go Tech Compression Machine, Taichung, Taiwan) at temperature of 180°C. Table 1 shows the formulation of each of the composites.


    Table 1:Formulation of RPP/PSP and RPP/PSP–H2O2 composites


    
      
        	Composite

        	
          RPP(wt %)

        

        	
          PSP(wt %)

        

        	
          PSP/H2O2(wt %)

        
      


      
        	RPP

        	
          100

        

        	
          –

        

        	
          –

        
      


      
        	RPP/10%

        	
          90

        

        	
          10

        

        	
          –

        
      


      
        	RPP/20% PSP

        	
          80

        

        	
          20

        

        	
          –

        
      


      
        	RPP/30% PSP

        	
          70

        

        	
          30

        

        	
          –

        
      


      
        	RPP/40% PSP

        	
          60

        

        	
          40

        

        	
          –

        
      


      
        	RPP/10% PSP/H2O2

        	
          90

        

        	
          –

        

        	
          10

        
      


      
        	RPP/20% PSP/H2O2

        	
          80

        

        	
          –

        

        	
          20

        
      


      
        	RPP/30% PSP/H2O2

        	
          70

        

        	
          –

        

        	
          30

        
      


      
        	RPP/40% PSP/H2O2

        	
          60

        

        	
          –

        

        	
          40

        
      

    


    2.4Measurement of Tensile Properties


    Tensile tests were carried out using a universal testing machine (Model 3366, Instron, Canton, Mass, USA) according to ASTM D638 (1994).8 Dumbbell specimens of 1 mm thickness were cut from the compression molded sheets with a Wallace die cutter. A crosshead speed of 5 mm/min was used and the tests were performed at 25 ± 3°C. Five specimens were used to obtain the average values for tensile strength, elongation at break and tensile modulus.


    2.5Fourier Transform Infrared (FTIR) Spectroscopy Analysis


    The functional groups and chemical characteristics of the composites were obtained by FTIR with a Perkin Elmer System 2000 (Selangor, Malaysia) at a resolution of 4 cm–1 in a spectral range of 4,000 to 550 cm–1, using 32 scans per sample.


    2.6Morphology Evaluation


    The microstructure of the tensile fractured surfaces of the RPP/PSP and RPP/PSP/H2O2 composites were compared using a ZEISS Supra 35 VP SEM (Oberkochen, Germany). The samples were first sputter-coated with a thin layer of carbon, which provides an electron-transparent (low atomic number), conductive coating. The distribution of natural fillers and their interactions within the polymeric matrix were analysed in the captured images.


    2.7Thermogravimetric Analysis (TGA)


    A Perkin Elmer Pyris TGA analyser was used to determine the TGA of RPP/PSP composites. About 10 mg of samples required in this analysis under a nitrogen atmosphere at 50°C to 600°C and 20°C/min heating rate.


    3.RESULTS AND DISCUSSION


    3.1Tensile Properties


    The tensile strength, elongation at break, and tensile modulus of the RPP/PSP and RPP/PSP/H2O2 composites were evaluated at different PSP loading. As can be seen from Figures 1 and 2, as PSP loading increased, the tensile strength and elongation at break decreased for both composites. The stress transferring along the applied force is disturbed by the inclusion of fillers into the polymer matrix.9 Additionally, the lack of interfacial adhesion between the fillers and the matrix exaggerated the problem. The irregular shape of the PSP fillers does not permit them to support the stresses transported from the polymer, which deteriorates the composites.10 The agglomeration of filler particles and drying of the polymer at the interphase also decreases the tensile strength and elongation at break.11 The high hydrophilicity of PSP restricted its incorporation into non-polar, hydrophobic RPP. The dissimilarity in polarities deteriorated the interfacial adhesion between PSP and RPP, thus providing sites for failures to initiate and propagate.


    Besides that, the treated composites presented a higher tensile strength and elongation at break than untreated composites. Alkaline peroxide treatment rises the aspect ratio and drops the filler diameter. As reported by Ray et al., during the alkaline treatment of jute fibers, the elimination of lignin and hemicellulose has an effect on the tensile characteristics of the fillers.12 The middle lamella assembly of the ultimate cell converts more flexible and homogeneous as lignin is removed. This effect is due to the slow removal of microvoids, whereas the ultimate cells themselves are exaggerated marginally, hence increasing the elongation at break of the composites. Furthermore, the interfibrillar region is probable to be less dense and less stiff after the removal of lignin and hemicellulose, permitting the fillers to rearrange themselves along the path of tensile deformation. Improved arrangements between the fillers increase load sharing as natural fillers are stressed, resulting to higher tensile strength in the fillers.


    The tensile modulus clearly rises with increasing PSP loading (Figure 3). The variations in tensile modulus can be explained by the stiffening effect of the PSP. The presence of rigid filler particles in the soft matrix develops the stiffness of composite materials.10,13,14 When comparing both composites, the treated composites had a slightly higher tensile modulus than the untreated composites. There are few factors that could have affected the tensile modulus of treated composites, such as aspect ratio and degree of molecular orientation. In this case, the higher tensile modulus of the treated PSP might have been due to the well-oriented cellulosic fillers, which could increase stiffness and result in a higher tensile modulus.
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      Figure 1: Tensile strength of RPP/PSP and RPP/PSP/H2O2 at different PSP loading.
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      Figure 2: Elongation at break of RPP/PSP and RPP/PSP/H2O2 at different PSP loading.
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      Figure 3: Tensile modulus of RPP/PSP and RPP/PSP/H2O2 at different PSP loading.

    


    3.2Fourier Transform Infrared (FTIR) Spectroscopy Analysis


    FTIR spectra of the RPP/PSP and RPP/PSP/H2O2 composites was shown in Figure 4. The first band was centred between 2,909.2 and 2,932.31 cm–1, predominantly arising from the C–H stretching in aromatic methoxyl groups. There was a notable absence of the absorbance peak at 1,740 cm–1, which is due to the ester carbonyl vibration in acetyl, feruloyl, p-coumaroyl, etc. groups in lignin and hemicelluloses.15 The stretching peaks at about 1,654 cm–1 originated from conjugated C–C stretching, indicating that there is an ester bond between hydroxycinnamic acids and lignin, while at 1,461 cm–1, the band represented C–H stretching in CH2 and CH3. Alkaline peroxide treatment did not have any dramatic effect on lignin structure, except for an increase in carboxylic acid content and a decrease in phenolic hydroxyl content, which was indicated by a relative increase in carbonyl group stretching from 1,256 to 1,133 cm–1. The introduction of carboxyl groups into lignin is important because this functional group is hydrophilic and facilitates dissolution in water.16
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      Figure 4: IR spectra of (a) RPP/PSP and (b) RPP/PSP/H2O2 composites.

    


    3.3Morphology Evaluation


    Scanning electron microscopy was implemented to observe the tensile-fractured surfaces of the RPP/PSP and RPP/PSP/H2O2 composites at 10 and 40 wt % PSP loading (Figures 5 and 6). Figure 5(a) displays a rough surface of untreated composites. A more porous structure and filler agglomeration were detected for composites at higher filler loadings in Figure 5(b). The porosity of the structure was due to the low adhesion of the filler and the matrix, which decreased tensile strength by permitting the fillers to be removed easily from the composites. The pores or voids are defects concentrate stress locally during deformation. Hence, premature failure of the composites occurred at higher filler content, indicating lower tensile strength. High filler loading can result in agglomeration, which is detrimental to the mechanical properties.17


    For composites with treated PSP, a smoother fractured surface was observed in Figure 6(a). Alkaline peroxide pre-treatment had an effect on filler-matrix adhesion. Better interfacial adhesion between the treated PSP filler and the RPP matrix can be seen clearly in Figure 6(b). The interfacial adhesion might have been improved by the removal of lignin during pre-treatment. The removal of the lignin breaks down the filler bundles, thus exposing more hydroxyl and carbonyl groups on the surface.


    
      [image: art]


      Figure 5: SEM micrographs of RPP/PSP composites at (a) 10 wt % and (b) 40 wt % PSP loading.
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      Figure 6: SEM micrographs of RPP/PSP/H2O2 composites at (a) 10 wt % and (b) 40 wt % PSP loading.

    


    3.4Thermogravimetric Analysis


    Generally, thermogravimetric analysis of the composite was carried out to assess its thermal stability and degradation temperature. Figures 7 and 8 are the representative of thermogravimetric (TG) and derivative thermogravimetric (DTG) profiles of RPP/PSP and RPP/PSP/H2O2 composites at different PSP loading. As evidenced by thermograms in Figure 7, all composite samples experienced three stages of weight losses; first region (130°C–190°C), second region (200°C–400°C), and third region (above 400°C). Around 130°C–190°C, the TGA result displays the elimination of intrinsically absorbed water in the composites. Besides that, the decomposition temperature in the range 200°C–400°C demonstrates the thermal degradation of hemicellulose and cellulose while above 400°C belongs to the decomposition temperature of lignin and RPP. This is reliable with outcomes stated by Monteiro et al. in their studies on thermogravimetric stability of polymer composites/lignocellulosic fibers.18


    The TGA data of RPP/PSP and RPP/PSP/H2O2 composites were summarised in Table 2. The T5%, T30%, T50% and T70% represent the degradation temperature at 5%, 30%, 50% and 70% sample weight loss, respectively. For untreated PSP (at 10 wt % PSP), the degradation temperature at 5% weight loss is 261°C whereas the final degradation temperature at 70% weight loss is 376°C. Similarly, for treated PSP (at 10 wt % PSP), the degradation temperature at 5% weight loss has been found to be 345°C whereas the degradation temperature at 70% weight loss has been found to be 464°C. It seems that, the RPP/PSP/H2O2 composites results in better thermal stability compared to RPP/PSP composites. This can be explained on the basis that the filler becomes more amorphous upon grafting due to disruption of the crystalline lattice of the filler.19 Pre-treatment PSP with alkaline peroxide seems to enhance the interaction between the filler and the RPP matrix which cause better dispersion of PSP particles in the composites. These ultimately resulted in the increases of thermal stability.
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      Figure 7: TG thermograms of RPP/PSP/H2O2 composites.
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      Figure 8: DTG thermograms of RPP/PSP/H2O2 composites.

    


    Table 2:TGA data of RPP/PSP and RPP/PSP/H2O2 composites.


    
      
        	Sample

        	T5% (°C)

        	T30% (°C)

        	T50% (°C)

        	T70% (°C)
      


      
        	RPP

        	297

        	357

        	376

        	390
      


      
        	RPP/10% PSP

        	261

        	300

        	354

        	376
      


      
        	RPP/30% PSP

        	239

        	298

        	344

        	352
      


      
        	RPP/40% PSP

        	220

        	286

        	302

        	322
      


      
        	RPP/10% PSP/H2O2

        	345

        	442

        	455

        	464
      


      
        	RPP/30% PSP/H2O2

        	291

        	423

        	448

        	461
      


      
        	RPP/40% PSP/H2O2

        	290

        	415

        	447

        	460
      

    


    4.CONCLUSION


    i.Treated RPP/PSP/H2O2 composites showed an improvement in tensile strength, elongation at break, and tensile modulus compared to untreated RPP/PSP composites.


    ii.IR spectra and SEM micrographs showed that the elimination of lignin strongly influenced the fractured surface and the chemical characteristics of treated RPP/PSP/H2O2 composites.


    iii. Treated RPP/PSP/H2O2 composites results in better thermal stability compared to untreated RPP/PSP composites.
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    Abstract:Various studies on geotechnical properties of soils, which underlain the part of the coastal area of Nigeria are yet to account for characteristics governing design and analysis of foundations. This study aims at elucidating consistency in local soil properties with respect to strength, and consolidation parameters for foundations design strategy. Field testing include 12 Cone Penetrometer Tests (CPT) and 15 number borings in Standard Penetration Tests (SPT). Disturbed and undisturbed soil sampling were done at various depths. All laboratory tests (natural moisture content, Atterberg limits, grain size analysis, undrain triaxial and oedometer consolidation) were in accordance with the British Standard 1377, BS (1990). Patterns of the penetration resistance-depth curves show that stratified soils dominate a group of foundation soils in the area. Particle size is in the order of distribution gravel < clay < silt < sand, with 10% to 30% by weight of fines. Coefficient of permeability values (1.0 × 10–10 ≤ k ≤ 4.7 × 10–8 m/s) revealed slow water movement with water content (15%–25%), and degree of water saturation range of 79%–94% which confirms partial saturation. Consistency limits showed that the soils have medium to very high plasticity index. They further confirm Illite and kaolinite as the major clay minerals in the soils. Allowable bearing pressures and coefficient of compressibility ranges are 242.77–384.91 kN/m2 and 0.030–0.965 m2/MN respectively. Despite the water and organic content, the soils can be non-problematic due low compressibility and high strength characteristics at sampling depth range of 10 and 22 m.


    Keywords: Soil, stratified, saturated, strength, compressibility


    1.INTRODUCTON


    The coastal area of Southwestern Nigeria is being harnessed for construction purposes, despite frequent flood and water logging. Soils that serve as foundation material in the area are bound to be saturated. In such condition, a-two phase material will be the result. These comprise particles of different dimensions of spaces (peat, organic clays and uncompacted fill) of voids and pore water. Studies affirmed these in certain engineering geological and hydrogeological studies carried out in the area.1,2,3,4


    A wide-ranging publication on the geotechnical properties of major soils in the area has revealed that direct causes of foundation problems in the area could be soil-related. Oyedele, Oladele and Adedoyin evaluated the stratigraphy and competency of shallow formation as foundation materials form geoelectrical image of subsurface in the area.5 The existence of loose sand, peat and clay near at the surface was recommended to be inimical to building structures for subsurface layers to a depth of 16 m. Salami et al. showed electrical resistivity survey results having good correlation with boring logs.6 Furthermore, basal sandy deposit beyond the boring probe was established to appreciable depth of over 80 m within the creek and swamp environment in parts of Lagos. Geotechnically, the silty-sandy soils were characterised by low N-values (5–15), while the clayey soils were characterised by high void ratio and low cohesive strength values (22 kN/m).


    Adebisi and Fatoba only reported geological conditions to depth of about 13 m in Ajah.7 Characteristic organic clay/coarse sand dominated the subsoil composition. Allowable bearing capacities for shallow foundations in the area, regardless of the width at depths of between 4.25 and 9.75 m were 288.9 and 675 kN/m2 respectively. Oyedele, Oladele and Okoh affirmed ground conditions at a coastal location as the major factor responsible for sinking buildings and intensive cracks.8 The characteristics of the shallow subsurface delineate features that have caused the structural instability. Integrated interpretation further revealed low resistivity, low bearing capacity clay beneath the affected buildings in the area.


    Adebisi, Osammor and Oyedele conducted an in-depth investigation on foundation soils in the coastal area of Lagos.9 A settlement of 23.65 mm was estimated under an assumed loading intensity of 45 kN/m2 for shallow foundations within 1.0 and 2.0 m depth with allowable bearing capacity of 121 kN/m2. Furthermore, a safe working load of 940 kN was calculated for deep foundations using a pile of 600 mm diameter set at 8.0 m.


    It is imminent that studies on geotechnical properties soils due to expulsion of pore water from loading is yet to make strength and volume change a subject of research. Considering the increasing housing density in the area, geotechnical investigation over such a large area would be difficult and time-consuming. The intent of this study is to carry out a local assessment of both base shear resistance (ultimate bearing capacity) and settlement in the stationary soil structure. This is expected to serve as a useful guide in elucidating subsoils characteristics for the safe support of structural loads in the area. Hence, the allowable bearing stresses for stability and serviceability of structures to be supported by the soils in the area could be approximately defined.


    2.LOCATION AND GEOLOGY


    The study area is an integral part of the Coastal Plain, and extended Nigeria Continental Shelf (Figure 1). Geologically, the soils range from Eocene to Recent/Pliocene in the Dahomeyan Miogeosynclinal Basin of Southwestern Nigeria. Studies have discussed the geology of the area, with affirmation of the major physiographic units peculiar to the area.9,10,11 It was established that the area is underlain by stratified soils of varying size composition. They were found to comprise alluvial sand, clayey peat and silt in various proportions. The location generally has flat topography with annual rainfall of 1185 mm.12 It is within a typical West African Continental shelf with beaches, and bars draining into the Atlantic Ocean.


    3.SOIL EXPLORATION AND TESTING


    The method of this study was grouped into reconnaissance survey, soil exploration and detailed investigation. During the reconnaissance survey, locations available for sampling were established. Exploratory method follows with excavation of nine test pits for sampling. Location of boreholes was based on the preliminary geological conditions form test pits, the dimensions of the area and the observed engineering problems. The testing points were arranged in such a pattern that soil profiles can be assessed across the site. Field activities include 12 numbers Cone Penetrometer Tests (CPT) and 15 number borings in Standard Penetration Tests (SPT). These were followed by disturbed and undisturbed sampling of the soils. All field and laboratory tests were in accordance with the British Standard 1377.13


    The soil samples were subjected to the following laboratory tests: (i) Atterberg limits (liquid and plastic limits) and (ii) grain size analysis for both sieve and hydrometer tests, (iii) unit weight determination, (iv) moisture content, (v) specific gravity, (vi) undrain triaxial tests at cell pressures of 50, 100 and 200 k/N/m2 and (vii) oedometer consolidation test.


    
      [image: art]


      Figure 1: Site map of the study area showing sampling and testing locations (Rd-Road, St-Street, BH-Borehole, CPT-Cone penetrometer and TP- Trial pit).

    


    The degree of saturation of the soils was computed from the unit weight, water content and specific gravity data, based on phase relationship equation. The shear strength parameters; undrain cohesion (Cu) and angle of internal friction (ϕu) of the soil samples were obtained from the relation between the principal stresses at failure over three Mohr’s circles. The formula developed by Terzaghi was adopted in estimating the soil bearing pressure.
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    Where qu is the ultimate bearing capacity, C is the cohesion, ϒ is the unit weight of soil, D is the depth to foundation and B is the width of foundation. The bearing capacity factors are functions of the angle of internal friction (ϕ) of a soil. Nc is the bearing capacity factor for cohesion, Nq is the bearing capacity factor for surcharge and Nϒ is the bearing capacity factor for unit soil weight. Rw1 and Rw2 are the reduction coefficients used in second and third terms of bearing capacity equation to consider the effects of water table.14
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    where Zw1 is the depth of water table from ground level


    [image: art]


    where Zw2 is the depth of water table from foundation level.


    The volume compressibility (mv) of the soils were determined from the equation which relates the change in thickness of each sample to the pressure range, while coefficient of consolidation (cv) was calculated from the sample thickness and the time at which the straight-line portion of the curve meets the 100% compression line.


    4.RESULTS AND DISCUSSION


    4.1Particle-Size Distribution and Soils Description


    The selected grain size distribution curves shown in Figures 2, 3 and 4, exhibit soils of different particle size ranges. In such a case, they are referred to as well-graded. This numerically expresses increase in size distribution of the soils in the order; gravel < clay < silt < sand as shown in Table 1. Evaluation of the soils’ grading is based on the Unified Soil Classification System (USCS). In all cases, sand-sized particles dominate the composition of the soils. It is apparent that high sand content in a soil would enhance its bearing capacity.15
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      Figure 2: Grading curves for soils at 10 and 22 m depth at test points 1 and 3.
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      Figure 3: Grading curves for soils at 10 and 15 m depth at test points 5 and 6.
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      Figure 4: Grading curves for soils at 18 and 20 m depth at test points 7 and 9.

    


    The effective particle size (d10) of the soils ranges between 0.003 and 0.017 mm. Studies had related the effective grain size to soil permeability (k).16,17 Estimation of coefficient of permeability would therefore, be a practical significance of d10. Using Hazen’s constant, the ease with which water passes through the studied soils’ matrix range from 1.0 × 10–10 to 4.7 × 10–8 m/s. This is expected to directly reflect the drainage characteristics of the soils. The permeability values are such that that water movement in the soils would be slow. Though, the presence and movement of groundwater affects the carrying capacity of piles, the processes of construction and sometimes the durability of piles in service. It is apparent that the soils would not suffer any reduction in bearing capacity in the presence of groundwater.


    From Table 2, shows estimated degree of water saturation from phase relationship parameters. Water content of the soils ranges between 15% and 25%, while degree of water saturation is high, as it ranges from 79% to 94%. From Table 3, the soils have 10% to 30% by weight of fines with (26 ≤ IP ≤ 48) medium to very high plasticity index. They also contain organic matter, though not quantified. Consistency limits data for the soils revealed inorganic/organic medium to high plasticity silty clay content. On the basis of plasticity ratio, illite and kaolinite are the dominant clay minerals present in the soils with subordinate class of montmorillonite.


    Table 1:Grain-size distribution and grading characteristics of the soils.
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    Table 2:Phase relationship parameters for water saturation computation.


    
      
        	
          Test pit (TP) No.

        

        	
          Depth (m)

        

        	
          Water content (Wc) %

        

        	
          Specific gravity

        

        	
          Moist unit weight (ϒ) kN/m3

        

        	
          Degree of water saturation (Sr) %

        
      


      
        	
          1

        

        	
          10.0

        

        	
          22

        

        	
          2.66

        

        	
          19.5

        

        	
          92

        
      


      
        	
          2

        

        	
          13.5

        

        	
          23

        

        	
          2.65

        

        	
          19

        

        	
          89

        
      


      
        	
          3

        

        	
          22.0

        

        	
          20

        

        	
          2.67

        

        	
          20

        

        	
          93

        
      


      
        	
          4

        

        	
          17.5

        

        	
          18

        

        	
          2.68

        

        	
          19.5

        

        	
          81

        
      


      
        	
          5

        

        	
          10.0

        

        	
          20

        

        	
          2.66

        

        	
          19

        

        	
          82

        
      


      
        	
          6

        

        	
          15.0

        

        	
          25

        

        	
          2.67

        

        	
          18.5

        

        	
          86

        
      


      
        	
          7

        

        	
          18.0

        

        	
          23

        

        	
          2.65

        

        	
          18

        

        	
          79

        
      


      
        	
          8

        

        	
          10.7

        

        	
          15

        

        	
          2.65

        

        	
          19

        

        	
          83

        
      


      
        	
          9

        

        	
          20.0

        

        	
          25

        

        	
          2.62

        

        	
          19

        

        	
          94

        
      

    


    Table 3:Classification and clay mineralogical characteristics of the soils.
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    4.2Soils Stratifications and Penetration Resistance


    Representative cone penetration/depth plots were correlated with corresponding standard penetration number of blows/depth plots for different stratified vertical soil layers as shown in Figures 5, 6, 7 and 8. The general soil profile across the study area varies as reflected in the pattern of the penetration resistance-depth curves for representative locations. In general, penetration resistance (qc) shows abrupt changes with depth. However, the strongest peaks which signify competent bed for safe foundations are recorded at 13.5 m depth.


    The highest numbers of blows (NSPT) from the standard penetration testing are recorded at depths of 21, 16 and 30 m. These also mark various competent depths at which safe foundations can be established.18,19 Both qc and NSPT are related to the bearing capacity of a soils. It follows that the bearing capacity of the studied soils is controlled by the type of soils at various depths stated above.
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      Figure 5: Borehole log and corresponding penetration resistance @ BH1.
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      Figure 6: Borehole log and corresponding penetration resistance @ BH 6.
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      Figure 7: Borehole log and corresponding penetration resistance @ BH 10.
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      Figure 8: Borehole log and corresponding penetration resistance @ BH 15.

    


    4.3Shear Strength Parameters and Bearing Capacity


    The shear strength of a soil is required for understanding of the nature of its shearing resistance, and gives way to the analysis of bearing capacity problems. Terzaghi developed equations, which take into account shear strength parameters for determining bearing capacity for the general shear failure case.20Table 4 shows the shear strength parameters of the soils as well as estimated ultimate bearing capacity (qu), and allowable bearing capacity (qa) of the soils. It is of interest that the water table in the area is high, and it is usually above the base of foundation.


    The theory of bearing capacity determination taking cognisance of the position of water table with respect to foundation depth.21,22,23,24 The ultimate bearing capacity of the soils varies between 684.48 and 1154.73 kN/m2 at various depth considered competent for foundations. From the estimated ultimate bearing capacities obtained, the allowable bearing pressures (242.77–384.91 kN/m2) were obtained by applying a factor of safety of three to the ultimate values. It must be borne in mind that the basic allowable bearing pressure can also be estimated from the resistance to penetration of the standard sampling spoon.


    Table 4:Shear strength parameters and bearing capacity of the soils.
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    4.4Consolidation Parameters


    Consolidation is one of the most important behaviours of saturated soils that need to be understood for settlement analysis.25 The two most important parameters considered in this study are the coefficient of volume compressibility (mv) and the coefficient of consolidation (cv). Table 5 summarises the consolidation parameters of the studied soils. The results from the cross-analyses of the measured data show in the study area show that both cv and mv values obtained for the soils follow no defined order, either with depth or consolidation pressures. Measured cv and mv values are relative to 50–100, 100–200 and 200–400 kN loading ranges.


    The rate at which saturated soils undergo consolidation ranges between 1.2 and 6.1 m2/yr. It is no doubt that the cv for the soils varies with both level of stress and degree of consolidation due to clay minerals that may be present in them.26 The mv of the samples analysed from the compression records ranges between 0.030 and 0.965 m2/MN. Compressibility potential of the soils greatly varies over a wide range of consolidation pressures. It generally ranges from low to medium compressibility, based on Carter and Bentley standard.27 Therefore, large amount of sand in the soils’ composition is suspected to be responsible for their generally low to medium compressibility. This would definitely, lead to a lower decrease in the void space of the soil for the specified stress changes. It follows that a lower volume of water would be expelled from the soils within a short time, which in turn result to a greater rate of consolidation.


    Table 5:Variation of coefficients of consolidation and compressibility with consolidation pressure.
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    5.SUMMARY AND CONCLUSIONS


    There is increase in housing density along the along coastal area of Southwestern Nigeria. This is done without subtle knowledge of the local subsoils properties, which relate to stability problem. Boring logs, SPTs and CPTs, revealed that stratified saturated soils dominate a group of soils, which underlain the area. Laboratory tests data gave account for bearing capacity and consolidation parameters to define construction conditions.


    Drainage may not necessarily contribute to foundation problems as the permeability is generally low. Also, the subsoils may not suffer serious reduction in bearing capacity in the presence of groundwater. However, damp basements, musty smells in the basement, bugs in the basement, soil erosion, and discoloration of home’s exterior brick or concrete and even mould issues, which can cause serious health problems, are inevitable.


    The soils are not poor foundation materials mainly because of their low compressibility and high strength. Triaxial and consolidation have proved to be valuable tests, whose data can be used to minimise adverse effects and prevent post construction problems. Findings from this research work remain a significant for planning and design of structure in creek area of Southwestern Nigeria.


    Long term data collection from the other parts of the creek area will allow for reviewing the trends of soils characteristics that were not consistent with a majority of the data.
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