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ABSTRACT: The effect of ethylene dimethacrylate (EDMA) as a surface modifier and polyaniline (PAni) loading on poly(vinyl chloride) (PVC)/poly(ethylene oxide) (PEO) matrix was investigated. PVC/PEO conductive composite films with different PAni loading were fabricated using solution casting technique. The inclusion of EDMA exhibited higher tensile strength, modulus of elasticity and electrical properties for all filler loadings of PVC/PEO/PAni conductive composite films. The scanning electron microscopy (SEM) morphology indicated that the inclusion of EDMA in conductive films provided decent fillers dispersion in the PVC/PEO phases. The structural modifications, if occurred, will be interpreted with the assistance of FTIR spectroscopy.
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1.          INTRODUCTION

Intrinsically conducting polymers (ICPs) exhibit good electrical, magnetic and optical properties that could be utilised to catalyse scientific discoveries and develop technical applications. Despite these attractive potentials, low mechanical characteristics and drawbacks in fabricating have hindered their commercial capacities.1 Numerous methods have been established to counter these drawbacks in the past three decades. A promising method to promote the processability of these polymers is by blending conventional polymers with conductive polymers.2 Polymer blending is a great way to manipulate materials to produce various properties of polymers. Moreover, polymer blending is one of the leading modern-day methods to establish new polymeric materials and it is a beneficial method to produce polymers with various properties. In this study, poly(vinyl chloride) (PVC) and poly(ethylene oxide) (PEO) acted as the matrix which will be incorporated with polyaniline (PAni) as the filler. Solution casting technique will be used to fabricate the PVC/PEO/PAni conductive composite films and this method is known for its ease of processing and is cost efficient. On the contrary, a more popular method, i.e., melt mixing is apparently more expensive and requires a higher work load.

PVC as a significant commercial polymer has been studied and consumed widely in industrial fields for countless years. PVC is chosen as a polymer matrix as it is inexpensive, has vast applications, is biocompatible and exhibits high chemical stability.3 In addition, it holds the advantages of easy processability, decent compatibility with various plasticisers, and forms miscible blend with PEO. PEO, however, has been commonly applied as polymer matrix as PEO holds large dipole moment, owing to its ether oxygens. Furthermore, PEO is capable of dissolving a great volume of inorganic salts homogeneously and without the need of low molecular weight solvent.4 The blends of PVC/PEO have been extensively deployed as a matrix in polymer electrolytes system.

Nowadays, studies on the blending of polymer with conductive polymer are growing as the application has been substituting metals in many applications. The most frequently studied categories of conducting polymer were polyacetylene, polypyrole, polytiophene and PAni.5 However, studies on the ability of natural fibres to conduct electric were still reported as reviewed by Al-Oqla et al.6 They reported that even the maximum conductivity of conductive polymer composites filled with natural fibres was lower compared to the intrinsically conducting polymers. The improvement in the conductivity of the natural fibres remains a problem to be figured out. In principle, the dielectric properties of natural fibre conductive composites are critically reliant on the nature and size of the fibres whereas the chemical treatments of fibres cause the dielectric constant of the composites to drop.

Among the conducting polymers, PAni is emerging as the favoured choice for many applications. PAni shows decent electrical, chemical and optical characteristics, which are related to PAni’s conducting and insulating forms. In spite of these exciting properties, PAni has two major limitations. First, this conducting polymer has poor mechanical properties and second, it is also difficult to process via conventional methods. However, these drawbacks can be reduced by forming PAni composites which incorporate the matrix’s good mechanical properties with PAni’s decent electrical properties. Note that a blend or composite is the preferred term used if polymer acts as the matrix. On the contrary, for non-polymer matrix such as metal, it is preferable to use the term composite.7 It has the potential applications in electromagnetic shielding, sensor materials, conducting glues and electricity dissipation.

The homogeneity of matrix/filler generally affects the properties of polymer composites. One way to enhance the filler dispersion is by using chemical treatment or surface modifier. This leads to the improvement of film surface which subsequently aids the transmission of electrical conductivity in polymer matrix.8 This study investigated the effect of PAni inclusion besides the effect of ethylene dimethacrylate (EDMA) into PVC/PEO blends. In particular, tensile test, scanning electron microscopy (SEM) analysis and electrical conductivity test were carried out.

2.          EXPERIMENTAL

2.1           Materials

Two matrixes were used in this study, which is PVC and PEO. First, PVC powder with molecular weight of 220,000 g mol−1 and PEO powder with 100,000 g mol−1 molecular weight were used as the matrix. The conducting filler, PAni, encompassing emeraldine salt with 20 wt% of carbon black has the particle size of 21 µm. Tetrahydrofuran with molecular weight of 72.11 g mol−1 was chosen to dilute the PVC/PEO matrix. Dioctyl terephthalate with molecular weight of 390 g mol−1 was used as a plasticiser. Finally, ethylene dimethacrylate with the density of 1.05 g ml−1 and molecular weight of 198.22 g mol−1 was acquired from Fisher Science.


2.2           Sample Preparation

The PVC/PEO/PAni and PVC/PEO/PAni/EDMA conductive composite films with 2.5 wt%, 5 wt%, 7.5 wt% and 10 wt% filler loading were fabricated via solution casting method. The matrixes, PVC and PEO were first dissolved in tetrahydrofuran (THF) solvents at ambient temperature. After both matrixes were completely dissolved, the solvent was mixed together and then stirred at 400 rpm to achieve a uniform mixture. Next, the solvent was mixed with dioctyl terephthalate (DOTP), PAni and EDMA. The solution was stirred using a magnetic stirrer for 4 h at 400 rpm at ambient temperature to reach the preferred viscosity with homogeneous solution. Finally, the solution was then poured onto a glass mold and let to dry in a fume hood. A similar method was used to prepare thin films for all different ratios of PAni loading as displayed in Table 1.


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



	Conductive composite films
	PVC/PEO (60:40)
(wt%)

	DOTP
(wt%)

	PAni
(wt%)

	EDMA
(wt%)




	PVC/PEO
	85

	15

	–

	–




	PVC/PEO/PAni-2.5
	82.5

	15

	2.5

	–




	PVC/PEO/PAni-5
	80

	15

	5

	–




	PVC/PEO/PAni-7.5
	77.5

	15

	7.5

	–




	PVC/PEO/PAni-10
	75

	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





2.3           Tensile Test

The mechanical properties of the conductive films with or without EDMA were determined via tensile test. ASTM D638 with the crosshead speed of 30 mm min−1 were carried out using Instron 5569 machine. At least five rectangular shaped specimens were examined for every sample ratio.

2.4           SEM

The morphology of PVC/PEO/PAni conductive composite films with or without EDMA were executed using JEOL JSM-6460LA SEM. First, all samples were immersed in toluene for 46 h at ambient temperature. The extracted samples were then dried to remove any moisture. Next, the samples were mounted on a standard specimen stubs before being subjected to sputtering coating to prevent electrostatic charging during testing.

2.5           Electrical Conductivity Test

Electrical conductivity test was carried out via Keithley Model 4200 semiconductor characterisation system with the voltage set from 0 V to 10 V. The electrical conductivity of the conductive films was determined using its relationship with resistivity such demonstrated using the Equations 1 and 2:
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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

3.1           Tensile Properties

The tensile strength values versus PAni loading of PVC/PEO/PAni and PVC/PEO/PAni/EDMA conductive composite films were represented in Figure 1. Both types of conductive films show a decreasing trend when PAni loading increased. This can be explained by the incorporation of PAni into the conductive films which PAni then failed to support the stress transfer from the PVC/PEO phase. Greater amount of filler led to large particle formation caused by the filler’s lack of ability to properly disperse. The PAni agglomeration taking place increased the stress-concentration points in the conductive films which resulted in tensile failure at lower strain. The same finding was reported by Chipara et al. who studied the tensile behaviour of PAni and low-density polyethylene (LDPE) blend.9 On the other hand, better tensile strength was noticeable with the presence of EDMA on the PVC/PEO/PAni conductive composite films. It is understandable that the integration of EDMA in the conductive composite films upgraded the filler-matrix interfacial adhesion as agreed by Roy et al. who found a similar trend in their research.10 The addition of ethylene glycol dimethacrylate showed further increase of tensile strength in the coir fibre-reinforced ethylene glycol dimethacrylate (EGDMA)-based composite.


Figure 2 compares the Young’s modulus of PVC/PEO/PAni with PVC/PEO/PAni/EDMA conductive composite films at various filler loadings. The graph indicates that the values of Young’s modulus escalate with the increment of filler. The increasing trend of Young’s modulus was facilitated by the transferring of PAni’s stiffness into the conductive films. Ramesh et al. investigated the mechanical behaviour of PVC/PEO-based electrolytes for lithium polymer cell and they found that the addition of silica improved the Young’s modulus of the composites.11 Silica interrupted the polymer chains, turning the composites to be more rigid and higher in stiffness, making the PVC/PEO based electrolytes harder to stretch. In addition, the EDMA added conductive films exhibited a greater Young’s modulus than the PVC/PEO/PAni conductive composite films. The improvement of filler dispersion is resulted by the presence of EDMA which subsequently increased the Young’s modulus. This finding was supported by fellow researchers such as Jagtap et al. where they reported an approximately 67% rise in the tensile modulus when half neutralised adipic acid (modifier) developed better dispersion of fillers in PEO matrix.12
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Figure  1:    Tensile strength vs. filler loading of PVC/PEO/PAni and PVC/PEO/PAni/EDMA conductive films.
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Figure  2:    Young’s modulus vs. filler loading of PVC/PEO/PAni and PVC/PEO/PAni/EDMA conductive films.



3.2           Morphology Analysis

The morphologies of PVC/PEO holding different filler loading of PAni with or without EDMA were shown in Figure 3. From the figure, it can be seen that the soaked conductive films filled with PAni created 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. This result corroborates findings by Silva et al. which discovered that the blends of PEO and PVC are miscible.13 Figures 3(b) and 3(c) show the morphologies of PVC/PEO/PAni 5 wt% and 10 wt% while Figures 3(d) and 3(e) show the morphologies of PVC/PEO/PAni/EDMA conductive composite films. At 5 wt%, both types of conductive film exhibit good distribution of fillers and establish smooth surfaces on the films. However, at 10 wt% loading, filler agglomeration is visible as the result of matrix-matrix interaction. Supri et al. explained that PAni agglomeration at higher loadings tended to happen due to the tendency for filler-filler interaction rather than matrix-filler interaction.14 On the other hand, the presence of surface modifier on the composite films, as illustrated in Figures 3(d) and 3(e), shows improved distribution and dispersion, suggesting low formation of agglomerations at high PAni loading.

3.3           Electrical Conductivity

Figure 4 shows the electrical conductivity patterns of PVC/PEO/PAni and PVC/PEO/PAni/EDMA conductive composite films. It indicates that both sets of conductive film show positive improvement of conductivity as the filler loading escalates. This is caused by the conductive path occurrence as the space between the conducting filler becomes narrower. This helps the electrons to easily flow through the films thus giving rise to the electrical conductivity of the conductive films. Merlini et al. stated that the incorporation of PAni-coated coconut fibres as the conductive fillers enhances significantly the electrical conductivity owing to the establishment of conducting pathways.15
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Figure  3:    SEM morphology of extracted surface of PVC/PEO, PVC/PEO/PAni and PVC/PEO/PAni/EDMA conductive films at different filler loadings.




On the other hand, the improved electrical conductivity of PVC/PEO/PAni/EDMA conductive composite films in Figure 4 can be associated to better distribution of PAni as a result of EDMA. Castillo-Castro et al. stated in their study that the coupling agent performed a significant part in the conducting paths’ organisation.16 The electrical conductivity of low-density polyethylene/n-dodecylbenzene sulfonate doped PAni films significantly improved with 5 wt% polyethylene-graftmaleic anhydride (PEgMA), presenting an adequate improvement for greater filler contents.
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Figure  4:    Electrical conductivity of PVC/PEO/PAni and PVC/PEO/PAni/EDMA conductive films at different filler loadings.
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Figure  5:    Infrared spectroscopy spectra of PVC/PEO/PAni and PVC/PEO/PAni/EDMA conductive films.




3.4           Spectroscopy Infrared Analysis

Figure 5 signifies the FTIR spectra of PVC/PEO/PAni/EDMA conductive composite films. No striking peaks are witnessed around 1750 cm−1 to 2800 cm−1. The medium intensity band appearing at 1465 cm−1 corresponds to the C-N stretching of secondary aromatic amine. The band at 1278 cm−1 is assigned to the PAni polaronic structure. The bands at 962 cm−1 and peak at 842 cm−1 correspond to the in-plane and out-of-plane C-H stretching. The C-Cl stretching has been confirmed through the absorption band at 731 cm−1.17 In brief, the PVC/PEO/PAni/EDMA conductive composite films spectra fail to prove any establishment of new functional groups. The analysis confirms that EDMA only made physical interaction of filler-matrix. The illustrated mechanism of EDMA and PAni with PVC/PEO matrix is shown in Figure 6.
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Figure  6:    Illustrated mechanism of EDMA and PAni with PVC/PEO matrix.




4.          CONCLUSION

The introduction of EDMA in PVC/PEO/PAni conductive composite films improves its tensile properties by an average of 16.16%. SEM supports the data by showing improved filler distribution of PVC/PEO/PAni/EDMA conductive composite films. The surface modifier also gives rise to the PVC/PEO/PAni/EDMA conductive composite films electrical conductivity which reach as high as 0.68 × 10−4 S mm−1. The FTIR test reveals no new functional group developed with the addition of EDMA into the conductive films.
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ABSTRACT: This investigation on permanganate-based conversion coating describes a chromate-free coating and efforts at reducing the environmental foot prints of metal finishing industries. A golden coloured coating on aluminium specimen was obtained from the permanganate coating (PMC) bath with nominal pH of 7.9. Results from scanning electron microscopy (SEM) examination showed that the conversion coatings are continuous, and the surfaces of the specimens treated in the coating bath are composed of irregularly shaped and mud-cracked coating materials. The coatings, as revealed from energy dispersive spectroscopy (EDX) analyses in the SEM are composed essentially of aluminium, oxygen and manganese compounds which are likely to be hydrated. Accelerated corrosion tests in near neutral 3.5% sodium chloride solution and natural exposure tests revealed that the replacement of chromate with permanganate improved paint adhesion and corrosion resistance on aluminium substrates. Furthermore, the results indicated that the corrosion resistance of the permanganate-based conversion coating matched those from the traditional chromate coating bath, but for the corrosion resistance, after application of a top coat of lacquer, the former was adjudged better than the later.

Keywords: Aluminium, permanganate, corrosion resistance, conversion coating, corrosion


1.          INTRODUCTION

Aluminium and its alloys usually carry air-formed thin oxide layer with inherent corrosion resistance to mild environments despite having flawed regions. However, in some instances, such as in the aircraft and building industries, it is usually beneficial to replace the oxide layer with inert, more corrosion resistant conversion coatings. In the past few decades, chromate conversion coatings (CCCs) which impart superior corrosion resistance and improve paint adhesion on aluminium among other characteristics, have been the choice of the metal finishing industries. Chromates have been classified as carcinogens and efforts in finding their replacements in traditional metal pretreatment baths have received much attention in recent times. While some researchers have attempted to replace chromates with zirconium, vanadium, molybdenum, cerium and permanganate, others have tried the sol-gel route with siloxanol, alkoxysilane and aluminium doped sol-gel materials.1–13 Most results obtained from these research works pointed to the direction of inferiority in corrosion resistances of these substitutes, whereas their paint adhesion characteristics have been described as good as those of chromates.

The mechanisms of formation of the coatings through the sol-gel route have been succinctly described by Osborne.14 However, the mechanisms of chromate conversion coating formation in the presence of fluoride species in the coating bath is thought to involve the activation of aluminium surface prior to deposition of coating materials through reduction of Cr(VI) ions in solution to Cr(III) ions, and subsequent deposition of Cr(III) hydroxide/oxides as the major components of the coating. However, some aluminium and Cr(VI) compounds, probably hydrated, were incorporated in the coating as well.15–17 The formation of conversion coatings on aluminium from permanganate solution probably follows similar routes as those of the chromate coatings since fluoride species in solution are known etchants of aluminium and manganese can exist in various oxidation states. Thus, in the presence of an activator like fluoride and a species that can exist in more than one oxidation state, the combination was thought to be ripe for formation of a conversion coating on aluminium. This is in agreement with the findings of Yoganandan et al. and Wang et al. that separately concluded that permanganate coatings are composed of metal-oxides, MnO2, Mn3O4 and Mn2O3, etc., as detected by XRD and XPS, respectively.8,18 They further suggested that the coatings have superior corrosion resistance to “bare” aluminium in 3.5% NaCl solution. With these at the background, the present investigation seeks to know the morphology of any coating formed on aluminium from the permanganate solution and examine its corrosion resistance with reference to a standard chromate coating employed in the aluminium coil coating industry.


2.          EXPERIMENTAL

2.1           Surface Preparation of Substrates

All chemicals used were of laboratory grade obtained from British Drug Houses Chemicals Ltd., Poole, UK. Samples of aluminium alloy 6000 series obtained from first Aluminium Plc, Nigeria were made out into spade-like electrodes with approximate dimensions of 30 mm × 20 mm × 10 mm. The specimens were cleaned in 10% NaOH solution for 5 min, rinsed in water prior to de-smutting in 50% w/w nitric acid solution for 5 min. After rinsing in water, the specimens were allowed to dry in air at room temperature.

2.2           Conversion Coating Formation

The conversion coating solution was prepared by mixing 4.0 g l−1 of potassium permanganate and 1 g l−1 of sodium fluoride in a 1 l flask. The pH of the coating solution was 7.92 as determined by JENWAY, Model 3505 pH Meter. Coating procedure was by dipping clean and drying pre-weighed aluminium specimens in 100 ml of coating solution for various times ranging from 30 s to 10 min. After each period of immersion, the specimens were rinsed in water and dried for about 30 min at room temperature prior to obtaining the weights of the coated specimens. The average changes in weights of five specimens individually treated for the various times employed to determine the rates of development of the coatings were recorded against time. Also, the progress of colour changes was monitored and recorded by photography. Similarly, a chromate conversion coating solution, prepared in the usual manner was employed to coat various aluminium specimens for various times with an average of five changes in coating weights and colours recorded against time.19

2.3           Coating Morphology and Composition

Five separate specimens treated for various times in both coating solutions were examined in scanning electron microscope (SEM), Phenom proX SEM, model MVE0224651193, operated at 15 KeV and their elemental compositions obtained from the energy-dispersive X-ray (EDX) attachment in the microscope. The coating development was likewise monitored through optical microscope of limited resolution.


2.4           Corrosion and Adhesion Tests

Five specimens coated for 180 s in the coating solutions were exposed to the tropical, savanna environment in Kwara State of Nigeria for about 500 h with five untreated aluminium specimens serving as control. The specimens were examined daily, and the progress of exposure test was monitored by visual inspection and optical microscopy. Specimens treated in the coating solutions for 180 s were further coated with a nitrocellulose lacquer by immersing the aluminium specimens as near vertical as possible in 100 ml of the lacquer for 60 s and withdrawn as immersed, allowed to dry for 24 h prior to further examination. Untreated aluminium specimens, specimens treated in the coating solutions, and those over coated with lacquer were cross-scratched prior to exposure to near neutral 3.5% NaCl solution for 168 h. After the exposure period and in accordance with Japanese industrial testing method, transparent cellophane adhesive tapes were firmly applied on each of the specimens.20 The tapes were subsequently rapidly pulled from the substrates. The surfaces were examined to appraise the mode(s) of coating failure by optical microscopy and in the SEM with analyses performed in the EDX attachment of the SEM.

3.          RESULTS AND DISCUSSION

3.1           Coating Development

The coating growth pattern in both permanganate and chromate solutions are similar. The colours changed from metallic aluminium substrate progressively from light yellow to golden colouration after 3 min of treatment in both solutions. These are indicative of coating formation and development. The colour of the specimens changed to dark yellowish brown after 10 min of treatment which further showed that interactions between the already formed coating and the coating solutions were dynamic with formation of coating materials either by adsorption/absorption and reaction of coating solution materials with the substrate through pathways that may have developed within the coating.19,20 The rates of coating development in both permanganate and chromate solutions are displayed in Figure 1 where it can be observed that the coatings developed rapidly initially with rates that decreased with time of immersion in the coating solutions. These were expected since the initially formed coating materials will restrict further interaction of the coating solution species with the substrate. These observations are also supported by the findings of Hughes et al. who observed increase in Mn content of PCC with time although the coating remained stunted at about 70 nm in thickness.21
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Figure  1:    Weight change of aluminium specimens with time of immersion in permanganate and chromate conversion coating baths.



However, further development of the coating although at a slower rate might have continued with the formation of pathways within the coating.17,22 The rate of development of the chromate coating was faster than for the permanganate which was expected as the chromate bath was acidic, and the permanganate was a near-neutral coating solution. The maximum weight attained in the chromate bath was about 2 mg whereas for the permanganate coating, it was about 1.8 mg. These were attained over a protracted treatment time of 600 s which was as a result of the reduction in the rate of change in weights of the coatings due to weathering occasioned by the aggressive coating baths.

3.2           Surface Morphology and Composition of Permanganate Conversion Coating

The development, morphology and corrosion resistance of CCCs on aluminium have been described by various authors as characterised by mud-cracked morphology and are presently considered to have superior corrosion resistance and improved paint adhesion over their contemporaries.19–24 However, SEM examinations revealed that the morphologies of all specimens treated for various times in the permanganate solution appeared similar. A typical example is displayed in Figure 2(a and b), where light and dark randomly shaped materials of various sizes can be observed in a matrix of cracked coating materials. Such micro-roughness at the coating/solution interface may contribute to colour changes in the coatings from light yellow to golden yellow colouration with increases in immersion times of the specimens. In addition, increases in coating thickness with the formation of coating materials as well as uptake in coating solution species as described elsewhere and by others may contribute to the gradual colour changes.8,15,21,25
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Figure  2:    SEM and EDX of the specimen treated for 180 s in permanganate conversion coating solution at 30°C.



The cracks may have developed as a result of shrinkage stresses normally observed in drying out gel-like materials. These coating features, which are characteristic of all specimens treated for 30 s to 600 s, may have developed in a manner that mapped the grain and sub-grain boundaries of the substrate aluminium as described by Oki and Charles.22 It is generally known that grain boundaries are anodic to the interior of grains; also it has been shown by various authors that fluorides in conversion coating baths activate aluminium with the release of 3 electrons, thus:26
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The electrons released in the anodic reaction (Equation 1) will be taken up in the cathodic half of the redox reaction which will predominantly take place within the grains and impurities in the substrate with the deposition of the coating materials when their solubility constants are attained. For the permanganate coating bath, at near-neutral pH regime, the most favourable cathodic reaction will be:
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Thus, MnO2 will form the bulk of the coating materials with aluminium oxides/hydroxides deposited along with it while MnO4- may be adsorbed/occluded within the growing coating materials.27,28 The predicted mechanism of formation agreed with the elemental compositions obtained from EDX analysis displayed in Figure 2(b) and supported by the findings of Yoganandan et al. and Wang et al.8,18

Although most researchers agree with Equation 1, Thompson suggested that thinning of the oxide skin on aluminium occurs with formation of aluminium ions which are further re-oxidised to Al2O3 formed the basic anodic reaction.23 The oxide layer, very much thinner than the original 2.5 nm as described separately by Pokorny et al. and Thompson, allowed electron tunnelling for subsequent cathodic reactions to take place as described in Equation 2.19,22,23

The elemental compositions of the coating as revealed by the EDX analysis are Al, Mn, O and C. Although EDX does not give quantitative analysis of elements present in a given sample, it was observed that signals for the coating components increased in height as the time of treatment of specimens increased in the coating bath in a similar manner observed by various other authors.15,19,21,25 The EDX yield for aluminium is large, however, this is a result of X-rays generated from the substrates as well as from within the coating. Other observed peaks must have been generated from within the coating/residual impulses from within the equipment. Higher yields for Mn, as depicted in Figure 3, were observed when spot analyses were performed on the white, randomly shaped materials with a population density of about 3 × 1010 m−2 on the surface of the coating displayed in Figure 2. These showed an enrichment of Mn at specific regions of the coating probably with iron inclusions as an intermetallic which are normally cathodic to the aluminium matrix.29,30

The compositional analysis obtained by other authors using various analytical tools agree with the findings in this investigation that permanganate conversion coating is essentially composed of MnO2 and Al2O3 /(OH)3 which are probably hydrated.8,18,21
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Figure  3:    EDX spot analysis at light coloured coating materials on specimen treated for 180 s in permanganate coating bath at 30°C.



3.3           Corrosion and Adhesion

Conversion coated specimens, without a top coating of lacquer, during atmospheric exposure tests gradually faded in colour to a lighter shade of golden yellow whereas bare aluminium, similarly exposed developed mounds of corrosion products, aluminium oxide/hydroxide were also observed on the lacquer coated bare aluminium specimens after the exposure time of 500 h (a representative micrograph is presented in Figure 4).
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Figure  4:    Lacquer coated bare aluminium after exposure for 500 h in 3.5% sodium chloride solution.



The corrosion products were visible to the naked eyes under the top lacquer coating applied prior to atmospheric exposure. However, the specimens with conversion coatings and top coating of lacquer performed creditably well as revealed during optical microscopy examinations.

Figures 5 displays the optical photographs for chromate and permanganate conversion coated specimens with top coatings of lacquer after exposure for 168 h in near-neutral 3.5%.
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Figure  5:    Lacquer coated with (a) chromate and (b) permanganate conversion coated aluminium specimens after exposure for 168 h in 3.5% sodium chloride solution.




Sodium chloride solution where the superiority of the former over the latter can be vividly observed. The permanganate specimen showed some signs of pitting corrosion at various regions marked “X” in Figure 5(b), while the chromate portrayed a surface without any sign of corrosion. However, it is worthy of note that the untreated, lacquer coated counterpart showed paint delamination, whereas for the two conversion coated specimens, paint delamination was not observed and the lacquer was not peeled off after application of adhesion tests.20 For those specimens without a top coating of lacquer but similarly treated in conversion coating baths prior to exposure in 3.5% sodium chloride solution, apart from gradual fading in colour, pitting corrosion was not observed on the specimens. It has been observed by other researchers that there are leachable Cr6+ species in chromate conversion coatings which serve as corrosion inhibitors at transiently exposed regions of aluminium substrate.14,24,31 It is likely that leachable MnO4- species are present in the permanganate coating and these can be reduced at corroding sites of the substrate to plug any corrosion reaction in such regions as with the use of XPS, KMnO4 as was detected in PCC by Yoganandan et al.8 The specimen immersed in 3.5% NaCl but initially treated in permanganate coating solution carrying a top coating of lacquer was further examined with SEM. As displayed in Figure 6, there was no paint delamination and the lacquer did not peel off after the application of adhesive tests.20
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Figure  6:    SEM of permanganate treated aluminium specimen with a top coating of lacquer after exposure to 3.5% sodium chloride solution for 168 h.



4.          CONCLUSION

Improvement in corrosion resistance of aluminium alloy by permanganate-based conversion coating has been investigated. The results obtained within the detection limits of EDX revealed that the permanganate coating is composed of manganese, aluminium and oxygen compounds, which were probably hydrated. The atmospheric corrosion protection and paint adhesion characteristics of the permanganate coating compared favourably well with those of chromate conversion coating. However, with the exposure of lacquer coated specimens to sodium chloride solution, pitting corrosion resistance of chromate conversion coating was found to be superior to those of permanganate-based conversion coating. They both performed better than bare aluminium alloy specimens.
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ABSTRACT: A cost-effective method for the extraction of palladium (Pd) from HNO3 solution by green diesel as extractant in kerosene was investigated. Several parameters such as extractant, nitrate, hydrogen ion, nitric acid and metal ion concentrations, phase ratio, and thermodynamic parameters were studied. The extracted species were deduced using slope analysis method and infrared (IR) measurements. The results showed that the extraction efficiency of Pd(II) is 95% with 10% (v/v) diesel in kerosene, and 97% was recovered from the loaded organic solution using 0.05 M thiourea or ammonium thiocyante solutions as stripping agents. The maximum loading capacity of diesel was found to be 2 × 10−2 moles of Pd(II) per mole extractant. The effect of diluents on the extraction of Pd(II) from nitric acid solution by green diesel indicated that, under the used experimental conditions, kerosene gave the highest extraction percent compared to cyclohexane, benzene, toluene, chloroform and carbon tetrachloride. Extraction of Pd(II) from different acidic media was also carried out and the extraction percent was found to decrease in the order: H2SO4 > HNO3 > HCl. The possibility of extraction and recovery of Pd from the sulphate leach solution of spent automotive catalyst was explored and a modified process is proposed and evaluated.

Keywords: Green diesel, palladium, nitric acid, extraction, automotive catalyst

1.          INTRODUCTION

Nowadays, extraction and recovery of precious metals, especially palladium (Pd), from wastes of industrial and nuclear applications are of major concern due to their scarcity and economic value. Pd has unique physical and chemical properties that are suitable for manufacturing industrial materials such as catalysts, electrical and corrosion-resistant alloys.1 Pd is also very important in fuel cell industry. Therefore, it is important to develop an effective and cheap recovery process for Pd from nuclear and industrial applications. Among the most simple and efficient techniques which can be employed for the separation and recovery of Pd ions is solvent extraction process, which has already been industrially used for the recovery of precious metals in industrial scale.2 In this context, the extraction of Pd(II) from nitric acid medium with various ketones in nitrobenzene has been reported.3 The authors concluded that both methylalkylketones and ketones containing symmetrical alkyl configuration effectively extracted Pd(II) from nitric acid medium, especially 2-tridecanone and 2-nonanone which exhibited efficient extraction of Pd(II) and provided a feasible extraction system at 3.0 M ligand concentration and HNO3 above 2.0 M.

Extraction of Pd from aqueous nitrate solution was studied with solvents containing 3,4-dithio toluene (H2TDT), bis(2,4,4-trimethylpentyl) monothiophosphinic acid (CYANEX 302) and its dithio analogue (CYANEX 301).4 The selectivity of Pd separation from nitric acid took the sequence H2TDT > CYANEX 301 > CYANEX 302 in kerosene.4 CYANEX 302 provided good extraction performance as a carrier where almost 100% Pd was extracted and 90% was stripped with 2.0 M thiourea in 1.0 M sulfuric acid as stripping solution.1 The extraction of Pd(II) from HNO3 solution with 1-benzoyl-3-[6-(3-benzoyl-thioureido)-hexyl]-thiourea (Ia) and several monodentate thiourea derivatives in 1,2-dichloroethane has been studied; the increase in the number of thioamide groups in the molecule of Ia increased its extraction efficiency towards Pd(II).5 Extraction and separation of Pd, platinum (Pt) and rhodium (Rh) using CYANEX 923 and their recovery from real samples was carried out.6 The extraction behaviour of Pd(II) showed a positive dependence on the acidity of sulphuric acid indicating that the use of sulphuric acid favoured the formation of extractable species.6 The extraction studies of Pd from hydrochloric acid (HCl) medium with triphenylphosphine (Ph3P), triphenylphosphine oxide (Ph3PO) or triphenylphosphine sulphide (Ph3PS) showed high extraction of Pd(II) with Ph3P.7 The authors reported that the use of 1 M stabilised thiosulfate solution was efficient for stripping Pd from its loaded Ph3P-benzene solution. The selective extraction of Pd from nitric acid medium using CYANEX 471X in kerosene using n-octanol as modifier was carried out.8 The extraction from other acidic media indicated that the extraction decreased in the order sulphuric > nitric > hydrochloric acids.8

The extraction performance and separation behaviour of Pd(II) and Pt(IV) were studied using a synthetic sulfoxide (MSO) as extractant from HC1 medium. The Pd(II) transfer depended strongly on the MSO and HC1 concentration, phase ratio, contact time and Pd(II) concentration in stock solution.9 Phosphonium ionic liquids such as trihexyl (tetradecyl) phosphonium chloride and bromide (Cyphos IL 101 and 102) and bis-(2,4,4-trimethylpentyl) phosphinate (Cyphos IL 104) were used for the removal of Pd(II) ions from aqueous chloride solutions by liquid-liquid extraction and transport across polymer inclusion membranes (PIM).10 The results showed that the addition of NaCl and the increase in HCl content in the feed aqueous phase slightly reduced the efficiency of Pd(II) extraction. In addition, CyphosIL 101 was used in the presence of toluene to extract Pd(II) from HC1 solutions of various concentrations.11 Successful stripping of Pd(II) from the loaded organic phase was achieved with 0.5 M ammonia solution and CyphosIL 101 could be reused for at least 5 cycles of extraction-stripping processes.11

Green diesel is known to be a cheap source of sulphide extractants and has been used as extracting agent for liquid-liquid extraction of Pd from nitric acid mixtures. Such use has been proposed as a mean of separating the fission product Pd from PUREX raffinate which comes from spent nuclear fuel.12 Diesel oil in benzene and lacquer petroleum were used for an effective extraction of Pd(II) from nitrate medium and the authors reported that the distribution was almost independent of the acidity and nitrate concentration in the aqueous phase.13

In the present work, the solvent extraction of Pd ions from nitric acid medium using green diesel in kerosene has been studied. The effects of several parameters, such as the shaking time, acid concentration, diluent type, nitrate ion, hydrogen ion and extractant concentration, as well as temperature, were separately investigated. The stoichiometry of the extracted species was deduced using the slope analysis method and verified by Fourier transform infrared (FTIR) measurements. Stripping of Pd from loaded organic solutions was also carried out. Extraction of Pd(II) from sulphate and chloride media was investigated and the results were compared with those obtained in case of nitric acid medium. Based on the obtained results, the possible use of the studied system for the extraction and recovery of Pd(II) from spent automotive catalyst leached with sulfuric acid was explored and a developed recovery process is proposed and evaluated.

2.          EXPERIMENTAL

2.1           Chemicals

Most of the chemicals and reagents used in this work are of analytical reagent (AR) grade and were used without further purification. PdCl2 was obtained from Fluka and nitric acid from BDH. Odourless non-aromatic kerosene was obtained from Misr Petroleum Company, Egypt. The commercial extractant (green diesel) was obtained from Total petroleum company, Egypt, and was used as received. Petroleum-derived diesel (green diesel) is composed of about 75% saturated hydrocarbons (primarily paraffins including n, iso and cycloparaffins), and 25% aromatic hydrocarbons (including naphthalenes and alkylbenzenes).14 The average chemical formula for common diesel fuel is C12H23, ranging from C10H20 to C15H28.15 Diesel oil is stable in nitric acid solution up to 5 M. At high acidity (8 M), a possible oxidation of the extractant may take place leading to a slight decrease in its extraction properties.13

2.2           General

Pd concentration was measured with atomic absorption spectrometer (Thermo Scientific). Extraction experiments were carried out using a water-thermostated shaker of the type G.F.L 1083, Germany. The two phases were separated completely using a centrifuge of the type Z-230 obtained from Hermle, Germany.

2.3           Liquid-liquid Extraction

Extraction experiments were carried out by mixing equal volumes (5 ml) of the aqueous phase (9.40 × 10−4 M Pd(II) in 3 M nitric acid) and organic phase (0.25 M (6% (v/v) green diesel in kerosene as diluent and n-octanol as a modifier) using a water-thermostated shaker for 60 min, which were found to be enough to reach equilibrium. After the disengagement of phases, the aqueous phase was analysed to determine the concentration of Pd using atomic absorption spectroscopy.

The general equation of extraction is the following:
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where D is the distribution ratio of the Pd ions between the aqueous and organic phases, [Pd]i(aq.) is the initial Pd concentration in the aqueous phase and [Pd]f(aq.) is the Pd concentration in the aqueous phase after extraction.

The percentage of extraction (%E) was determined from D values as:
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where V and V′ denote the volume of the aqueous and organic phases, respectively.


The stripping percent (S%) was calculated as:
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where [Pd]fs(aq.) is the Pd concentration in the aqueous phase after stripping and [Pd]i(org.) is the Pd concentration in the organic phase after extraction.

3.          RESULTS AND DISCUSSION

3.1           Extraction of Pd(II)

3.1.1        Effect of shaking time

The effect of shaking time on the extraction of 9.40 × 10−4 M Pd(II) from 3 M HNO3 using 0.25 M green diesel in kerosene was studied in the range of 5–160 min. The extraction percent was found to increase with the increase in time from 5 min to 60 min. Further increase in the shaking time up to 160 min did not affect the extraction percent (Figure 1). Therefore, a shaking time of 60 min was maintained in all the extraction experiments of Pd(II) carried out in this work.
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Figure  1:    Effect of shaking time on the extraction of Pd(II) with green diesel in kerosene from 3 M nitric acid solution; O:A = 1:1, T = 25°C ± 1°C, [diesel] = 0.25 M, [Pd(II)] = 9.4 × 10−4 M.




3.1.2        Effect of green diesel concentration

The effect of green diesel concentration on the extraction of 9.40 × 10−4 M Pd(II) from 3 M HNO3 was studied in the range 0.085–0.42 M (2%–10% v/v). It was found that the extraction of Pd ions increased with the increase in the concentration of green diesel and reached a maximum of 95% when the concentration of extractant was 0.42 M (10% v/v). The plot of log D vs. log [diesel] yielded a straight line of slope 1.99, which indicates that the extracted metal species contains two molecules of green diesel (Figure 2).
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Figure  2:    Effect of extractant, hydrogen ion and nitrate concentration on the extraction of Pd(II) from 3 M nitric acid solution by green diesel in kerosene; O:A = 1:1, T = 25°C ± 1°C, shaking time = 60 min, [Pd(II)] = 9.4 × 10−4 M.



3.1.3        Effect of nitric acid concentration

The extraction behavior of Pd(II) by 0.25 M green diesel from nitric acid solution of different concentrations ranging from 0.50 M to 5.0 M was carried out. The extraction percent of Pd(II) was found to increase from 53.50% to 80% at 3 M nitric acid then remained nearly constant with further increase in the acid concentration, as shown in Figure 3. The increase in the extraction process in the low nitric acid concentrations may be due to the salting out effect of the nitrate ion which increases in the range 0.50–3.0 M then becomes negligible at higher acidities leading to a constant extraction percentage.
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Figure  3:    Effect of nitric acid concentration on extraction of Pd(II) by green diesel in kerosene; O:A = 1:1, T = 25°C ± 1°C, [diesel] = 0.25 M, [Pd(II)] = 9.4 × 10−4 M, shaking time = 60 min.



3.1.4        Effect of hydrogen ion concentration

The effect of hydrogen ion concentration on the extraction of 9.40 × 10−4 M Pd(II) by 0.25 M green diesel was studied in the 0.5–3 M range by using different nitric acid solutions in the same concentration range and addition of the proper amounts of sodium nitrate which keeps the total nitrate ion concentration in the solution fixed at 3 M. When log D was plotted against log [H+], a straight line was obtained with slope 0.1 (Figure 2), indicating that no H+ was released in the aqueous medium during extraction. This also indicates that the increase in [H+] in the investigated range had nearly no effect on the extraction of Pd(II) under the used experimental conditions.

3.1.5        Effect of nitrate ion concentration

The effect of nitrate ion concentration on the extraction of 9.40 × 10−4 M Pd(II) from HNO3 by 0.25 M green diesel in kerosene was studied in the concentration range 3–5 M at constant [H+] of 3 M. The obtained data indicate that when the total nitrate ion concentration increased, the distribution ratio slightly increased. The plot of log D versus log [NO3] was found to give a straight line with positive slope of about 0.31, which indicates that the increase in nitrate ion concentration had a negligible effect on the extraction of 9.40 × 10−4 M of Pd(II) under the used experimental conditions (Figure 2).


3.1.6        Effect of Pd ion concentration

The effect of Pd(II) concentration on its extraction from 3 M nitric acid by 0.25 M green diesel in kerosene was carried out in the range (4.7 × 10−4 – 4.6 × 10−3 M). The results indicate that the extraction process decreased with the increase in Pd(II) concentration. The relation between the equilibrium concentration of Pd+2 in the organic and aqueous phases plotted in Figure 4 indicates that the molar ratio of Pd(II) to the extractant is equal to 1:2 in the extracted metal species, which supports the results represented in Figure 2.
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Figure  4:    The isotherm of Pd(II) extraction from 3 M nitric acid solution with green diesel in kerosene; O:A = 1:1, T = 25°C ± 1°C, [diesel] = 0.25 M, shaking time = 60 min.



3.1.7        Extraction equilibrium

Based on the experimental results and the slope analysis values of the above loglog relations which indicate that 1 mole of Pd(II) chelates with 2 moles of the extractant, and assuming that Pd(NO3)2 is the predominant species in the aqueous nitrate medium, the extraction equilibrium of Pd(II) from nitric acid solution with green diesel can be represented by:16–19

[image: art]

where GD denotes green diesel extractant.


The extraction constant Kex can be expressed as (in M−2):
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Since the distribution ratio is given by the relation:
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Therefore, the extraction constant is expressed as (in M−2):
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The average Kex value calculated using Equation 7 at different green diesel concentrations was found to be 58 ± 0.6 M−2.

3.1.8        Infrared spectroscopic investigations

To learn about the Pd(II) complex extracted by green diesel in kerosene from nitrate medium, the IR of the organic phase was studied before and after the Pd extraction in the wave length region 4000–450 cm−1.

The IR spectrum of 0.25 M green diesel in kerosene with n-octanol as a modifier before extraction of Pd(II) showed bands at 2955.1 cm−1, 2916.6 cm−1 and 2854.7 cm−1 that belong to aliphatic C-H stretching vibrations of CH3 and CH2 present in the extractant which is a mixture of hydrocarbons.20 Furthermore, the bands at 1459.1 cm−1 and 1376.8 cm−1 are related to the deformation caused by CH2 groups next to the sulphur atom in green diesel and to the attached CH3 groups. The band at 1096.4 cm−1 is related to the C-SH stretching of sulfated diesel. The bands at 721.7 cm−1 and 671.7 cm−1 are due to the stretching vibrations related to C-S bond, shown in Figure 5(a).20

After Pd(II) extraction, a new band assigned to the nitrate group appeared at 1652.2 cm−1, shown in Figure 5(b), which indicates the presence of NO3− groups in the extracted metal species and supports the proposed equilibrium reaction given in Equation 4.20
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Figure  5:    IR spectra of green diesel in kerosene, illustrated for (a) before extraction of Pd(II), and (b) after extraction of Pd(II).



3.1.9        Effect of temperature

The effect of temperature on the extraction of 9.40 × 10−4 M Pd(II) from 3 M HNO3 using 0.25 M green diesel in kerosene was studied in the 15°C–60°C range. The extraction was found to decrease with the increase in temperature. The relation between (1/T) and the corresponding Kex values gave a straight line as shown in Figure 6. From the slope of this line and using the van’t Hoff equations, the enthalpy change (ΔH), the entropy change (ΔS) and free energy change were calculated and the data are given in Table 1. The negative value of the enthalpy change (ΔH) indicates that the extraction of Pd(II) in the investigated system is an exothermic process, with an increase in the randomness of the system shown by the positive value of the entropy change (ΔS).
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Figure  6:    Relation between (Kex) and (1/T) for the extraction of Pd(II) with green diesel in kerosene from 3 M nitric acid solution; O:A = 1:1, shaking time = 60 min, [diesel] = 0.25 M, [Pd(II)] = 9.4 × 10−4 M.




Table  1:    Thermodynamic parameters of the extraction of Pd(II) from 3 M HNO3 solution by green diesel in kerosene at phase ratio O:A = 1.



	Thermodynamic parameter
	ΔH
(kJ mole−1)

	ΔG
(kJ mole−1)

	ΔS
(J mole−1 K−1)




	Calculated value
	−10.26 ± 0.47

	−10.00 ± 0.39

	0.87 ± 0.004





3.1.10        Effect of phase ratio

The effect of organic to aqueous (O/A) phase ratio on the extraction of 9.40 × 10−4 M Pd(II) from 3 M HNO3 with 0.25 M green diesel in kerosene was investigated in the range between 1:2 and 5:2. The extraction was found to increase with increasing O/A phase ratio in the range 1:2–2:1, and the extraction of Pd(II) was almost complete after reaching the organic to aqueous phase ratio 2, as shown in Figure 7.
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Figure  7:    Effect of phase ratio on the extraction of Pd(II) with green diesel in kerosene from 3 M nitric acid solution; shaking time = 60 min, T = 25°C ± 1°C, [diesel] = 0.25 M, [Pd(II)] = 9.4 × 10−4 M.



3.1.11        The loading capacity

The loading capacity of one mole of green diesel which achieved the extraction of Pd(II) from 3 M nitric acid solution was determined by shaking an organic solution containing 0.25 M green diesel in kerosene with an equal volume of an aqueous solution containing 9.4 × 10−4 M Pd(II); after equilibration and separation of the two phases, the amount of the metal loaded in the organic phase was determined. The aqueous phase was discarded and a fresh aqueous solution was used for another round of extraction with the same organic solution. These stages were repeated until the extractant became unable to extract more amounts of Pd(II). As shown in Figure 8, the maximum concentration of Pd(II) in the organic phase is 0.001 M and was reached after four extraction stages. This indicates that the maximum loading of green diesel is 2 × 10−2 moles of Pd(II) per mole extractant.

3.1.12        McCabe-Thiele diagram

The number of the theoretical stages required for complete Pd extraction by green diesel in kerosene from 3 M nitric acid solution could be determined using the McCabe-Thiele diagram presented in Figure 9. The extraction isotherm which represents the relation between Pd(II) concentration in the aqueous phase and its concentration in the organic phase was first drawn. The operating line, the slope of which is equal to the phase ratio (O:A) to be used, was then inserted. A vertical line was drawn from the concentration of Pd(II) in the feed solution on the X-axis, and starting from the point where this vertical line meets the operating line, a horizontal line was drawn to the extraction isotherm and then a vertical line to the operating line. This diagram indicates that two extraction stages are sufficient for the extraction of 9.40 × 10−4 M Pd(II) from 3 M nitric acid with 0.25 M green diesel.
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Figure  8:    Effect of number of stages on the extraction of Pd(II) with green diesel in kerosene from 3 M nitric acid solution; O:A = 1:1, T = 25°C ± 1°C, [diesel] = 0.25 M, [Pd(II)] = 9.4 × 10−4 M, shaking time = 60 min.
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Figure  9:    McCabe-Thiele diagram for extraction of Pd(II) from HNO3 solution by green diesel in kerosene at 25°C and O:A = 1.




3.1.13        Effect of diluents

The effect of different diluents such as kerosene, cyclohexane, benzene, toluene, chloroform and carbon tetrachloride on the extraction of 9.40 ×10−4 M Pd from 3 M nitic acid solution by 0.25 M green diesel was carried out. The results shown in Figure 10 indicate that kerosene gave the highest extraction percent and is the most favourable diluent under the used experimental conditions. The values of the dielectric constant (ε) and the dipole moment (µ), as well as the extraction percentage of the investigated diluents are given in Table 2. The decrease in the extraction percentage from 80% in case of kerosene (ε = 1.8) to 68% in case of cyclohexane and ~52% in case of chloroform (ε = 4.81) may be related to the water solubility in the organic phase, which is a factor that decreases the extraction, and is generally low in aliphatic diluents and high in polar molecules and in diluents with high dielectric constant.21 On the other hand, the decrease in the extraction process when using benzene or toluene is related to the interaction between the aromatic hydrocarbons and the extractant, which is usually stronger than that of non aromatic ones, and subsequently decreases the metal extraction.22,23 This explains the increase in the extraction percentage of Pd(II) with green diesel in case of kerosene which has a low dipole momemt (µ = 0) compared with toluene or chloroform which have higher values of dipole moment. It has to be mentioned that in addition to its high extraction percent, kerosene is commercially available at low cost and gives a good phase separation, which made it a preference choice for the investigations carried out in this work.
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Figure  10:  Effect of different diluents on the extraction of Pd(II) from 3 M nitric acid solution using green diesel; O:A = 1:1, T = 25°C ± 1°C, [Pd(II)] = 9.4 × 10−4 M, [diesel] = 0.25 M, shaking time = 60 min.




Table  2:    The effect of different diluents on the extraction of 9.4 × 10−4 M Pd(II) from 3 M nitric acid solution by 0.25 M green diesel.



	Diluent
	Extraction percent

	Dipole moment (µ)

	Dielectric const. (ε)




	Kerosene
	80

	0

	1.8




	Cyclohexane
	68

	0

	2.02




	Carbon tetrachloride
	71.5

	2.24

	0




	Benzene
	73

	0

	2.27




	Toluene
	73.5

	0.43

	2.38




	Chloroform
	51.6

	1.15

	4.81





3.1.14        Extraction of Pd(II) from other acidic media

Most of the leaching processes for PGMs in hydrometallurgy, especially Pd, are generally carried out with hydrochloric and sulfuric acids. Therefore, the extraction of 9.40 × 10−4 M Pd by 0.25 M green diesel in kerosene from these media was studied in the acid concentration range of 0.5–5 M. The results shown in Figure 11 indicate that the extraction of Pd(II) from chloride medium increased with the increase in the acid concentration and reached its maximum at 1 M HCl due to the salting out effect of the chloride ions which increased with the increase in HCl concentration up to 2 M. This effect becomes negligible due to the known tendency of Pd to form stable chlorocomplexes at high acidities, which is an obvious reason for the decrease in the distribution ratio of Pd.7,13,24,25 In addition, the decrease in the metal extraction with the increase in the acidity of the medium may be also related to the possible extraction of HCl leading to the decrease in the concentration of the extractant available for Pd(II) extraction .

The extraction of Pd(II) from sulfuric acid medium was found to be more efficient, where the extraction percentage increased from 72% to 95% with increasing the acid concentration from 0.5 M to 5 M (Figure 10). The extraction of Pd from nitric acid, hydrochloric and sulfuric acid media was found to decrease in the order H2SO4 > HNO3 > HCl.

3.2           Stripping Process

The loaded organic phase containing 7.5 × 10−4 M Pd(II) after extraction from 3 M nitric acid with 0.25 M green diesel in kerosene was stripped with various concentrations of different stripping agents namely, citric acid, oxalic acid, HNO3, H2SO4, HCl, NaOH, aqueous ammonia, NaCl, thiourea, NH4SO4, EDTA, ammonium thiocyante and Na2CO3, as well as H2O at equal phase ratio and shaking time 60 min. The values of the stripping percent were calculated and are given in Table 3. The tabulated data show that a maximum of 98.5% stripping was achieved with 0.5 M ammonium thiocyante solution; 97% of Pd(II) was stripped with 0.5 M ammonium acetate or ammonium hydroxide. However, an efficient stripping of 96% was obtained with 0.05 M thiourea or ammonium thiocyante; other stripping agents gave low stripping percent. The effect of time on the stripping with 0.05 ammonium thiocyante indicated that 45 min was sufficient for stripping more than 98% of the loaded Pd(II) in one stage and further increase in the shaking time decreased the stripping percent, as shown in Figure 12.
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Figure  11:  Effect of acid concentration on the extraction of Pd(II) by green diesel in kerosene from H2SO4, HNO3 and HCl solutions; O:A = 1:1, T = 25°C ± 1°C, [diesel] = 0.25 M, [Pd (II)] = 9.4 × 10−4 M, shaking time = 60 min.




Table  3:    Stripping percent of 9.4 × 10−4 M Pd(II) from loaded 0.25 M green diesel in kerosene.



	Stripping agent
	Conc. (M)
	Stripping %



	H2O
	–
	5



	[Thiourea]

	0.01

	95.50




	
	0.05
	96.0



	
	0.1
	98



	
	0.5
	98



	[NH4SCN]

	0.01

	95




	
	0.05
	96



	
	0.1
	98



	
	0.25
	98



	
	0.50
	98.50



	[Ammonium acetate]

	0.1

	77.50




	
	0.5
	97.0



	
	1.0
	94



	[Ammonium nitrate]

	0.50

	20




	[Ammonium sulphate]

	0.5

	30




	Aqueous ammonia

	0.15

	52.50




	
	0.5
	97



	
	1.0
	98



	[NaOH]

	0.5

	38.0




	
	1
	40



	[NaCl]

	0.75

	35




	
	1
	37



	
	2.0
	40



	[Na2CO3]

	0.5

	38




	
	1
	40



	H2SO4

	0.50

	9




	
	1
	11.50



	HCl
	0.50
	30



	
	1
	36.50



	HNO3

	1

	8




	
	5
	6



	Citric acid

	0.50

	15




	
	1
	21.50



	Oxalic acid

	0.25

	47.30




	
	1
	47.80



	EDTA

	0.1

	62.50




	
	2.0
	40
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Figure  12:  Effect of time on the stripping of Pd(II) loaded on green diesel in kerosene with 0.05 M ammonium thiocyanate; O:A = 1:1, T = 25°C ± 1°C, [NH4SCN] = 0.05 M.



3.3           Industrial Application on Spent Automotive Catalyst

Catalytic converters, which allow the purification of automotive exhaust emissions, contain significant amounts of platinum group metals (PGM), especially Pd, Pt and Rh. Spent automobile catalytic converters which are considered as the main secondary source of PGM, are recycled by the metallurgical industry, through the use of pyro and/or hydrometallurgical methods. When the matrix containing PGM is leached in acidic media, Pd, Pt and Rh would be separated using conventional techniques such as solvent extraction and ion exchange. In this context, and in order to test the viability of the investigated extraction system for the recovery of Pd(II) from the spent automotive catalysts, a developed process is proposed and discussed.

3.3.1        Leaching process

A spent automotive catalyst supplied from Magar Brothers service center (Egypt) was grounded to a mesh size less than 300 mesh. Chemical analysis of the catalyst powder was carried out by X-ray fluorescence (XRF) analysis and the results are given in Table 4. The tabulated data indicate that the spent catalysts contains 0.114 wt% Pd, 0.032 wt% Rh, 4.8 wt% zirconium and high percent of cerium and other rare earth elements.


Table  4:    XRF analysis of the used sample of automotive spent catalyst.



	Metal
	Weight (%)




	Pd(II)
	0.114




	Rh(III)
	0.032




	Zr(IV)
	4.80




	Zinc(II)
	0.062




	Ni(II)
	0.342




	Fe(III)
	16.230




	Al(III)
	19.749




	Si(IV)
	9.315




	Pb(II)
	0.327





Different characterisation techniques were also used for the evaluation of the physicochemical properties of the spent catalyst and the residue. In this context, scanning electron microscopic (SEM) analysis was used to study the morphology of the spent automotive catalyst and the SEM analysis of the powdered catalyst was performed at magnification of 200X and 1000X, shown in Figure 13. Energy dispersive X-ray analysis (EDX) was also carried out to investigate the quantitative analysis of metals present in the spent automotive catalyst; the EDX spectrum of the spent catalyst shown in Figure 14 indicates that the major elements are cerium, alumina, silicon, Pd and others.
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Figure  13:  SEM images of the used spent automotive catalyst (magnification 200X on the left, and 1000X on the right).
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Figure  14:  EDX analysis of the used spent automotive catalyst.



A sample weighing 15 g of the grounded catalyst powder was digested with two leaching solutions, namely aqua regia and (10 H2SO4:1 H2O2) solution at 60°C–70°C for 2 h. The results indicated that H2SO4-H2O2 mixture was a better leaching solution. The leached sample solution was scanned using a prodigy high dispersion Inductively Coupled Plasma Optical Emission Spectroscope (ICP-OES), Leeman, USA, after dilution to 100 ml with deionised water and the results are given in Table 6.


Table  6:    ICP-OES analysis of leached solution of the used spent catalyst before and after extraction using 0.25 M green diesel in kerosene.



	Metal
	Conc. (before extraction), ppm

	Conc. (after extraction), ppm




	Pd(II)
	160

	16




	Rh(III)
	100

	98




	Zr(IV)
	69.6

	67.0




	Zn(II)
	1.5

	1.30




	Mn(III)
	0.4

	0.4




	Fe(III)
	20.50

	20.0




	Al(III)
	879.20

	874.0




	Cu(II)
	2

	1.9




	Pb(II)
	10.4

	9




	Cs(II)
	0.6

	0.5




	Cr(III)
	0.4

	0.4




	Si(IV)
	15.0

	15.0






3.3.2        Extraction process

Based on the experimental data and the results given in section 3.1.14 for extraction of Pd(II) from sulphuric acid medium, 25 ml of the leached solution (diluted to 4 M H2SO4) was shaken with 25 ml solution of 0.25 M (6%) green diesel in kerosene at phase ratio O:A = 1:1 in two stages for 60 min. After extraction and separation of the two phases, the aqueous phase was analysed by ICP-OES and the results given in Table 4 indicate that Pd extraction percent was about 90% while the extraction percent of the other metals collected was less than 1%. On the other hand, Pd loaded in the organic phase was stripped with 0.05 M ammonium thiocyante at equal O:A phase ratio, and the regenerated extractant was used for another cycle. The proposed process for the recovery of Pd from a spent automotive catalyst in sulphuric acid in summarised in Figure 15.
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Figure  15:  Flowchart for the recovery of Pd(II) from automotive spent catalyst in sulphuric acid solution.




4.          CONCLUSION

Green diesel has high extraction ability towards Pd ions from nitrate medium and the extraction equilibrium was reached after 60 min. The stoichiometry of the extracted metal species was determined as [Pd (NO3)2.2GD.], where GD denotes green diesel. The mean value of the extraction constant equals 58 ± 0.6 M−2, under the used experimental conditions. Increasing temperature had an inhibiting effect on the extraction of Pd indicating the exothermic nature of the extraction process. The loading capacity of one mole of green diesel was found to be 2 × 10−2 moles of Pd(II) per mole extractant. Pd was strongly stripped from the organic phase using different stripping agents; 0.05 M of thiourea or ammonium thiocyante had a stripping efficiency of about 96% and 98%, respectively. The effect of diluents on the extraction of Pd(II) from nitric acid solution by green diesel indicated that, under the used experimental conditions, kerosene gave the highest extraction percent compared to cyclohexane, benzene, toluene, chloroform and carbon tetrachloride. Green diesel could also extract Pd(II) from hydrochloric and sulfuric acid media with higher extraction from sulfuric acid solution. The extraction from the investigated acidic media took the sequence H2SO4 > HNO3 > HCl. Based on the results obtained, a developed process for the recovery of Pd(II) from the sulphate leach solution of spent automotive catalyst using green diesel was proposed and the obtained results indicate the efficiency of the proposed process.
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ABSTRACT: Polyethylene oxide (PEO)/polyvinyl chloride (PVC) blends with 2.5–10 wt% polyaniline (PAni) loadings were fabricated with and without the presence of ferric chloride (FeCl3). PEO/PVC/PAni and PEO/PVC/PAni-FeCl3 conductive films were prepared by solution casting method using tetrahydrofuran as the solvent at ambient temperature. The tensile properties, electrical conductivity and structure/morphology of the conductive films were analysed and discussed in this paper. The results indicated that the tensile strength and elongation at break decreased but the Young’s modulus increased with PAni loading. Meanwhile, PEO/PVC/PAni-FeCl3 conductive films showed lower tensile strength and Young’s modulus but higher elongation at break in comparison with PEO/PVC/PAni conductive films. The agglomeration of PAni at higher loadings was revealed by SEM study. However, this study found that higher loading of PAni increased the electrical conductivity of the films and further improved with the addition of FeCl3. The FTIR study revealed the structure of the films with the effect of PAni as filler and FeCl3 as the oxidising agent.

Keywords: Polyaniline, ferric chloride, conductive films, mechanical properties, electrical conductivity


1.          INTRODUCTION

Polymers are well known typically as insulators as they are generally organic molecules made of carbon, hydrogen and many other elements with covalent bonds. Materials with covalent bond are generally non-conductive due to the absence of free electrons. However, polymer technology is growing rapidly with increasing number of studies on the blending of commercial polymers with conductive polymers being reported in recent years.1–4 Polymer blending is a widely preferred approach to establish new polymeric materials. This method is valuable to develop polymers with an extensive range of characteristics such as the blending of conductive polymers with the commercialised, non-conducting polymers.

Intrinsically conductive polymers such as polyaniline (PAni), polypyrole and polytiophene are among the most commonly studied classes of conducting polymers.5 PAni has been broadly reviewed for several factors, such as its economic feasibility, environmental stability and the ease of the electronic conductivity to be altered by modifying the oxidation state and degree of doping of the backbone. PAni is a promising material for various techno-commercial applications, and the electrical properties, thermal and environmental stability of PAni film is highly dependent on the nature and the size of its dopant.6

Interestingly, PAni can undergo a second cycle of doping process to further improve its electrical conductivity. In 1990, a group of researchers revealed the breakthrough of secondary doping effects in PAni systems.7 They reported that the exposure of camphor sulfonic acid-doped PAni to m-cresol improved the electrical conductivity of the sample from 1–2 S cm–1 to almost 400 S cm–1. Due to the ability of the solvents to efficiently increase the conductivity of PAni, these solvents were generally dubbed as the secondary dopants.8 Lately, there has been a plenty of attention given on improving the conductivity of PAni salts by post-polymerisation process with a suitable secondary dopant such as m-cresol solvent. On the other hand, the conductivity of PAni has also been reported to be reliant on the solvent used for casting or solvent they have been exposed to. The solvent generates a modification in the polymer conformation which causes greater electrical conductivity. This phenomenon is also named secondary doping.9

It has been reported that the doping process may employ oxidant or also referred to as doping agent to compliment the doping process. Ferric chloride (FeCl3), ammonium persulfate, hydrogen persulfate and cerium (IV) sulphate are among the favoured oxidants available. Among them, ferric chloride emerges as one of the most commonly studied oxidants for conducting polymers. FeCl3 became influential after polyacetylene conductivity was found improved with the treatment of FeCl3-nitromethane solutions.10 Mamma et al. studied the effect on poly (C6H5NH2) emeraldine salt by FeCl3 and KMnO4 as secondary dopants and found out that the conductivity has dramatically increased. The secondary doping causes structural rearrangement of PAni, from a compact-coil form to a more expandable conformation. In addition, it is also reported that the p conjugation increased due to the secondary doping.8

In this paper, polyethylene oxide (PEO) and polyvinyl chloride (PVC) were selected as the matrix materials and were blended with the PAni filler to produce PEO/PVC/PAni conductive films. PVC has been widely exploited in polymer industry and attracting many researchers to explore various potentials of the polymer. PVC offers many benefits such as low in cost, good processability and also compatible with numerous plasticisers. It has been widely used as construction pipes, flooring materials and cable sheathes. However, the number of research works involving the investigation of PVC for more advance field such as in electronic application is rising from year to year. For several decades, various approaches have been developed to improve electrical conductivity of PVC.11,12 It includes blending PVC with conductive polymer, coating PVC surfaces with conductive layers, mixing the PVC with liquid anti-static agents, and even by adding conductive inorganic fillers into the PVC.13

PEO is a polymer of great interest which offers superior solvating ability for salt while establishing better stability with inorganic salts.14 Moreover, PEO shows sufficient thermal and chemical stability, and the spacing between the ether groups along the PEO backbone is ideal for cation solvation. Papers on PEO/PVC blend have been widely reported by fellow scholars. The vital point to keep in mind when constructing new polymer blends is the miscibility of a blend.15,16 Ramesh and Arof investigated the PVC/PEO miscibility at various ratio and concluded that the blends were miscible.17 In addition, Silva et al. also reported similar finding after concluding that PVC/PEO blends were miscible in their study.18

In this study, we have analysed the effect of FeCl3 addition and PAni loading on the PEO/PVC/PAni conductive films where the PAni used was already prepared in emeraldine salt form. Although a significant number of papers have discussed the effect of doping on PAni, there are still limited works reported on doping PAni in emeraldine salt form. Besides, the method of using oxidants, FeCl3, without using any type of acidic solvent can be considered as a novelty in this field of research. The main objective of the work was to study the tensile properties, electrical conductivity, morphology and chemical structure of the films with and without the presence of FeCl3. The effects of PAni loading on the structure and properties of the conductive films were also reported.


2.          EXPERIMENTAL

2.1           Materials

PEO powder with molecular weight of 100,000 g mol–1 was used in this study. It has glass transition temperature of −53°C to −45°C and melting temperature of 65°C. PVC powder had the molecular weight of 220,000 g mol–1, glass transition temperature of 84°C and melting temperature of 100°C to 160°C. Both PEO and PVC were provided by AR Alatan Sdn. Bhd., Alor Star, Malaysia. PAni (emeraldine salt with 20 wt% of carbon black) with particle size of 21 µm and approximated molecular weight of 5000 was manufactured by Sigma Aldrich. Ferric chloride, FeCl3, with molar mass of 162.2 g mol–1 and density of 2.9 g cm–3 was supplied by AR Alatan Sdn. Bhd. Tetrahydrofuran with molecular weight of 72.11 g mol–1 and dioctyl terephthalate (DOTP) with molecular weight of 390 g mol–1 were used in this research. Finally, ethanol (C2H5OH) with molar mass of 46.07 g mol–1 and density of 0.79 g cm–3 was supplied also by AR Alatan Sdn. Bhd.

2.2           Conductive Films Preparation

The sample fabrication was carried out by solution casting method. Both the PEO powder and PVC powder were dissolved in a separate conical flask with THF solvent. After that, the PEO and PVC solution were mixed in a single conical flask before it was then stirred to become homogeneous. Next, DOTP and PAni were added into the homogeneous solution. To accomplish a suitable viscosity and decent homogeneous condition, the solution was stirred via magnetic stirrer at 400 rpm for 4 h. Lastly, the solution was casted onto a glass mold and left until it dried slowly inside a fume cupboard. Table 1 displays the formulation employed in this research.


Table  1:    Formulations of PEO/PVC/PAni conductive films and PEO/PVC/PAni-FeCl3 conductive films with different polyaniline loading.



	Conductive films code
	PEO/PVC (40:60) (wt%)

	DOTP (wt%)

	PAni (wt%)




	PEO/PVC
	85

	15

	–




	PEO/PVC /PAni-2.5
	82.5

	15

	2.5




	PEO/PVC /PAni-5
	80

	15

	5




	PEO/PVC /PAni-7.5
	77.5

	15

	7.5




	PEO/PVC /PAni-10
	75

	15

	10




	PEO/PVC /PAni-FeCl3-2.5
	82.5

	15

	2.5




	PEO/PVC /PAni-FeCl3-5
	80

	15

	5




	PEO/PVC /PAni-FeCl3-7.5
	77.5

	15

	7.5




	PEO/PVC /PAni-FeCl3-10
	75

	15

	10






2.3           Preparation of Secondary Doping of Polyaniline with FeCl3

PAni were dissolved with 6 wt% of ferric chloride in toluene and then stirred for 24 h. Next, the doped mixture was washed with distilled water and dried in an oven for 5 h at 60°C. Finally, the doped PAni powders were grinded to fine powders and ready to preserve for sample preparations.

2.4           Tensile Test

The tensile properties of the samples were assessed by using Universal Testing Machine Instron 5569 according to ASTM D638. Rectangular shaped specimens were tested at relative humidity 30°C ± 2°C and ambient temperature 25°C ± 3°C with the crosshead speed of 30 mm min–1. The tensile strength and Young’s modulus data were acquired from the average values of five samples for each sample.

2.5           SEM

The morphology of the conductive films was analysed via JEOL JSM-6460LA. The films were cut into square shaped sample to fit the dimension of the SEM aluminium stubs. Prior to viewing, the samples were sputter-coated with a thin palladium layer of 20 nm to prevent electrostatic charges during analysis.

2.6           Electrical Conductivity Test

The conductivity of the conductive film was analysed via Keithley Model 4200-SCS semiconductor characterisation system. Each sample’s conductivity was carried out with four-point probe with voltage varied from 0 V to 10 V. The value of conductivity was calculated using its correlation with resistivity. With the probes centred on a very wide and very thin sample, the conductivity can be calculated via Equations 1 and 2:
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where ρ = resistivity, t = sample thickness, V = voltage between two inner probes, I = current flows between two outer probes and the conductivity, σ, was calculated using the Equation 2:
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2.7           FTIR Spectroscopy

The Fourier Transform Infrared (FTIR) spectra of the thin conductive film were obtained by using Perkin-Elmer Spectrum 400 Series equipment. Attenuated total reflectance (ATR) technique was applied with preferred spectrum resolution of 4 cm−1. The 16 scans in scanning range of 650 cm−1 to 4000 cm−1 were recorded. Lastly, the FTIR spectra with percentage transmittance versus wavelength (cm−1) were attained after scanning process.

3.          RESULTS AND DISCUSSION

3.1           Tensile Properties

The tensile strength of PEO/PVC/PAni and PEO/PVC/PAni-FeCl3 conductive films were studied and plotted as a function of PAni loading and FeCl3 effect (shown in Figure 1). It can be observed that the tensile strength decreased gradually with the increasing loading of PAni. This can be explained by the weak filler-matrix interaction besides the unsatisfactory dispersion of PAni in the films. The same finding was reported by other researchers who claimed that PAni established globular aggregates in matrix, which as a result, weakened the tensile strength.19,20 Figure 1 also represents the effect of FeCl3 on the tensile strength of the films. It can be observed that PEO/PVC/PAni conductive films have higher tensile strength than PEO/PVC/PAni-FeCl3 conductive films. The same behaviour has been stated by Marins and his fellow researchers as they found out that the PAni reacted with FeCl3 for 180 min and subsequently decreased the tensile strength.21 This showed that in a longer period of time, FeCl3 gave negative effect on the tensile strength of the films. They reported that the electrical conductivity of the PAni membrane showed an increasing trend from 15 min to 180 min and might further increase if more time is applied. In another report, Zhang et al. stated that 24 h were the required time to complete the polymerisation of aniline and FeCl3 due to the lower oxidation/reduction potential of FeCl3 as the oxidant.22

Figure 2 shows the influence of PAni loading on the Young’s modulus of PEO/PVC/PAni and PEO/PVC/PAni-FeCl3 conductive films. The Young’s modulus for both films increased with increasing PAni loading signalling that PAni delivered greater stiffness to the conductive films with more PAni loading addition. Moreover, PAni is also acknowledged as a very rigid material.23 It reduced the flexibility of PEO/PVC chain, thus injecting higher stiffness to the films. In a similar report by Nand and his fellow researchers, Young’s modulus of linear low-density polyethylene (LLDPE)/nanorod-polyaniline (NR-PAni) blend increased with the addition of the filler, NR-PAni. It is understood that the rigidity of the blend increased as filler particles filled in the spaces in the matrix, therefore increasing its Young’s modulus.24 At similar composition, the introduction of FeCl3 in PEO/PVC/PAni-FeCl3 conductive films was demonstrated in Figure 2. The Young’s modulus of the films decreased with the addition of the oxidant, FeCl3. This trend is in line with a report from Thanpitcha et al. in which the modulus of doped PAni/chitosan blend films was lower than the PAni/chitosan before the doping process.25 They explained that PAni is more crystalline at greater doping levels, thus decreasing the Young’s modulus of the films.
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Figure  1:    Tensile strength vs. filler loading of PEO/PVC/PAni conductive films and PEO/PVC/PAni-FeCl3 conductive films.
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Figure  2:    Young’s modulus vs. filler loading of PEO/PVC/PAni conductive films and PEO/PVC/PAni-FeCl3 conductive films.




The effect of filler loading on elongation at break is shown in Figure 3. According to Ghani et al., the elongation at break of the composites mainly depends on the filler content.26 In their study on LDPE/chicken feather fibre (CFF) composites, they found that the filler has hardened the composites and reduced their ductility. Therefore, the elongation at break decreased upon fillers addition where the fillers were responsible for the decrement of the composite toughness. In contradiction, a higher value of elongation at break of PEO/PVC/PAni-FeCl3 conductive films compared to PEO/PVC/PAni conductive films at the same filler loading can be observed in Figure 3. This higher elongation at break occurred due to the plasticisation effect of FeCl3 in PVC as confirmed by Mano et al.27 The plasticisation effect of FeCl3 was explained by the ion pair established between FeCl3 and PVC which generated more flexible segments in the chain.
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Figure  3:    Elongation at break vs. filler loading of PEO/PVC/PAni conductive films and PEO/PVC/PAni-FeCl3 conductive films.



3.2           Morphology Analysis

The SEM morphologies of PEO/PVC films, PEO/PVC/PAni conductive films and PEO/PVC/PAni-FeCl3 conductive films are represented in Figure 4. The analysis was carried out to visualise the effect of PAni loading and FeCl3 addition on the mechanical properties of the films. Figure 4(a) of PEO/PVC blend shows a smooth surface morphology, signalling the miscibility of PEO and PVC blends. The morphologies of PEO/PVC/PAni conductive films were displayed in Figures 4(b) and 4(c) whereas the micrographs of PEO/PVC/PAni-FeCl3 conductive films were demonstrated in Figures 4(d) and 4(e). In can be seen from Figures 4(b) and 4(d) that both films at 5 wt% PAni loading showed better dispersion of fillers and less voids compared with Figures 4(c) and 4(e) of 10 wt% PAni loading. This suggests that higher amount of filler have a tendency to form agglomeration which causes mediocre stress transfer across the interfaces. This in turn will lead to weaker tensile strength at higher PAni loading, as supported by the tensile strength result.
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Figure  4:    SEM morphology of extracted surface of PEO/PVC, PEO/PVC/PAni and PEO/PVC/PAni-FeCl3 conductive films at different filler loadings.




The effect of FeCl3 inclusion on the morphology of the PEO/PVC/PAni-FeCl3 conductive films are shown in Figures 4(d) and 4(e). PEO/PVC/PAni-FeCl3-5 conductive films and PEO/PVC/PAni-FeCl3-10 conductive films exhibited poorer surface morphology in comparison with the other conductive films without the presence of FeCl3. Additionally, the SEM micrograph from Figures 4(d) and 4(e) displayed poor dispersion and agglomeration of the fillers as a result of FeCl3 ion (Fe3+ + 3Cl-) reducing the PEO/PVC miscibility and weakening the interaction. These results match with the finding of the tensile strength results where PEO/PVC/PAni-FeCl3 conductive films had lower tensile strength than PEO/PVC/PAni conductive films.

3.3           Electrical Conductivity

Figure 5 illustrates the electrical conductivity of PEO/PVC/PAni and PEO/PVC/PAni-FeCl3 conductive films. The graph indicates that the conductivity of the films increased with increasing of PAni loading. This could be due to the addition of PAni emeraldine salt form which contains highly π conjugated backbone.25 Electrons were delocalised along the conjugated backbones of PAni, which subsequently developed free movement of electrons from atom to atom and generating electrical charge.
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Figure  5:    Electrical conductivity of PEO/PVC/PAni conductive films and PEO/PVC/PAni-FeCl3 conductive films at different filler loadings.



Meanwhile, PEO/PVC/PAni-FeCl3 conductive films demonstrated improved electrical conductivity compared with PEO/PVC/PAni conductive films. The result is supported by Li et al. in which they reported that the conductivity of the synthesided PAni-FeCl3 was higher than the single PAni.28 In addition, there were several reports proposing that FeCl3 can perform as dopant and oxidant at the same time as FeCl3, being an acidic salt, offers protons in aqueous solution by hydrolysis.28–30 No acidic solvent (dopant) was used in this research to dope the PAni. The ability of the oxidant (FeCl3) to perform as dopant has been utilised and it resulted in higher electrical conductivity compared to the films without FeCl3 as displayed in Figure 5. The mechanism of PAni-FeCl3 re-doping reaction has been proposed in Figure 6. As displayed in Figure 6, the re-doping process enhanced the deformed structure of PAni as a result of FeCl3 ion substitute in PEO/PVC/PAni-FeCl3 conductive films. Moreover, the free electron from FeCl3-NH of the PAni backbone would increase the free electron movement in the conductive films. Released free electrons resulted in movement of electron from atom to atom which increased the electrical conductivity.
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Figure  6:    The proposed mechanism of PAni-FeCl3 redoping reaction.



3.4           Spectroscopy Infrared Analysis

The FTIR spectra of the PEO/PVC/PAni conductive films and PEO/PVC/PAni-FeCl3 conductive films are presented in Figure 7. From the spectra, the absorption of 2885.91 cm−1 and 2887.67 cm−1 indicated CH2 asymmetric stretching attributed to PEO and PVC structure. It can be observed that the band at 1715.79 cm−1 and 1717.04 cm−1 corresponded to C=O stretching of PEO, whereas the peaks at 1465.95 cm−1 and 1466.98 cm−1 attributed to CH2 deformation. Moreover, the peak at 1342.38 cm−1 from PEO/PVC/PAni-FeCl3 conductive films can be assigned with the CH2 vibration. The absorption at 1274.90 cm−1 and 1278.84 cm−1 were identified, which are ascribed to the strong vibration of C-O structure. The peaks of C-O-C and C-O groups were also spotted at the peak range of 1000 cm−1 to 1150 cm−1. Lastly, the intensity peaks at 962.95 cm−1, 960.96 cm−1, 843.16 cm−1 and 841.97 cm−1 exhibited the characteristics peaks of gauche conformation of [-CH2-CH2-] group for pure PEO. In short, the presence of FeCl3 did not create new functional group in the conductive films.


[image: art]

Figure  7:    FTIR spectra of PEO/PVC/PAni conductive films and PEO/PVC/PAni-FeCl3  conductive films.



4.          CONCLUSION

PEO/PVC/PAni and PEO/PVC/PAni-FeCl3 conductive films were prepared by solution casting technique. It was observed that the tensile strength and elongation at break of the films were reduced with the addition of PAni. However, the Young’s modulus values were found to be increased with the addition of PAni. At similar loading, the presence of FeCl3 downgraded the tensile strength and the Young’s modulus of the films but improved the elongation at break. The SEM morphology of PEO/PVC/PAni and PEO/PVC/PAni-FeCl3 conductive films supported the tensile results by showing more voids and agglomeration as more PAni loading incorporated as well as when the FeCl3 were introduced into the films. On the other hand, the electrical conductivity of the films was found to increase with higher loading of PAni and further improved with the introduction of FeCl3. Finally, the FTIR spectra indicated that no new functional group formed between the films and FeCl3.
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ABSTRACT: Pre-irradiation technique was applied to graft acrylonitrile (AN) onto polyethylene film. The graft yield was optimised with respect to radiation dose, monomer concentration and reaction time. H2SO4 was added to the monomer solution to improve the graft yield. The highest graft yield obtained was 120% at 70 kGy radiation dose, 60% monomer concentration and 4 h reaction time using H2SO4 as additive. The AN grafted films were modified with hydroxyl amine hydrochloride to prepare amidoxime adsorbent. The prepared adsorbent was characterised by using Fourier transform infrared (FTIR), nuclear magnetic resonance (NMR), thermogravimetric analysis (TGA) and dynamic mechanical analysis (DMA). The prepared amidoxime adsorbent showed high affinity towards Cr(VI) adsorption. Adsorption capacity was studied under different conditions: contact time, pH and initial metal ion concentration. The highest adsorption capacity obtained was 200 mg g–1 of adsorbent after 72 h contact time at pH 1.5 and initial metal ion concentration 200 ppm. Pseudo-first-order and pseudo-second-order equations were used for interpretation of kinetic adsorption data. The equilibrium experimental data of Cr(VI) adsorption were also fitted with Langmuir isotherm model. Desorption and reuse of the adsorbent film was studied. The adsorbent showed no significant loss of adsorption capacity upon repeated use.

Keywords: Pre-irradiation technique, acrylonitrile, amidoxime adsorbent, Cr(VI) sorption, radiation induced grafting


1.          INTRODUCTION

In recent years, heavy metal pollution has become one of the most severe environmental problems and a great attention has been given to chromium because of its high toxicity to both the environment and living organisms.1–3 Various industries and manufacturing plants such as tanneries, paints and pigments, electroplating, metal processing, wood preservatives, textile, dye industry, steel fabrication and canning use chromium for various applications and discharge large quantity into the environment.4–6 In aquatic systems, chromium exists mainly as Cr(VI) and Cr(III) species which differ considerably in toxicity. Cr(III) species are considered an essential trace element for the metabolism in mammals. Conversely, Cr(VI) species are carcinogenic and extremely toxic.7,8 Moreover, Cr(VI) has a higher solubility and mobility than Cr(III) species increasing its dangerous effects. Chromium is non-biodegradable; it enters into the body through breathing, eating, drinking or skin contact of chromium and its compounds. The toxic effects of Cr(VI) include skin rashes, nose bleeding, respiratory tract infection, suppressed immune system, hepatic diseases and lung cancer.9,10 Hence, it is important to eliminate traces of chromium from drinking water, or to remove chromium from wastewaters before they are discharged into receiving bodies.

Several methods have been used for the removal of Cr(VI) from industrial wastewaters including ion-exchange, solvent extraction, filtration and adsorption.11–14 Adsorption has been most widely used due to relatively low-cost, availability, ease of operation and efficiency in comparison with other conventional methods.15 For this purpose, many types of adsorbents have been investigated for the removal of chromium including activated carbon, biomaterials and nanomaterials.15–24

Recently, many researchers have focused attention on grafted polymers as alternative heavy metal adsorbent.25–35 “Grafting” is a method in which functional monomers are covalently bonded onto the backbone polymer chain. Graft polymerisation allows incorporation of various functions possessed by the grafted monomer to the parent polymer while maintaining the mechanical properties of the parent polymer.36,37 Among the different methods for initiating graft copolymerisation like ionising radiation, ultraviolet light, plasma treatment, decomposition of chemical initiators, oxidation of polymers, etc., radiation-induced grafting technique is advantageous because of its extensive penetration into the polymer matrix and its rapid and uniform formation of radicals.38

Polyethylene (PE) has been selected as the base polymer to prepare the adsorbent for its excellent mechanical and thermal property and low cost. A number of researchers have studied single or binary monomer grafted PE film for heavy metal ion adsorption.39–42 A polymeric adsorbent material based on PE was prepared by photo grafting of 2-(dimethylamino)ethyl methacrylate (DMAEMA) monomer on to a PE film and investigated for Cr(VI) removal.43 Composite particles were synthesised using titanium oxide attached to PE films by plasma techniques and used for the removal of Cr(VI) from aqueous solutions in batch systems.44

Present study focuses on preparation of a new adsorbent by radiation induced grafting of acrylonitrile (AN) on PE films and its application in Cr(VI) removal. Pre-irradiation technique was employed in the grafting of AN on PE film. The graft yield was optimised with respect to radiation dose, monomer concentration and reaction time. H2SO4 was added to the monomer solution to improve the graft yield. The AN grafted films were modified with hydroxyl amine hydrochloride to prepare amidoxime adsorbent. The amidoxime adsorbent has been used to adsorb Cr(VI) ion from aqueous solution. Adsorption capacity was studied under different conditions: contact time, pH and initial metal ion concentration. Desorption and reuse of the adsorbent film was also investigated.

2.          EXPERIMENTAL

2.1           Materials and Reagents

PE films (thickness 0.04 mm) were collected from Chakbazar, Dhaka, Bangladesh. These films were cut into small pieces (12 × 1.5 cm2), washed with methanol and dried in oven before use. Monomer acrylonitrile (BDH, UK) was used as received. Methanol, sodium carbonate, sulphuric acid, acetone and 1, 5-diphenylcarbazide were obtained from Merck, Germany. Hydroxyl amine hydrochloride was supplied by Sigma Aldrich, USA. Potassium dichromate (Techno Pharmchem, India) was used for metal adsorption study.

2.2           Instrument and Apparatus

The PE films were characterised by Fourier transform infrared (FTIR) ATR spectrophotometer (8400S Shimadzu Japan) in the 700–4000 cm−1 range (resolution 4 cm−1, number of scans 20 times). 1H NMR spectra were measured at 25°C on Bruker Advance DPX 400 NMR instrument operating at 400 MHz in the Fourier transform mode (benzene was used as the solvent). The thermo gravimetric analysis was performed with TGA-50 (Shimadzu, Japan) from 25°C to 500ºC with a heating rate of 10°C min–1, under nitrogen atmosphere with a flow rate of 20 ml min–1. The dynamic mechanical properties of the adsorbent were studied from 25°C to 80°C at a heating rate of 4°C min–1 and an oscillating frequency of 1 Hz using dynamic mechanical analyser (DMA), Triton Technology TTDMA, UK. The metal-ion concentrations in the solutions were analysed spectrophotometrically (UV-2401PC, Shimadzu, Japan). The radiation source used for grafting experiment was Co-60 gamma ray. It is a 90 kCi Cobalt-60 Batch Type Panoramic Irradiator (Board of Radiation and Isotope Technology, BRIT, India). Activity was 68.63 kCi and dose rate was 13.7 kGy h–1.

2.3           Grafting of AN onto the PE Films by Gamma Radiation

The PE films were irradiated by gamma radiation from Co-60 source at different radiation doses (30 kGy, 50 kGy and 70 kGy) at ambient temperature. The irradiated PE films were stored in dry-ice temperature until use. The monomer solution was prepared by adding AN (20%, 40% and 60%) and H2SO4 (2% of AN) to methanol. The monomer solution was bubbled with nitrogen gas to remove dissolved oxygen. The de-aerated monomer solution was poured into glass bottle containing irradiated PE films. After completely filling the glass bottle with monomer solution, the bottle was tightly closed with a lid to prevent inclusion of oxygen from air into the monomer solution of bottle. After that the grafting reaction was carried out at 80°C in a water bath for different period of time (1 h, 2 h, 3 h and 4 h). The AN-g-PE fabric was washed with methanol to remove residual monomer and homopolymer of AN. The degree of grafting was calculated as follows:
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where, W1 is the dry weight of grafted PE film and W0 is the dry weight of PE film.

2.4           Amidoximation of Nitrile Group of AN Grafted PE Film

An 80 g l–1 aqueous solution of hydroxyl amine hydrochloride was prepared in distilled water by stirring with a glass rod and it was neutralised by adding sodium carbonate. The AN grafted PE (AN-g-PE) films were placed into the aqueous solution of hydroxyl amine hydrochloride and heated in water bath at 80°C for 4 h. The films were then washed three times with distilled water in order to remove the remaining salts and were dried in air. To study the effects of the reaction conditions on the conversion of the nitrile group to the amidoxime group, the reaction time was varied from 2 h to 4 h (2 h, 3 h and 4 h) with the concentration of NH2OH. HCl was varied from 4% to 16% (4%, 8% and 16%) and pH was varied from 5 to 9 (5, 7 and 9). The conversion of nitrile group of AN-g-PE film was calculated using the following equation:
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where W1 is the weight of the grafted PE film before the reaction, W2 is the weight of the grafted film after the reaction, M0 is the molecular weight of the acrylonitrile monomer (53 g mole–1) and M1 is the molecular weight of the hydroxyl amine (33 g mole–1).45

The preparation scheme of amidoxime adsorbent is shown in Figure 1.
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Figure  1:    Preparation scheme of amidoxime adsorbent.



2.5           Metal Ion Adsorption by Amidoximated PE film

The amidoximated PE films were soaked into the 50 ml aqueous solutions of Cr(VI) at room temperature (25°C). The adsorption process was carried out at different pH, contact time and initial metal ion concentration. The pH of the solutions was adjusted using HCl and NaOH solution. The metal-ion concentrations of the solutions before and after adsorption were analysed by UV spectrophotometer. The metal ion uptake capacity of the film was calculated as follows:
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where Q is the adsorption amount (mg g–1 of adsorbent), W the weight of the amidoximated PE film (g), V the volume of solution (l), and C1 and C2 are the concentrations (mg l–1) of metal ion before and after adsorption respectively.

2.6           Desorption of Metal Ions

The desorption of Cr(VI) ions from the adsorbent films were carried out by the treatment with 2 M aqueous solution of NaOH for 20 h. The percent desorption was calculated using the following equation:
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3.          RESULTS AND DISCUSSION

3.1           Grafting of AN on PE Film

In the present study, pre-irradiation technique was employed for grafting of AN on PE film. In the pre-irradiation technique, the polymer backbone was first irradiated to form free radicals and the irradiated polymer substrate was then treated with the monomer as a solution in a suitable solvent. Since the monomer is not exposed to radiation in the pre-irradiation technique, the obvious advantage is that the method is relatively free from homo-polymer formation. In the present research, the graft yield was optimised with respect to monomer concentration and reaction time (Figure 2). It was observed that with the increase of the monomer concentration from 20% to 60%, the graft yield increased from 4% to 30% at 4 h reaction time. Thus, the increase in the monomer concentration improved the graft yield. It may be explained as following: with the increase of monomer concentration more monomer molecules can come in contact with the PE free radical to react and form AN-g-PE. Again, it was observed that the graft yield increased with the increase of the reaction time (1–4 h). The increase of the graft yield with respect to the reaction time is fast up to 3 h and then it became slow. The results indicated that 1 h reaction time is not sufficient for grafting of AN on PE and 4 h reaction time is enough for satisfactory grafting of AN on PE film.
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Figure  2:    Effect of reaction time and monomer concentration on graft yield (radiation dose 70 kGy).



To improve the graft yield of AN on PE film, H2SO4 (2% of AN) was added as additive to the monomer solution. Figure 3 shows the effect of addition of H2SO4 on graft yield. In this investigation, the monomer concentration was kept at 60% and radiation dose at 70 kGy. It was found that the addition of H2SO4 to the monomer solution largely improved the graft yield. The graft yield obtained with additive was 120% and without additive was 30% (at 4 h reaction time). It is documented that the addition of inorganic acids accelerates graft-copolymerisation in many systems.46 It is expected that the added sulphuric acid can give rise to the destruction of ordered arrangement of the molecules in crystalline domain of PE which accelerates the penetration of monomers for grafting into crystalline region accordingly.
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Figure  3:    Effect of H2SO4 on graft yield (radiation dose 70 kGy, monomer concentration 60%).



Figure 4 represents the effect of radiation dose on graft yield of AN onto PE film. It was observed that with increasing radiation dose (30 kGy to 70 kGy), the graft yield increased. The graft yields obtained are 80%, 100% and 120% for 30 kGy, 50 kGy and 70 kGy radiation dose, respectively. The results suggest that with increase of radiation dose more free radicals are formed on PE film which may react with monomer.
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Figure  4:    Effect of radiation dose on graft yield (monomer concentration 60%, H2SO4 2% of AN).




3.2           Conversion of Nitrile Group of AN

The AN-g-PE films were allowed to react with hydroxylamine hydrochloride to convert the nitrile group to amidoxime group. As shown in Table 1, the conversion of nitrile group of AN molecules increases along with the increase of reaction time at 80 g l–1 of hydroxylamine hydrochloride solution and pH 7. The conversion depends on the amount of hydroxylamine diffused from the reaction solution into the AN-g-PE films. Longer reaction times improved the molecular diffusion of hydroxylamine from the solution into the AN-g-PE films and increased the reaction probability between hydroxylamine and the nitrile groups. The increase of hydroxylamine hydrochloride concentration up to 80 g l–1 also promoted the molecular diffusion of hydroxylamine into the AN-g-PE films. The conversion of nitrile group of AN-g-PE to amidoxine group also depends on pH of hydroxylamine hydrochloride solution. Maximum conversion was achieved at pH 7. This could be attributed to the various chemical specifications of hydroxylamine hydrochloride in different pH conditions. NH2OH·HCl existed in the acid condition, which reduced the amount of free hydroxylamine. At pH 7, hydroxylamine hydrochloride in the solution predominantly existed in the form of free hydroxylamine molecules which accelerated the conversion of nitrile group. Although the alkaline condition caused the formation free hydroxylamine, the molecule would become unstable and volatile.


Table  1:    Effect of reaction condition on conversion of nitrile group to amidoxime.



	Time (h)

	NH2OH. HCl content (g l–1)

	pH

	Conversion (%)




	2

	80

	7

	36




	3

	80

	7

	65




	4

	80

	7

	80




	4

	40

	7

	55




	4

	80

	7

	80




	4

	160

	7

	70




	4

	80

	5

	72




	4

	80

	7

	80




	4

	80

	9

	60





3.3           FTIR (ATR) Analysis of PE, AN-g-PE and Amidoxime-PE Films

Polyethylene may be considered as an infinite chain of CH2 groups, therefore the characteristic features of the IR spectrum of PE film (Figure 5) are its C-H stretching vibrations. C-H asymmetric and symmetric stretching vibrations are observed at 2916 cm−1 and 2848 cm–1 respectively. The spectrum for AN-g-PE exhibited a new peak (2245 cm–1) characteristic of nitrile group. After amidoximation of the nitrile group of AN-g-PE film the spectra show some changes. The peak corresponding to nitrile group (2245 cm–1) is markedly decreased due to the conversion of nitrile to amidoxime. In addition, the characteristic peaks of amidoxime can be observed at 916 cm–1 (assigned to N-O) and 1220 cm–1 (assigned to the bending vibration of the amine group N-H). Peak broadening occurred around 3736 cm–1 and 3020 cm–1 (assigned to O-H). These results indicate conversion of the nitrile group to the amidoxime group.45,47
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Figure  5:    FTIR spectra of PE, AN-g-PE and amidoxime-PE films.



3.4           NMR Measurements

Figure 6 shows the nuclear magnetic resonance (NMR) spectra of PE, AN-g-PE and amidoxime-PE. In the spectrum of PE the chemical shifts are as follow: δ = 0.9 ppm, δ = 1.2 ppm and δ = 4.2 ppm corresponding to alkyl(methyl), alkyl(methylene) and vinylic protons respectively. The chemical shifts at δ = 7.2 ppm is due to the solvent (benzene) used. In the spectrum of AN-g-PE, the intensity of the signals for alkyl(methyl) and alkyl(methylene) protons decreased and vinylic protons disappeared due to radiation induced reaction of PE with AN. Again, in the spectrum of AN-g-PE the intensity of signal at δ = 1.4 ppm increased which may be due to alkyl(methyne) protons. In the spectrum of amidoxime-PE, increase of intensity of the signal at δ = 0.4 ppm may be due to the R-OH and R-NH2 protons.48
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Figure  6:    1H NMR spectra of PE, AN-g-PE and amidoxime-PE films.



3.5           TGA Analysis of PE, AN-g-PE and Amidoxime-PE Films

The thermogravimetric analysis (TGA) thermograms for PE film, AN-g-PE film and amidoxime-PE adsorbent are presented in Figure 7. The original PE film shows thermal stability up to 200°C and above 200°C it starts to decompose. It shows a three decomposition steps, i.e., 200°C–330°C, 330°C–410°C and above 410°C. The thermal stability of AN-g-PE film is higher than that of original PE film. The AN-g-PE fabric remains thermally stable up to 230ºC. The TGA curve of the AN-g-PE fabric shows four decomposition processes at the range of 230°C–280°C, 280°C–420°C, 420°C–450°C and above 450°C, due to the degradation of the grafted chain and that of the PE base polymer. There are four weight loss steps in the TGA curve for amidoxime-PE adsorbent. The first weight loss appearing in the temperature range 45°C–100°C is easily understood to be due to the loss of moisture absorbed from air. The weight loss stages at 100°C–210°C, 210°C–230°C and above 230°C originated from degradation of grafted chain and degradation of PE. The weight losses of PE film, AN-g-PE film and amidoxime-PE adsorbent at different temperatures are shown in Table 2.
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Figure  7:    TGA thermograms of PE, AN-g-PE and amidoxime-PE films.




Table  2:    The weight losses of PE film, AN-g-PE film and amidoxime-PE adsorbent at different temperatures.



	Samples
	Weight loss (%)




	100°C

	150°C

	200°C

	250°C

	300°C

	350°C

	400°C

	450°C




	PE
	0.00

	0.12

	4.39

	22.39

	54.04

	67.41

	69.70

	74.95




	AN-g-PE
	0.03

	0.41

	0.98

	9.50

	24.91

	28.70

	33.36

	49.66




	Amidoxime-PE
	7.03

	10.62

	14.48

	59.35

	60.50

	62.79

	66.35

	70.90






3.6           DMA of PE, AN-g-PE and Amidoxime-PE Films

Figure 8 reveals the storage modulus of PE, AN-g-PE and amidoxime-PE films with varying temperature. The initial value of storage modulus for AN-g-PE film is higher than that of PE film and amidoxime-PE film. It is observed that the glassy transition region for AN-g-PE film was obtained in the temperature range 49°C–50°C. On the other hand, the glassy transition region for PE film extends from 30°C to 56°C. Glass transition region for amidoxime-PE film was obtained in the temperature range 34°C–38°C. It is also found that there is a sharp decrease of modulus in glassy transition region for both AN-g-PE and amidoxime-PE but the PE curve shows a slow decrease of modulus in glassy region.
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Figure  8:    Storage modulus of PE, AN-g-PE and amidoxime-PE films.



3.7           Cr(VI) Adsorption by Amidoxime-PE Films

The amidoximated PE films were investigated for adsorption of Cr(VI) from aqueous solution (Figure 9). The effect of contact time on Cr(VI) adsorption were examined. The amidoxime-PE films were kept into the aqueous solutions of Cr(VI) with constant pH (pH 2.2) and initial metal ion concentration (100 ppm) at room temperature (25°C). The concentrations of the Cr(VI) ions in solution were determined at regular times. The experimental data obtained are shown in Figure 10. It can be observed that the Cr(VI) adsorption rate is fast at the initial stage of the process, and gradually reaches plateau toward equilibrium with maximum adsorption of 75 mg g–1. The adsorption equilibrium for the adsorption of Cr(VI) ions was reached after 72 h.
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Figure  9:    Cr(VI) solution before (left) and after (right) treatment with amidoxime adsorbent.
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Figure  10:  Effect of contact time on Cr(VI) adsorption capacity (pH 2.2, initial Cr(VI) concentration 100 ppm).



The pseudo-first-order and pseudo-second order kinetic models were applied to fit the Cr(VI) adsorption by the amidoxime-PE film. The pseudo-first-order and pseudo-second-order equations are expressed as: 49,50
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where Qt and Qe are the amount of Cr(VI) adsorbed (mg g–1) at any time and equilibrium time, respectively, k1 is the rate constant (1/h) of first-order adsorption and k2 (g h–1 mg–1) is the rate constant of second-order adsorption. The pseudo-first-order rate constants could be determined experimentally by plotting log (Qe – Qt) against t as shown in Figure 11. The experimental and theoretical Qe value, first-order rate constant and the correlation coefficients (R2) are given in Table 3. It can be seen from the results that the experimental Qe value and the Qe value calculated from first order kinetic model are not in agreement with each other. Pseudo-second-order rate constants could be determined experimentally by plotting t/Qt against t as shown in Figure 12. All the second-order kinetic parameters for Cr(VI) adsorption are also given in Table 3. It can be seen that the experimental Qe and the Qe values calculated from second-order kinetic model are in accordance with each other. Therefore, the pseudo-second-order equation can be used to interpret Cr(VI) adsorption on the amidoxime-PE film. Pseudo-secondorder model fit with the experimental kinetic data indicating that intra-particle diffusion process was the rate-limiting step of the adsorption and it also proves that the chelating interaction plays a major role in the adsorption process.51,52
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Figure  11:  Pseudo-first-order plot for Cr(VI) adsorption.
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Figure  12:  Pseudo-second-order plot Cr(VI) adsorption.




Table  3:    The pseudo-first-order and pseudo-second-order rate constants for Cr(VI) adsorption by amidoxime adsorbent.
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It is well known that the pH of the medium has a great effect on the adsorption capacity of grafted adsorbent, because at different pH values, due to the protonation and deprotonation behaviours of acidic and basic groups, the surface structure of the adsorbent would be influenced and the metal ions would exist in different forms. The experimental results for the effects of pH on the adsorption of metal ions are shown in Figure 13. As observed, the adsorption capacity was highly dependent on the pH with maximum adsorption at pH = 1.5. The amount of Cr(VI) removal decreased with increasing pH of Cr(VI) solution. The variation of the adsorption capacity of the adsorbent at different pH values may be attributed to the affinities of the amidoxime-PE adsorbent for the different species of Cr(VI) that exist in acidic pH values namely H2CrO4, HCrO4-, CrO42- and Cr2O72-. At low pH value, the NH2 groups on the surface of the amidoxime-PE film are protonated to form NH3+ (positively charge) which easily bind to the negatively charged species due to the electronic attraction. At high pH value, the NH2 groups of the amidoxime-PE are de-protonated to form NH2…OH- which electrostatically repel the negatively charged Cr(VI) species and thus the adsorption decreases.
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Figure  13:  Effect of pH on Cr(VI) adsorption (contact time 72 h, initial Cr(VI) concentration 100 ppm).




Figure 14 shows the relationship between the initial concentration of metal ions and the adsorption capacity. The figure shows that the adsorption amount of metal ions increased with increasing initial metal ion concentration then reached a plateau at higher concentration. This is due to the fact that the chelating sites of the adsorbent become saturated when the metal ion concentration increases. For interpretation of the Cr(VI) adsorption data, the Langmuir isotherm model is used. The linear form of the Langmuir isotherm model is presented by:
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where Ce is the equilibrium concentration (mg l–1), Qo is the monolayer saturation adsorption capacity of the adsorbent (mg g–1), Qe is the equilibrium adsorption capacity and b is the Langmuir adsorption constant (l mg–1). The plot of Ce/Qe versus Ce shown in Figure 15 was drawn from the experimental data given in Figure 14. The relationship between Ce/Qe and Ce is linear indicating that the adsorption behaviour follows the Langmuir adsorption isotherm. From the Langmuir equation the monolayer saturation adsorption capacity of the adsorbent was found to be 200 mg g–1. Cr(VI) adsorption capacity of amidoxime-PE film compared with some other adsorbents are shown in Table 4.
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Figure  14:  Effect of initial Cr(VI) concentration on adsorption capacity (contact time 72 h, pH 1.5).
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Figure  15:  Langmuir isotherm plot for Cr(VI) adsorption.




Table  4:    Cr(VI) adsorption capacity of amidoxime-PE adsorbent compared with some other adsorbents.



	Adsorbent
	Adsorption capacity
(mg g–1)




	Amidoxime-PE (present study)
	200




	Palm trunk charcoal53
	24.7




	Activated carbon derived from acrylonitrile-divinylbenzene co-polymer54
	101.2




	Chemically modified banana peels55
	6.17




	Amine functionalised nanofibres45
	137




	Ethylenediamine-modified cross-linked magnetic chitosan resin56
	39.7




	Chitosan-ionic liquid57
	63.7




	Modified red pine sawdust58
	22.6




	PAN/Ppy core shell nanofibres59
	74.9





After adsorption of metal ions on the amidoxime-PE film, the adsorbents were regenerated using 2 M sodium hydroxide solution. Desorption equilibrium was achieved after 20 h. The desorption ratio was 99%. The sorption capacity of the film for Cr(VI) adsorption from aqueous solutions in five successive cycles is shown in Figure 16. The sorption capacity does not show significant change upon repeated use of the film for Cr(VI) adsorption.



[image: art]

Figure  16:  Repeated use of amidoxime-PE film for adsorption of Cr(VI) (pH 1.5, contact time 72 h, initial Cr(VI) concentration 100 ppm).



4.          CONCLUSION

Successful preparation of AN-g-PE films was conducted using pre-irradiation technique. H2SO4 as additive was found to increase the graft yield significantly. Highest graft yield obtained was 120% at 70 kGy radiation dose, 60% monomer concentration and 4 h reaction time using H2SO4 as additive. The AN grafted films were modified with hydroxylamine hydrochloride to prepare amidoxime adsorbent. The prepared adsorbent was characterised by FTIR, NMR, TGA and DMA. The prepared amidoxime adsorbent showed high affinity towards Cr(VI) adsorption. The highest adsorption capacity obtained was 200 mg/g after 72 h contact time at pH 1.5 and initial metal ion concentration 200 ppm. Kinetics and isotherm of Cr(VI) adsorption were studied. The experimental data for the adsorption of Cr(VI) on amidoxime adsorbent fitted with pseudo-second order kinetic model and Langmuir isotherm model. Desorption and reuse of the adsorbent film were also successful.
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ABSTRACT: In this paper, a new treatment or method has been presented to calculate the parameters of the etched track and its shape development after irradiating polyallyldiglycol carbonate (PADC) detector CR-39 by alpha particles using direct measurement of the track opening diameters. The method is based on a concept that the track diameter growth rate (VD) and the track etch rate (VT) are not constants with the progressing of the etching process. Some of the equations used in the case of VD to be a constant have been modified as a function of etching time to be more suitable for the case. Certain boundary conditions have been extracted from previous works based on the measurement of the track lengths directly from the track’s images, to use them in the equations that were applied to figure out the track parameters in the present work. A CR-39 detector was irradiated with alpha particles having energies of 1.53 MeV, 2.35 MeV, 3.06 MeV, 3.80 MeV and 4.44 MeV under normal incidence using 1 μCi 241Am source of 5.485 MeV. The irradiated detectors were etched chemically with an aqueous 6.25 N solution of NaOH at 70°C. The track parameters and the profile development, as well as the V(R′) function, were determined. The results obtained by this method using the track diameters information showed a good agreement with previous works that used the direct measurement of the track lengths

Keywords: Solid-state nuclear track detector, PADC, track growth, CR-39, V function

1.          INTRODUCTION

In the solid state nuclear detector (SSNTD), the study of charged particle tracks (etch-pits) geometry by experimental methods using direct imaging of the track profiles, and analytical methods using certain computer programs to draw the track profiles, have became a great importance to understand the track growth in different phases of development.1–12 The mechanism of the track growth in the SSNTD is not an arbitrary process, but it can be organised by controlling the two main parameters: the bulk etch rate (VB) of the detector surface, and the track etch rate (VT) along the particle path in the detector. Therefore, many studies have been carried out to understand the mechanism of the track geometry (track lengths, depths and other track parameters) in several solid-state nuclear detectors such as the polycarbonate CR-39 and cellulose nitrate LR-115.13–18

The imaging of the track profiles (walls and openings) during the etching process for measuring their lengths and calculating other parameters rather than the use of the direct measurement of their diameter openings, has received a considerable attention by researchers in this field. Different imaging methods were employed to image the etched tracks and measure their lengths (depths) in the CR-39 detector. In these methods, the techniques used are: (1) the replica technique which is based on measuring the replica height (track length);19,20 (2) breaking the etched detector perpendicular to its surface and then polishing its edge to focus the lateral image and longitudinal cross-section of the track profiles;21,22 and (3) using the confocal microscope to image the track shape.16,23,24 Recently, in most of our works we have been using an easier imaging way by irradiating the side (edge) of the detector with alpha particles (lateral irradiation method) and then focusing vertically the longitudinal etched tracks from the surface of the detector using an ordinary optical microscope connected to a computer through a digital camera.15,17,18,25

It has been found that the direct measurement of the track length by image method gives accurate outcomes in calculating the track parameters better than that obtained from the traditional measurements of the track openings. Thus, the direct measurement of the track length contributes to determining the real changes of VT which is dialectically related to the changes of the track walls and the openings of the etched pits with the etching advancement. The change in VT, in turn, will give the change in the etch rate ratio (V) related to VB as V = VT/VB, where VB is usually constant.7,8,16,26 Therefore, this kind of measurements provided a precise understanding of the etched track formation and evolution stages during the advancing of the etching action.

The measuring of the track profile with its length and the other calculated parameters in the two phases of track development, the acute conical and over-etched phases have attracted much attention in recent years.8,11 The first phase extends from the original surface along the damaged region up to the end of the particle trajectory in the detector (i.e., for x ≤ R), while the second phase starts from the end of the particle trajectory beneath the track tip in the undamaged region for x > R.4,5 Here, x is the depth of the track tip from the original surface of the detector, and R is the particle range in the detector.

In this paper, it was noted that the relationship between the track diameters of the alpha particles and the etching time is an exponential change, which results in a little bit of variety in the track diameter growth rate (VD). As a new or alternative method, the time dependent of VD was considered to determine the real change and development of the track profiles in the PADC CR-39 detector and to compute the track length and other parameters using the direct measurement of the track diameters instead of the direct measurement of the track image lengths.

2.          CALCULATIONS AND THE BOUNDARY CONDITIONS

The new treatment suggests a modification in some of the equations that assume a constancy in VD and change in the VT with the etching time for calculating the track parameters. The treatment process has required certain empirical boundary conditions, which we have extracted from the results based on the direct measurement of the track lengths.8,15,17,18,26 These conditions are adapted to apply the modified equations to calculate the track parameters using the information obtained from the direct measurement of the track diameters in order to get results coincidence with that obtained by the direct measurements of the track lengths.

For the values of VD and VT are not constants, and VB is usually constant, the equations can be modified or adjusted as the following descriptions.

When VD is not constant with the etching time, it can be expressed as a time dependent function as:
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This formula represents the slope of the experimental D-t curve at any point or etching time. Accordingly, the equation of VD given by Durrani and Bull can be written in the form of a function of time:27
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For VT is not constant with the etching time, the track length growth rate is given as:28,29
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and the etch rate ratio is:
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Combining Equations 2, 3 and 4, the track length growth rate can be expressed as:
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where
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and
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To compute the track length, one can utilise the integration below:
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The track depth (x), which represents the depth from the original surface of the detector to the track tip at a certain etching time, is calculated from the known relationship:27
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Also, the residual range R′(t) of the charged particle is:6,8

[image: art]

where R is the range of the charged particle in the detector, and it is the particle energy dependent.

Regarding the previous equations, the boundary conditions assume that the etching solution reaches the end of the particle range in the detector, then the track depth will be equal to the particle range (i.e., x = R) and the residual range approach to zero (R′ = 0). Therefore, the boundary conditions can be expressed as follows:

	When R′ is close to zero at the Bragg-peak; the conical phase:
[image: art]


	When R′ = 0, x = R; the conical phase where the track is etched-out:
[image: art]


	When x > R, R′ = -ve; the over-etched phase:
[image: art]




3.          METHODOLOGY

In the present study, PADC detector CR-39 with thickness 250 μm from Page Mouldings (Worcestershire, England) was cut into several pieces with sizes of 1.5 × 1.5 cm2. The detector pieces were irradiated by alpha particles with energies of 1.53 MeV, 2.35 MeV, 3.06 MeV, 3.80 MeV and 4.44 MeV under normal incidence. A 1 μCi 241Am source with main energy 5.485 MeV was used in irradiation. The energy of the alpha particle was varied by changing the source to detector distance in air under atmospheric pressure. The irradiated detectors were chemically etched in an aqueous 6.25N NaOH solution at 70°C ± 1°C for different periods of time according to the alpha particle energies, and the track diameters were then measured. It should be noted that the diameter measured in each etching period represents the average diameter of about 100–120 tracks with a percentage error about 5%–6%.

The method based on the thickness difference before and after the etching process was used in the determination of VB. The CR-39 detector of the same dimensions as mentioned was etched under the same etching conditions for a successive interval of 0.5 h up to 8 h. The thickness of the removed layer (h) from the surface of the detector was extracted for each period of etching (t). The VB is then calculated by using the relation below:

[image: art]

The track diameters and the detector thickness were measured by utilising the optical microscope (XSZ-H Series Biological Microscope) connected to a PC through a digital camera (MDCE-5A).


4.          RESULTS AND DISCUSSION

4.1           Track Diameter

Figure 1 illustrates the relationship between the track diameter of the alpha particle and the etching time in the CR-39 detector at the energy range of 1.53–4.44 MeV. The figure shows that the relationship is relatively nonlinear, particularly with the advancing of the etching operation. Although the relationship is close to the linear form, we have employed the polynomial function of degree two in the figure to obtain a nonlinear relationship between the track diameters and the etching times. The nonlinear relationship is resulting in the track diameter growth rate to be a time dependent (VD(t)) rather than the linear one, which gives a constant VD for a single energy of the alpha particles. However, calculations based on the direct measurement of the track diameters with constant VD cannot recognise the real changes of the track profiles and parameters as those found from the direct measurement of the track length.


[image: art]

Figure  1:    Relationship between the track diameter and etching time for different alpha particle energies in CR-39.



The little bit nonlinearity change in the track diameters agreed with findings by Azooz et al.11,18 It can be clearly observed that the nonlinear increase in the track diameter at etching periods is more than the time of reaching the etchant to the end of the particle range, especially when the track tip enters the undamaged region (over-etched phase).


It ought to be mentioned that the potential energy of the damaged regions produced by alpha particles with low energies is higher than the damaged regions created by high energies. Accordingly, VT will be higher in the regions with a high potential energy, prompting formation of etched tracks with a size bigger than other regions having low potential energies as appeared in Figure 1.

4.2           Track Diameter Growth Rate (VD)

Using differential calculus, VD as a function of the etching time, VD(t) was obtained (according to the Equation 1) by determining the slope (dD(t)/dt) of the D-t curves in Figure 1 at experimentally used etching times as well as at the other selected times within the range of the etching period. The variation of VD values with the etching time is obviously seen in Figure 2. It can be seen from the figure that VD is proportional to the etching time and it increases with the advancing of the etching operation. This result appeared in good agreement with that found by Roussetski et al. in alpha particle irradiated CR-39 detector for energies between 10–13 MeV and 15–17.5 MeV.30

As a result, we can find that the VD is not constant, but it changes with the etching time and has different values rather than single definite one for each individual energy of alpha particle irradiation. This result represents the concept of this study which is based on the modified equations.
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Figure  2:    VD as a function of etching time for different alpha particle energies in CR-39.




4.3           Bulk Etch Rate (VB)

As mentioned before, the method of thickness difference was used to determine VB of the detector. It was found that the removed layer thickness from the detector surface is linearly proportional to the etching time as shown in Figure 3. The computed value of VB based on Equation 9 was found to be equal to 1.264 μm h–1 for the CR-39 detector etched under an aqueous 6.25 N solution of NaOH at 70°C. However, the obtained VB value agrees with that found by Ahmed and Yu et al. where VB were 1.45 μm h–1 and 1.2 μm h–1 respectively, and also it agrees with Ho et al. of VB = 1.23 μm h–1 for the same detector under the same etching conditions.17,19,31
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Figure  3:    Thickness of the removed layer of CR-39 as a function of etching time.



4.4           Track Length Growth Rate

The track length growth rate (dL/dt) based on Equation 5 was calculated by using the data of VD(t) in Figure 2 and the value of VB in Figure 3. Figure 4 shows that the dL/dt values are exponentially changing with the etching time, and their values at higher energies of alpha particles are greater than that of the lower ones. In general, the more increase in track opening diameter, the more increase in the (dL(t)/dt) is with advancing of the etching action even if the etching solution has passed the end of the particle trajectory (range) in the detector.

However, in contrast, it was found that the issue given in the previous discussion is no longer true at the depth more than the range of the particle in the detector, in the over-etched phase, and it is even far from the reality. It was known from the direct measurements of the track length from the longitudinal images of the etched tracks carried out by other works that the dL(t)/dt, as well as the track length L(t), does not continue increasing as the track opening diameter increased with the advancing of the etching process.5,8,15,17,18,26,32 This situation occurs particularly when the etching solution is passing the end of the particle range in the detector into the undamaged region beneath the range of the particle in the over-etched phase. Consequently, the residual range (R′) at depths x > R will get negative values, which is unacceptable according to the Equation 8 where R′ = R–x. In this case, the assumed boundary conditions are required to be applied in order to obtain the real variation of the dL(t)/dt as a function of the etching time, which coincides with that obtained from other studies based on direct measurement of the track lengths.
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Figure  4:    Relationship between dL/dt and the etching time for different alpha particle energies in CR-39.



By applying the boundary conditions (2 and 3), which assume that the dL/dt = 0 and L = Lmax = constant when R′ ≤ 0 and x ≥ R for all etching times more than the saturation time (tsat), the curves in the Figure 4 were re-plotted and fitted again to extract the exact relationship between dL/dt and the etching time as shown in the Figure 5. The etching time is called the saturation time and denoted as tsat when the track length is maximum (Lmax) and the dL/dt is equal to zero, (dL/dt)o.

Figure 5 shows that the dL(t)/dt is gradually increasing with the etching time and maximised, (dL/dt)max, shortly before the track length reaches a constant value (saturation) at a point (or time) close to the end of the particle range in the detector. This point is the one where the energy loss rate of the alpha particles in the detector is maximised, and it coincides with the Bragg-peak of the stopping power curve. However, the result of dL(t)/dt in Figure 5 appeared in  good agreement with the results obtained by other studies based on direct measurements of the track lengths.18 In contrast, the minimum or the zero-value (dL/dt)o occurs when the chemical etching reaches the end of the particle range in the detector where the track length is saturated and gets a maximum and constant value (L = Lmax = constant).
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Figure  5:    The real relationship between dL/dt and etching time for different alpha particle energies in CR-39 after applying the boundary conditions.



Thus, the values of (dL/dt)max and the etching times required to reach the maximum and zero-valued dL/dt (tm and tsat) for different alpha particle energies are shown in Table 1. It is seen from the table that the times tm and tsat depend on the energy of the alpha particles, while (dL/dt)max does not extremely dependent on it where its average value is about 2.692 μm h–1. This result has appeared in good agreement with that found by Albelbasi, Ahmed and Azooz et al.15–18


Table  1:    Maximum values and the times (tm and tsat) of the maximum(dL/dt)max and zero-valued (dL/dt)o of the dL/dt for different energies of alpha particles in CR-39.



	E (MeV)

	(dL/dt)max (mm h–1)

	tm (h)

	tsat (h)




	1.53

	2.52

	2.08

	2.25




	2.32

	2.74

	3.24

	3.46




	3.06

	2.69

	4.63

	4.93




	3.80

	2.70

	6.54

	6.90




	4.44

	2.81

	8.70

	9.22





Average (dL/dt)max = 2.692 μm h–1


4.5           Track length

From Figure 4, the track length was determined by calculating the integration of dL(t)/dt with respect to the time using Equation 6 for various intervals from t = 0 to the experimentally considered and selected etching times (t) in each case of alpha particle energies. Again, by applying the boundary condition 2 where L = Lmax = constant (at saturation point), L’(=dL/dt) = 0, R′ = 0 and R = x, the track lengths extracted from the integration were plotted as a function of the etching time as shown in Figure 6. It appears from the figure that the track length curve consists of two segments.5,8,11,18,26,28 In the first segment, the track length develops exponentially and gets to maximum and constant value (saturation) when the etching solution reaches the end of the particle range in the detector where the particle range (damaged area) is completely etched. As a result, the track at this stage is called the etched-out track and it is conically shaped with a sharp tip at the end of the particle trajectory in the detector.


[image: art]

Figure  6:    The real relationship between the track length and the etching time for different energies of the alpha particle in CR-39 after applying the boundary conditions.



In the second segment, the track length is saturated and continued within the steady (constant) value with the etching time. This part establishes when the etching solution passes the end of the particle range toward the sound region beneath the end of the particle range. When the track reaches this stage, named the over-etched phase, the tip of the conical track starts to become rounded and the track transforms progressively into a semi-spherical shape until reaching a total spherical form with the progressing of the etching process, and the track here is called the etch-pit.


With regards to the alpha particle energies, it is seen that the tracks at lower energies have a bigger size in the early times of the etching stages, and their lengths reach the constant or saturation faster than the tracks of high energies. Furthermore, the curves of the track length in Figure 6 have symmetric shapes but differ in the magnitude, and these results agree with those found elsewhere using the direct measurement of the track length of different alpha particle energies in PADC CR-39 detector.11,17,18,25,26,33


[image: art]

Figure  7:    Saturation time as a function of the alpha particle energy in CR-39.
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Figure  8:    Maximum track length (saturation values) as a function of the alpha particle energy in CR-39.




Table 2 shows that Lmax (or the saturation depth) and tsat are essentially associated with the energy, and they occur at different depths from the detector surface. Accordingly, it is seen that tsat is exponentially proportional to the energy of the alpha particles as shown in Figure 7, while Lmax in Figure 8 is straightly proportional to the alpha particle energy. These results agree with those indicated by other works for alpha particles in CR-39, and furthermore, it agrees with Yamauchi et al. for alpha particle and 7Li ion tracks in CR-39 in view of the direct measurement of the track lengths.17,18,26,28,33 However, the small variance between the values of the saturation time (tsat) in the Tables 1 and 2, that extracted from zero-valued (dL/dt)o points in the Figure 5 and Lmax points in the Figure 6, is due to the fitting process of the curves in these figures.


Table  2:    Maximum track length and the saturation time related to various alpha particle energies in CR-39.



	E (MeV)

	Lmax (μm)

	tsat (h)




	1.53

	4.23

	2.28




	2.32

	6.64

	3.49




	3.06

	8.54

	4.92




	3.80

	11.01

	6.89




	4.44

	12.76

	9.21





4.6           Track Etch rate (VT)

The development phases of the track’s shape are mainly related to the VT along the particle trajectory in the detector and how to change with the etching time (t) and the track depth (x).11,24,34 Equation 3 was considered to calculate the VT for all etching periods at various alpha particle energies. Again, by considering the boundary condition 3 and with regards to etching rates at x > R, the residual range of the particle gets a negative value (R′ = -ve) and VT equals to VB. This situation begins from the point of saturation of the track length when the track etching enters the over-etched phase in the undamaged region. As indicated by the above assumption, the VT data were plotted as a function of the etching time for the considered energies of the alpha particles as shown in Figure 9. The figure illustrates that the VT is not constant during the etching process, but rather it changes and gets different maximum values at certain etching times based on the particle energies, and after then it rapidly drops to meet VB where the etching passes the end of the particle range in the detector.



[image: art]

Figure  9:    VT as a function of the etching time for different alpha particle energies in CR-39 after applying the boundary conditions.



Table 3 lists the maximum values of the track etch rate (VTmax) and the time to access the maximum values (tm). Here, the VTmax is roughly independent of the alpha particle energies. The table shows that the values of VTmax appear close together with an average value around 4.092 μm h–1. This result is consistent with those extracted by using the direct measurement of the track (longitudinal depth) length within the range of our considered alpha particle energies as it was pointed by other works.11,17,18

It should be noted that the VT has a maximum value (VTmax) at the Bragg-peak where alpha particles lose a large portion of the rest energy shortly before stopping. It can be observed that the VTmax value (Figure 9) occurs at the point where the dL/dt is maximised, i.e., (dL/dt)max (Figure 5). However, these results were consistent with other studies in computing VT in alpha particle irradiated CR-39 with different energies using the track length measurement.11,17,18,23,24,29

By advancing the etching process for a short time after the maximum point, the alpha particle slows down significantly and then stops at the end of the range after losing the remaining portion of its energy. On the other hand, the track length lasts slightly increased during this period and reaches the maximum value (Lmax) at the beginning point of the saturation, at the end of the particle range, where (dL/dt) gets to be distinctly zero.

Again, by analysing Table 3, it can be seen that the time of the VTmax (tm) is exponentially increasing with the energy of the alpha particles. This time is exactly the same time of the (dL/dt)max as it is clear from the comparison of values of tm in the Tables 1 and 3. The presence of the minor differences between the two comparable times, which do not exceed 0.1 h in the most of the cases, is due to the fitting process of the curves in Figures 5 and 9.


Table  3:    VTmax and the time to access to it for different alpha particle energies in CR-39.



	E (MeV)

	VTmax (μm h–1)

	tm (h)




	1.53

	3.96

	2.16




	2.32

	4.13

	3.35




	3.06

	4.04

	4.71




	3.80

	4.09

	6.58




	4.44

	4.24

	8.90





Average VTmax = 4.092 μm h–1

The comparison between the tm of the VTmax in Table 3 and tsat of the Lmax at saturation point or depth in Table 2 indicates that a short time lag exists between them which is between 0.18–0.31 h for alpha energies 1.53–4.44 MeV as shown in Figure 10. This short time here is the time of the equivalent distance, in the stopping power curve, that should be moved by the incident alpha particle from the point where the average energy loss per unit path length is a maximum (i.e., the Bragg-peak) to the point where the particle is ceased at the end of its range in the detector.
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Figure  10:  Comparison between the times (tm) of VTmax (Table 3) and the times (tsat) of maximum track length at saturation point (Table 2) in CR-39.




4.7           Etch Rate Ratio Function

The etch rate ratio or the response of the detector, V, is defined by two essential parameters; the VT and the VB as indicated by Equation 4. The ratio V is viewed as one of the imperative parameters to determine the behaviour of the track development and its shape advancement. Due to the dependence of V on the etching time and the track depth (x), it is necessary to plot V as a function of the residual range (R′) to determine its real variation with the progress of the etching process.

To obtain the realistic behaviour of the V(R′) using the method or the treatment proposed in this paper, the boundary condition 3 should be applied. This condition is associated with VT where VT = VB and V = 1 when the depth of the track extends to a point greater than the range of the particle in the detector (x > R), and the residual range gets distinctly negative values (R′ = -ve) after the saturation point of the track length, in over-etched phase. So, considering this condition, the computed V values are adjusted to be equivalent to unity for all negative values of R′, and after then the V data are re-plotted as a function of R′ by using the form of V(R′) function presented by Brun et al. for each considered alpha particle energy in this paper as shown in Figure 11.35

Figure 11 demonstrates that the V value increases with the advancing of the etching process and gets a maximum value Vmax such as VTmax (see Figure 9) at the Bragg-peak.23,24,29 Shortly after the maximum point, the V drops significantly and approaches the unity upon the arrival of the etching solution to the end of the particle range in the detector. This point represents the end of the primary phase of the track development, the conical phase, where x ≤ R and the track is completely etched-out. After crossing this point, the track development enters the second phase (x > R), the over-etched phase, where the etching of the sound area down the end of the particle range is started with rate V = 1 and VT = VB. The etching rate here lasts with the same value (scalar etching rate) in all directions as long as the etching is progressing in this region. Hence, the tip of the conically shaped track starts rounded and the track will convert into a semi-spherical shape with advancing of the etching process, and lastly to the spherical shape where the real track of the incident particle is terminated.

However, the result in Figure 11 which is based on the experimental measurements of the track diameters appeared in good agreement with that found by Azooz et al. based on the experimental measurements of the track length (or the track longitudinal depth).18
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Figure  11:  Etch rate ratio, V as a function of the alpha particle residual range in CR-39 after using the boundary conditions.



The peaks (Vmax) in Figure 11 have indistinguishable shapes and approximately equal values, which are 3.17, 3.11, 3.08, 3.03 and 2.81 for alpha particle energies of 1.53 MeV, 2.32 MeV, 3.06 MeV, 3.80 MeV and 4.44 MeV, respectively. This indicates that Vmax (as a VTmax) depends not so much on the energy of the alpha particles, and it has an average value about 3.04 as it is shown in Figure 12. The obtained result was consistent with that found by Nikezic and Yu, Ahmed and Azooz et al.13,17,18
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Figure  12:  Vmax verses alpha particle energies in CR-39.




4.8           Residual Range and the Maximum Track Length

Corresponding to Equation 8, it is noted that the residual range of the incident particle (R′) is linearly proportional to the track depth (x) as long as the range of the incident particle (R) calculated from the Stopping and Range of Ions in Matter (SRIM) program is constant for a given energy. The range of the incident alpha particle can be computed from the results in Table 2 using the empirical relationship based on Equation 10:18
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Table 4 illustrates the values of the alpha particle range for different energies in the CR-39 detector calculated by using both the empirical relationship (Equation 10) and the theoretical program SRIM.36 A good agreement was found between the values of both calculations.


Table  4:    Alpha particle range in CR-39 using both the Empirical Relationship and the theoretical program SRIM.36



	E (MeV)

	R (µm)




	Calculated by Eq. 10

	Calculated by SRIM




	1.53

	7.188

	6.524




	2.32

	11.203

	10.324




	3.06

	14.759

	14.404




	3.8

	19.719

	19.26




	4.44

	24.401

	23.675





VB = 1.264 μm h–1

4.9           Fitting the Function V(R′)

Fitting the data of the V(R′) curves in Figure 11 for the considered etching times and alpha particle energies all at once is an imperative issue to obtain a single optimum curve independent of the particle energies. Therefore, the Brun et al. V(R′) function presented in Equation 11 was used to perform the fitting process by Matlab curve fitting toolbox, and estimating the constants of A1, A2, B1, B2 and B3 in accordance with our set of experimental data.35 It should be noted that this function represents the second relationship presented in the Track-Test program for PADC CR-39 detector.8
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Figure 13 illustrates the optimum fitted curve of the function V(R′) in CR-39 according to the direct measurement of the track diameters in the scope of alpha particle energies of 1.53–4.44 MeV under the assumed etching conditions. The constants of the fitted function V(R′) were found equal to: A1 = 0.06271 mm−1, A2 = 3.321 mm−1, B1 = 0.742, B2 = 0.7733, B3 = 0.7756, and the goodness of fit were SSE: 1.353, R-square: 0.9494, RMSE: 0.1141.

The style of the V(R′) curve in Figure 13 is similar to the Bragg’s ionising curve. The V(R′) has a maximum value (peak) at a point close to the end of the particle range in the detector which is compatible with the Bragg-peak in the stopping power curve. In some ways, the V function is a reflection of some parameters for the primary interaction of the particle with the detector material. However, the maximum value of the fitted etch rate ratio function Vmax appear equal to 3.0 with residual range R′ = 1.32 mm. This distance represents the separation from the Bragg-peak to the end of the range of the alpha particle in the CR-39 detector.

In the same context, Ahmed has found that Vmax = 5.03 at R′ = 1.82 μm using Brun et al. function (Equation 11), as appeared in the Figure 14(a), while Albelbasi has found that Vmax = 3.8 at R′ = 2.0 μm using Green et al. function in the fitting process for different ranges of alpha particle energies in the CR-39 detector under the same etching circumstances as used here.15,17,37 They have extracted their own particular constants of the function V(R′) in accordance to their experimental data of the direct measurement of the track lengths. Moreover, the results also agreed with Nikezic and Yu for alpha particles in CR-39 using the Brun et al. V(R′) function (Equation 11) where the Vmax was 3.65 at R′ = 2.65 as shown in Figure 14(b).7
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Figure  13:  Fitted curve of the V(R′) function for alpha-particle irradiated CR-39 detector for all considered energies in the present study using Equation 11; the Brun et al. function.35
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Figure  14:  The fitted etch rate ratio function V(R′) for alpha-particle irradiated CR-39 detector presented by (a) Ahmed17 and (b) Nikezic and Yu.7



5.          CONCLUSION

The diameter of the alpha particle tracks in PADC CR-39 detector appeared nonlinearly changes with the etching period. The nonlinear change results in VD not to be constant, but it slightly varies and it gets different values with respect to the etching time for a single energy irradiation of the alpha particle in the detector. The new method or treatment assumed in this paper has been based on the concept of non-constancy of the VD and using the experimental data of direct measurement of the track opening diameters.


Applying the new treatment and the modified equations required certain limitations or boundary conditions to compute the track parameters and its shape developing. These conditions were extracted from the experimental results and the calculations of the direct measurements of the longitudinal depth (or length) of the track profile. The method has succeeded in computing the track parameters such as the track length and depth, the residual range, the etching rates, the fitting of V(R′) function and its constants A1, A2, B1, B2 and B3 in CR-39. The extracted constants by this method can be easily used in Track-Test program to draw the track profiles and to determine the real variation of track parameters and the shape development in the CR-39 detector instead of the track imaging. However, the new treatment becomes more significant and useful for studying the profile and the shape development of the track in the nitrate cellulose detector LR115, in which the imaging of the etched track profiles is not possible.

Thus, the new treatment or method can be viewed as a straightforward and easy to apply and no need for complicated requirements and methodology compared with the methods based on track length measurements.

6.          ACKNOWLEDGEMENTS

The author is indebted to the Physics Department, Mosul University, Iraq for supporting the present work. I would like to thank Prof. Dr. Laith A. Najam and Dr. Naseem S. Khidhir for their kind suggestions and for the many different ways they have contributed.

7.          REFERENCES

1.       Fews, A. P. & Henshaw, D. L. (1982). High-resolution alpha particle spectroscopy using CR-39 plastic track detector. Nucl. Instr. Meth., 197, 517–529, https://doi.org/10.1016/0167-5087(82)90349-0.

2.       Fromm, M., Chambaudet, A. & Membrey, F. (1988). Data bank for alpha particle tracks in CR39 with energies ranging from 0.5 to 5 MeV recording for various incident angles. Nucl. Tracks Radiat. Meas., 15, 115–118, https://doi.org/10.1016/1359-0189(88)90112-4.

3.       Nikezic, D. (2000). Three dimensional analytical determination of the track parameters. Radiat. Meas., 32, 277–282, https://doi.org/10.1016/S1350-4487(00)00034-2.

4.       Nikezic, D., Yu, K. N. & Kostic, D. (2003). Three-dimensional model of track growth: Comparison with other models. Nucl. Tech. Radiat. Prot., 2, 24–30.


5.       Nikezic, D. & Yu, K. N. (2003). Three-dimensional analytical determination of the track parameters: Over-etched tracks. Radiat. Meas., 37, 39–45, https://doi.org/10.1016/S1350-4487(02)00129-4.

6.       Dörschel, B. et al. (2003). 3D computation of the shape of etched tracks in CR–39 for oblique particle incidence and comparison with experimental results. Radiat. Meas., 37, 563–571, https://doi.org/10.1016/S1350-4487(03)00243-9.

7.       Nikezic, D. & Yu, K. N. (2004). Formation and growth of tracks in nuclear track materials. Mater. Sci. Eng. R, 46, 51–123, https://doi.org/10.1016/j.mser.2004.07.003.

8.       Nikezic, D. & Yu, K. N. (2006). Computer program Track-Test for calculating parameters and plotting profiles for etch pits in nuclear track materials. Comp. Phys. Comm., 174, 160–165, https://doi.org/10.1016/j.cpc.2005.09.011.

9.       Nikezic, D. & Yu, K. N. (2008). Computer program TRACK_VISION for simulating optical appearance of etched tracks in CR-39 nuclear track detector. Comp. Phys. Comm., 178, 591–595, https://doi.org/10.1016/j.cpc.2007.11.011.

10.     Wertheim, D. et al. (2010). 3-D imaging of particle tracks in solid state nuclear track detector. Nat. Haz. Earth Syst. Sci., 10, 1033–1036, https://doi.org/10.5194/nhess-10-1033-2010.

11.     Azooz, A. A., Al-Nia’emi, S. H. & Al-Jubbori, M. A. (2012). A parameterization of nuclear track profiles in CR-39 detector. Comp. Phys. Comm., 183, 2470–2479, https://doi.org/10.1016/j.cpc.2012.06.011.

12.     Nikezic, D., Ivanovic, M. & Yu, K. N. (2016). A computer program TRACK-P for studying proton tracks in PADC detectors. SoftwareX, 5, 74–79, https://doi.org/10.1016/j.softx.2016.04.006.

13.     Nikezic, D. & Yu, K. N. (2002). Profiles and parameters of tracks in the LR-115 detector irradiated with alpha energy. Nucl. Instr. Meth. Phys. Res. B, 196, 105–112, https://doi.org/10.1016/S0168-583X(02)01277-6.

14.     Yip, C. W. Y. et al. (2006). Chemical etching characteristics for cellulose nitrate. Mater. Chem. Phys., 95, 307–312, https://doi.org/10.1016/j.matchemphys.2005.06.024.

15.     Albelbasi, S. O. R. (2007). Computation of etched track parameters and profiles for alpha particles in CR-39 and comparison with experimental results. MSc diss., University of Mosul, Iraq.

16.     Hermsdorf, D. & Hungera, M. (2009). Determination of track etch rates from wall profiles of particle tracks etched in direct and reversed direction in PADC CR-39 SSNTDs. Radiat. Meas., 44(9–10), 766–774, https://doi.org/10.1016/j.radmeas.2009.10.007.


17.     Ahmed, H. A. (2010). Comparison of measured track profiles and parameters with the theoretical calculations of different models and the linear energy transfer of alpha particles in CR-39. MSc diss., University of Mosul, Iraq.

18.     Azooz, A. A., Al-Nia’emi, S. H. & Al-Jubbori, M. A. (2012 b). Empirical parameterization of CR-39 longitudinal track depth. Rad. Meas., 47, 67–72. https://doi.org/10.1016/j.radmeas.2011.10.015.

19.     Yu, K. N. et al. (2004). Measurement of parameters of tracks in CR-39 detector from replicas. Radiat. Prot. Dosimetry, 111(1), 93–96, https://doi.org/10.1093/rpd/nch367.

20.     Yu, K. N., Ng, F. M. F. & Nikezic, D. (2005). Measuring depths of sub-micron in a CR-39 detector from replicas using atomic force microscopy. Radiat. Meas., 40, 380–383, https://doi.org/10.1016/j.radmeas.2005.03.011.

21.     Dörschel, B. et al. (1997). Measurement of track parameters and etch rates in proton-irradiated CR–39 detectors and simulation of neutron dosimeter response. Radiat. Prot. Dosim., 69(4), 267–274, https://doi.org/10.1093/oxfordjournals.rpd.a031913.

22.     Tse, K. C. C., Nikezic, D. & Yu, K. N. (2008). Effect of UVC irradiation on alpha-particle track parameters in CR-39. Radiat. Meas., 43, 98–101, https://doi.org/10.1016/j.radmeas.2008.03.029.

23.     Vaginay, F. et al. (2001). 3-D confocal microscopy track analysis: A promising tool for determining CR-39 response function. Radiat. Meas., 34, 123–127, https://doi.org/10.1016/S1350-4487(01)00136-6.

24.     Fromm, M., Awad, M. & Ditlov, V. (2004). Many-hit model calculations for track etch rate in CR-39 SSNTD using confocal microscope data. Nucl. Instr. Meth. Phys. Res. B, 226, 565–574, https://doi.org/10.1016/j.nimb.2004.07.004.

25.     Al-Nia’emi, S. H. S. (2015). Effects of chemical solution temperature on the bulk etch rate of the detector CR-39. Jord. J. Phys., 8(1), 49–55.

26.     Dörschel, B. et al. (1998). Track parameters and etch rates in alpha-irradiated CR-39 detectors used for dosimeter response calculation. Radiat. Prot. Dosim., 78(3), 205–212, https://doi.org/10.1093/oxfordjournals.rpd.a032353.

27.     Durrani, S. A. & Bull, R. K. (1987). Solid state nuclear track detection: Principles, methods, and applications. Oxford: Pergamon Press.

28.     Yamauchi, T. et al. (2001). Inter-comparison of geometrical track parameters and depth dependent track etch rates measured for Li-7 ions in two types of CR–39. Radiat. Meas., 34, 37–43, https://doi.org/10.1016/S1350-4487(01)00117-2.

29.     Ditlov, V. A. et al. (2005). The Bragg-peak studies in CR-39 SSNTD on the basis of many-hit model for track etch rates. Radiat. Meas., 40, 249–254, https://doi.org/10.1016/j.radmeas.2005.03.009.


30.     Roussetski, A. S. et al. (2005). Correct identification of energetic alpha and proton tracks in experiments on CR-39 charged particle detection during hydrogen desorption from Pd/PdO:Hx heterostructure. Paper presented at the Condensed Matter Nuclear Science Proceedings of the 12th International Conference on Cold Fusion, ICCF 2005, https://doi.org/10.1142/9789812772985_0032.

31.     Ho, J. P. Y. et al. (2003). Differentiation between tracks and damages in SSNTD under the atomic force microscope. Radiat. Meas., 36, 155–159, https://doi.org/10.1016/S1350-4487(03)00114-8.

32.     Ng, F. M. F. et al. (2007). Determination of alpha-particle track depths in CR-39 detector from their cross-sections and replica heights. Nucl. Instr. Meth. Phys. Res. B, 263, 266–270, https://doi.org/10.1016/j.nimb.2007.04.147.

33.     Al-Hubeaty, Y. Y. K (2013). Modification of modeling the profiles of alpha particles tracks in the nuclear detector CR-39 according to the chemical etchant concentration. MSc diss., University of Mosul, Iraq.

34.     Dörschel, B., Hartmann, H. & Kadner, K. (1996). Variations of the track etch rates along the alpha particle trajectories in two types of CR–39. Radiat. Meas., 26(1), 51–57, https://doi.org/10.1016/1350-4487(95)00270-7.

35.     Brun, C. et al. (1999). Intercomparative study of the detection characteristics of the CR–39 SSNID for light ions: Present status of the Besancon-Dresden approaches. Radiat. Meas., 31, 89–98. https://doi.org/10.1016/S1350-4487(99)00102-X.

36.     Ziegler, J. F., Ziegler, M. D. & Biersack, J. P. (2008). The stopping and range of ions in matter. Retrieved from http://www.srim.org/ on 15 July 2017.

37.     Green, P. G. et al. (1982). A study of bulk-etch rates and track-etch rates in CR-39. Nucl. Instr. Meth., 2037, 551–559, https://doi.org/10.1016/0167-5087(82)90673-1.





Soybean Oil Bleaching by Adsorption onto Bentonite/Iron Oxide Nanocomposites

Mohammad Ghorbanpour

Chemical Engineering Department, University of Mohaghegh Ardabili, Ardabil, Daneshgah St., Iran

e-mail: ghorbanpour@uma.ac.ir

© Penerbit Universiti Sains Malaysia, 2018. This work is licensed under the terms of the Creative Commons Attribution (CC BY) (http://creativecommons.org/licenses/by/4.0/).


Published online: 25 August 2018

To cite this article: Ghorbanpour, M. (2018). Soybean oil bleaching by adsorption onto bentonite/iron oxide nanocomposites. J. Phys. Sci., 29(2), 113–119, https://doi.org/10.21315/jps2018.29.2.7

To link to this article: https://doi.org/10.21315/jps2018.29.2.7



ABSTRACT: The bleaching process of soybean oil using commercial bentonite and bentonite/iron oxide composites has been studied. X-ray diffraction (XRD), Brunauer-Emmett-Teller (BET) surface area measurement and scanning electron microscopy (SEM) were used to characterise the composites generated. SEM results show that the porosity of bentonite after alkaline ion exchange process can be enhanced by the opening of the bentonite’s flakes. BET shows that the flakes’ structure was more opened, and the porosity was increased from 179.58 m2 g–1 for bentonite to 202 m2 g–1 for 3 min ion exchanged sample. Changes in basal reflection in XRD peak validated the presence of iron oxide particles. The experimental results indicate that composite prepared for 1 min showed the same efficiency in bleaching crude soybean oil with the bentonite. The greatest reduction in bleaching capacity in soybean oil was achieved using the composite prepared for 3 min. The highest transparency, 1.5-fold in red and 1.25-fold in yellow greater than that of neutralised oil, was obtained with the alkaline ion exchange composite prepared for 3 min. Hence, this process gives a good adsorbent with better bleaching properties than commercial bentonite.

Keywords: Bentonite composite, iron oxide composite, soybean oil, bleaching, nanocomposite

1.          INTRODUCTION

Among the criteria of edible oil quality, colour is the most important factor for its commercial value. The colour is due to the presence of pigments in the crude oil such as chlorophyll-a and β-carotene. The bleaching of edible vegetable oils involves removal of a variety of impurities, which include phosphatides, fatty acids, gums and trace metals, etc., followed by decolourisation.1,2 In refinery processing of vegetable oils, adsorbents are used to remove carotene, chlorophyll and other components formed during the refining process. Common adsorbents are hydrated aluminium silicates, commonly known as bleaching clays. They are purified and activated by a mineral acid treatment, resulting in the de-lamination of the structure, thus increasing clay specific surface and adsorption capacity.3,4 Among them, activated bentonites is by far the most common adsorbent for purification and colour improvement of fats and oils.1,3,5

Metal oxides have recently been applied to remove heavy metals and dyes from water and wastewater.6,7 Clays/metal oxide composites are one of the most widely studied composites among the new group of developed microporous materials with high surface area.8–10 The first and most common method in the preparation of these composites is the ion exchange process with heat treatment.9,11 The negative aspect of the ion exchange process is its lengthy processing and multistep prepare procedures. Recently, a number of studies appear in the literature on the application of alkaline ion exchanged clays to prepare antibacterial composites.12,13 In alkaline ion exchange method, iron salt is mixed with bentonite and heated at around the melting point of iron salt. In this study, for the first time, bentonite/iron oxide composites were prepared by alkaline ion exchanged method used for decolourisation of soybean oil.

2.          EXPERIMENTAL

2.1           Materials

Bentonite clay (Ca2+-montmorillonite), used as a solid support for iron oxide particles, was obtained from Kanisaz Jam Company (Rasht, Iran). Prior to the experiments, the bentonite was sieved to give a particle size of roughly 38 μm. All reagents were of analytical grade and were used as received without further refinement.

2.2           Clays/Iron Oxide Composites

Bentonite was immersed in molten salt, FeCl2.xH2O, at 100°C for 1 min, 2 min, 3 min and 5 min. This operation was undertaken using 5 g of bentonite and 5 g of FeCl2.xH2O. After ion exchange, the bentonite was adequately washed with distilled water and sonicated. This step was intended to remove any compounds that were not diffused in the bentonite structure. After filtration, the obtained composites were dried in an oven for 24 h at 25°C.


2.3           Characterisation

X-ray diffraction (XRD) patterns of the samples were characterised using an X-ray diffractometer (Philips PW 1050, the Netherlands) with CuKα radiation (λ = 1.5418 Å, 40 kV and 30 mA, 2 θ from 0° to 80° and 0.05° step). The microstructures of the samples were observed through a scanning electron microscope (SEM) (LEO 1430VP, Germany).

A micromeritics Brunauer-Emmett-Teller (BET) surface area and porosity analyser (Gemini 2375, Germany) was used to evaluate the products with N2 adsorption/desorption at constant temperature of 77 K in the relative pressure range of 0.05–1.00.

2.4           Bleaching of Edible Oil

The bleaching process was carried out at a constant temperature of 80°C with a contact time of 30 min. Stirring and heating were carried out by means of a magnet stirrer and an electric heating band. The ratio of the mass of clay to the volume of acid solution was 1:10 (w/v). The hot oil and clay mixture was filtered under vacuum and the colour of the bleached oil was measured spectrophotometrically. The bleaching capacity percentage of the clays was determined from the following equation:
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where A0 and A are the absorbance of neutral oil and bleached oil, respectively, at the maximum absorbance wavelength of the neutral oil (410 nm for uptake of chlorophyll-a, and 460 nm for uptake of b-carotene).

3.          RESULTS AND DISCUSSION

3.1           Characterisation

Appearance and colour of the parent bentonite was white. Alkaline ion exchange of the bentonite by FeCl2 changed its colour. By increasing alkaline ion exchange process time at a constant temperature, the colour of bentonite underwent further change. After 1 min, the colour was altered to dark cream, creamy brown after 2 min, and finally after 5 min changed to red. The following equation describes the transition:
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Consequently, high temperature resulted in changing the replaced iron ions to iron oxide particles.

[image: art]

It might be concluded that the colour variation is due to the oxidation state of loaded iron to the bentonite.

The morphology of natural bentonite and the prepared composites at different ion exchange times was studied in this paper. The SEM images are shown in Figure 1. In Figure 1(a), the bentonite displays a leafy sheet surface texture with a loose and porous microstructure. This is a typical morphological characteristic of such material. After ion exchange, the structure of the parent bentonite displays some changes. The only difference is that the edges of the leafy sheets of bentonite seem to become thicker and the flakes’ structure was more opened.
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Figure  1:    Image of (a) the parent bentonite and (b) ion exchanged bentonite for 3 min.



Figure 2 illustrates the XRD pattern of pure bentonite and composite at different times. A typical pattern was observed for the bentonite, with an intense 2θ = 6.27 reflection relative to the basal spacing d001 (1.44 nm). The other reflections correspond to montmorillonite’s crystalline structure (2θ = 19.84°, 20.87°, 26.68°, 27.65°, 32.47°, 34.90°, 50.23° and 60.13°).12,13 These peaks appear in the patterns of alkaline ion exchange composites. After the ion exchange, the original d spacing in the montmorillonite clay decreased to 1.29 nm for 3 min. This is due to the loss of water initially present in the interlayers. Some reported data showed higher d-spacing after ion exchange, compared with bentonite.10,11 The reason may be due to the use of a salt solution for the process of ion exchange, which increased the number of ions between the layers, resulting in swollen bentonite. In this study, d-spacing of the composite is less than in the parent bentonite. Here, there are two main reasons. First, the reaction is accomplished in a solid phase, and second the high process temperature evaporates the moisture between the layers.
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Figure  2:    The XRD pattern of (a) pure bentonite and (b) ion exchanged bentonite for 3 min.



A comparison of porosity for parent bentonite and alkaline ion exchange composites by BET analysis was carried out. At first, the bentonite sample had 179.58 m2 g–1 porosity. After 3 min, porosity was increased to 202 m2 g–1. The reason is due to diffusion of iron ions to the bentonite. Given the SEM results, the porosity of composite can be enhanced by the opening of the bentonite’s flakes.

3.2           Bleaching Efficiency

When bleaching refined soybean oil, chlorophyll reduction is the most important quality parameter. Results from the bleaching runs for soybean oil using alkaline ion exchanged bentonite and commercial bentonite used as a reference are presented in Figure 3. The greatest reduction in neutralised oil using the commercial bentonite was achieved in red by a factor of 26.2% and in yellow units by a factor of 27.1%. The experimental results indicate that composite prepared for 1 min has the same efficiency in bleaching crude soybean oil with the bentonite. The highest transparency, 1.5-fold in red and 1.25-fold in yellow greater than that of neutralised oil, was obtained with the alkaline ion exchange composite prepared for 3 min. Substantial removal of colour substances makes the oil highly transparent. It is obvious that composites displayed more bleaching efficiency than the commercial bentonite currently in use by the oil industry.
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Figure  3:    Bleaching capacity by using commercial bentonite and alkaline ion exchanged bentonite prepared at different times.



Briefly, iron oxide particles enhanced removal capabilities towards various pigments in the crude oil. On the other hand, alkaline ion exchange process was found to increase the porosity, which implied an increase in surface area, and hence the adsorption capacity.

4.          CONCLUSION

The alkaline ion exchange process increased the surface area of the bentonites. Based on the test data, the highest transparency, 1.5-fold in red and 1.25-fold in yellow greater than that of neutralised oil, was obtained with the alkaline ion exchange composite prepared for 3 min. Thus, bentonite/iron oxide can efficiently decolourise crude soybean oil through removal of colouring agents like b-carotene. This process gives a good adsorbent with better bleaching properties than commercial bentonite.
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ABSTRACT: A self-custom-made ultrasound generator using piezoelectric probes has been constructed to reduce graphite layers via liquid-phase exfoliation into graphene oxide (GO) material. The ultrasound frequency and the number of piezoelectric probes are varied with values of 20 kHz, 30 kHz and 35 kHz, and 1 probe, 2 probes and 3 probes, respectively. The solutions obtained from the sonication process show a temperature increase of 1°C or 2°C compared to room temperature. Colour changes of the solution before sonication, after sonication, and after being left overnight are also exhibited; that is from dark, dark blue, to greyish blue, respectively. The solutions are then characterised using UV-Vis spectrophotometer and scanning electron microscope (SEM). The UV-Vis results show the presence of GO material at an absorbance peak of 270 nm. Increasing the frequency and number of the probes decreases the absorbance peaks of the solutions. The best GO sample solution is obtained for an ultrasound frequency of 35 kHz and using 3 piezoelectric probes. Images from SEM show rod-like carbon materials stacked on top of each other in the form of flower-like structures. The widths of these rod-like materials vary from 1 to 2 microns, whereas the thicknesses of these materials are around 300 nm to 1.5 microns.

Keywords: Piezoelectric, self-custom-made ultrasound generator, graphene oxide, liquid-phase exfoliation, exfoliation of graphite


1.          INTRODUCTION

A piezoelectric is an electronic device that may serve as a sensor or even a speaker for audible sound and ultrasound waves by exploiting the electric charges generated on certain solid materials as a result of mechanical pressure. The device has been utilised for various everyday electrical appliances such as engine and pressure sensors, sonar equipment, ultrasonic cleaning, ultrasound imaging printers and so forth.1–5 Piezoelectric is still a subject of advanced studies, including piezoelectric nanogenerator, vanadium ZnO (VZO) and lead-free 0.5[Ba0.7Ca0.3TiO3] – 0.5[Ba(Zr0.2Ti0.8)O3] (BCZT) ceramics thin films piezoelectric, omnidirectional shear horizontal piezoelectric transducer, and so on.6–9 One method to produce this device is by assembling the piezoelectric actuators to generate vibration responses with various high-amplitude modes.10 In this study, piezoelectricity is used as an ultrasound speaker incorporated into a self-custom-made ultrasound generator. The ultrasound generator is ultimately constructed to reduce the layers of graphite materials into graphene oxide (GO) materials. This is conducted by exposing high frequency ultrasound waves into graphite materials in a liquid phase. The high frequency oscillations disrupt the van der Waals bond between adjacent graphite layers such that they become exfoliated into thinner layers of GO.

The synthesis of GO based on liquid exfoliation (LE) using high frequency sound waves, a kitchen blender and electrolysis is already established.11–17 In fact, other excellent methods in producing GO on a large scale are also acknowledged, such as Hummers method, chemical vapour deposition (CVD), epitaxial growth, reduction of GO (rGO), mechanical exfoliation (ME), and recently there is also a fluid dynamic route.18–28 Here, we use piezoelectric as it is easy to obtain and economically inexpensive. Furthermore, the construction of the self-custom-made ultrasound generator is directed to give an alternative option amongst the diverse literatures of GO production. This option comprises a simple assembly and usage of the ultrasound generator, minimum cost comparable to standard sonicator, and potential ability to produce large scale GO. The present study is a significant development of a previous study with newly modified construction of the self-custom-made ultrasound generator.29 Moreover, the frequency and the number of piezoelectric probes of the ultrasound generator are varied. The objective of this study is to determine the effect of the aforementioned variables towards the exfoliation of graphite layers into GO materials based on UV-Visual (UV-Vis) spectrophotometer and SEM results. To the knowledge of the authors, this has not been reported before.

Carbon powder from Faber-Castell 2B pencils is used as a source of graphite. The powder is made into a solution consisting of surfactant contained in household detergent. The detergent is added to assist the exfoliation process.30 The addition of surfactant may generate defects upon the GO produced, but the material remains stable and in good quality.31,32

GO is a precursor in obtaining graphene. The latter is a highly sought material with outstanding physical and chemical properties such as high Young’s modulus, excellent optical transparency, good thermal conductivity, high electrical conductivity and high electron conductivity.33 Nonetheless, GO itself is vastly studied for its variety of applications, including bio-sensor, hydrogen storage, filtration membranes, biomedical and optical materials, and anti-bacterial added with silver nanoparticles and bacterial cellulose.34–45 Understanding the properties of GO and exploring its promising applications have led to a great increase of research worldwide.

2.          THE SELF-CUSTOM-MADE ULTRASOUND GENERATOR
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Figure  1:    The initial construction of the self-custom-made ultrasound generator (left-most photo) and a modification made to the piezoelectric probe installation (middle and right-most photos).



The main device used in this study is a self-custom-made ultrasound generator, which may be observed in Figure 1. The initial construction of the ultrasound generator may be viewed in the left-most picture of Figure 1.29 The apparatus needed to assemble the ultrasound generator are, from left to right of the left-most picture of Figure 1: (1) an audio generator (CSi/SPECO SS-1); (2) an amplifier (Uchida TA-2MS); and (3) an installation of piezoelectric probes. The latter installation consists of three probe assemblies, each containing three piezoelectric probes hanging freely on flexible wires span by thin wooden sticks mounted on top of a support made from an empty used-drinking water bottle wrapped with black duct tape. The triangular shaped assembly of the probes is created in order to expose ultrasound in all directions of space while minimising the number of probes used in each arrangement.


A modification is made to the probe assembly in order to improve its physical feature including making it more rigid. The modification may be observed in the middle and right-most pictures of Figure 1. The main support is made of metal with three arms reaching out at the top. A hole is located at the end of each arm, equipped with a screw to tighten the hole. The probes are placed at the end of a long metal cylinder with a diameter that may fit into the aforementioned hole. The wiring is put inside the long metal cylinder, which is perfectly shielded and safe. The height of the probe may be adjusted and tightened using the screw. The buttons on the base of the installation is used to vary the number of piezoelectric that may be exposed for each probe assembly.
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Figure  2:    Illustrations of (a) a top view of a mic condenser (dark cylinder) circulating around a probe assembly (triangle with a circle in the middle); (b) the mic condenser is put below the probe assembly.



A validation of the output frequency from the piezoelectric compared to the chosen frequency from the audio generator is conducted using a mic condenser connected to an oscilloscope (GwInstek GOS-630). An illustration is given in Figure 2. For each probe assembly, the mic condenser is put in front of each piezoelectric, one at a time as shown Figure 2(a), and below the probe assembly, shown in Figure 2(b). The result of the signal is shown on the display of the oscilloscope.

The validation test is conducted by assembling the ultrasound generator, i.e., connecting the audio generator, amplifier and probe installation. Next, the audio generator is turned on and set to a certain ultrasound frequency. The mic condenser is positioned according to Figure 2. The output from the piezoelectric may be observed on the display of the oscilloscope (Figure 3).
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Figure  3:    A validation activity of the signal output produced by the piezoelectric compared to the given frequency of the audio generator. The mic condenser (on the right) is placed in front of the piezoelectric. The output signal may be observed by an oscilloscope.



The validation test is conducted for the given frequencies of 25 kHz, 30 kHz and 35 kHz. The result of the test is given in Table 1. Based on the table, the test confirms that the self-custom-made ultrasound generator is functional, i.e., it produces the expected ultrasonic waves. The sound waves are produced in all directions, that is around (in front of) and below the probes with consistent frequencies. However, the output frequencies from the piezoelectric are a bit higher than the frequencies set on the audio generator. The difference between the actual and intended frequencies is only around 4% or less and may be caused by beats generated by the three piezoelectric probes. Therefore, we may consider these differences as uncertainty and conclude that the sound generator is ready for use in the exfoliation of graphite layers. The sonication process is done by submerging the probe assembly into a beaker glass containing graphite solution, shown in Figure 4(b).


Table  1:    Validation results of the output frequencies of the ultrasound generator.



	Position of the mic condenser with respect to the probe assembly
	Frequency (kHz)




	Audio generator

	Oscilloscope




	Around (in front of) Below
	25

	25.641




	Around (in front of) Below
	30

	31.250




	Around (in front of) Below
	35

	35.714






3.          EXPERIMENTAL

The equipment needed in this study are as follows: (1) a blender; (2) 200 ml beaker glasses; (3) a digital scale; (4) a cutter; (5) an ultrasound generator, consisting of an audio generator (Figure 4(g)), an amplifier (Figure 4(f)), and a piezoelectric probe installation (Figure 4(h)); (6) an optical microscope (AM 4515 Dinolite); (7) a thermometer; (8) UV-Vis spectrophotometer (Shimadzu UV-Vis 2450); and (9) SEM (JSM 6510 series). On the other hand, the materials used in this study are: (1) 1400 ml of distilled water; (2) 5 g of graphite powder from the carbon rods of Faber-Castell 2B pencils; and (3) 35 g of detergent consisting of 20% linear alkylbenzenesulfonate (LAS).
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Figure  4:    Illustrations of (a) weighing graphite powder; (b) weighing detergent powder; (c) blender for mixing the materials; (d) shallow dish for samples of the solutions after sonication treatment; (e) sample on the glass slide after annealing; (f) Uchida TA-2MS amplifier; (g) CSi/SPECO SS-1 audio generator; and (h) assembly of the self-custom-made ultrasound generator and submerging the probes into the solution.



The experimental phases in the synthesis of GO materials are explained as follows: (1) weighing 5 grams of detergent and 0.5 grams of graphite powder using a digital scale, as shown in Figures 4(a) and 4(b); (2) mixing the materials obtained in step (1) with 200 ml of distilled water using a blender, shown in Figure 4(c); (3) pouring equal amount of the solution into three beaker glasses; (4) placing each beaker glass under a probe assembly; (5) submerging each probe assembly into the beaker glass, shown in Figure 4(h); (6) sonicating the solution for 5 h with a frequency of 25 kHz; (7) measuring the temperatures of the solutions after 1 h, 3 h and 5 h; (8) leaving the solutions to equilibrate for one night; and (9) repeating the above procedures for frequencies of 30 kHz and 35 kHz. Next, a similar procedure as above is performed for the variation of the number of piezoelectric probes, i.e., 1, 2 and 3 probes, with a constant ultrasound frequency of 30 kHz.


Characterisation of the solutions after the sonication treatments include temperature measurement, optical microscopy, UV-Vis spectroscopy and SEM. Additional treatments are carried out in order that the solutions may be tested using optical microscope and SEM. The samples of the solutions are poured into a shallow dish, as shown in Figure 4(d). A dip coating process is done on one side of a glass slide onto the surface of the solution. The glass slide is then annealed at a temperature of 150°C for 20 min, illustrated in Figure 4(e). Subsequently, the sample on the glass slide is placed on running water, and then annealed again with the same temperature and time duration. This cycle is repeated three times.

4.          RESULTS AND DISCUSSION

Macroscopically, exposing ultrasonic waves from the self-custom-made ultrasound generator towards the solutions cause change of colour and temperature increase of the solutions. The colour of the solution before and after sonication, and also after being left overnight may be observed in Figure 5.
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Figure  5:    The solution (a) before sonication, (b) after sonication, and (c) after being left for one night.



It can be observed in Figure 5 that colour change took place on the solution after treatments and being left overnight. The initial solution was homogenously dark as it is filled with graphite carbon materials from the 2B pencils. After sonication, the solution became blue-ish around the top of the solution and darker around the bottom of the solution. However, the solution turned into greyish colour after being left overnight. Change in the solution colour indicates that exfoliation took place while the sonication process was occurring in the solution. The initial solution was dark as light was absorbed by the graphite solution. As the ultrasound was exposed into the solution, it gradually turned into dark-blue colour that remained until the sonication process was finished. However, after one night the solution equilibrated and reduced to a greyish blue colour.


The increase in the temperature of the solutions upon sonication may be shown in Table 2. It may be observed that as the number of piezoelectric probes and the frequency were increased, the solution temperatures after 1 h, 3 h and 5 h of sonication process, i.e., T1, T3 and T5, respectively, also increased compared to the solution temperature without sonication (T0), except for 25 kHz ultrasound frequency. For one piezoelectric exposing the solutions, only one degree increase of the temperature was found for T1, T3 and T5. Obviously, the highest increase of the temperature was obtained for frequency of 35 kHz, i.e., reaching 33°C for all sonication time durations. The temperature increase of the solution means an increase possibility of graphite layer exfoliation during the sonication process and it may as well contribute to the change of the solution colour.


Table  2:    Temperature measurement results of the solution.



	Variations
T0
	
	Solution temperature (°C)




	T1

	T3

	T5

	



	Number of piezoelectric probes
	1

	28

	29

	29

	29




	2

	28

	31

	31

	31




	3

	28

	32

	32

	32




	Frequency (kHz)
	25

	28

	28

	28

	28




	30

	28

	32

	32

	32




	35

	28

	33

	33

	33





Notes: T0 is the temperature before sonication; T1, T3 and T5 are temperatures after 1 h, 3 h and 5 h of sonication, respectively.

Quantitative evidence in the presence of GO materials in the solution is provided by the UV-Vis results. This may be observed in Figures 6 and 7 for variations of piezoelectric probes and frequency, respectively. The graphs are acquired by subtracting the UV-Vis data of the reference solution (pure surfactant in distilled water) with the UV-Vis data of the GO solutions.

Based on Figure 6, the existence of GO materials in the solutions after sonication may be perceived by an absorbance peak at a wavelength of 273 nm (red, green and purple arrows). This peak occurs for all number of piezoelectric probes variation. This is a distinct signature of a π → π* transition which signifies double bond carbon atoms (C = C). The shouldering peaks of the GO materials are found around 370 nm signifying n → π* transitions which show certain functional groups. Increasing the number of piezoelectric probes yields in the lowering of the absorbance values of the π → π* and n → π* transition peaks. In this case, we may think of increasing the number of piezoelectric probes as increasing the intensity of the ultrasound. Thus, exposing three piezoelectric probes produces the highest intensity of sound and hence the lowest absorbance peaks.
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Figure  6:    UV-Vis results of GO materials with number of piezoelectric probes variation.
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Figure  7:    UV-Vis results of GO materials with ultrasound frequency variation.



Similar results are obtained for ultrasound frequency variation (Figure 7). The peaks are obtained at wavelengths of 270 nm and 350 nm. The former indicates the presence of GO materials, whereas the latter points to functional groups. The absorbance values at the peaks decrease as the ultrasound frequency is increased. The lowest absorbance peak value is obtained at the highest ultrasound frequency of 35 kHz. Hence, based on the UV-Vis results, the best performing GO materials produced is by setting the number of piezoelectric probes and frequency of the self-custom-made ultrasound generator to the maximum, i.e., 3 probes and 35 kHz, respectively.


Further verification for the existence of GO materials may be obtained by observing the solidified sample of the solutions using optical microscope and SEM. Optical microscope images of the solidified solutions may be viewed in Figure 8. The images are 500X magnified with the white regions the solidified materials left on the substrate glass. We may discuss the distribution of these white regions, which are affected by different number of piezoelectric probes and ultrasound frequencies. An image of a sample before sonication given in Figure 8(a) shows large bulk of graphite materials on the centre and top left corner of the figure. These bulks of graphite layers indicate that no exfoliation occurs before the sonication process. However, after the sonication process using three piezoelectric probes and 30 kHz ultrasound frequencies, the white regions become relatively smaller and scattered throughout the sample, shown in Figure 8(b). The distribution of the materials is quite homogenous. This shows that the sonication process exfoliates bulk material of graphite layers into smaller pieces. This verifies that the graphite layers are being exfoliated during the sonication process.
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Figure  8:    Images of the sample materials through an optical microscope with 500X magnification: (a) before sonication; (b) after sonication with ultrasound frequency of 30 kHz and exposed to 3 piezoelectric probes; (c), (d) and (e) after sonication with 1, 2, and 3 probes, respectively; and finally (f), (g) and (h) after sonication with ultrasound frequency of 25 kHz, 30 kHz and 35 kHz, respectively.




Moreover, we may also look at the effect of the number of probes and ultrasound frequency variation towards the distribution of the sample materials. This is illustrated in Figures 8(c)–8(e) and Figures 8(f)–8(h), respectively. A similar outcome is produced when the number of probes and ultrasound frequency are increased, that is the size of these materials becomes smaller. It may also be observed in Figure 8(h) that the materials are distributed homogenously throughout the sample.
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Figure  9:    Images of the GO materials obtained from SEM with magnifications of (a) 500X, (b) 2000X, (c) 10000X and (d) 10000X (lateral view).



The surface morphologies of the GO materials are provided by SEM results depicted in Figure 9. The images are obtained from the sample of the solution, which is sonicated with ultrasound frequency of 30 kHz for 5 h and using 3 piezoelectric probes. The images are obtained with magnifications of 500X, 2000X, 10000X and 10000X (lateral view). Figure 9(a) shows clusters of circular islands throughout the sample and also some rod-like materials. Magnification of 2000X in Figure 9(b) of the sample shows a flower-like structure of broken-rod like materials stacked on top of each other. A rod-like material is obviously seen crossing the flower-like structure. Stacking of materials with layers may be observed in Figure 9(c). The widths of these materials are around 1 to 2 microns. Finally, a lateral image is also provided in Figure 9(d) where layering of materials is perceived with thicknesses of around 300 nm to 1.5 microns.


5.          CONCLUSION

The effects of the number of piezoelectric probes and ultrasound frequency in a self-custom-made ultrasound generator to exfoliate graphite layers into GO materials have been presented. The best performing GO material is obtained by preparing the ultrasound generator to its maximum settings, i.e., 3 piezoelectric probes and ultrasound frequency of 35 kHz. The UV-Vis results show an absorbance peak at around 270 nm, which indicates the presence of GO materials. Moreover, the SEM images show the stacking and layering of GO in the form of broken rod-like materials with widths of 1 to 2 microns and thicknesses of 300 nm to 1.5 microns. This study is a continuing endeavour of constructing simple and inexpensive devices in order to study novel materials such as GO.
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ABSTRACT: Polypyrrole-multiwall carbon nanotubes (PPy/MWCNT) nanocomposites were synthesised by in-situ chemical oxidative polymerisation method. The MWCNTs were functionalised prior to the formation of nanocomposites. These nanocomposites were characterised by field emission scanning electron microscopy (FESEM), X-ray diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy and thermogravimetric analysis (TGA) to study the effect of incorporation of functionalised MWCNT in PPy matrix. The results showed the successful formation of PPy/MWCNT nanocomposite and there is significant interaction between PPy and MWCNTs. The response of the prepared PPy/MWCNT nanocomposites sensors was studied in the form of sensitivity towards ethanol vapours. Results showed that the response increases with ethanol concentration and it is also affected by the MWCNT content in PPy matrix.
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1.          INTRODUCTION

Carbon nanotubes (CNTs), discovered by Iijima in 1991, have promising applications in the field of nanoscience and nanotechnology due to their excellent electrical, thermal and extraordinary mechanical properties, and their suitability as conducting filler in polymer composite.1 Owing to their large surface-to-volume ratio and presence of defects and porous structure, CNTs offer effective binding sites for gas molecules. The gas molecules adsorbed on the CNT surface influence its electrical parameters such as resistance and capacitance. CNTs demonstrate great potential in next-generation sensor technology because of their stable properties.2


Conducting polymers have received much attention due to their potential applications in electronic devices, super capacitor, batteries, sensors and many other fields.3 Among several conducting polymers, polypyrrole (PPy) has been studied extensively in the recent years due to its high electrical conductivity along with high stability upon exposure to ambient conditions, easy synthesis, good environmental stability and cost effectiveness.4–6 Also, PPy possesses several excellent qualities and stimulus-responsive properties that make it a very promising “smart” nanomaterial.7

Over the last two decades, nanocomposites based on CNTs and conducting polymers have been widely investigated for developing new class of multifunctional advanced materials. Such materials possess unique and superior properties due to the synergistic effects resulting from combination of these two kinds of material.8 The PPy-CNT nanocomposites are synthesised especially with core-shell morphology by various methods.9–13 Among these methods, chemical oxidisation is simple, fast, cheap and easily scaled up.14

The importance of ethanol detection is well understood as ethanol is common volatile organic compound (VOC) in the industry for alimental manufacturing, cosmetic production and organic synthesis. The ethanol sensors find applications in various areas such as alcohol detection in driving enforcement, monitoring of fermentation and other processes in chemical industries. The exhaled breath of a human being contains many VOCs such as acetone, methanol, ethanol, propanol, etc., and thus analysis of such VOC present in breath has proven to be important for reliable clinical diagnosis of lung cancer.15–17 Also, breath analysis provides a fast and non-invasive diagnostic technique, as it can be done directly in the gas state. Therefore, ethanol is one of the biomarkers in lung cancer detection.

The use of conductive polymer-carbon nanotube nanocomposites has gained a lot of attention due to their outstanding properties such as having very high specific surface area, small size, high electrical conductivity and thermal stability. An immediate response of their electrical properties with the adsorption of gas molecules makes CNT a very important sensing material.18,19 Several types of materials are used to fabricate the VOC sensors composing “e-noses.”20–22 However, the use of conductive polymer-based nanocomposite material has the advantage of operating at a room temperature and their selectivity can be tailored easily by changing the chemical nature of their polymer matrix.

In the present work, synthesis and characterisation of PPy/MWCNT nanocomposite was carried out by varying the MWCNT content, keeping PPy composition constant. MWCNTs were used as nanofillers in polymer matrix and serve as conducting channels. Their chemo-electrical behaviour of nanocomposite to ethanol vapour over a wide range was investigated at room temperature and the effect of MWCNT filler content on its sensing behaviour was also studied.

2.          EXPERIMENTAL

2.1           Synthesis of PPy/MWCNT Nanocomposites

MWCNTs used in this work were acquired from Sigma Aldrich. The pyrrole monomer used was received from Spectrochem (Mumbai, India), while ammonium persulfate (APS) used as oxidising agents was acquired from SDFC (Mumbai, India). All these reagents used were analytical grade.

MWCNTs were functionalised by using acid boiling reflux treatment. In this method, 500 mg MWCNTs were suspended in a mixture of H2SO4/HNO3 (3:1). The sample was stirred magnetically at 80°C for 12 h. The final functionalised MWCNT product was obtained by filtering, washing and drying the mixture.

Pristine PPy and PPy/MWCNT nanocomposite samples were prepared by in-situ chemical oxidative polymerisation. In the synthesis of PPy/MWCNT nanocomposite, a certain amount of functionalised MWCNTs and 50 μl Triton X-100 were dispersed into 50 ml distilled water by probe sonicating for 1 h. The Triton X-100 is surfactant and used to enhance the dispersion of MWCNTs into water. The pyrrole monomer (2 ml) was added and the mixture was magnetically stirred for 10 min. A 1 M HCl (50 ml) was added to the solution. An aqueous solution of 0.55 M APS (50 ml) solution was prepared and added drop-by-drop into pyrrole-MWCNT with constant stirring for 30 min. The stirring was continued for next 12 h and let the dispersion stand for 4 h in ice-water bathing. Finally, the PPy/MWCNT nanocomposite powder was obtained by filtering the mixture, washing with water, ethanol and methanol, and drying in an oven at 60°C for 12 h.

By varying the MWCNT contents (such as 5 mg, 10 mg, 25 mg and 50 mg), four PPy/MWCNT composite samples were prepared, keeping molar concentration of PPy fixed. The resulting composite samples were named as PPy/MWCNT5, PPy/MWCNT10, PPy/MWCNT25 and PPy/MWCNT50. The pristine PPy sample was also prepared by the similar procedure as described above except use of MWCNTs and Triton X-100.

2.2           Characterisations

The morphology of PPy and its nanocomposite samples was analysed by Hitachi S4800 field emission scanning electron microscopy (FESEM). X-ray diffraction (XRD) pattern of all the samples was recorded using Bruker D8 Advance diffractometer with Cu Kα radiation. Fourier transform infrared (FTIR) spectrum of samples was obtained using a Shimadzu IR spectrometer in KBr medium to ensure functional groups. TGA was performed using a Perkin Elmer 4000 thermogravimetric analyser in temperature range from room temperature to 700°C with heating rate of 20°C min–1 to study the thermal degradation of the samples.

2.3           Sensor Preparation

The sensor was made by depositing nanocomposite material on interdigited electrode (IDE) made from copper clad. The interdigited electrode was made from glass epoxy copper clad of dimension 2 cm × 1.3 cm. The track size as well as spacing between tracks of IDE electrode is 1 mm. The nanocomposite powder was dissolved in N,N dimethylformide (DMF) and drop casted on interdigited electrode plate made form glass epoxy copper clad. The sensor was then kept in oven at 60°C temperature for 4 h so as to evaporate and to completely remove the remnant DMF. The IDE sensor is schematically represented in Figure 1.
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Figure  1:    Schematic representation of IDE sensor, with (a) top view, and (b) side view.



2.4           Ethanol Sensing

The gas sensing properties of PPy/MWCNT composite at room temperature were tested in indigenously designed gas sensing equipment consisting of 500 ml glass container with gas inlet and outlet port. The DC resistance was recorded by Keithley 2000 digital multimeter.

The response magnitude S of sensor was defined as:

[image: art]


where Ra and Rg represented resistance in air and that of gas for different concentrations, respectively.

3.          RESULTS AND DISCUSSION

3.1           Characterisations of Samples

The FESEM images of pure PPy, PPy/MWCNT nanocomposite and functionalised MWCNT are shown in Figure 2. The FESEM image of MWCNTs shown in Figure 2(a) demonstrates several nanotubes with diameter ~10 nm, which are loosely entangled. The FESEM image of PPy as observed in Figure 2(b) has cauliflower-like morphology with grain size 100–400 nm.23 The FESEM images of Figure 2(c) and Figure 2(d) for PPy/MWCNT composites shows the same morphology as for pristine PPy with reduced grain size. The grain size observed for PPy/MWCNT5 sample has in the range 150–200 nm, while for PPy/MWCNT50 sample, it is 80–100 nm. This may due to the increase in MWCNT content. The MWCNTs in the PPy/MWCNT composites are not visible due to excess aggregation of PPy on MWCNTs due to more composition of PPy as compared to MWCNTs.
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Figure  2:    FESEM images of (a) MWCNT, (b) PPy, (c) PPy/MWCNT5 and (d) PPy/MWCNT50.




The XRD pattern of PPy, PPy/MWCNT nanocomposites and MWCNTs are shown in Figure 3. The pristine PPy exhibited a broad diffraction peak at 2θ = 15°C–33°C, which showed that the PPy is in amorphous nature. The spectra for MWCNT showed the peaks at 2θ = 24.4° and 43° corresponds to (002) and (100) reflection of carbon atoms.23 The XRD pattern of PPy/MWCNT showed the characteristics of PPy as well as MWCNT. The overlapped diffraction peaks of MWCNT with PPy depict the formation of PPy/MWCNT nanocomposite by in-situ polymerisation synthesis process.24
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Figure  3:    XRD patterns of (a) PPy, (b) PPy/MWCNT5, (c) PPy/MWCNT10 and (d) MWCNT.



The FTIR spectra for pristine PPy, MWCNT and PPy/MWCNT nanocomposites are shown in Figure 4. The FTIR spectra of MWCNT exhibited two intense peaks at 1390 cm−1 and 1535 cm−1 which attributed to bend vibration of the O-H group and carbonyl, respectively. The small intense peak at ~1700 cm−1 corresponded to the C=O stretching vibration mode, representing the formation of the carboxylic groups. A broad peak at 3460 cm−1 represents a characteristic of an O-H stretch, which is observed due to alcoholic or phenolic carboxylic groups. This result showed that the MWCNTs successfully oxidised into carboxylated CNTs.25 In the spectra of pristine PPy, the peaks obtained at 1562 cm−1 and 1395 cm−1 corresponded to the anti-symmetric and symmetric C-C stretching vibration respectively in pyrrole ring. The small peak at 1300 cm−1 is related to the C-N in-plane, and the peaks at 1210 cm−1 and 1055 cm−1 are associated to the C-H bending modes while the band for C-H out-of-plane deformation vibration was observed at 898 cm−1.24 The peak appearing at 680 cm−1 corresponds to ring deformation.26 It is observed that all the peaks appearing in the fingerprint region of PPy are also observed in the FTIR spectra of PPy/MWCNT nanocomposites. This indicates that the main constituents of PPy and its nanocomposite with MWCNTs have the same chemical structure.
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Figure  4:    FTIR spectrum of (a) PPy, (b) PPy/MWCNT5, (c) PPy/MWCNT50 and (d) MWCNT.



TGA measurements were carried out to investigate the effect of incorporation of functionalised MWCNT on thermal stability of PPy/MWCNT. The results for few PPy/MWCNT nanocomposites are shown in Figure 5. For comparison, the TGA analysis of pure PPy and functionalised MWCNT are also shown in this figure. It is observed that the pure PPy was stable in the temperature range up to 250°C and shows only about 12% mass loss. This loss in weight may occur due to dehydration of the PPy. However, a rapid weight loss takes place after 250°C, which corresponded to the complete degradation and decomposition of PPy at different polymerisation stage.24 The functionalised MWCNTs are comparatively more stable and showing no dramatic decomposition, with a 18% mass loss occurred in observed temperature range.27 This loss may due to the decomposition of functional groups (such as C=C and COOH) present in MWCNTs. As compared to pure PPy, the PPy/MWCNT nanocomposite samples showed slower decomposition. The thermal stability of PPy/MWCNT samples increased with the increase of the MWCNTs content in PPy. This indicated that the addition of the functionalised CNT had improved the thermal stability of PPy/MWCNT nanocomposites and there exist interfacial interaction between MWCNTs with PPy shell.25,27 It is important to point out that MWCNT decomposed in one stage whereas PPy decomposed in two stages until it was completely decomposed at approximately 660°C.28
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Figure  5:    TGA curves of (a) pure PPy, (b) PPy/MWCNT5, (c) PPy/MWCNT25 and (d) MWCNT.



3.2           Ethanol Sensing by Resistive Response

At the beginning of test, the sensor was exposed to air in glass container and the measured resistance of the sensor was equal to Ra. The sensor was then exposed to ethanol vapour by injecting desired ethanol vapour in glass container with syringe pump. The change in resistance was recorded as Rg. It was observed that the resistance of the sensor changed abruptly on exposure to ethanol and returns to some steady value. Thus, a sharp spike was observed on exposure of sensor with gas. The ethanol vapour was then withdrawn from glass container using vacuum pump, so as to expose the sensor to air again. The measured resistance was returned to almost its original value, Ra.

All the samples were exposed to 0.02%, 0.1%, 0.2%, 0.3%, 0.4%, 0.6%, 0.8% and 1.0% volume of ethanol vapour concentrations. The response of the sensors for all nanocomposite samples was calculated in terms of percentage sensitivity using Equation 1. The sensitivity values were averaged over three cycles of measurement and are listed in Table 1. The variation of sensitivity with variation in ethanol concentration is shown in Figure 6.


Table  1:    Sensitivity of PPy and PPy/MWCNT nanocomposites to different ethanol vapour concentrations.



	% Volume of ethanol
	% Sensitivity




	PPy

	PPy/MWCNT 5

	PPy/MWCNT 10

	PPy/MWCNT 25

	PPy/MWCNT 50




	0.02

	1.47

	2.10

	3.07

	5.29

	4.87




	0.1

	2.53

	5.39

	7.94

	13.40

	11.64




	0.2

	3.86

	7.16

	9.35

	15.93

	14.70




	0.3

	4.72

	8.01

	10.50

	17.00

	15.92




	0.4

	4.46

	7.77

	11.40

	18.54

	17.31




	0.6

	5.19

	8.47

	12.01

	21.72

	19.29




	0.8

	5.72

	8.60

	14.05

	22.11

	20.22




	1.0

	6.65

	9.65

	14.20

	24.01

	22.08
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Figure  6:    The sensor response as a function of ethanol concentration for PPy and PPy/MWCNT samples at various MWCNT contents.




The sensitivity increases rapidly with increase in values up to 0.3% of ethanol concentration and increases slowly thereafter. It was observed from Figure 7 that the sensitivity varies with MWCNT content indicating that sensitivity of the composite sensors influenced by varying the MWCNT content in the PPy. It is predicted from the Figure 7 that response is maximum in the range 25–40 mg MWCNT content. The trend of change in sensitivity with MWCNT content was similar for all concentrations of ethanol vapour.
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Figure  7:    The sensor response as a function of the MWCNT content for different ethanol concentrations.



It is worth to note that all the sensors exhibit a strong positive vapour coefficient (PVC) effect when exposed to ethanol vapours. This means that the resistance of the sensors increases with ethanol vapour sorption and decreases with its desorption in air. The response for typical sensor is shown in Figure 8. It can be observed that the response time is about 5 s while the recovery value is about 15 s. Such kind of transient response can easily operate electronic switching devices and can be used to develop VOC electronic sensing unit. The values reported in the Table 1 reveal that the sensitivity for pure PPy sample is less compared with all other nanocomposites and maximum for the nanocomposite having 25 mg MWCNT content. The sensitivity decreases for nanocomposites having higher MWCNT content.
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Figure  8:    Ethanol response (%) vs. time curve of PPy/MWCNT25 sensor at room temperature.



The thickness of the polymer layer deposited on the MWCNT has a significant effect on the sensitivity of composite sensors. The sensing mechanism of pristine MWCNT based sensor depends upon electron transfer mechanism that occurs due to simple adsorption of VOC molecules on MWCNT surface.29 These VOC molecules on MWCNT surface form a thin insulating coating, which is, in turn, forcing the electronic transfer by tunnelling at MWCNT-MWCNT junction.30

The sensing mechanism of polymer coated MWCNT nanocomposites is based on the swelling of this thin polymer layer on MWCNT due to solvent molecules diffusion, which is assumed to be responsible for the strong PVC response observed. An increase in MWCNT-MWCNT junction gap produced due to swelling of VOC molecules by polymer can cause an increase in resistance as represented in Figure 9. In the presence of gap at MWCNT-MWCNT produced due to swelling of VOC molecules, the electron can jump from MWCNT to MWCNT provided that they have enough potential energy to do so and if the gap is less than few tens of nm.31 Thus, the electron transportation is mainly produced by quantum tunnelling, which in turn leads the contact resistance between MWCNT to increase exponentially with the gap at MWCNT-MWCNT junctions according to the quantum resistive conduction model of Equation 2:
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where ΔR/R0 is the tunnel relative resistance variation, whereas a and b are positive constants and ΔZ is the gap variation between MWCNTs.32
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Figure  9:    Schematic representation of sensing mechanism due to junction gap variation (a) in dry air, (b) in presence of ethanol vapour.



Therefore, the swelling of PPy layer caused by ethanol molecules affects the conduction by tunnelling as the conductive network formed by MWCNTs is gradually disconnected. However, increase in PPy layer thickness can increase diffusion time of ethanol molecules at MWCNT-MWCNT junction, consequently slowing down their disconnecting dynamics.33 The decrease in thickness of polymer over MWCNT with increase of MWCNT content leads to decrease in diffusion time of VOC molecules; however the probability of disconnection of CNTs is less. Therefore, the sensor with polymer nanocomposite having less MWCNT content has higher sensitivity than nanocomposite has higher MWCNT content.29 It is observed that for the PPy/MWCNT25 nanocomposites under study, the sensor corresponding to 25 mg MWCNT content has highest sensitivity due to best compromise between junction gap and diffusion time.

4.          CONCLUSION

A PPy/MWCNT nanocomposite for different MWCNT content has been successfully synthesised by in-situ chemical oxidative polymerisation. FESEM images conform that PPy has successfully formed on the surface of MWCNTs. XRD and FTIR spectrum revealed the incorporation of MWCNT into the PPy matrix. TGA analysis showed that the thermal stability of polypyrrole improved significantly by the formation of composite with MWCNT. The PPy/MWCNT nanocomposite sensors show excellent sensitivity to ethanol vapours at room temperature with fast response-recovery. The content of MWCNT in the PPy significantly affects the sensitivity towards ethanol. The most sensitive PPy/MWCNT nanocomposites sensor to ethanol vapours obtained with 25 mg MWCNT content and found to be the best compromise between junction gap and diffusion time.
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ABSTRACT: The persistent growth in the global population has accounted for the continuous increase in the use of gasoline-based automobile engines. Although the application of gasoline additives such as tetraethyl lead (TEL), oxygenates and metal carbonyls like methyl cyclopentadienyl manganese tricarbonyl (MCT) has been considered suitable for gasoline quality upgrading, the numerous challenges that include environmental pollution and destruction to catalytic converters attributed to search for better valorisation options. The hydrogenation of hydrocarbon fractions from petroleum refining is a forefront issue recently adopted by refineries worldwide. The process involves the incorporation of suitable catalytic systems under hydrogen atmosphere to upgrade hydrocarbons into similar derivatives of better gasoline properties. The paper carefully tailored a series of recently published literature on the various aspect of the hydrogen process with emphasis to catalyst design and testing, mechanisms, industrial perspective and challenges. Areas for further investigations were also discussed.
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1.          INTRODUCTION

Hydrocarbon fuels are usually obtained from petroleum fractions. Depending on application and environmental constrain associated with production, they are blended with other specific hydrocarbon components to produce a variety of very high grade fuels.1,2 Meanwhile, it is a well-known fact that the major components of fuel used in internal combustion engines comprise mainly of straight chain and isomers of light and medium alkanes with specific concentration of aromatics due to environmental policies, but are good for the optimisation of octane number.1–5 Refinery operations generally produce several streams of products that are typically quantified as functions of hydrocarbons sources used in various processes in generating high grade fuels. However, all these products contain valuable petrochemical components which at stages of productions require improved processing to extract them in more valuable forms. Research indicated that petroleum-based fuels are popularly used as a major commodity for transportation system and industrial based applications.6,7 Research has also revealed that the global refinery construction will still grow for many decades to come despite the low margin reported for growth over supply.8 The growth was projected historically at a high rate and that by 2025 every region of the world is expected to see a refinery conversion capacity for more valuable products growing faster than distillation with only 1.3% to 2.4% per annum for distillation compared to 2.4%–0.5% per annum for conversion as illustrated in Figure 1.
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Figure  1:    Global refining capacity and capacity additions.8



Generally, the global conversion/distillation ratio had been projected to grow by ~10% annually. However, maximising the products will strongly depend on refining industries to devise a more satisfying route for production of high quality fuels especially for cetane/octane numbers and adherent to environmental constrains. For instance, the growth in the content of aromatic ring compounds in Fluid Catalytic Cracking Unit (FCCU) feedstock necessitates their conversions into more useful compounds. The naphthenic ring opening catalytic process accounts for monocyclic, dicyclic and polycyclo-paraffins which could be further converted into iso-paraffins by side chain reaction to maximise and produce quality fuel.9


Hydrogenation process is a well-known method to have been used in refinery over many decades. It has the advantage of converting various hydrocarbons to most valuable ones, ranging from dealkylation of aromatics, opening of naphthenic rings, hydrocracking of paraffin chains, removal of hetro-atoms and saturation of carbon-carbon bonds (see Scheme 1).10 For instance, hydrogenation reaction can proceed through the addition of adsorbed hydrogen molecule on catalyst surface to the unsaturated bonded atom to form a corresponding saturated alkane.11–14 It also has the advantage to open up an unsaturated ring and removal of hetro-atoms into any hydrocarbon formed molecules.15–19
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Scheme 1:   Typical hydrogenation units and products for fuel range blending.



Hydrogenation is an important process in petroleum refining with an estimated economic benefit of around 6 million US dollar/year on an average scale refinery.20 The process could also be effectively utilised in the process of coal, tar sand and shale exploration that provide cleaner burning fuels. Literature works suggested many available commercial catalysts, but the catalyst systems are typically by aimed process of the hydrogenation involved in the refinery. However, each process has individual preferential selectivity, but is mainly of Mo, Ni and Co supported alumina-based catalyst system for severe hydrogenation process is well known.21–28 For instance, cobalt molybdenum is used for hydrodesulfurisation (HDS) and nickel molybdenum for hydrodenitrogenation (HDN) efficiency, but the efficacy of different catalysts used appears to be based on reactivity and effectiveness of the process. Meanwhile, other active materials such as catalyst systems of noble metals, zeolites, mesoporous molecular sieves and some other non-oxide supports have also been evaluated.29–35


The issues of hetro-atom removal with respect to the hydrogenation of the olefins require a special control mechanism for optimum octane rating.19 However, selectivity of the process is influenced by many factors such as the catalyst promoters for HDS, but the effect is also reported for the olefins hydrogenation and the aromatic counterparts.36–41 The structure of the individual reactants has also been pointed out for the effective reactivity of the catalyst.

The paper presents a review on the role of heterogeneous catalyst systems for the hydrogenation (i.e., upgrading) of hydrocarbon-based fuels into blending grade ones. Emphasis would be given to catalyst development and activity evaluation during hydrogenations of unsaturated hydrocarbons, aromatics and naphthenic rings opening into paraffins. The paper will provide a baseline for identifying the progress made and the ways forward. The use of catalysts is widely known for the processes. However, the main catalyst systems were identified as cost effective especially for the necessity for conversion of hydrocarbons to more useful compounds and environmental sustainability that would be achieved. Therefore, the paper will mainly focus on these catalytic systems. Noble metals (i.e., platinum group metals like Pt, Pd, Ru, etc.) and composite transition metal catalysts based on nickel, molybdenum, and cobalt and their various supported analogues were reportedly studied for hydrogenation of unsaturated hydrocarbons, aromatics and the naphthenic ring opening. The paper covers concise details on these materials, with emphasis on their activities and operation conditions. Hydrocarbons conversion into iso-paraffins on the catalyst acidic sites and factors responsible for catalyst deactivation would also be discussed.

2.          HYDROGENATION REACTION IN PETROLEUM INDUSTRY

The hydrogenation reactions of hydrocarbon feedstocks are extensively carried out in petroleum refineries. The practice usually employs the use of metallic/acidic catalysts at elevated temperature and hydrogen pressure conditions. The hydrogenation process in refinery constitutes versatile activities of a number of important reactions, which includes the removal of hetro-atoms such as sulphur, nitrogen and metals, saturation of olefins and aromatic, opening of naphthenic rings, and to improve the H/C ratio in hydrocarbon range fuels. The main primary objectives are as follows:


	Removal of sulphur from gasoline blending components to meet the recent clean fuel specifications and downstream processes.

	Removal of sulphur from diesels and kerosene for heavy engines and home heating, respectively.

	Conversion of kerosene to jet fuel through mild aromatic saturation.

	Removal of hetro-atoms for efficient catalyst activity in FCC.

	Hydrocarbon rings opening and saturation of olefins into paraffin which could further be converted into iso-paraffins for cetane/octane improvement.


In a generic form, these refinery hydrogenation processes could be presented as shown in Scheme 2 given below:
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Scheme 2:   A generic form of hydrogenation reactions in refinery.



2.1           Hydrogenation of Unsaturated C4-C8 to Alkanes

The hydrogenation reaction involved the addition of absorbed hydrogen on the catalyst surface to the unsaturated hydrocarbon in the feed and producing the corresponding paraffin. A simple generic mechanism is outlined in Scheme 3 below.
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Scheme 3:   Illustrative mechanism for hydrogenation of hydrocrabons.




Hydrogenation of hydrocarbon is exothermic and produces a significant amount heat.42 However, alkynes are thermodynamically less stable than the respective alkene due to the nature of their bonding and strongly adsorb catalyst surfaces. Highly unsaturated hydrocarbons are sometimes hydrogenated into corresponding olefin depending on demands. Producing the desired alkene rather than the alkane, however, in catalytic hydrogenation, may be difficult because there are significant numbers of hydrogenation catalysts effective in promoting the addition of hydrogen but fewer are selective in that aspect. Palladium (Pd) is known to be a good metal candidate for selective hydrogenation of highly unsaturated hydrocarbon but even with Pd, catalysts may be partially deactivated as in Lindlar’s catalyst or poisoned as in the addition of carbon monoxide in ethyne hydrogenation, to limit the production of the alkane. Although alkene hydrogenation is inhibited by the presence of alkynes, in the absence of the alkyne, research indicates that the alkene will react more rapidly.43 Research has also shown that in a competitive environment, the alkyne can influence the reactivity of other alkynes and alkenes.44,45 Hydrogenation of unsaturated bonds is considered a very important catalytic technique in refinery operations. Ideally, hydrogenation can be performed at low temperature of ~100°C or below and relatively low hydrogen pressure of typically 10–15 bar in a catalyst system constituting noble metal such as Pt, Pd, Rh and Ru. However, catalyst system constituting metals such as Ni, Co, Sn and Mo, etc., required a high temperature and high hydrogen pressure but are cheaper and more accessible.

One of the early hydrogenation reactions was performed by Bond.11 In the study, the reaction of ethylene and propylene was demonstrated. The reaction was performed using Pt/Al2O3-support and Ir/Al2O3-support in mild temperatures ~20°C–150°C to observe the interaction of the olefin and the deuterium and compare to hydrogen feed to understand efficacy of the used catalyst on the hydrogenation activity of the tested olefin reactants. The interaction of the tested catalyst gives only small amount of deuteron-olefin and HD [ratio p(deuteron-olefin)/p(paraffin)] <0.1 the rate of double-bond migration relative to hydrogenation are low but the relative of olefin exchange generally increases with decreasing PH2,D2/PO and increasing temperature.

Boitiaux et al. worked on the liquid phase hydrogenation of unsaturated hydrocarbon 1-butene, 1,3-butadiene and 1-butyne at 20°C and 20 bar.14 Roughly 80% conversion was obtained during the hydrogenation of 1-butene to butane over the Rh/Al2O3 catalyst. However, unlike reactions over Pt/Al2O3, butane was not the sole product formed because double bond shift and isomerisation are also observed with Rh/Al2O3.46 High conversion was also observed with 1,3-butadiene over the Rh catalyst, and several other products were also observed in addition to the main 1-butene product which includes tran-2-butene, butane and cis-2-butene. 1-butene hydrogenation also begins after a high conversion of 1,3-butadiene is achieved. The hydrogenation of 1-butyne over Rh catalyst generates only 1-butene which appears at the very beginning of the reaction. The hydrogenation reactions with Rhcatalyst are very sensitive to metallic dispersion compared with Pt and Pd catalyst. However, hydrogenation of the 1-butyne over the complete range dispersion Rhcatalyst close to 100% deactivates the catalyst. The hydrogenation of 1-butene is completely in line with the other tested catalyst with increasing activity order Pt < Pd < Rh. This order remains the same with Pt and Rh (Pt < Rh) for butadiene and butyne hydrogenation but Pd is by far more active than others.

2.2           The Hydrogenation Activity

2.2.1        Hydrogenation in ring opening for gasoline fuel

Ring opening reactions are primarily performed in the refinery to meet an increased demand in diesel products. For example, refineries in Europe have the option to blend light cycle oil (LCO) fractions from Face Centred Cubic (FCC) process to maximise the diesel production, but this does not generally meet the requirements currently placed on diesel specifications. This is because due to high amount of polyaromatics compound around ~48%–69% and a low cetane number of ~18–25 which contradicts the European guidelines that limit the polyaromatic blending speciation to ~11% and a minimum cetane number of 51.47 Therefore, the polycyclic components are hydrotreated and more significantly lowered by hydrogenation to improve the cetane number. However, ring opening was employed thereafter to further improve the cetane number and enable the light cycle oil to be more significantly used in the diesel blending. This is illustrated in Scheme 4.
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Scheme 4:   Improving the cetane number of fuel via ring opening process.




Ring opening significantly increases the cetane number of a molecule as illustrated, starting from aromatic cycle into ring molecule and converted to liner or mono branched paraffin all at the backbone of hydrogenations. Ring opening is selective towards the desire paraffin and could be done using metal, acid and bifunctional catalyst raging from simplest methylcyclohexane to a complex naphthenic ring molecule. The reaction of complex napthenic ring such as decalin and tetralin is often hindered by a number of problems in the reaction pathways due to complexity and nature of the rings. Therefore, the reaction requires more details to understand the ring opening mechanism and suitable catalyst system.48

It had been reported that some of the ring opening processes occur via sequential dehydrogenation, protonation and protolytic-dehydrogenation which then crack to produce the open structured hydrocarbons. Others include isomerisation reaction, hydrogenation and hydride transfer because the reaction mechanism involves hydrogenation acid mediated cracking and isomerisation. However, the widely known method is performed via acid catalysed ring opening widely studied on zeolites. Several studies have been performed to study the acid catalysed ring opening of decalin which revealed that decalin opening using zeolites occurs by ring contradiction via isomerisation as illustrated in Scheme 5.49–53
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Scheme 5:   Illustration of ring contradiction and skeletal isomerisation using cyclohexane as a model compound.



Studies by Kubička et al. reveals that the activities are usually Bronsted influential and were best obtained with moderate Bronsted acidity catalyst such as Hβ-25, Hβ-75 and HY-12 zeolite.50 There is nearly no activity reported for catalyst with low Bronsted acidity such as MCM-41[50]. However, fast deactivation is recorded with strong Bronsted acid catalyst such as (H-mordenite-20) due to coke deposition. Generally, ring opening observed over acid catalyst proceed via the Bronsted acid sites and performed by protolytic dehydrogenation followed by carbenium ion formation through ring contradiction, β-scission, alkylation and hydride transfer.50,54


Selectivity of ring opening of naphthenic molecule is investigated using several metals. McVicker et al. studied the selectivity using Ru, Rh, Ni, Ir and Pt, and reported that Rh, Ni and Ru showed similar preferences over the cleaving of unsubstituted C-C bonds.55 Ir showed high selectivity compared to the all tested metals, while Pt metal showed less selectivity but can cleave the substituted C-C bond. Approximate statistical production distributions were formulated by Gault.56

Another similar investigation showed that metals such as Rh, Ir, Pd and Pt may improve single hydrogenolysis among eleven studied catalysts.57 In a cited example, hydrogenolysis of 3-methylpentane and methylcyclohexane was obtained using these metals. It was revealed that the isomerisation, C5 ring opening and closure activity of these catalysts (Rh, Ir, Pd and Pt) could be correlated to their FCC structure and atomic dimensions. However, when Co, Ni, Ru, Cu, Re, Ag and Os were employed, multiple fragmentations were observed leading to formation of less than 7-carbon atoms. Meanwhile, literature showed that Ir catalysts have high activity and selectivity toward ring opening of C5 and C6 monocyclic molecules, but several reports show that C6 ring opening of molecule is enhanced by the use of bifunctional catalyst.55,58–65 This also followed the mechanism of the C6 to C5 contradiction on the acid site and the openings of the C5 ring on the metal site.55

Ring opening of naphthenic molecule had been reported to occur via three distinct processes:


	Non-selective mechanism involving the cleavage of the C-C bond of the ring with an equal chance of breaking any of the C-C bonds in the ring.

	Selective mechanism involving the breaking of only unsubstituted C-C bonds usually known as dicarbene mechanism.

	Partially selective mechanism involving the competing of both the non-selective and the selective mechanism as explained above.


The reaction condition employed were typically ~380°C and ~3 MPa pressure. However, temperatures between 250°C–400°C and pressures between 2–5 MPa were also claimed. Arribas et al. studied the conversion of tetralin under temperature conditions of 250°C–325°C in the presence of hydrogen gas as a co-feed.66 It was observed that high activity of catalyst was obtained at high temperature reaching (>95%) and production of high cetane number products was also achieved reaching to about ~20% due to significant cracking activity expected to occur at high temperatures. However, this also relates to the topology of the zeolite support used as further argued in similar work.


Several literature results revealed that good support and active metal combination are very critical in achieving optimal ring opening reactions. The effect of Al2O3 and SiO2-Al2O3 support was reported by on the activity of Rh-Pd catalyst for the conversion of decalin at 350°C and 3 MPa.67 The gasoline conversion of the decalin and the selectivity of the ring opening products were increased using the SiO2- Al2O3 support (Rh-Pd/SiO2-Al2O3) to ~45.9% and ~55.8% respectively compared with ~19.3% conversion and ~5.4% selectivity over the Rh-Pd/Al2O3 catalyst. This signifies that promoting the acidity of a catalyst produces better activity. In another related investigation, it was revealed that Al2O3 support could make a better Rh-Pd catalyst for the conversion of methylcyclohexane at 400°C and 3.9 MPa compared with Rh-Pd/SiO2 catalyst.68 About ~99% conversion was obtained with Rh-Pd/Al2O3 compared with ~80% obtained with Rh-Pd/SiO2 catalyst. Zirconia was also reported to be a good support for bifunctional catalyst.69 Zirconia has the ability of fine tuning acidity by controlled W deposition. Nonetheless, zirconia is not a typical industrial catalyst support due to textural and mechanical constraints. However, Lecarpentier et al. and Lecarpentier revealed that Ir deposit on WOx/ZrO2 support gives high performance bifunctional Ir/WO3/ZrO2 catalyst for selective ring opening reaction of methylcyclohexane.58,70

Dopants were also reported to enhance the selectivity and activity of a ring opening catalyst. The use of alkali metals to influence decalin conversion and selectivity to ring opening products was reported.71 From the investigations, Ir/H-β zeolite was exemplified as the catalyst material. When the catalyst was doped with various alkali metals, best conversion and selectivity were obtained with Ir/Rb/H-β doped catalyst about 100% conversion and 52% selectivity. Whereas, the least conversion and selectivity were obtained with Ir/Li/H-β doped catalyst, about 78% conversion and 37% selectivity. This showed that Rb species were more active compared to the other alkali species in the group. The dopants generally modify the acid sites of the H-β material and also reduce the cracking process of the reaction as shown in the paper. In another related paper, influence of Na addition on Pt-Ir/Al2O3 catalyst was studied on the reaction selectivity of ring opening of decalin and cyclopentane. It was revealed that the interaction between the Pt and Ir metals increases with the presence of the doped-Na and as a result, the catalytic properties of the catalyst was also modified. Increase ratio of (parameters of demanding/not demanding) reaction was achieved with the Na concentration. Three different doped catalysts were prepared (1%Pt-2%Ir-0.5%Na, 1%Pt-2%Ir-1%Na and 1%Pt-2%Ir-1.5%Na). When the catalysts was doped with various concentration of the Na, increase in conversions was obtained (~80%–95%) compared with ~40% obtained with the catalyst without the Na (Figure 2). Selective reaction mechanism was also favoured and formations of 2-methylpentane and 3-methylpentane were achieved from the methylcyclopentane reaction. About ~58% and ~26% selectivity were respectively obtained compared with ~26% and ~16% respectively from catalyst without the doping Na.72
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Figure  2:    Conversion values as a function of time obtained in the methylcyclopentane reaction of Pt(1.0)-Ir(2.0)/Al2O3-Na(x) catalysts.72



2.2.2        Hydrogenation of aromatics to gasoline fuels

The shift in the valorisation of heavy hydrocarbons by ring opening processes could be very valuable in the production of high octane gasoline fuels. This could also be achieved through the ring cleaving of multi nuclear aromatic composition and their derivatives. The presence of polycyclic naphthenes and aromatic hydrocarbons in gasoline fuels are considered highly undesirable due to legislative restriction placed on them, particularly on benzene concentration in gasoline fuel because of serious environmental threat. The aromatic components are very much in FCC diesel fuel (~60% v/v) and do not only produce undesired emission exhaust gases but also affect the cetane number (Scheme 4).73 Therefore, improving the quality of the fuel through selective opening of the aromatic ring with the formation of the same carbon atom as the starting hydrocarbon could be achieved. The ring opening is also profoundly relevant to the conversion of heavy hydrocarbon materials containing aromatics that allows the synthesis of high octane iso-praffins. Supported noble metal catalysts are widely known for the hydrogenation activity in aromatic hydrogenation at moderate reaction temperature and pressure.

The hydrogenation of benzene into cyclohexane had been reported in different published works.74–77 There is scant or almost no literature on the hydrogenation ring opening of benzene as this is virtually not studied. However, data on the opening of cyclohexane could be accessed for easier evaluation but almost no work has been performed on the direct conversion of benzene into paraffins. Onyestyák et al. reported the hydrogenation of benzene over Ru/Al2O3 catalyst at mild condition temperatures of 130°C–220°C.74 The paper further shows that the hydrogenation consumption is elevated in the process relative to the ring opening of cyclohexane. The hydrogenation of the benzene occurs quite quickly and subsequently to the conversion of the generate cyclohexane and to the corresponding paraffin compound as illustrated in Figure 3.

In a related research conducted to study the conversion of benzene into ring opening using Ru/Al2O3, Ir/Al2O3 and Rh/Al2O3 catalyst, the reactions were shown to proceed in accordance with Figure 3, illustrating conversions passing through cyclohexane before ring opening. It was also revealed that there is a typical temperature dependence of the products yield over the main benzene conversion from the used catalyst.
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Figure  3:    Benzene hydrogenation to cyclohexane and to the corresponding paraffin.



Other aromatic compounds also follow a similar mechanism with benzene, but additional possible reactions are observed and the schemes are more complicated than the ordinary benzene molecule. For example, the hydrodemethylation of toluene into cyclohexane occurs at low temperature (~100°C) over Pt catalyst and hydrodemethylation of toluene to benzene occurs at higher temperature (>380°C).78 Fu et al. report the activity of Ni/HY zeolite catalyst in the conversion of toluene into ring opening products at 350°C–450°C and 3 MPa pressure.79 The paper further reveals that the activity of the catalyst in this respect increases with an increase in nickel loading. The conversion of the tested toluene reactant increases with the increase in Ni content and so are the products of the aromatic ring opening (AO), while the product disproportionation (D) decreases greatly. HY and USY zeolites were also tested for comparison as presented in Table 1.


Table  1:    Efficacy of Ni content on toluene hydrogenation activity.78



	Catalyst
	wt% Ni

	%Conv.

	%Selectivity




	AO

	D




	NiHY-1
	1.25

	48.5

	0.8

	63.6




	NiHY-2
	1.5

	59.1

	4.6

	47.7




	NiHy-3
	2.0

	66.0

	19.3

	17.5




	HY
	–

	0.63

	–

	–




	USY
	–

	46.3

	–

	74.8





In another related study, a different type of catalyst was tested (Ni2Mo3N/zeolite) for the hydrogenation opening of aromatic compounds to observe changes using different zeolite supports.80 The various zeolites (USY, H-beta, HZSM-5 and HMCM-41(Al)) were used for this evaluation and emphasis in the differential ring opening was made due to acidity and pore size of the catalyst. The pure Ni2Mo3N was reported to show low activity of hydrogenation with no ability to ring opening. Relatively high activity was obtained using H-Beta and USY zeolite supports in the opening of the aromatic substrate with about ~90% conversion achieved at 430°C and 3 MPa.

The ring opening of benzene molecule is presumed identical to that of cyclohexane.81 However, strong adsorption of aromatic compound on the surface of catalyst may subsequently attribute to the blocking of acid site. Therefore, as the hydrogenation of cyclohexane molecules proceed usually quickly and selectively in many ring opening reactions, this might not be the same with the aromatic counterpart especially at high pressure. The benzene hydrogenation to cyclohexane molecule is usually the first in the ring opening of benzene. However, cyclohexane has a very low octane/cetane number and therefore need to further isomerise the molecule or open the ring to produce paraffin range hydrocarbon molecule. Several studies have been performed on hydrogenation, isomerisation and ring opening of aromatics.75,77,80–84 Reaction performed by Shimizu et al. on benzene hydrogenation and isomerisation using Pt-supported solid acid catalyst at 250°C showed that benzene almost completely converted with all the Pt-supported catalyst.75 However, reaction without any catalyst and with only sulphated zirconia showed very little hydrogenation. On the other hand, reaction with Pt/ZrO2 showed no isomerisation to methylcyclopentane. About 46% isomerisation conversion was achieved using Pt/SO42-/ZrO2 catalyst which is much higher than what was observed with the other tested catalysts (Pt/SiO2-Al2O3, Pt/HY-5.6 and Pt/HM-10). The reaction isomerisation of the methylcyclopentane did not occur using either ZrO2 and or Pt/ZrO2 while HY-5.6 and HM-10 showed only 2% and 30% conversions, respectively. SO42-/ZrO2 catalyst showed increase isomerisation percentage of 46.2%. This shows that benzene hydrogenation and isomerisation at 250°C are better on the Pt/HY-zeolites and Pt/H-moderate catalyst with the isomerisation activity only significant with SO42-/ZrO2 which make the sulphated group required for the cyclohexane isomerisation. In a related study, Au-Pd/SiO2-Al2O3 catalyst was used to study the hydrogenation of toluene and naphthalene.82 It was shown that hydrogenation of toluene is more difficult compared with naphthalene because of the decrease in resonance energy per aromatic ring and also differences in π-electrons cloud density due to the attached methyl group. Five different supports were used for the hydrogenation of toluene which involves varying the Al content (%) (SA-0, SA-8, SA-14, SA-28 and SA-100). The SiO2-Al2O3 catalyst carrier showed a clear enhancement in the hydrogenation of the toluene compared with the Al2O3 and SiO2 counterpart system under the selected conditions 5.0 MPa pressure, 523 K temperature and 41.2 h−1 WHSV. The hydrogenation with SA-8, SA-14 and SA-28 significant turnover frequencies (TOF) compared with other tested catalyst is presented in Figure 4 which is abstracted from Venezia et al.82 Au in hydrogenation activity has also been previously claimed because Au d-bands nearly have no ability of dissociate hydrogen molecules.85–91
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Figure  4:    Calculated TOF for the toluene hydrogenation.82



Lin et al. performed the hydrogenation of benzene over Pt dispersed on SiO2, η-Al2O3, SiO2-Al2O3, TiO2 and powdered Pt catalyst.77 It was shown that the activation energies and the reaction order of the various reactions were independent of the used support. Values between 10–13 Kcal mol–1 were obtained with partial pressure dependencies ~ 0.6 ± 0.1on H2 and 0.1 ± 0.1 on benzene 317 K and 356 K temperatures respectively. The acidic support catalyst produced high activities at 333 K under 50 torr benzene and 685 torr H2. A frequency turnover of ~0.078 s−1 was achieved with Pt/TiO2 catalyst compared with 0.015 s−1 achieved with Pt/η-Al2O3 catalyst. The support acidity decreases in the order 0.95% Pt/TiO2 > 0.24% Pt/SiO2-Al2O3 > 0.96% Pt/SiO2 > Pt/η-Al2O3. However, a large increase was observed under 35 torr benzene pressure.

Catalyst treatment was also reported to enhance the hydrogenation activity of aromatic hydrogenation. Studied conducted by Ali et al. on benzene and toluene hydrogenation into cyclohexane and methylcyclohexane respectively between 50°C–250°C temperature range was exemplified.83 The investigated catalyst 0.35% Pt/Al2O3 was modified by using second metals Ir, Rh, Re and U and then treated via chlorination and fluorination with different halogenation contents of 1 wt%, 3 wt% and 6 wt%. The study showed that all the tested catalysts possessed good catalytic activities at ~125°C–150°C temperature range except for Rh which is very active even at room temperature. Treatment of the catalyst with Ir or Re enhanced the hydrogenation activity of the Pt catalyst, while only Ir/Al2O3 and Re/Al2O3 showed lower hydrogenation activity compared with Pt-Ir/Al2O3 and Pt-Re/Al2O3 respectively. The activity follows the order Ir/Al2O3 & Re/Al2O3 < Pt, Re & Ir < Pt-Ir/Al2O3 & Pt-Re/Al2O3. The use of U inhibit the activity with Pt-U/Al2O3 showing even lower activity than Pt/Al2O3 but higher than U/Al2O3. All the halogenated catalysts promote the activity of the catalyst. Catalyst with 3 wt% F or Cl showed highest activities for both benzene and toluene hydrogenation. This may be due to improving H2 spillover and increasing metal dispersion into the support. The 6 wt% treatment may have decrease the H2 spillover by decreasing the number of –OH group as H2 moves to active metal crystalline. The addition of Cl and F enhanced the catalyst activity to 21% and 18% benzene, and 25% and 30% toluene respectively from 4.2% and 5.4% benzene and toluene at ~150°C temperature. Halogen treatment on the Pt-Rh/Al2O3 showed an exceptionally higher activity for both benzene and toluene. Benzene and toluene hydrogenation reached >90% and 100% respectively even at lower temperature (50°C) which was maintained up to ~175°C. Recently, Soni and Sharma have employed nano-sized Pd-Clay (montmorillonite) for the hydrogenation of squalene surface modification of the clay and metal intercalation simultaneously occurred during wet impregnation.92 The Pd-nanoparticles-intercalated clay with a dominating Pd(1 1 1) facet showed the highest reactivity and selectivity. The catalyst was stable with very low Pd leaching (≈ 0.03 ppm) and was recyclable without losing any significant catalytic activity. In general, the hydrogenation activities of the tested catalyst highly improved in the presence of the halogenation treatment compared to unhalogenated ones. Some recently published literature identified Ni/Co-natural clay systems as good candidates for the upgrading reactions like hydrodeoxygenation (HDO) and/or hydrodenitrogenation (HDN) encountered during fuel production.


According to Soni et al., the HDO process provided higher carbon atom economy and energy value over decarboxylation/decarbonylation, while further reducing the formation of greenhouse gases such as CO2 and CH4.93 Total yield of saturated hydrocarbons from algae oil valorisation was 84–86 wt% with similar selectivity. The HDO rates of different fatty acids present in the algae oil were independent of the fatty acid chain length. The catalysts were cost-effective and recyclable, and metal leaching during hydroprocessing was less than 1 ppm in all cases. This process is advantageous in terms of metal-to-substrate ratio, use of solvents and their concentration, and comparable HDO selectivity over the previously reported catalysts. A hydroprocessing reaction was also performed under solvent free conditions, which could be useful in industrial applications. Therefore, the clay-supported catalysts have good refining potentials for upgrading fuel feeds.

3.          CONCLUSION AND OUTLOOK

Hydrogenation is an important catalytic process recently prioritised by the petroleum refineries for the production of high-quality gasoline suitable for application in modern and re-configured automobile engines. Mechanistically, the process proceeds through C-C bond cleavages involving hydrogen addition, saturation of C=C bonds in olefins/aromatics, ring opening of cyclic compounds and isomerisation in certain circumstances.

Catalytic parameters identified very influential during the process include hydrogen pressure, reaction temperature, catalyst nature and composition, and the nature of the reaction feed. Metal promoted oxides and modified zeolites have so far demonstrated good hydrogenation activity. However, the challenges of catalyst deactivation by coke precursors and consequent pore-blockage are not yet resolved.

There are numerous issues that should be fully evaluated in order to actualise the overall process in economic and scientific efficiency. The role of catalyst preparation conditions such as hydrothermal conditions, impregnation/deposition/precipitation and the subsequent calcination conditions on the generation of catalytically active sites and their associated stability under variable reaction conditions must be fully explored. Hydrogenolysis is a common problem encountered with the oxides supported Pd, Pt and Ni catalysts especially at higher loadings exceeding 5 wt%. It is therefore very vital to establish the optimal and workable metal loadings. Clearly, hydrogenolysis of the hydrocarbons generates free radical species that can trigger chain reactions and consequent evolution of unwanted gaseous products with carbon numbers below the gasoline range.


Zeolite catalysts should be designed in the nano- and hierarchical (i.e., mesoporous scale) forms in order to fully eliminate the problems of diffusional limitations. When the diffusion of reactants/reaction products is hindered, cracking and carbonaceous deposition becomes prominent and the catalytic activity decays rapidly. Another area to be explored includes the influence of Si/Al ratio (i.e., zeolite acidity) and topological properties on the overall reaction mechanism and the yield of desired gasoline range hydrocarbons.
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