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ABSTRACT: Physical, mechanical and dielectric properties of ceramic bodies produced from the low-cost Egyptian raw materials with and without incorporation of ZnO were examined before and after annealing at different temperatures for different annealing times. The development of the crystalline phases was evaluated with x-ray diffraction (XRD). The dielectric properties in terms of the permittivity, dielectric loss and resistivity were investigated in the frequency range (10–1–106 Hz) at room temperature. It was found that annealing negatively affected the physical and mechanical properties of samples. But these properties showed improvements before annealing. On the other hand, the permittivity increased with the increase of ZnO contents, annealing temperature and annealing time. For instance, the non-annealed samples with 5 wt.% ZnO showed a decrease in the amount of water absorption, an increase in the modulus of rupture from 66 to 74.69 N mm–2 and improvements of the dielectric properties. Such samples may be suitable for manufacturing the electrical ceramic capacitors.
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1.          INTRODUCTION

Electrical ceramic bodies have been widely used in transportation and distribution of electricity due to their useful electrical insulating properties. They have been used in insulating electrical lines from the support structure. Further, they have good mechanical properties which could be retained for more than 30 years.1 To manufacture such materials, firing processes are usually applied at temperatures higher than 1300°C. Usually, the ceramic sintering temperature is reduced by using different flux-forming additives. In this study, natural alkali alumino-silicates (feldspar, pegmatite, perlite, nepheline syenite, etc.) or carbonates of alkali-earth metals are used. For instance, zinc oxide (ZnO) has been used as a strong coflux in whiteware production. ZnO is one of the major components in commercial glazes for sanitary ware and tiles.2–4 Adding it to ceramic bodies even at small proportions results in development of zinc aluminates (gahnite phase, ZnAl2O4) which is a member of the spinel family used as a catalyst, glazing layers for floor tiles and dental applications.5

Several properties of ZnAl2O4 have been studied using different computational methods: cation distribution,6,7 structure,8,9 vibrational spectra,8 electronic structure,10 mechanical properties9,11 and phonon spectra.11 In our previous work, the electrical resistivity was found to be increased to 4.4 × 1012 Ohm upon adding 4 wt.% ZnO to the aluminous bodies.12,13 In this paper, the physical and dielectric properties of ceramic bodies prepared from the Egyptian raw materials with and without adding ZnO were investigated. The dielectric measurements were examined by means of dielectric spectroscopy in the frequency range (10–1–106 Hz) at room temperature.

2.          EXPERIMENTAL

The starting Egyptian raw materials were beneficiated Tieh clay (Sinai), Abou Seberia clays near Aswan, nepheline concentrate (product of the beneficiation process of nepheline syenite rock from Abou Krug area in the Eastern Desert) and alumina (α-Al2O3). Their chemical compositions are listed in Table 1. ZnO, which was obtained chemically from the pure ZnCO3, was added to the batches as 0, 3, and 5 wt.% as listed in Table 2. Three different mixtures were produced. Each mixture was ball-milled for 2 h in porcelain jar with a purified water medium, then passed through a 200 mesh sieve and dried in an oven at 110°C for 24 h.


Table 1:      Chemical analysis and the calculated mineralogical compositions of the raw materials in wt.%.



	Oxide constitution
	Raw materials (wt.%)




	Alumina(α-Al2O3)

	Tiehclay

	Abou Seberiaclay

	Nephelineconcentrate




	SiO2
	0.12

	47.27

	67.67

	60.02




	Al2O3
	99.50

	35.98

	20.95

	23.01




	Fe2O3
	–

	0.60

	1.40

	0.46




	TiO2
	–

	2.62

	2.00

	0.01




	CaO
	–

	0.07

	0.08

	0.27




	MgO
	–

	0.15

	0.14

	0.01




	K2O
	–

	0.06

	0.28

	6.32




	Na2O
	0.10

	0.039

	–

	9.69




	P2O5
	–

	0.31

	0.03

	–




	L.O.I
	0.26

	13.72

	7.98

	1.09




	Total
	99.98

	100.80

	100.53

	100.88






Table 2:      Patch compositions of the ceramic bodies.



	Samples
	Patch compositions (wt.%)




	Tiehclay

	Abou Seberiaclay

	Alumina(α-Al2O3)

	Nephelinconcentrate

	ZnO




	ZN0
	40

	30

	20

	10

	0




	ZN3
	40

	30

	20

	10

	3




	ZN5
	40

	30

	20

	10

	5





For the dielectric measurements, the dried powders were compacted and pressed (under pressure of 40 MPa) into discs with 1 cm in diameter and 0.3 cm in thickness. The specimens were dried at 110°C and then fired between 1150°C and 1300°C. The firing schedule comprised heating; soaking at maximum temperature for 1 h and cooling to room temperature in 2 h. Three batches were produced and denoted in the text as ZN0, ZN3 and ZN5. Another firing regime was used to anneal the specimens at 1,175°C and 1,200°C and cooling to room temperature in the furnace with two soaking times: 2 and 4 h. Additional two batches were also produced and denoted in the text as ZNA3 and ZNA5, where A reveals to the samples after annealing.

The dielectric measurements were carried out by means of high-resolution impedance analyser spectrometer (Schlumberger Solartron 1260) provided with an electrometer amplifier and measuring cell to measure the dielectric properties. The output parameters are the capacitance C(ω) and the resistance R(ω), where ω is the angular frequency. The complex dielectric permittivity ε* (ω) was calculated in terms of the two parameters as follows:
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where ε′ and ε″  are the real (permittivity) and imaginary part (dielectric loss) of the complex dielectric permittivity. The sample thickness is d, the cross sectional area is A, the angular frequency is υ = 2πf. The vacuum permittivity is εo = 8.85 × 10–12 F/m. Electrical resistivity (ρ) can be calculated as a function of ω and ε″ as follows:
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For the physical measurements, the bulk density and water absorption were determined using the Archimedes method. The measurements were carried on the ceramic bodies with the same dimensions and conditions mentioned above. For the mechanical measurements, bars with dimension (1 × 1 × 7 cm) were also processed under the same conditions and fired at selected maturing temperatures to measure the modulus of rupture (MOR) by three point method using an Instron Machine type 1128 Universal Testing.

For the crystallographic studies, the crystalline phases developed in the specimens were identified via x-ray diffractometry (XRD) with CuKα target while their contents were quantified by measuring the area of the strongest diffraction peak of each phase: d113 (alumina), d111 (cristobalite) and d311 (gahnite). For the microstructure studies, the specimens were examined using Phlips SEM (model XL30), attached with an EDX unit for microanalysis. Specimens were mechanically polished, chemically etched by 20 % hydrofluoric acid solution for 30 s, thoroughly washed, dried and gold sputtered.

3.          RESULTS AND DISCUSSION

3.1        X-ray Diffraction Analyses

Figure 1 shows x-ray diffraction patterns of the ceramic bodies. The main crystalline phases and their intensities are listed in Table 3. They are alumina, mullite, cristobalite, ZnAl2O4 (gahnite) and unreacted quartz. It is evident that the intensity of these phases is greatly affected by amount of ZnO, annealing time and maximum firing temperature.


[image: art]

Figure  1:      XRD pattern for pure ceramic bodies and ZnO-doped bodies.




Table 3:      Intensity of crystalline phases developed at pure samples and with ZnO addition.



	Samples
	Intensity (%)




	Before annealing




	Mullite

	Quartz

	Cristobalite

	Alumina

	Gahnite phase(ZnAl2O4)




	ZN01175/1h
	17.1

	14.3

	9.0 (100)

	53.5

	–




	ZN31200/1h
	10.3

	10.6

	19.4 (100)

	18.3

	5.4




	ZN51250/1h
	–

	10.7

	19.2 (100)

	18.9

	7.6




	After annealing




	ZNA31175/4h
	6.9

	8.3

	7.0(100)

	33.2

	7.5




	ZNA51200/2h
	–

	9.7

	7.7(100)

	4.1

	24.3





Pure sample (ZN0) shows relatively higher intensity of alumina, mullite and unreacted quartz when fired at 1175°C for 1 h. Upon adding ZnO with 3 and 5 wt.% ZnO, more liquid glassy phase content developed that favoured the dissolution of primary mullite formed from clay after firing at 1200°C and 1250°C in ZN3 and ZN5, respectively. The viscosity of such glassy phase is low enough to allow diffusion of Zn2+, Al3+ and Si2+ ions that participated in crystallising ZnAl2O4 solid solution on cooling leaving a glass rich in silica. Similar results were reported by several authors.13,14 The annealed bodies at 1175/4h for ZNA3 and at 1200/2h for ZNA5 lead to small quantity of unreacted quartz due to the partially conversion of SiO2 into cristobalite.

3.2        Morphological Analysis

Figure 2 shows the scanning electron micrographs of the fired bodies before and after annealing. As evident from the figure, the bodies are characterised by dense but inhomogeneous crystalline microstructure containing extensively interlocking of many crystals embedded in a glassy matrix. A quartz grain seems to be under transformation from quartz to cristobalite and very small mullite crystals are observed as needle grains. Inside the glassy phase, an abundant number of fine crystals are revealed. For these bodies we observed through the EDX analyses that the fine crystals were composed of ZnO and Al2O3, the related figure is not presented in this paper. Since the gahnite is the only binary compound in ZnOAl2O3 phase diagram,15 the analysed crystal in Rosita shape must be gahnite. This in turns supports our assumption that the crystallised gahnite is formed from the feldspar melt and ZnO dissolution during heating to the sintering temperature.
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Figure  2:      SEM images of bodies before and after annealing (Qr = quartz, Cr = cristobalite, A = alumina (α-Al2O3), M = mullite, G = gahnite, ZnAl2O4).



3.3        Physical Properties

Figure 3 shows the variation of the bulk density (BD) and water absorption (WA) with sintering temperature for free and ZnO-ceramic bodies. The free zinc oxide bodies (ZN0) fired at 1175°C for 1 h have the bulk density values of 2.57 g cm–3 and the water absorption values of 0.74%. For the bodies with 3 wt.% ZnO (ZN3) and 5 wt.% ZnO (ZN5), the maturing temperature increases from 1175°C /1 h to 1200°C and from 1175°C /1 h to 1250°C, respectively. Besides, ZN3 bodies show an increase in BD up to 2.59 g cm–3 with the decrease of WA (0.1%). For ZN5 bodies, BD shows relatively lower values (2.56 g/cm3) and a slightly increase of WA (0.23%) after firing for 1 h at 1250°C.
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Figure  3:      Water absorption and bulk density with sintering temperatures (a); and after annealing time (b) for free zinc oxide sample fired at 1175°C (ZN0), sample with 3 wt.% ZnO (ZN3) and sample with 5 wt.% ZnO.



The effect of the second firing regime on densification in terms of BD and WA of the fired bodies is examined as listed in Table 4. It clearly shows that both ZNA3 and ZNA5 show lower bulk densities of 2.51 and 2.55 g cm–3 after annealing for 2 and 4 h at 1175°C and 1200°C, respectively. Further, the annealing has no significant effect on the densification properties of the fired bodies in comparison with those fired without annealing. Therefore, one can conclude that the bulk density of the ceramic bodies are affected by ZnO concentration, porosity percentage and firing regime.


Table 4:      Physico-mechanical properties of zinc ceramic bodies at sintered temperature (before and after annealing).



	Samples
	Bulk density(g cm–3)

	Water absorption(%)

	Modulus of rupture(N mm–2)




	ZN01175/1h
	2.57

	0.74

	66.00




	ZN31200/1h
	2.59

	0.10

	68.42




	ZN51250/1h
	2.56

	0.23

	74.69




	ZNA31175/4 h
	2.51

	1.48

	44.44




	ZNA51200/2 h
	2.55

	0.53

	51.17





3.4        Mechanical Properties

Modulus of rupture (MOR) values in its dependence of firing temperature, annealing and ZnO content are listed in Table 4. For bodies containing 5 wt.% of ZnO and before annealing (ZN5), MOR exhibits an increase and attains to the maximum values (74.69 N mm–2), leading to the improvements of their mechanical properties. One can attribute such improvements to the development of gahnite phase. However, after annealing, for the bodies denoted as ZNA5, MOR shows a moderate decrease from 74.69 to 51.17 N mm–2 whereas the water absorption shows a considerable increase from 0.23% to 0.53%. Accordingly, the main factor that greatly affected MOR values is the variation of the crystalline phases. These observations agree with the three main theories proposed to explain the mechanical properties of porcelain13 which consider that the crystalline phases present and dispersed in the vitreous phase are the ruling factor influencing the mechanical properties.

3.5        Dielectric Properties

The frequency dependence of the permittivity (ε′), dielectric loss (ε″) and ac resistivity (ρ) of all ceramic bodies before and after annealing is shown in Figure 4. Here, both ε′  and ε″ increase monotonically with the frequency decrease. This behaviour can be described by the Debye dispersion relations.16 The permittivity decrease is in fact associated to a decrease in the total polarisation. The total polarisations arises from the contribution of four kinds of polarisation, namely electronic, ionic, rotation or orientation, and space charge polarisation.17 The relatively high values seen in ε′ at low frequencies (<103 Hz) are probably due to space charge polarisation.18–21 Space charge polarisation is caused by the mobile charges carriers which are present at the interfaces. These mobile charges are impeded by interfaces, because they are not discharged at an electrode, or because they are trapped in the material defects (vacancies, micropores, etc.).
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Figure  4:      The frequency dependence of permittivity (ε’), dielectric loss (ε”) and resistivity (ρ) for ceramic bodies; free zinc oxide sample fired at 1175°C (ZN0), sample with 3 wt.% ZnO before annealing (ZN3), sample with 5 wt.% ZnO before annealing (ZN5), sample with 3 wt.% ZnO after annealing at 1175°C/4 h (ZNA3), and sample with 5 wt.% ZnO after annealing at 1,250°C/2 h (ZNA5).



When an external electric field is applied, the space charge moves and then becomes trapped by the ceramic defects, causing changes in the positive and negative charges distribution at the interfaces. Hence, a lot of dipole moments are formed (space charge polarisation). Therefore, the interfacial polarisation is the main factor that affects permittivity of any heterogeneous material likes ceramic materials. In the high frequency region (>103Hz), ε′ shows a plateau-like behaviour indicating dipolar or orientation polarisation dependence. Here, the dipole would be unable to follow the rapid change in the electric field frequency, hence the orientation polarisation stops and  ε′ becomes constant.


The orientation polarisation may occur in the ceramic bodies when two or more equivalent positions for an ion are present. Upon applying an electric field, ions such as Zn2+, Al3+ and Si2+ can be exchanged in positions with the possible vacancies by a simple jump of the cation to the nearest vacancy. Therefore, orientation polarisation is also known as ion jump polarisation. On the other hand, the ceramic dielectric loss (ε″) shows a decrease at two different rates indicating two different relaxation processes. Further, the relatively high values seen in ε″ at low frequencies could be related to contribution of DC conductivity (reciprocal of resistivity).

The ceramic permittivity values can also be correlated with ZnO contents and annealing temperature. For instance, sample with the higher contents of ZnO and annealed at 1200°C/2 h (ZNA5) exhibits the maximum permittivity (40 at υ = 0.1 Hz). This is probably attributed to the mobility increase of dipoles or/and charge carriers due to the development of more liquid phase content upon adding ZnO as mentioned above. This leads to a decrease in the ceramic resistivity as shown in Figure 4(c). Therefore, the substitution of Zn2+ leads to an increase in the conduction ions density and hence lowering the ceramic resistivity. For such a case, the metal oxides or mineralisers become dissolved partially into the glassy phase causing a resistivity decrease.

4.          CONCLUSION

Physical, mechanical and dielectric properties of the ceramic bodies containing zinc oxide and firing at high temperatures between 1150°C and 1300°C were improved due to developments of the gahnite phase (ZnAl2O4). For instance, the ceramic bodies with 5 wt.% ZnO fired at 1250°C for 1 h were characterised by the maximum modulus of rupture (74.69 N mm–2), high permittivity (~20) and a continuous decrease in dielectric loss. These features revealed to the possibility of use such bodies as electrical capacitors or as a good replacement of SiO2 in high power devices. The interesting features given for such ceramics may make them technologically important and competitive to other alternative electronic devices, not only due to the low cost but also due to easy processing and the availability of raw materials.
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ABSTRACT: The dielectric properties of four types of rhizomes from Zingiberaceace families, namely Java turmeric, Mango ginger, Black turmeric and Turmeric were measured. The non-destructive measurement technique was adopted for the measurement using HP-85070B open-ended coaxial line probe coupled with a computer-controlled Automated Network Analyzer (ANA) at the frequency range of 0.13–20 GHz which is in the microwave frequency region. The dielectric properties of all samples are presented graphically to show the dependence of these properties on moisture content and frequency. The results show that the dielectric properties of samples follow the trend of dielectric properties of deionised water. The dielectric constant decreased with increase in frequency and the dielectric loss factor decreased in low frequency before increasing at 1.5 GHz and above. The penetration depths for all samples were calculated. The results show that they were only dependent upon the moisture at low frequency (≤ 10 GHz).

Keywords: Moisture content, dielectric properties, penetration depth, types of rhizomes, Zingiberaceace family

1.          INTRODUCTION

Dielectric properties of materials are the electrical characteristics of poorly conducting materials, as opposed to other materials such as metals that are generally good electrical conductors.1 It is very important to determine their interaction with the electric fields. In the processes involving radio frequency (RF) or microwave dielectric heating, it can be determined how well energy can be absorbed and how rapidly a material can be heated.2 The relation between interactions of microwaves with materials are described through the complex relative permittivity of the material. It is mathematically expressed as in Equation 1:
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where ε′ is the dielectric constant, which is the ability of a material to store electromagnetic radiation, and ε″ the dielectric loss factor, which is the ability of material to dissipate electrical energy into heat. Often, the tangent of the loss angle tan δ is used, i.e., tan δ = ε″/ε′. The conductivity of the dielectric is also used, σ = ωεoε″ S/m, where εo is the permittivity of free space, 8.854 × 10–12 F/m, and ω = 2πf, where f  is frequency in Hertz.

Dielectric properties of materials, especially food and agricultural products can be influenced by many factors such as moisture content, temperature, frequency of the alternating fields applied during the measurement, density, composition and structure of the materials. As the food materials and agricultural products are hygroscopic material, the amount of water in the material is a dominant factor. The chemical composition of materials with the presence of mobile ions and the permanent dipole moments can also influence the dielectric properties of material, and water is the best example.2

The dielectric properties of food materials and agricultural products have been investigated for a long time. The dielectric properties of Marc grape have been measured as a function of temperature and moisture content. As expected, the moisture content affects the dielectric properties for all samples, but temperature was not shown to have a clear influence in both dielectric properties due to the presence of salt in the Marc grape.3 The maturity effects on the dielectric properties of apples from 10 to 4500 MHz have been studied. It is shown that no obvious correlations are found between permittivity and firmness, moisture content or pH.4

Determination of dielectric properties of corn seeds from 1 to 100 MHz has been performed and the results show that the moisture content is the most significant factor affecting the dielectric properties of corn seed. The dielectric properties increased with the increasing moisture content and bulk density.5 The analysis of bread dielectric properties has been investigated by using the combination of mixture equation method and open-ended coaxial probe. Influences of frequency, moisture content and temperature on bread dielectric properties were analysed and from the result, the penetrations of both RF and microwave energies decrease with the increasing temperature and moisture content.6 It is very valuable to know the dielectric properties as it is used to predict the heating rates, estimate temperature for storage to maintain quality of product, and develop improved moisture meter and many other applications.

This paper presents the dielectric properties for four types of rhizomes from Zingiberaceace family, namely Java turmeric (Curcuma xanthorrhiza Roxb.), Mango ginger (Curcuma amada), Black turmeric (Curcuma aeruginosa Roxb.), and Turmeric (Curcuma longa) in the frequency range between 0.13 and 20 GHz at various evaporated moistures. A non-destructive measurement technique using a combination of the HP-85070B open-ended coaxial line probe with a computer controlled Automated Network Analyzer (ANA) were used. This equipment produced a fast measurement technique and the sample used for measurement can be used for another measurement.

2.          EXPERIMENTAL

2.1        Sample Preparation

Fresh samples bought from the wet market were stored at 4°C in a refrigerator to maintain the freshness. Their skin was removed and ground. The samples were put on the plate dish where each dish consisted about 10 ± 0.001 g of the sample. To obtain different moisture contents, the samples were put in the oven at different temperatures (26°C to 90°C) where the times of drying were fixed at 24 h. To ensure the moisture content was at the uniform situation as well as to cool down the temperature of the sample to 26°C, the samples were placed in desiccators containing silica gels for about 5 to 10 min. The samples were weighed using an electronic balance (± 0.001 g).

2.2        Dielectric Properties Measurement

The evaporated moisture of samples which were dried at different temperatures (26°C to 90°C) was calculated. Figure 1 and 2 show the set up for dielectric measurement and how the measurement was done. The dielectric properties of samples were measured using the HP 85070B open-ended coaxial line probe (OECP) coupled with a computer-controlled ANA at frequencies 0.13 to 20 GHz. The instrument was first calibrated using three different loads: (1) air, (2) metallic short block and (3) distilled water at room temperature (26°C). After calibration, the measurements of the dielectric properties of the sample were taken. The sample were placed in special containers and pressed carefully to ensure no air gap occur. All the measurements were conducted by placing the flat face of the open-ended probe on the surface of the samples. Measurements were taken at least three times for each sample in order to avoid erroneous values caused by the presence of air. The probe and the samples should have a good contact during the measurements.
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Figure  1:      Open-ended coaxial line probe sensor coupled with ANA for dielectric properties measurement.
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Figure  2:      Illustrated figure on the measurement of water, dry and fresh sample.



3.          RESULTS AND DISCUSSION

The evaporated moisture of four types of rhizomes from Zingiberaceace family as a function of drying temperatures is shown in Figure 3. The optimum temperature in determining the moisture content of Java turmeric, Mango ginger, Black turmeric and Turmeric is different. For Java turmeric, the optimum temperature is assumed to be at 90°C with EMJ estimated at 86.79%; for Mango ginger it is at 50°C with EMM estimated at 87.23%; for Black turmeric it is at 60°C with EMB estimated at 84.23%; and Turmeric is assumed to be at 70°C with EMT estimated at 79.62%. The optimum temperature was chosen according to the highest values of EMfs, during which the moisture is fully evaporated.
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Figure  3:      Evaporated moisture (EMfs) of four types of rhizomes from Zingiberaceace family at various drying temperature.



The dielectric constants of the four types of rhizomes is shown in Figure 4 with dielectric constant of water as a reference. Theoretically, the water is the main contributor to the dielectric constant and this was proven with the results shown where the values of dielectric constant are below that of water.7 Since there is less moisture or water polarised on the samples dried at 50°C and above, the dielectric constant remains almost constant. The dielectric properties of water and sample dried at temperature 26°C, 30°C and 40°C decrease as the frequency increase. This happens because of the movement of water dipoles called polarisation. As the frequency increased, dipole polarisation would start to die out or not able to follow the changing electromagnetic field and resulting dielectric constant approaches one at infinity of frequency.

The dielectric loss factor of the samples are shown in Figure 4 with dielectric loss factor of water as a reference. At low frequency, the dielectric loss factor decreased, but it started increasing at 1.5 GHz and above following the trend of the deionised water. The decreasing of dielectric loss factor is due to the existence of ionic species in samples where the ionic interaction is predominantly at low frequency. At frequencies above 1.5 GHz, the dipole polarisation is the predominant mechanism, resulting in increase in dielectric loss factor.
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Figure  4:      The dielectric properties of Java turmeric (a and b), Mango ginger (c and d), Black turmeric (e and f), and Turmeric (g and h) as a function of frequency with respect to the evaporated moisture.



3.1        Penetration Depth

The penetration depth is the distance over which the power intensity of electromagnetic waves is reduced to 36.79% of the original level.6 The penetration depth will influence the uniformity of microwave heating. As the penetration depth increased, the uniformity of microwave heating would increase too. According the Equation 2 below, the penetration depth is inversely proportional to frequency.

[image: art]


where Dp is the penetration depth (cm), λo is the wavelength of the frequency used.

From the Figure 5, the result of penetration depth showed that it is affected by moisture at low frequency (≤10 GHz). It is vice versa at high frequency (≥10 GHz) where it is independently with moisture. From the result, the sample is assumed should be at low moisture content with a low operating frequency of microwave heating to get the uniform heating when using the microwave heating.
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Figure  5:      The penetration depth of Java turmeric (a), Mango ginger (b), Black turmeric (c), and Turmeric (d) as a function of frequency with respect to the evaporated moisture.



4.          CONCLUSION

The dielectric properties of four types of rhizomes from Zingiberaceace family have been successfully analysed and it has been shown to follow the trend of the deionised water. The dielectric constant is inversely proportional to frequency and at infinity, the dielectric constant approaches one as the polarisation died out. The dielectric loss factor decreased below 1.5 GHz due to ionisation losses while it started to increase at 1.5 GHz and above because of the bipolar polarisation. The penetration depth depends on frequency and moisture content.
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ABSTRACT: Single crystals of guanidinium hydrogen L-aspartate (GULAS), a salt of guanidine derivative, have been grown by slow-cooling method and characterised by infrared (IR) spectroscopy, powder and single-crystal x-ray powder diffraction (XRD). From the vibrational spectral analysis, the spectral band assignment is carried out to identify the various functional groups in GULAS. After arriving at the equilibrium geometry, the analysis of intramolecular charge transfer interactions using natural bond orbital (NBO) method, first order hyperpolarisability, molecular electrostatic potential and frontier molecular orbitals have been carried out using density functional theory. The second-order NLO response is also studied using Kurtz and Perry powder method.

Keywords: Single crystal, slow cooling method, XRD, FTIR, guanidinium hydrogen

1.          INTRODUCTION

Second harmonic generation (SHG) is one of the most interesting phenomena observed in non-centrosymmetric crystals and is widely utilised for optical frequency conversion and modulation. Crystals of all amino acids except glycine, owing to the presence of chiral carbon atom and non-centrosymmetry, serve as candidate for non-linear optical (NLO) materials,1 widely used in SHG and ultimately in generating blue green lasers.2 Our recent research work is mostly centred around NLO materials, which are amino acid derivatives obtained from glycine, L-proline, etc.3,4 In addition to the ease of growing by slow evaporation solution technique (SEST), the characteristics of amino acid crystals can be modified using molecular engineering and chemical synthesis.5

Guanidines are the imido derivatives of urea, with one imine and two amine units. Guanidine derivatives are versatile intermediates used in the manufacture of plastics, resins, rubber chemicals, photo chemicals, fungicides and disinfectants in industries and many of their complexes are potential NLO materials.6–12 The solid-state complexation of guanidine with different organic acids such as aspartic acid, oxalic acid, etc. has an interesting aspect concerning the weak hydrogen bonds of N–H…O and O–H…O.13–16

Guanidinium hydrogen L-aspartate (GULAS) is one which consists of guanidinium and aspartate ions, connected by strong N–H…O hydrogen bonds. It crystallises in the orthorohmbic structure having four molecules per unit cell, with a noncentrosymmetric space group P212121. Though Krumbe and Haussühl have reported the detailed structural and physical properties of GULAS, the spectral analysis has not been reported in open literature.17 Hence, in the present study, an attempt is made to grow and characterise GULAS using Fourier-transform infrared (FTIR) spectroscopy. In order to support the experimental outcomes, the detailed vibrational spectral investigations using the scaled quantum mechanical (SQM) force field technique based on density functional theory (DFT) calculations is performed. Additionally, from the natural bond orbital analysis (NBO), electron charge transfer through intermolecular hydrogen bonding is explained.

2.          EXPERIMENTAL

The stoichiometric portions of guanidinium carbonate and an aqueous solution of L-aspartic acid are made to react to synthesise GULAS. The reactants are thoroughly dissolved in double distilled water and stirred well, using a temperature-controlled magnetic stirrer to yield a homogeneous mixture of solution. Upon slow evaporation at room temperature, transparent crystalline salt of GULAS are obtained. Purification of the synthesised salt is done by repeated recrystallisation process. The chemical structure of GULAS is shown in Figure 1.
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Figure  1:      Optimised structure of GULAS.



The reaction mechanism is as follows:
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Saturated solution of GULAS is prepared at 35°C from recrystallised salt and filtered with microfilters. About 200 ml of this solution is taken in a beaker and placed in a constant temperature bath having a temperature accuracy of ± 0.01°C. Single crystal of GULAS is grown by the slow cooling method by reducing the temperature from 35°C at the rate of 0.1°C per day. Well-developed crystals of size 15 × 5 × 3 mm3 are harvested in a growth period of 15 days and one such is shown in Figure 2.

Structural analysis is carried out using powder and single crystal XRD (Enraf Nonius–CAD4) and the spectroscopic analysis using FTIR. All DFT calculations are performed with the Gaussian 09 program.18 The geometries were fully optimised in the gas phase at DFT levels by B3LYP functions, which combine Becke’s three-parameter exchange function (B3) with the correlation function of Lee, Yang and Parr (LYP). Upon optimisation, all of the complexes worked out to have non-imaginary frequency geometries. These theoretical findings confirmed that the optimised structure of GULAS correspond to real minima on the potential energy surface, thus ensuring stability.
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Figure  2:      As-grown GULAS single crystal.



3.          STRUCTURAL ANALYSIS

3.1        X–ray Diffraction Studies

The GULAS crystals are transparent and non-hygroscopic, with well-developed facial morphology (Figure 2). The single crystal XRD study shows that it crystallises in the orthorhombic crystal system with the lattice parameters as shown in Table 1.


Table 1:      Orthorhombic lattice parameters of GULAS obtained from single crystal XRD.



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



	1.
	5.067
	9.509
	16.822
	Present Work



	2.
	5.073
	9.513
	16.842
	17




The optimised geometrical parameters such as bond lengths and bond angles obtained at B3LYP/6-311G (d,p) level are given in Table 2.


Table 2:      Experimental and theoretical geometric data for GULAS at B3LYP/6-311G (d,p) level.



	Bond length (Å)
	XRD
	Bond angles (º)
	XRD



	Guanidinium ion19



	C16-N17
	1.3604
	1.325
	N17-C16-N20
	119.86
	121.1



	C16-N20
	1.3395
	1.312
	N20-C16-N23
	118.7039
	118.8



	C16-N23
	1.3336
	1.330
	N17-C16-N23
	121.4309
	120



	N17-H18
	1.0034
	0.94
	
	
	



	N17-H19
	1.003
	1.03
	
	
	



	N20-H21
	1.025
	1
	
	
	



	N20-H22
	1.0093
	1.09
	
	
	



	N23-H24
	1.004
	0.85
	
	
	



	N23-H25
	1.0529
	0.65
	
	
	



	L-aspartate ion18



	C1-C2
	1.5352
	1.537
	C13-O14-015
	125.7721
	126.7



	C2-C3
	1.5383
	1.526
	C2-C3-C13
	110.97
	114.4



	C3-C13
	1.5402
	1.526
	C1-C2-C3
	112.8789
	112.5



	C13-O14
	1.263
	1.252
	C1-C2-O7
	113.2218
	118.9



	C13-O15
	1.3089
	1.2572
	
	
	



	C3-H5
	1.0938
	0.95
	
	
	



	C3-H6
	1.0889
	1.02
	
	
	



	C2-H4
	1.095
	0.95
	
	
	



	C2-N9
	1.486
	1.492
	
	
	



	N9-H10
	1.0112
	0.91
	
	
	



	N9-H11
	1.0139
	0.94
	
	
	




The calculated theoretical values are in good agreement with the corresponding experimentally reported values.17,19 Powder X-Ray diffraction pattern of GULAS is given in Figure 3.
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Figure  3:      Powder x-ray diffraction pattern of GULAS.



3.2        Vibrational Analysis

Vibrational analysis of GULAS is made on the basis of aspartate and guanidinium groups. The recorded FTIR spectrum of GULAS is shown in Figure 4.
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Figure  4:      FTIR spectrum of GULAS.



The FTIR band observed at 3397 cm–1 is assigned as vibration due to NH2 asymmetric stretch of guanidine group. The in-plane O-H deformation vibration usually appears as a strong band in the region 1440–1200 cm–1. The strong band at 1348 cm–1 in the IR spectrum corresponds to the vibrations due to C-O-H in-plane bending. As the carboxylic group vibrations due to the C=O stretching are usually expected in the range 1725–1655 cm–1,20,21 the band appearing at 1674 cm–1 for GULAS is assigned to the C=O stretching vibrations. At 1007 and 892 cm–1, the vibrations respectively correspond to CH2scis and CH2rock. Few other in-plane and out of plane bending vibrations are assigned as shown in Table 3.


Table 3:      Observed and calculated wave numbers (cm–1) for GULAS at B3LYP/6-311G (d,p) level.



	Wavenumber (cm–1)

	Assignments



	FTIR

	Calculated




	3397

	3312

	NH2 asymmetric stretch



	3097

	3099

	C-H stretching vibrations



	1674

	1769

	C=O asymmetric stretch



	1578

	1572

	COO stretching vibration



	1490

	1425

	C-H in plane bending vibration



	1348

	1394

	O-H in plane deformation vibration



	1301

	1304

	C-N-H bending vibrations



	1226

	1229

	C-N-H bending vibrations



	1156

	1181

	C-N-H bending vibrations



	1061

	1051

	CC in-plane bending vibration



	1007

	1011

	CC in-plane bending vibration



	892

	894

	CH2scis



	844

	850

	CH2rock



	823

	804

	C-H out of plane bending vibration



	751

	729

	CC out of plane bending vibration



	619

	639

	CC out of plane bending vibration



	582

	585

	CC out of plane bending vibration



	532

	539

	CN-out-of-plane bending modes




It is to be noted that the theoretically computed band values agrees well with the experimental result.

3.3        Analysis of Fukui Indices

The Fukui functions (f(r)) are often used as indices to the local reactivity aiding to analyse the active atomic sites. The Fukui functions (f (r)) measure the change in the electron density of an N electron system upon addition (f+(r)) or removal (f−(r)) of an electron. Atom condensed Fukui functions using the Mulliken population analysis (MPA) and the finite difference (FD) approximations approach introduced by Yang and Mortier22 were calculated using the equations:
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where qk(N + 1), qk(N) and qk(N − 1) are the electron densities of the (N+1), N and (N–1) electron systems, respectively, and measure its electrophilic and nucleophilic tendencies respectively. The Fukui indices calculated for GULAS are listed in Table 4.


Table 4:      Condensed Fukui functions for GULAS.
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The most susceptible sites for nucleophilic and electrophilic attacks are identified by these Fukui indices. The charge distributions point out that N20 is the preferred active site for reaction with nucleophilic species and C3 with electrophilic species. The pictorial representations of these indices are shown in Figure 5.
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Figure  5:      The pictorial representations of Fukui indices of GULAS.




3.4        HOMO-LUMO Analysis

HOMO and LUMO are the main orbitals taking part in chemical reactions. The HOMO and LUMO energy characterises the ability of electron giving and electron accepting, respectively. The energy gap between HOMO and LUMO elucidates the kinetic stability, chemical reactivity, optical polarisability and chemical hardness– softness of a molecule. This is also utilised by the frontier electron density for prediction of the most reactive position in π-electron systems and also explains several types of reaction in conjugated systems. Surfaces for the frontier orbitals were drawn to recognise the bonding scheme of present compound. The positive phase is red and the negative one is green. The pictorial representations of the HOMO-LUMO of GULAS (in neutral, cationic and anionic geometries) are shown in Figure 6.
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Figure  6:      The pictorial representations of HOMO-LUMO of GULAS (in neutral, cationic and anionic geometries).




HOMO is localised on the part of L-aspartate group, whereas LUMO is distributed over the entire guanidine group.

HOMO energy = − 8.9169 eV

LUMO energy = − 2.9088 eV

HOMO–LUMO gap = 6.0081 eV

Gauss-Sum 2.2 Program was used to calculate group contributions to the molecular orbitals (HOMO and LUMO) and prepare the density of states (DOS) spectrum in Figure 7.
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Figure  7:      DOS spectrum of GULAS.



The DOS spectrum was formed by convoluting the molecular orbital information with GAUSSIAN curves of unit height. The green and blue lines in the DOS spectrum indicate the HOMO and LUMO levels, respectively. The DOS spectrum also supports the energy gap calculated by HOMO-LUMO analysis. The molecule having large and small energy gaps are referred as hard and soft molecule, respectively. The hard molecule is not more polarisable in comparison with the soft ones because they require immense energy for excitation. The calculated HOMO-LUMO energies and energy gap for GULAS are listed in Table 5.


Table 5:      Global reactivity descriptors of GULAS under the applications of electric field.



	Parameters
	Values




	No field

	Field = 0.0005 a.u

	Field = 0.001 a.u

	Field = 0.002 a.u




	HOMO Energy
	−8.9169

	−8.988

	−9.0378

	−8.8986




	LUMO Energy
	−2.9088

	−2.9988

	−3.0384

	−3.1212




	Energy gap
	6.0081

	5.9892

	5.9994

	5.7774




	Ionisation potential (I)
	8.9169

	8.988

	9.0378

	8.8986




	Electron affinity (A)
	2.9088

	2.9988

	3.0384

	3.1212




	Chemical hardness (η)
	3.004

	2.9946

	2.9997

	2.8887




	Chemical Potential (μ)
	−5.9128

	−5.9934

	−6.0381

	−6.0099




	Softness (S)
	0.1664

	0.1669

	0.1666

	0.1730




	Electrophilicity index (ω)
	5.8191

	5.9976

	6.0772

	6.2517




	Nucleofugality (ΔEn)
	8.7279

	8.9965

	9.1156

	9.3729




	Electrofugality (ΔEe)
	14.736

	14.9857

	15.1151

	15.1504




	Charge Transfer (ΔNmax )
	1.9683

	2.0014

	2.0129

	2.0804





3.5        Global Reactivity Descriptors under the Electric Field Influences

Absolute hardness and softness are the important properties to measure the molecular stability and reactivity. It is apparent that the chemical hardness fundamentally signifies the resistance towards the deformation or polarisation of the electron cloud of the atoms, ions or molecules under small perturbation of the chemical reaction.

Using Koopman’s theorem for closed-shell compounds, hardness (η), softness (S) and the chemical potential (μ) can be defined as follows:
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where I and A are the ionisation potential and electron affinity of the compounds, respectively. Electron affinity refers to the capability of a ligand to accept precisely one electron from a donor. Ionisation energy is a fundamental descriptor of the chemical reactivity of atoms and molecules. High ionisation energy indicates high stability of chemical inertness and small ionisation energy indicates high reactivity of the atoms and molecules. Parr et al. have defined a new descriptor to quantify the global electrophilic power of the compound as electrophilicity index (ω), which defines a quantitative classification of the global electrophilic nature of a compound.23 ω, referred as a measure of energy lowering due to maximal electron flow between donor and acceptor is defined as follows:
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The significance of this new reactivity quantity has been recently demonstrated in understanding the toxicity of various pollutants in terms of their reactivity and site selectivity. The calculated value of electrophilicity index describes the biological activity of GULAS. All the calculated values of hardness, potential, and electrophilicity index are summarised in Table 5.

The maximum amount of the electronic charge that an electrophilic system may accept is given by the following equation:
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The maximum charge transfer ΔNmax in the direction of the electrophile is predicted using Equation 8 which describes the tendency of the molecule to acquire additional electronic charge from the environment. A similar effect as in the electrophilicity index is observed for maximum charge transfer. The charge transfer increases as the field increases (Table 5).

The two new reactivity indices to quantify the nucleophilic and electrophilic capabilities of leaving group are nucleofugality (ΔEn) and electrofugality (ΔEe) and they are defined as follows:
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All the calculated reactivity descriptors are presented in Table 5.


3.6        Molecular Electrostatic Potential (MESP) Analysis

The molecular electrostatic potential, V(r), at a given point r (x, y, z) in the surrounding area of a molecule, is defined in terms of the interaction energy between the electrical charge generated from the electrons of molecule and a positive test charge (a proton) located at r. The molecular electrostatic potential (MESP) is related to the electronic density and is a very helpful descriptor in determining sites for electrophilic and nucleophilic attacks as well as hydrogen-bonding interactions. To predict reactive sites for electrophilic and nucleophilic attack for the title molecule, MEP was calculated at the B3LYP/6-311G optimised geometry. The negative (red) regions of MEP were related to electrophilic reactivity and the positive (blue) regions to nucleophilic reactivity as shown in Figure 8.
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Figure  8:      MESP surfaces of GULAS.



The negative electrostatic potential region is observed around the oxygen atoms of CO2 and carboxylic groups. A maximum positive region is localised on the carbon and hydrogen atoms indicating a possible site for nucleophilic attack.

3.7        Electron Migration Analysis

The NBO analysis is carried out by examining all possible interactions between “filled” (donor) Lewis-type NBOs and “empty” (acceptor) non-Lewis NBOs, and estimating their important stabilising energies by 2nd order perturbation theory. Since these interactions lead to loss of occupancy from the localised NBOs of the idealised Lewis structure into the empty non-Lewis orbitals, they are referred to as delocalisation corrections to the zeroth-order natural Lewis structure. For each donor NBO (i) and acceptor NBO (j) with delocalisation i → j E(2) is estimated as:
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where qi is the donor orbital occupancy εj and εi are diagonal elements orbital energies and F (i, j) is the off diagonal NBO Fock matrix element. The larger E(2) value, the more intensive is the interaction between electron donors and acceptors, i.e., the more donation tendency from electron donors to electron acceptors and the greater the extent of conjugation of the whole system. DFT level computation is used to investigate the various second-order interactions between the filled orbitals of one subsystem and vacant orbitals of another subsystem, which is a measure of the delocalisation or hyper-conjugation.


Table 6:      NBO analysis of second order perturbation theory of Fock matrix of GULAS at B3LYP/6-311G (d,p) level.



	Donor(i)
	Acceptor(j)
	E(2)Kcal/mol

	E(j)–E(i)a.u

	F(i,j)a.u




	n2 (O15)
	σ*( C3 – C13)
	13.69

	0.65

	0.085




	n2 ( O15)
	σ *( C13 – O14)
	8.53

	0.77

	0.074




	n2 ( O15)
	σ *( C13 – O14)
	3.81

	0.34

	0.034




	n3 ( O15)
	σ *( C13 – O14)
	4.34

	0.73

	0.054




	n3 ( O15)
	π*( C 13 – O14)
	69.43

	0.29

	0.129




	n3 ( O15)
	σ *( C13 – O15)
	19.56

	0.67

	0.110




	n1 ( N17)
	σ *( C16 – N23)
	51.58

	0.25

	0.110




	n1 ( N20)
	σ *(C 16 – N 23)
	98.87

	0.22

	0.138




	n1 ( N20)
	σ *(N 20 – H22)
	5.67

	0.68

	0.060





As seen from Table 6, the strong interactions can be observed in guanidinium and aspartate moieties. In the guanidinium ion the lone pair n1( N20) presents the electron-transfer potentials of 98.87kcal/mol to σ*(C16 – N23). In aspartate moiety, the electrons of n3 (O15) can be redistributed into π*(C13 – O14) with the potential of 69.43 kcal/mol. These two interactions stabilise the GULAS due to the highest stabilisation energies.


3.8        Thermodynamic Properties

On the basis of vibrational analysis, the statistically thermodynamic functions such as heat capacity (C0p,m), entropy (S0m), and enthalpy changes (H0m ) for GULAS were obtained from the theoretical harmonic frequencies and listed in Table 7.


Table 7:      Thermo dynamical parameters of GULAS at B3LYP/6-311G (d,p) level.



	T (K)

	S (J/mol.K)

	Cp (J/mol.K)

	ΔH (kJ/mol)




	100.00

	342.85

	107.29

	7.25




	200.00

	436.11

	169.00

	21.06




	298.15

	514.60

	227.33

	40.54




	300.00

	516.01

	228.39

	40.96




	400.00

	589.20

	281.77

	66.54




	500.00

	657.08

	326.78

	97.04




	600.00

	720.02

	363.60

	131.62




	700.00

	778.41

	393.77

	169.53




	800.00

	832.68

	418.88

	210.20




	900.00

	883.27

	440.09

	253.18




	1000.00

	930.61

	458.24

	298.12





From this table, it can be observed that these thermodynamic functions are increasing with temperature ranging from 100 to 1000 K due to the fact that the molecular vibrational intensities increase with temperature and shown in Figure 9.
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Figure  9:      Thermodynamical parameters of GULAS.




3.9        Powder SHG Measurement

The study of nonlinear optical conversion efficiency has been carried out using the modified experimental setup of Kurtz and Perry.24 A Q-switched Nd:YAG laser beam of wavelength 1,064 nm, with an input power of 2.8 mJ, and pulse width of 8 ns with a repetition rate of 10 Hz was used. The grown single crystal of GULAS was powdered with a uniform particle size and then packed in a microcapillary of uniform bore and exposed to laser radiations. The output from the sample was monochromated to collect the intensity of 532 nm component. The generation of the second harmonics was confirmed by the emission of green light. A sample of potassium dihydrogen phosphate (KDP), also powdered to the same particle size as the experimental sample, was used as a reference material in the present measurement. The SHG conversion efficiency of GULAS is found to be about 0.5 times that of KDP (Table 8).


Table 8:      SHG signal energy output.



	Input powermJ/pulse

	KDPmV

	GULASV




	2.8

	18

	0.094





This may be due to the molecular structure of GULAS in which the main bonds stem from hydrogen bridges between nitrogen atoms of the guanidinium group to oxygen atoms of aspartate group. The Ν… H …O distances vary from 2.82 to 2.91 Å with the aspartate. Further, there exists one N … H … O bond [2.91Å] between the nitrogen atom of each aspartate ion and an oxygen atom of another aspartate ion are the reasons for the SHG efficiency possessed by this material.

4.          CONCLUSION

Single crystal of GULAS has been grown. The optimised geometrical parameters were studied. Vibrational spectral analysis has been carried out using FTIR and DFT methods. The Fukui indices analysis points out that N20 is the preferred active site for reaction with nucleophilic species and C3 with electrophilic species through the analysis of Fukui indices. The theoretically calculated small HOMO– LUMO gap explains the extent of intramolecular charge transfer interactions. From the calculated values of DFT based global reactivity descriptors the charge transfer increases under the influence of the electric field. The MESP analysis predicts that the negative regions are mainly localised on oxygen atoms of CO2 and carboxylic groups and maximum positive region is localised on the carbon and hydrogen atoms. NBO analysis confirms the presence of hydrogen bonding and investigates the stability as well as the intervening orbital interactions. The thermodynamic parameters are increasing with temperature ranging from 100 to 1000 K. The second-order NLO response was evaluated with the Kurtz and Perry powder method to test its SHG efficiency.
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ABSTRACT: The paper analyses the health risk assessment of cadmium (Cd), lead (Pb), zinc (Zn) and mercury (Hg) in irrigation water, soil and two vegetables samples of three different farmlands grown along Kubanni River, Zaria, Nigeria. The concentrations of the heavy metals were determined using atomic absorption spectrophotometry (AAS). The analysis showed that the average concentration of Pb, Cd, Zn and Hg in the vegetable samples, irrigation water and soil of the three farmlands were 8.35, 1.76, 34.80 and 3.93 mg kg–1; 0.46, 0.09, 0.1 and 0.04 mg kg–1; and 7.22, 0.46, 16.46 and 2.03 mg kg–1 respectively. Generally, the transfer factors for the vegetables are in the order of Cd > Zn > Hg > Pb. The associated health risk assessment of the heavy metals to consumers shows that Pb, Zn and Hg in the vegetables were above the FAO/WHO permissible limits. The health risk values of daily intake of metal (DIM) and health risk index (HRI) indicates that Pb, Cd and Hg contamination in the vegetables had the higher capability to pose severe health risk to consumers.

Keywords: Heavy metals, health risk, farmland, atomic absorption spectrophotometry, Kubanni River

1.          INTRODUCTION

Environmental pollution is a major problem of growing medium sized settlements in developing countries, mainly due to uncontrolled pollution levels from industrial and municipal wastes that end up in rivers, lakes and sea. Plants take up heavy metals from the soil and in some cases by air deposition. However, contamination by heavy metals in some areas is practically inevitable due to natural process and anthropogenic activities (such as industrial, agricultural and domestic effluents). Recently, the food structure of the whole world greatly changed with increasing consumption of vegetables. However, vegetables can take up a lot of essential nutrients and certain trace elements in a short period.1,2 Therefore, the safety of vegetables is very important.

Kubanni River originates from Kampagi Hills and passes through several training institutions, several urban and rural settlements and flows into River Galma of Zaria, Nigeria.3 All kinds of domestic and industrial waste flow into the river untreated. Moreover, the river is used for irrigation and provides domestic water for Ahmadu Bello University (ABU) community from the Kubanni dam. As such, concerns have risen about heavy metal contamination in this area and the potential impact on food system and human health.4–6 Consequently, there is a need to carry out health risk assessment of these heavy metals on vegetables grown within the vicinity of river.

The present work is based on heavy metal concentrations of cadmium (Cd), zinc (Zn), mercury (Hg) and lead (Pb) in vegetables grown around ABU Zaria dam area. In this study, onion (Allium cepa) and spinach (Spinacia oleracea) leaves and stem, the soil on which it was cultivated and the water for irrigation (i.e., the water from Kubanni River) were investigated.

2.          EXPERIMENTAL

2.1        General Description of Experimental Site

The Kubanni River originates from Kampagi Hills and passes through several training institutions, several urban and rural settlements and flows into River Galma. In 1973, the Kubanni dam was constructed on River Kubanni Zaria, Nigeria.4 The lake is located approximately within latitude 11°11′N and longitude 7°38′E in Samaru Zaria, Kaduna State Nigeria. Its two major tributaries are the Kampangi and Samaru streams. The Samaru stream passes through the densely populated Samaru settlement and ABU main campus. It has an all year-round flow due to its sustenance by urban run offs and sewages.

The Samaru stream which is one of the tributaries of Kubanni River has a stream length of 1.05 km within an area of 2.28 km2 and a drainage density of 0.4605 km/km2.7 The farmlands are located along Samaru stream which is one of the tributaries of Kubanni River close to ABU main campus. On a map, these farmlands (1, 2 and 3) are located approximately within latitude 11°8′3″N, longitude 7°39’0“E and sea level elevation of 645 m (Figure 1). All samples (soil, irrigation water, onion and spinach stem and leaves) were collected in June 2015. Three samples each of the soil and vegetables were collected from three different locations of three different farmlands and a litre of the irrigation water was used for the study.
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Figure  1:      Map showing the sampling sites, adapted from QuickBird 2011 imaginary.



2.2        Digestion of Soil Samples

Soil samples were taken at least 1 m apart to a depth of 30 cm in the three different farmlands under investigation. The samples were digested by adopting the procedure of Chiroma T. M. et al.17

2.3        Collection and Digestion of Vegetable Samples

Vegetable samples were collected from three different farmlands around river Kubanni. The vegetables were washed with tap water and properly rinsed with distilled water and sliced into tiny pieces with a plastic knife. Digestion of the vegetable samples was achieved using the procedure of Chiroma T. M. et al.17

2.4        Collection and Digestion of Water Samples

A litre of the dam water used for irrigating the farm was collected and the procedure of Chiroma T. M. et al. was adopted for the digestion process.17


2.5        Analysis of Samples

Concentrations of Pb, Cd, Zn and Hg in the filtrate of digested soil, water and vegetables samples were estimated by using an Atomic Absorption Spectrophotometer (VARIAN 240FS, Sweden). Stock solutions, 1000 mg l–1 each of Pb, Cd, Zn and Hg purchased from Sigma-Aldrich were used for AAS analysis. Calibration standard for each element was prepared using these stock solutions by employing serial dilution technique. The mineral element composition in each sample was deduced from the calibration curves. For each sample, three determinations were performed and the average results were reported.

2.6        Data Analysis

2.6.1      Transfer factor (TF)

Metal concentrations in the extract of soils and vegetables were calculated by taking the ratio of the average metal concentration of the vegetable and the average metal concentration in the soil on the basis of dry weight (mg/kg).8

2.6.2      Daily intake of metal (DIM)

For daily intake of metal (DIM), the average metal content in each vegetable was calculated and multiplied by the respective consumption rate. The DIM was determined by the following equation:9
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Here, CMetal conc. = Heavy metal concentration in vegetables (mg kg–1); CFactor = conversion factor (0.085); and DVegetable intake = Daily intake of vegetable (kg person–1 day–1).

The conversion factor of 0.085 is set to convert fresh vegetable weight to dry weight.10,11

2.6.3      Health risk index (HRI)

The hazardous quotient (HQ) for the consumption of contaminated vegetables was assessed by the ratio of DIM to the oral reference dose (RfD) for each metal.12 The consumption of the vegetable would be of no risk if the ratio is less than 1 and if the ratio is equal or greater than 1 then potential health risk is possible.12


Table 1:      Oral reference doses (mg/kg/day) of metals under investigation.



	Metal
	Oral reference dose (RfD)



	Pb
	0.004a



	Cd
	0.001a



	Zn
	0.3a



	Hg
	0.0003b




a FAO/WHO, 2013; b US EPA 1987

3.          RESULTS AND DISCUSSION

Table 2 summarises the mean heavy metals concentrations in the irrigation water, soil and vegetable samples grown around Kubanni River in three different farmlands. All analysed samples contained detectable concentrations of Pb, Cd, Zn and Hg. Mean concentrations of the total Pb, Cd, Zn and Hg in the irrigation water samples were 0.46, 0.09, 0.1 and 0.04 mg kg–1 respectively. The average concentrations of heavy metals in the soil samples of the three farmlands were in the order of Zn > Pb > Hg > Cd. Mean concentrations of Pb, Cd, Zn and Hg in the vegetable samples were 8.35, 1.76, 34.80 and 3.93 mg kg–1 respectively.

The total concentration of Pb was higher in spinach stem and leaves than in onion samples in all the three farmlands. However Cd, Zn and Hg concentrations were higher in onion than in spinach stem and leaves in all farmlands. Heavy metal concentrations varied among different vegetables which may be attributed to differential absorption capacity of test vegetables for different heavy metals.13

The maximum permissible limits for soil, water and vegetable samples are presented in Table 4. The average concentrations of Pb, Cd, Zn and Hg in all the vegetable samples were 8.35, 1.76, 34.80 and 3.93 mg kg–1 respectively. These values have exceeded the maximum permissible limits set by FAO/WHO (2007) and USEPA (2010) except Zn which was within tolerable limit. Similarly, the concentration of heavy metals in the soil and water samples for Pb, Cd and Hg were above the FAO/WHO (2007) and USEPA (2010) maximum permissible limits except Zn was below the permissible limit. It seems the irrigation water and soil of the study area naturally have high concentrations of Pb, Cd and Hg which may come from atmospheric deposition by air, sewage water or other anthropogenic sources.


Table 2:      Mean heavy metals concentrations (mg kg–1) in the irrigation water, soil and vegetable samples grown around Kubanni River in three different farmlands.



	Farmland
	Sample
	Mean heavy metal concentration (mg kg–1)




	Pb

	Cd

	Zn

	Hg




	1

	Water
	0.46

	0.09

	0.10

	0.04




	Soil
	8.70

	0.37

	23.68

	2.11




	Onion
	2.60

	5.80

	65.47

	6.35




	Spinach leaves
	10.42

	0.21

	22.68

	1.06




	Spinach stem
	17.18

	0.31

	10.98

	1.37




	2

	Water
	0.46

	0.09

	0.10

	0.04




	Soil
	4.39

	0.50

	11.89

	2.12




	Onion
	6.40

	6.00

	74.93

	9.54




	Spinach leaves
	7.19

	0.22

	12.92

	1.54




	Spinach stem
	13.67

	0.42

	10.80

	1.73




	3

	Water
	0.46

	0.09

	0.10

	0.04




	Soil
	8.58

	0.51

	13.82

	1.85




	Onion
	1.20

	2.47

	93.80

	10.83




	Spinach leaves
	8.35

	0.11

	11.89

	1.40




	Spinach stem
	8.18

	0.26

	9.72

	1.54






Table 3:      Transfer factor of the vegetable samples grown around Kubanni River in three different farmlands.



	Farmland

	Sample
	Transfer factor




	Pb

	Cd

	Zn

	Hg




	1

	Onion
	0.30

	15.68

	2.76

	3.01




	Spinach leaves
	1.20

	0.57

	0.96

	0.50




	Spinach stem
	1.97

	0.84

	0.46

	0.65




	2

	Onion
	1.46

	11.90

	6.30

	4.50




	Spinach leaves
	1.64

	0.44

	1.09

	0.73




	Spinach stem
	3.12

	0.83

	0.91

	0.82




	3

	Spinach leaves
	0.14

	4.88

	6.79

	5.84




	Spinach stem
	0.97

	0.22

	0.86

	0.75





The mean metal transfer factors for the vegetables are presented in Table 3. Generally, the transfer factors for the vegetables are in the order Cd > Zn > Hg > Pb. There is a high transfer factor of Cd, Zn and Hg in onion samples than spinach stem and leaves, this could be attributed to the initial high mean concentration of the elements, as determined in Table 2.


Table 4:      Guideline of safe limits for heavy metals.



	Sample
	Standard
	Pb
	Zn
	Cd
	Hg



	Water(mg l–1)
	FAO/WHO 2007
	5.0
	2.0
	0.01
	0.001a



	Soil(mg kg–1)
	USEPA 2010
	300
	200
	3.0
	0.3



	Plant(mg kg–1)
	FAO/WHO 2007
	5.0
	60.0
	0.2
	0.0016




a WHO, 2004


Table 5:      Estimation of daily intake of metals (mg/person/day) by consumption of the vegetable samples grown around Kubanni River in three different farmlands.



	Farmland
	Estimation of daily intake of metals




	
	Pb
	Cd
	Zn
	Hg



	1

	Onion
	0.0014 (A)0.0016 (C)
	0.0030 (A)0.0035 (C)
	0.0343 (A)0.0395 (C)
	0.0033 (A)0.0038 (C)



	Spinachleaves
	0.0055 (A)0.0063 (C)
	0.0001 (A)0.0001 (C)
	0.0119 (A)0.0137 (C)
	0.0006 (A)0.0006 (C)



	Spinachstem
	0.0090 (A)0.0104 (C)
	0.0002 (A)0.0002 (C)
	0.0058 (A)0.0066 (C)
	0.0007 (A)0.0008 (C)



	2

	Onion
	0.0034 (A)0.0039 (C)
	0.0031 (A)0.0036 (C)
	0.0393 (A)0.0452 (C)
	0.0050 (A)0.0058 (C)



	Spinachleaves
	0.0038 (A)0.0043 (C)
	0.0001 (A)0.0001 (C)
	0.0068 (A)0.0078 (C)
	0.0008 (A)0.0009 (C)



	Spinachstem
	0.0072 (A)0.0082 (C)
	0.0002 (A)0.0003 (C)
	0.0057 (A)0.0065 (C)
	0.0009 (A)0.0010 (C)



	3

	Onion
	0.0006 (A)0.0007 (C)
	0.0013 (A)0.0015 (C)
	0.0492 (A)0.0566 (C)
	0.0057 (A)0.0065 (C)



	Spinach leaves
	0.0044 (A)0.0050 (C)
	0.0001 (A)0.0001 (C)
	0.0062 (A)0.0072 (C)
	0.0007 (A)0.0008 (C)



	Spinach stem
	0.0043 (A)0.0049 (C)
	0.0001 (A)0.0002 (C)
	0.0051 (A)0.0059 (C)
	0.0008 (A)0.0009 (C)




A = Adults, C = Children

DIMs were calculated for adult and children are presented in Table 5. In general, the DIM values of Cd, Zn and Hg in onion are higher than in spinach stem and leaves. Whereas, DIM values of Pb were prominent in spinach leaves and stems. Overall, the average DIM values were in the order of Zn > Pb > Hg > Cd. From the results DIM value of Pb and Hg in spinach exceeded the FAO/WHO (2013) and USEPA (1987) limit of 0.004 and 0.0003 respectively for daily consumption of the two metals. Therefore, daily consumption of contaminated plants may cause severe health risks by ingestion of Pb and Hg through spinach stems and leaves cultivated in the study area while the estimated DIM of Cd and Zn are in the range of safe limits set by FAO/WHO (2013).14 However, the DIM value of Pb, Cd and Zn in onion samples are in the range of safe limits set by FAO/WHO (2013) for daily consumption except the estimated DIM value of Hg which has exceeded the limits set by USEPA (1987).15 It is clear that Hg might be ingested through onion samples which may cause severe health risk especially for pregnant mothers and children.16


Table 6:      Health risk index (HRI) of the metals for the adults and children as a result of consumption of the vegetables.



	Farmland
	Sample
	Health risk index




	Pb
	Cd
	Zn
	Hg



	1

	Onion
	0.341 (A)0.392 (C)
	3.043 (A)3.498 (C)
	0.114 (A)0.132 (C)
	11.096 (A)12.755 (C)



	Spinach leaves
	1.367 (A)1.571 (C)
	0.110 (A)0.127 (C)
	0.040 (A)0.046 (C)
	1.847 (A)2.123 (C)



	Spinach stem
	2.253 (A)2.590 (C)
	0.163 (A)0.187 (C)
	0.019 (A)0.022 (C)
	2.387 (A)2.744 (C)



	2

	Onion
	0.839 (A)0.965 (C)
	3.148 (A)3.618 (C)
	0.131 (A)0.151 (C)
	16.677 (A)19.172 (C)



	Spinach leaves
	0.943 (A)1.084 (C)
	0.115 (A)0.133 (C)
	0.023 (A)0.026 (C)
	2.689 (A)3.092 (C)



	Spinach stem
	1.793 (A)2.061 (C)
	0.220 (A)0.253 (C)
	0.019 (A)0.022 (C)
	3.029 (A)3.482 (C)



	3

	Onion
	0.157 (A)0.181 (C)
	1.296 (A)1.490 (C)
	0.164 (A)0.189 (C)
	18.934 (A)21.766 (C)



	Spinach leaves
	1.095 (A)1.259 (C)
	0.058 (A)0.066 (C)
	0.021 (A)0.024 (C)
	2.441 (A)2.806 (C)



	Spinach stem
	1.073 (A)1.233 (C)
	0.136 (A)0.157 (C)
	0.017 (A)0.020 (C)
	2.684 (A)3.086 (C)




A = Adults, C = Children


On the other hand, Table 6 presented the health risk index (HRI) of the metals for the adults and children as a result of consumption of the vegetables. The HRIs of Pb, Cd, Zn and Hg ranged about 0.16–2.25, 0.11–3.15, 0.017–0.16 and 1.85–18.93, respectively for adults, and 0.18–2.59, 0.13–3.49, 0.020–0.189 and 2.12–21.77 for children, respectively. The highest HRI value of 21.77 was observed for children through Hg consumption in onion sample of farmland 3 while the lowest (0.017) was observed for adults through Zn consumption in spinach stem of farmland 3. The result showed that Pb, Cd and Hg contamination in the vegetables had the higher capability to pose severe health risk to consumers since most of the HRIs of the vegetables in all the farmlands were greater than 1.

4.          CONCLUSION

The present study has assessed data on heavy metals in irrigation water, soil and two kinds of vegetables (edible parts) grown around Kubanni River, Zaria, Nigeria. All the samples under investigation contained detectable concentrations of Pb, Cd, Zn and Hg. The associated health risk assessment of the heavy metals to consumers shows that Pb, Zn and Hg in the vegetables were above the FAO/WHO (2007) permissible limits. These accumulated heavy metals have affected the soil and are easily transferred to the vegetables grown around the area. The findings of this study regarding DIM and HRI indicates that Pb, Cd and Hg contamination in the vegetables had the higher capability to pose severe health risk to consumers. Therefore, there is the need for the authorities concern to come up with measures that would stop the indiscriminate dumping of refuse and discharge of untreated sewage into the Kubanni River.

5.          ACKNOWLEDGEMENTS

The authors thankfully acknowledge the support provided by the Multi-User Science Research Laboratory, Ahmadu Bello University, Zaria, Nigeria.

6.          REFERENCES

1.        Zhou, D. M. et al. (2005). Copper and zinc uptake by radish and pakchoi as affected by application of livestock and poultry manures. Chemosph., 59, 167–175, https://doi.org/10.1016/j.chemosphere.2004.11.008.


2.       Liu, H. Y. et al. (2005). Metal contamination of soils and crops affected by the Chenzhou lead/zinc mine spill (Hunan, China). Sci. Total Environ., 339, 153–166, https://doi.org/10.1016/j.scitotenv.2004.07.030.

3.       Butu, A. W. & Iguisi, E. O. (2013). Concentration of heavy metals in sediment of river Kubanni, Zaria, Nigeria. Compr. J. Earth Environ. Sci., 2(1), 10–17.

4.       Haruna, A. (2008). Trace metal risk assessment in vegetable crops irrigated with sewage water and sludge along Kubanni river drainage basin in Zaria metropolis, Nigeria. Masters diss., Ahmadu Bello University, Zaria, Nigeria.

5.       Butu, A. W. & Iguisi, E. O. (2012). Increasing levels of metal pollutants in river Kubanni Zaria, Nigeria. Res. J. Environ. Earth Sci., 4(12), 1085–1089.

6.       Oladeji, S. O. & Saeed, M. D. (2015). Assessment of cadmium concentrations in wastewater, soil and vegetable samples grown along Kubanni stream channels in Zaria, Kaduna State, Nigeria J. Chem. Pharm. Res., 7(9), 332– 339.

7.       Butu, A. W. & Ati, O. F. (2013). Sources and levels of concentration of metal pollutants in Kubanni dam, Zaria, Nigeria. Int. J. Dev. Sustain., 2(2), 814– 824.

8.       Cui, Y. J. et al. (2004). Transfer of metals from near a smelter in Nanning. China. Environ. Int., 30, 785–791, https://doi.org/10.1016/j.envint.2004.01.003.

9.       Sajjad, K. et al. (2009). Health risk assessment of heavy metals for population via consumption of vegetables. World Appl. Sci. J., 6(12), 1602–1606.

10.     USDA. (2007). USDA nutrient database for standard reference, release 2007. Retrieved 20 February 2016 from http://www.ars.usda.gov/main/site_main.htm?modecode=12-35-45-00.

11.     Rattan, R. K. et al. (2005). Long-term impact of irrigation with sewage effluents on heavy metal content in soils, crops and groundwater - A case study. Agri. Ecosyst. Environ., 109, 310–322, https://doi.org/10.1016/j.agee.2005.02.025.

12.     USEPA. (2013). Reference dose (RfD): Description and use in health risk assessments. Background document 1A, Integrated Risk Information System (IRIS), United States Environmental Protection Agency. Retrieved 15 March 2016 from http://www.epa.gov/iris/rfd.htm.

13.     Zurera-Cosano, G. et al. (1989). Heavy metal uptake from greenhouse border soils for edible vegetables. J. Sci. Food Agri., 49, 307–314, https://doi.org/10.1002/jsfa.2740490307.

14.     FAO/WHO. (2013). Guidelines for the safe use of wastewater and food stuff. Wastewater use in Agriculture. Report by WHO, Geneva.

15.     USEPA. (1987). Peer workshop on mercury issues. Summary report, 26–27 October, Environmental Criteria and Assessment Office, USEPA.


16.     Bose-O’Reilly, S. et al. (2010). Mercury exposure and children’s health. Curr. Probl. Ped. Adoles. Health Care, 40(8), 186–215, https://doi.org/10.1016/j.cppeds.2010.07.002.

17.     Chiroma T. M., Ebewele R. O. & Hymore F. K. (2012). Levels of heavy metals (Cu, Zn, Pb, Fe and Cr) in bushgreen and roselle irrigated with treated and untreated urban sewage water. Int. Res. J. Environment Sci., 1(4), 1–7.





Optical Extinction Coefficients of Gold Nanoparticle Aggregates by Small Angle X-Ray Scattering (SAXS)

Jia-Cherng Chong,1* Noriah Bidin,1 Siew-Ling Lee,2 Mohd Marsin Sanagi,3 Supagorn Rugmai4,5 and Siriwat Soontaranon5

1Laser Centre, Universiti Teknologi Malaysia, 81310 Skudai, Johor, Malaysia

2Ibnu Sina Institute, Universiti Teknologi Malaysia, 81310 Skudai, Johor, Malaysia

3Nanotechnology Research Alliance, Universiti Teknologi Malaysia, 81310 Skudai, Johor, Malaysia

4School of Physics, Suranaree University of Technology, 111 University Avenue, 30000 Nakhon Ratchasima, Thailand

5Synchrotron Light Research Institute, Suranaree University of Technology, 111 University Avenue, 30000 Nakhon Ratchasima, Thailand

*Corresponding author: andrew.chong89@gmail.com

© Penerbit Universiti Sains Malaysia, 2017


Published online: 15 April 2017

To cite this article: Chong, J-C. et al. (2017). Optical extinction coefficients of gold nanoparticle aggregates by small angle x-ray scattering (SAXS). J. Phys. Sci., 28(1), 61–71, https://doi.org/10.21315/jps2017.28.1.5

To link to this article: https://doi.org/10.21315/jps2017.28.1.5



ABSTRACT: The size distribution of gold hydrosol aggregates induced by ascorbic acid has been characterised by small angle x-ray scattering (SAXS). The results are used to compute the extinction coefficients around the localised surface plasmon resonance (LSPR) wavelengths and verified by comparing experimental extinction spectra obtained via spectrophotometry. Citrate refluxed gold nanoparticles with initial ionic ratio of 0.94 measured by fitting an averaged intensity profile from two scattering lengths exhibit log-normal distribution with mean diameter of 27.4 nm (σd = 14.4 nm), while ascorbic acid induced agglomeration on gold nanoparticles at pH of 3.2 has mean diameter of 51.2 nm (σd = 19.2 nm). Both experiment and simulated optical extinction shows agreement in LSPR peak wavelength corresponding to their respective mean particle sizes.

Keywords: Gold nanoparticles, small angle x-ray scattering (SAXS), induced agglomeration, optical extinction coefficient, gold hydrosol


1.          INTRODUCTION

Many application studies on gold nanoparticles (AuNPs) utilise their fascinating optical tunability due to size-dependent shift of localised surface plasmon resonance (LSPR) frequency.1–3 One of the greatest drawbacks for consistent performance in photo-thermal conversion or molecular sensing is the agglomeration behaviour of the particles.4–6 The consequences often involve irregular heat distribution for the case of photo-thermal applications or poor sensitivity as chemical markers. More so than often, changes in particle sizes and dispersity are the result of instability of the ionic species in the medium especially for liquid dispersed AuNPs synthesised via Turkevich-Frens protocols.7,8

Small angle x-ray scattering (SAXS) characterisation with intense synchrotron light source is a powerful technique to extract full size distribution and form factors of nanomaterials of various physical phases through elastic scattering of intense x-rays. It has advantages over electron microscopy for being energetically softer and describes a comparatively larger sample population. However, the cost of operation and degree of sophistication in experimental setup for SAXS often limits the technique to institutions with advanced light source facility. Since optical extinction of any colloid carries convoluted information on its size distribution, chemical behaviour and particle densities; identifying the effects of size distribution on the profile of LSPR peak contributes to the development of a rapid, sample-specific characterisation instrument by calibrating spectral profile to a colloidal sample with known size dynamics.

In this study, we utilise SAXS to provide rapid size distribution of citrate stabilised AuNPs in two agglomeration states when pH of the medium is altered by diluted ascorbic acid. The resulting particle sizes are used to compute theoretical frequency-dependent extinction coefficients and are verified by experimental optical extinction spectra around LSPR regime.

2.          EXPERIMENTAL

2.1        Sample Preparation

The glassware involved in the experiment was prewashed with 3:1 molar fraction of hydrochloric and nitric acid followed by sonification in isopropyl alcohol and ultrapure deionised water (13.6 MΩ, PURELAB Ultra) for 30 min to remove undesired nucleation sites prior to synthesis. Two colloidal AuNP samples with the same citrate to gold ionic ratio of 0.94 is produced following standard Turkevich-Frens method.7,8 Upon cooling to room temperature, 500 μl of 5.64 × 10–2 M of ascorbic acid (95%, Aldrich) was added into one of the colloidal samples which caused its pH to change from 4.6 to 3.2 as measured by a calibrated digital pH meter; addition of ascorbic acid induces particle agglomeration where increment of size is apparent by characteristic shift of colloidal colour.

Both samples were allowed to age for 18 h before 10 ml of each sample was purified by centrifugation (Sartorius Sigma 2-16K) at 8000 RPM followed by redispersion into 5 ml of 1.05%w/v of polyethylene glycol (PEG), Mw = 3350. The resultant colloids were immediately sonicated for 30 min to prevent secondary agglomeration during adhesion of PEG to the particle surface. Optical extinction of both AuNP samples are measured in 1 cm quartz cuvette with spectrophotometry setup (Avantes) attached to a fibre spectrometer (OceanOptics USB4000) shortly before characterisation with SAXS.

2.2        SAXS Measurement

In synchrotron SAXS setup, the samples were exposed to a tightly focused monochromatic soft x-ray beam in vacuum where small fraction of the radiation is elastically scattered in the shape of a cone onto a cooled planar charge coupled device (CCD) detector orthogonal to the incident beam. To avoid exposure saturation, the central transmitted radiation is filtered with an opaque beam stop as shown in Figure 1, leaving an intensity profile of scattered radiation for analysis. Our experimental measurements were carried out at beamline 1.3 W Synchrotron Light Research Institute (SLRI), Thailand. Monochromatic soft x-ray beam of 8 keV (ΔE/E = 0.93%) was used throughout the measurements.9 The scattered intensity profiles were obtained with 100 μl sample filled into copper cells with x-ray transparent Kapton window.
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Figure  1:      SLRI SAXS 1.3W beamline overview.



Two sample-detector distances, 1607.47 mm and 4497.21 mm calibrated by scattering intensity profile of solid styrene ethylene butylene styrene (SEBS), were applied on each sample to obtain averaged scattering vector function. For each sample, 3 sets of data were taken corresponding to empty cell with Kapton window, cell filled with suspending media (i.e., PEG dilution) and the sample itself for background subtraction. All experimental intensity images were converted to numerical values via circular averaging background-subtraction by homebuilt SAXSIT software and size distribution was obtained with SASfit V0.93.5. The size distributions obtained from SAXS are used to compute theoretical extinction coefficients; the values are then compared with experimental spectrophotometry.

2.3        Mie Extinction Coefficients

Liquid dispersed AuNPs has long been known to exhibit vibrant colours attributed to absorption and scattering of incident light10 due to collective excitation of surface plasmons.11 Exact solution of Mie Theory quantifies the optical extinction of colloidal suspensions by solving Maxwell’s equations for electromagnetic waves interacting with small conducting spheres taking macroscopic dielectric constant of the material. The extinction and scattering coefficients, Cext and Csca follow an expansion series:12
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where A is the extinction cross-sectional area, x is a size parameter given by 2πNa/λ; both an and bn are variables dependent on particle size a and N the refractive index of medium chosen as 1.33. Absorption coefficient can thus be obtained by subtracting scattering term from extinction. Using frequency dependent complex permittivity of gold experimentally found by Johnson and Christy,13 a 200-step extinction coefficient spectra from wavelength of 450 nm to 800 nm was computed based on 50 bin particle size distribution histogram determined through SAXS.

3.          RESULTS AND DISCUSSION

For diluted small scatterers, surface inhomogeneity of nanoclusters require spatial resolution of detectors as small as 2.5 × 10–3 degree. In order to increase the resolution, the scattering lengths were increased to thousands of millimetres. As a consequence, compensation of longer acquisition time is required to obtain intensities sufficient for analysis. The scattering image at two lengths for both AuNPs samples shown in insets of Figure 2(a) and 2(b) are averaged by intensity counts over 2π with SAXSIT which produce a negative exponential scattered intensity plot against 2θ.
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Figure  2:      CCD scattered x-ray images (inset) at 4497 mm and 1067 mm used in conversion to scattered intensity plot for (a) undisturbed AuNPs and (b) pH adjusted AuNPs.



At scattering length of 4497.21 mm, the scattered intensity plot shows indistinguishable peak values for both AuNP samples. For shorter scattering length of 1607.47 mm, pH adjusted AuNPs shows lower peak intensity relative to undisturbed colloid indicating extinction due to large particles. The extraction of size distribution requires intensity profiles converted to scattering vector function, q given by:
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where θ is half the scattering angle and wavelength λ. Averaging vector functions from two scattering lengths for both AuNP samples are shown in Figure 3.
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Figure  3:      Log-log scattering vector function of undisturbed AuNPs (a); pH adjusted AuNPs (b); corresponding residuum plots for undisturbed AuNPs (c); and pH adjusted AuNPs indicate general agreement between experiment and fitting functions in q-space (d).




It is found that the length averaged scattering vector functions for both AuNP samples exhibit curve characteristics described by small angle scattering of non-uniform particulates. At lower q region, both samples shows rapid decay edged towards q = 0.3 nm–1 where intensity drops in steep gradient. Considering polydisperse population with mostly spherical geometry, the scattering profile at low and high q shows transition properties between Guinier and fractal regimes.14 The configuration of scattering vector plots are best fit to phenomenological function described by Beaucage unified exponential-power law where intensity is given by:15
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where constants such as G, B and exponent P are experimentally obtained while Rg is the radius of gyration. The fitting was performed by least square minimisation via SASfit16 shown as red solid lines in Figure 3 (a) and 3 (b). The parameters obtained from best fit have R-value of 0.97 for citrate reduced AuNPs while ascorbic added sample at 0.92. Residuum plots in Figure 3 (c and d) shows general acceptance of the fitting with slight persistence of disturbance for both samples at q = 0.3 nm–1, suggesting polydispersity. Following Beaucage et al., a monomodal lognormal size distribution function of the nanoparticles can be expressed as:17
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where R is the mode of particle radius and both median μ and shape parameter δ can be obtained from equation (4) by fitting scattering vector functions:
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The term (BRg4/1.62G) in Equation 7 containing the value 1.62 is the scale of polydispersity index where 1 denotes monodisperse spherical particles. Mean particle diameter, <d> and standard deviation, σ of the nanoparticles can be calculated from the log-normal distribution function by relating μ and δ such as:
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The log-normal distribution curves for both samples illustrated in Figure 4(a) shows comparatively smaller particle sizes in undisturbed AuNPs at mean diameter at 27.4 nm; adding ascorbic acid into the medium pushed the population of particles into larger sizes with mean at 51.2 nm as well as degradation in dispersity indicated by the increase of standard deviation from 14.4 nm to 19.2 nm. Furthermore, the decreasing integral number concentration suggests that the size changes did not involve addition of nucleation sites by ascorbic acid since ascorbic acid was added after initial particle forming phases where well-stabilised AuNPs were already in existence from double action of citrate reduction and capping. Thus, the shift of size distribution can be seen as agglomeration or clumping of the particles.

It is well known that the sizes of citrate reduced and stabilised AuNPs are pH sensitive due to electrostatic interactions of mobile charges on the double layer formed between carboxyl ends of the citrate ions electrostatically attracted to the AuNP core and sodium ions in the immediate vicinity.18 Adding ascorbic acid into the medium rapidly alters the chemical equilibrium established by the counterion species19 and as a result depletes the double layer and the repulsive electrostatic potential,20 forming agglomerates and thus reduces the total number concentration of the sample. Although the electrochemical behaviour between dissociates of ascorbic acid and citrate ions lies beyond the scope of this report, the size dynamics due to agglomeration can be verified by optical extinction especially by peak LSPR values. Exact solution of Mie extinction using real data from SAXS yield both scattering and absorption coefficient for a given wavelength where planar white light was used as a source.

Calculated extinction coefficient spectra show an intense surface plasmon resonance peak at 522.3 nm for undisturbed gold colloid, this peak redshifted to 531.5 nm accompanied by a decrease of extinction intensity for agglomerated AuNPs. For citrate capped AuNPs, the particle sizes are well within the 1/10λ regime where incoming light is almost completely absorbed by strong dipole plasmon oscillations.21 The simulated extinction spectrum approximates absorption at the LSPR band and inter-band region and are consistent with the profile experimentally measured by spectophotometry, confirming the size distribution by SAXS. Increased mean AuNPs sizes induced by ascorbic acid above the 1/10λ approximation limit result in overall increase of scattering coefficient. This effect coupled with the decrease of absorption for intraband transition result in redshift broadening of LSPR band and increase of extinction intensities at longer wavelengths.
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Figure  4:      Log-normal particle size distribution, mean diameter and standard deviation obtained from SAXS for (red) undisturbed AuNPs and (blue) pH adjusted AuNPs by ascorbic acid (a); calculated absorption, scattering and extinction coefficient as a function of wavelength based on particle size distribution obtained by SAXS (b); and comparison of extinction profiles around LSPR wavelength with experimental spectrophotometry measurements (c).



Compared to experimentally measured extinction spectra, the LSPR band matches the simulation profile but poor agreement was found after 550 nm. The matching of peak profile can be attributed to dipole LSPR from primary population of AuNPs with <d> = 51 nm. At longer wavelengths beyond plasmon peak, the inconsistencies could be attributed by the existence of very small fractional concentration of sub-micrometer sized gold particles with large standard deviation, giving rise to multipole plasmon oscillations that contributes to an increase of extinction coefficient22 between 570 nm to 750 nm. In addition, the secondary size distribution of large particles also increases the scattering contribution dominant in the extinction coefficient at wavelength longer than 600 nm.

4.          CONCLUSION

Two samples of citrate reduced colloidal gold were produced via Turkevich-Frens method at citrate to gold ratio of 0.94. Upon addition of ascorbic acid, the AuNPs increased in mean size about twice the diameter with respect to undisturbed particles. The changes of the particle number and size can be explained by agglomeration due to weakening of stabilising electrostatic potential. The size distributions obtained from SAXS are verified by comparing consequential theoretical optical extinction with experimentally measured extinction spectra. It is found that for both cases, the LSPR peak profiles corresponding to major population of the particles matches considerably. However, the increased deviation towards red-end of the extinction band around 570 nm to 750 nm in agglomerated AuNP sample can be attributed to presence of large non-uniform particles.
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ABSTRACT: We have presented a theoretical study on ground state binding energy of the hydrogenic donor in the Surface Quantum Well composed of vacuum/GaAs/Ga1-xAlxAs. The effects of image charges and dielectric screening function on the hydrogenic donor binding energy are analysed. The results indicate that both of them have inverse effects. These results are compared with the results of other potential profiles previously reported.

Keywords: Surface quantum well, hydrogenic donor, binding energy, dielectric screening function, image charge

1.          INTRODUCTION

Low dimensional semiconductor systems, especially the nature of the impurity states in quantum wells, are extensively studied because of purely scientific interest and their potential applications in the manufacturing of the opto-electronic devices.1 Binding energies of a hydrogenic donor in different quantum wells with GaAs/Ga1-xAlxAs have been investigated experimentally and theoretically by many authors.2–7 Several authors have reported the effect of perturbations on hydrogenic donor binding energy in different quantum wells.8,9

Surface Quantum Well (SQW) composed of vacuum/GaAs/GaAlAs are of considerable interest due to: (1) the presence of localised states even above the single quantum barrier in the GaAlAs layer;10 and (2) the image charges that arise from the large dielectric mismatch at the single vacuum/GaAs interface. Present authors have reported the binding energy of the excitons in such a SQW.11

The effect of dielectric screening function, which is the spatial dependent screening of an impurity ion caused by the valence electrons and the effect of dielectric mismatch at the interfaces play a very important role in the study of hydrogenic donor binding energy in low dimensional semiconductor systems.

Shallow impurity states in a freestanding semiconductor nanowire and in a semiconductor nanowire surrounded by a metallic gate have been studied by Li et al.12 The effects of dielectric mismatch on the binding energies of impurity in GaAs-Ga1-xAlxAs quantum wells have been studied by Deng et al.13 Pereira et al.14 have investigated the electron-impurity binding energy in GaN/HfO2 quantum wells considering simultaneously all energy contributions caused by the dielectric mismatch.

Niculescu has made a theoretical study of the electronic states in a spherical quantum dot with and without a hydrogenic impurity, taking into account the dielectric mismatch effect, by considering the joint action of the quantum confinement and polarisation charges.15 Exciton states in the cubic quantum dots with finite potential barrier in the presence of dielectric mismatch have been studied by Boichuk et al.16 The role of effective mass and dielectric mismatch on chemical potentials and addition energies of many-electron multi-shell quantum dots have been studied by Royo et al.17

Sukumar and Navaneethakrishnan studied the effect of dielectric function and pressure on the binding energies of excitons in GaAs and GaAs/Ga1-xAlxAs superlattices, whereas Deng et al. calculated the binding energies of shallow donors and acceptors in a spherical GaAs/Ga1-xAlxAs quantum dot including the spatial variation of dielectric screening.18,19 In addition, Kilicarslan et al. have shown that for Si, there is an obvious increase in the binding energy for spatially dependent screening compared with that for constant screening in the range of considered well widths, whereas the spatially dependent screening effect is small for Ge and GaAs materials.20 The effect of spatial dielectric screening on the diamagnetic susceptibility of a donor in low dimensional semiconducting systems like quantum well, quantum well wire and quantum dot in the infinite barrier model has been investigated by Nithiananthi et al.21 The effect of the dielectric screening on donor binding energies in a quantum wire has been estimated by Latha et al.. with five different screening functions.22


Keldysh has shown that in thin films, if the dielectric constant of the film is much larger than that of the substrate, as film thickness decreases, the Coulomb interaction increases strongly.23 Shik, on the other hand, observed a decrease of conductivity with the film thickness, when screening in thin films is taken into account.24 Chaplik has investigated the scattering of electrons by ions in an inversion layer.25

Deng and Gu have calculated the effects of the image potential on hydrogenic impurity binding energies in GaAs/AlAs quantum well wires with rectangular cross section.26 The role of dielectric constant mismatch on shallow donor impurities in GaAs-Ga1-xAlxAs quantum well structures have been investigated by Fraizzoli et al.27 The effect of image charges due to dielectric mismatch on the properties of donor in semiconductor nanostructures bounded by air have been studied by Corfdir et al.28

Wendler et al. have reported the exciton binding energy in semiconductor quantum well with the effect of the image potential.29 Thoai et al. studied the influence of image charges and discontinuous masses in quantum well on exciton binding energy.30 The effect of image charges on the ground state binding energy of hydrogenic impurity in cylindrical quantum well wire has been calculated as a function radius of the wire by Thoai.31 Elabsy has investigated the effect of image forces on the binding energy of impurity atoms placed at the centre of a GaAs-Ga1-xAlxAs quantum well.32 Diarra et al. have shown that ionisation energy of the impurities in semiconductor nanowires is strongly enhanced with respect to the bulk, when the wires are embedded in a material with low dielectric constant.33 Aharonyan has studied the screened Coulomb states in a finite confining potential semiconductor quantum well.34

In the present work, we have reported the effect of dielectric screening on the binding energy of a hydrogenic donor in a SQW composed of vacuum/GaAs/GaAlAs as a function of well width and Al composition. The role of image charges which arise due to the large difference in the dielectric constants on either side of the interface between vacuum and GaAs, in such a SQW are considered.

2.          THEORY AND FORMULATION

The Hamiltonian of a hydrogenic donor in a quantum well is given in the effective mass approximation as:5
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We have used effective Rydbergs as the unit of energy [image: art] and effective Bohr radius a* =∈0ħ2 /m*e2 as the unit of length. ∈0 is the static dielectric constant and m* is the effective mass of electron. For GaAs, we have used ∈0 = 13.2 and m* = 0.0665m05, where m0 is the free-electron mass.

The potential profile for SQW is given by

[image: art]

L is the well width and Vo is the barrier height calculated as 0.65ΔEg.5 The band gap difference ΔEg between GaAs and Ga1-xAlxAs is related to the Al concentration x by:5

[image: art]

The trial wave function11 for ground state of the hydrogenic donor impurity state can be written as:
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where A is normalisation constant and B is related to A as B = AeβLsinL. α and β are given by:

[image: art]

The transcendental equation to be solved for the electron energy levels (Ee) is obtained by matching the wavefunction and its first derivative at z = L as:
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The expectation value of the Hamiltonian is calculated using the expression:
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Binding energy of the hydrogenic donor is determined as:

[image: art]

where 〈H〉min  is the minimised value of 〈H〉  with respect to the variational parameter “a.”

2.1        The Effect of Image Charges

The image charges arise due to the different dielectric constants at the interface between vacuum and GaAs. The image charge of an electron or impurity ion is expressed as:35
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where the dielectric constant in the GaAs well is ∈o  and that in vacuum is ∈1 =  1. qion =+e,qe =–e,q'ion = Ke and q'e =–Ke.

Unlike the symmetrical wells, the image charges are considered only at the single vacuum/GaAs interface and not at GaAs/AlxGa1-xAs interface in the SQW. As a result, only one single image each for the electron and the impurity ion is formed at the interface. The electron sees not only the impurity ion but also its own image charge and that of the impurity ion; similar is the case of the impurity ion. The additional potential in the Hamiltonian, when the image charges are considered, is given by:
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The 4th term in Equation 10 corresponds to the interaction between the impurity ion and its image which is neglected by Elabsy due to its small contribution and for simplifying the calculations, but included by Deng et al. and Deng and Gu.13,26,32 Taking the unit of energy as the effective Rydberg and the unit of length as the effective Bohr radius, the image potential now becomes:
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The new Hamiltonian for the hydrogenic donor is now given by:
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The binding energy of the hydrogenic donor is determined by evaluating 〈Himage〉 and minimising it with respect to the variational parameter “a” using the trial wave function given in Equation 4. The binding energy of the hydrogenic donor is now given by:
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2.2        The Effect of Dielectric Screening Function (DSF)

The spatial variation of dielectric constant in the quantum well i.e., the dielectric screening function is given by:18
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where c is the lattice constant and [image: art]. For GaAs, c = 0.565 nm. When the effect of dielectric screening function is included, the Hamiltonian given in Equation 1 is modified as:
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Binding energy of the hydrogenic donor is determined again with this Hamiltonian using the expressions given in Section 2 (without image charges) and Section 2.1 (with image charges) as:
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3.          RESULTS AND DISCUSSION

The effective Bohr radius (the length unit) and the effective Rydbergs (the energy unit) are calculated as a* = 10.50397nm and R* = 5.19275meV respectively. Figure 1 displays the binding energy of the hydrogenic donor as function of wellwidth L for the concentration of Al, x = 0.3. We have performed the calculations under four cases, with and without the effect of DSF and the image charges.
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Figure  1:      Binding energy of hydrogenic donor vs. wellwidth (IC denotes image charges).



It is noted that in all the cases, the hydrogenic donor binding energy increases with decrease in wellwidth up to certain value (L = 4 nm without image charges and L = 5 nm with image charges, irrespective of DSF) due to the compression of donor wavefunction in the quantum well, and starts to decrease with further decrease in wellwidth due to the spread out of the donor wavefunction into the surrounding Ga1-xAlxAs layer. Therefore, as wellwidth is reduced, a turnover is observed in the binding energy of the donor. Finite quantum wells of all shapes exhibit this behaviour.4–6 From Figure 1, it is also apparent that the image charges and not the DSF play a vital role in changing the turnover wellwidth. When the effect of image charges is included, the wavefunction spreads out earlier into the barrier and hence the turnover wellwidth increases. This behaviour is similar to that of excitons in the same SQW.11

Crossover in the values of binding energy occurs at the wellwidth L = 7 nm without image charges, L = 10 nm with image charges, L = 9 nm with DSF and L = 12 nm without DSF. Crossover wellwidths denote the wellwidths at which there is a switchover in the domination in the effects of image charges and DSF. For example, without image charges, as wellwidth decreases, hydrogenic donor binding energy without DSF is more than that with DSF upto L = 7 nm. For L < 7 nm, the condition changes vice versa. In contrast, the results reported earlier show that the DSF increases the confinement and hence increases the binding energy for all wellwidths.18,19,22 The reasons for this difference may be due to the asymmetric nature of the well, and the inclusion of the effect of image charges.

The peak value of donor binding energy is its limiting value before the spilling over of donor wavefunction into the single Ga1-xAlxAs barrier leading to the delocalised states in it. For symmetric infinite quantum wells, as wellwidth increases donor binding energy continuously increases to 2D limit as L → 0, since Ga1-xAlxAs barriers are not available for the donor wavefunction to spill over. For symmetric finite quantum wells, Ga1-xAlxAs barrier exists on both sides of GaAs layer giving rise to two GaAs/Ga1-xAlxAs interfaces and as wellwidth decreases, these wells show a behaviour explained earlier in the second paragraph of this section with donor binding energy approaching 1R* of bulk Ga1-xAlxAs as L → 0. But in the present case of SQW, only a single GaAs/Ga1-xAlxAs interface is present. Hence the peak value is smaller than the 2D limit (4R* of bulk GaAs) but larger than 1R* of bulk Ga1-xAlxAs. These values are comparable with those of excitons in the same SQW.11

It is also noted that for L < 12 nm without DSF and for L < 9nm with DSF, the effect of image charges decreases the donor binding energy. The presence of image charges is more pronounced in quantum wells with smaller wellwidths than those with larger one. In symmetric wells, when image charges are included, donor experiences repulsion due to the image charges at both interfaces which increases the confinement and hence the binding energy. Moreover, the compression of donor wavefunction in the GaAs well further increases the binding energy. Hence, the binding energy with image charges is greater than that without image charges for all wellwidths.23–25,33,34

However, in the present case, when the image charges are included, as wellwidth decreases beyond the crossover wellwidths, the competing effects of repulsion experienced at the single vacuum/GaAs interface and the compression of donor wavefunction in the GaAs well results in the decrease of donor binding energy, than when the image charges not included. This decrease in binding energy for these wellwidths increases the doping efficiency of the impurities at room temperature, reducing the need for heavy doping to obtain good electrical properties.33

Figure 2 shows the variation of ground state binding energy of hydrogenic donor as a function of wellwidth for various Al concentrations including the effect of DSF. It is observed that the binding energy is less sensitive to the Al concentration upto the wellwidth L = 10 nm. For L < 10 nm, it shows significant variation in binding energy. It is also noted that when the concentration of Al increases, the peak value of the binding energy increases and shifts towards the lower wellwidth.


[image: art]

Figure  2:      Binding energy as a function of wellwidth for various Al concentrations including the effect of dielectric screening function.



Figure 3 displays the variation of binding energy of a hydrogenic donor as a function of Al concentration for L = 20 nm. The results are similar to those reported by Deng et al.13
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Figure  3:      Binding energy as a function of Al concentration with and without dielectric screening function for L = 20 nm.



The following observations are noted in the present case:


	Effect of DSF is to decrease the binding energy by nearly 1.3 meV without image charges and 0.2 meV with image charges
	Image charges increase the binding energy with DSF by nearly 1.5 meV and 0.4 meV without DSF


These observations confirm that the presence of image charges increases the confinement of the hydrogenic donor and hence increases the binding energy. However, the DSF decreases the confinement and hence decreases the binding energy. Since random distribution of donor atoms leads to the distribution of binding energy and hence the emission energy,28 inclusion of image charges and DSF will be significant in the study of emission properties of semiconductor quantum wells.

4.          CONCLUSION

We have calculated the ground state binding energy of hydrogenic donor in a SQW formed by vacuum/GaAs/Ga1-xAlxAs as a function of wellwidth and Al concentration. The important results obtained are that: (1) the binding energy increases when the wellwidth decreases up to a particular wellwidth and decreases for further decrease in wellwidth after reaching a peak value; (2) the peak value of the hydrogenic donor binding energy increases when the effect of DSF is considered; (3) peak value of binding energy shifts to lower wellwidth as Al concentration increases; and (4) crossover in the values of binding energy occurs at the wellwidth L = 7 nm without image charges, L = 10 nm with image charges, L = 9 nm with DSF and L = 12 nm without DSF.
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ABSTRACT: The paper discusses the construction of the double-ended interferometer (DEI) at the National Institute for Standards (NIS) for contactless calibration of gauge blocks. The new measuring procedure avoids any contact to the working faces of the gauge block and maintains their quality from possible damage and scratches caused by repeated wringing during periodic calibration. The resulted uncertainty is reduced due to the absence of the auxiliary platen and the corresponding errors of wringing film and phase change. An optical technique based on polarised light is used to measure the surface roughness of the gauge block that influences the measured length. By using the principle angle of incidence, the polarised light technique can be used as an alternative to the stack method to measure the phase change correction with improved accuracy. The constructed interferometer uses multi-wavelength laser sources in illumination to produce a synthetic wavelength that can be suitable to measure the length of the gauge block of interest. The interferogram is analysed by dedicated software to extract the phase information. Optical set-up, alignment, measurement, and uncertainty are presented. The comparable calibration results for some gauge blocks of the new technique and the conventional Köster comparator confirm the reliability of the constructed double-ended interferometer.

Keywords: Gauge blocks, DEI, contactless calibration, uncertainty, interferometer

1.          INTRODUCTION

National measuring institutions (NMIs) pay special interest in improving the calibration methods of the gauge blocks as they act as an essential link in the traceability chain from the SI definition of the meter to the mechanical measurements in industry. To achieve the equivalence to the NMIs, it is necessary to reduce the uncertainty.

Köster comparator is used for short gauge blocks calibration at the National Institute for Standards (NIS). With this conventional system, the experimental work and the analysis consume long time, and the calibration becomes costly to the industrial sectors. This leads to many attempts of improvement for simplifying the calibration procedure and reducing the sources of errors. Recently, the femtosecond comb providing ultra-stable wavelengths was combined with the comparator in addition to modified software, and the uncertainty was reduced to 52 nm for 100 mm gauge block.1

The aim of the construction of the double-ended interferometer (DEI) is to realise the gauge block length with a comparable accuracy to the NMIs. It can eliminate restrictions with the conventional interferometic method for the gauge block calibration. One of the disadvantages of the conventional method is the need of wringing the gauge block to an auxiliary platen (i.e., mechanical contact). The corresponding errors induced by the wringing such as the wringing film and the change in the phase caused by the gauge block and the auxiliary platen of different materials are considerable and lead to significant uncertainty.2–5 Moreover, the several wringing during the repeated calibration may affect the gauge block length.6 The DEI avoids these difficulties and consumes the time of the calibration as it enables measuring both gauge block surfaces simultaneously.

NMIs have suggested different layout for the DEI.7–9 The designed DEI at NIS uses multi-wavelength to avoid the ambiguity in phase measurement. The setup has less optical components as it combines the Michelson configuration with the reflecting mirrors at the measuring arm. The simplicity of the design allows extending the range of the measurement. Probing digital temperature sensors allow plotting the thermal stability of the gauge block during the calibration time. DEI setup, measurement, and uncertainty are explained in details.

2.          NIS DOUBLE-ENDED INTERFEROMETER

The constructed technique uses a few optical and mechanical components (Figure 1). It aims to reduce the uncertainty in gauge block calibration by eliminating the influence of the wringing film and the phase change correction.
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Figure  1:      Optical system setup (above) and schematic diagram (below).



Tree laser sources (633 nm, 543 nm and 594 nm) illuminate the system to produce a synthetic wavelength suitable for any gauge block length. Fibre couplers gather the wavelengths emerged from the three lasers in a multi-mode fibre (MMF). Due to the signal transmission within the MMF, speckle noise results from the modal dispersion and a fibre shaker unit is used to remove the noise and improve the field of view. The signal is fed into a special fibre mount FM supplied with a beam expander which in turns provides a homogenous field of illumination to the interferometer entrance.

In the measuring arm, the DEI uses two opposite reflecting mirrors (M1 and M2), supported with tiling screws. Between M1 and M2, the gauge block of interest is placed on a mechanical mount that provides fine levelling, tilting and rotating as required. The reference arm has a plane mirror M3 mounted on a 3 micro screws precision mount. At the imaging arm, a collimating lens focuses the image onto a high resolution CCD sensor.

The beam splitter BS1 splits the beams into two parts. The first is directed to the reference mirror M3 through the compensating beam splitter BS2, and the second to BS3. Similarly, the beams at BS3 are divided and directed to M1 and M2 and reflected towards the gauge block surfaces in opposite directions. Total reflections of the reference mirror M1, opposite mirrors M2 and M3, and the gauge block surfaces are recombined by BS1 then collected by the lens and focused on the imaging sensor.

3.          MEASUREMENTS

3.1        Gauge Block Length

First, the opposite mirrors M1 and M2 are adjusted such that the reflections can be seen by the sensor and superimposed, then the produced interference fringes can be reduced by the fine adjustment of the mirrors using the micro screws until fringes disappear or only one pattern is observed (Figure 2).
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Figure  2:      One pattern is observed in the interference region between the opposite mirrors at the measurement arm (M1, M2) in the absence of gauge block.



The gauge block is set on the mechanical mount and aligned such that the reflections from its surfaces interfere and interference fringes are seen on the gauge block surface. The formed fringes refer to angular error between the gauge block axis and the aside beams axis coming from the opposite mirrors M1 and M2. This error must be reduced by aligning the gauge block axis parallel to the aside beams axis using the micro screws of the gauge block mount. Once good alignment is achieved, the unwanted fringes disappear. When the reflection pairs of the opposite mirrors (M1 and M2) and the gauge block surfaces interfere with that of the reference mirror (M3) the desired interference patterns are observed as in Figure 3.
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Figure  3:      Interference fringes on gauge block surface and the aside region resulted from the superposition of the beams reflected from interferometer arms (measuring arm M1, M2, gauge block and reference arm M3).




The middle interference patterns are obtained from the reflection pairs on the gauge block surfaces while the surrounding patterns are formed by the reflection pairs passing aside. These interference fringes are used in measuring the gauge block length (Figure 4).
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Figure  4:      Surface mapping of gauge block and the aside region.



The gauge block is left in the interferometer for enough time until thermal stability is achieved before measurement (Figure 5). So the temperature sensor PT100 and the data logger PT104 monitor temperature fluctuations during the time of measurement.
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Figure  5:      Gauge block’s temperature display for 3 h shows good stability of the gauge block in the interferometer.



Synthetic wavelength is necessary for measuring the integer order of interference corresponding to the gauge block length. So at thermal stability, 3 interferograms are taken using the 3 different wavelengths (632 nm, 543 nm and 594 nm) and analysed by the software which determines the fringe fraction and calculates the gauge block’s length according to the equation:
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where L is the length corresponding to the integer number of order of interference n, and ΔL is the portion of length corresponding to the fractional part Δn. The integer order of interference is calculated according to Schodel.10 The fractional part is determined based on the fringe analysis and phase reconstruction from a static interferogram using fast Fourier transform. The software considers the corrections of air refractive index using Edlen Formula11 and the thermal expansion of the gauge block material.

3.2        Phase Change Correction

Since the constructed technique concerns the contactless calibration of the gauge block, the stack method is inconvenient for measuring the phase correction as it requires wringing of several gauge blocks together. Therefore, a polarised light technique is an alternative for measuring the phase correction using the optical constants of the gauge block material with the principal angle of incidence.12 This method is suitable for the contactless method, and the uncertainty in measuring the change in phase angle is (± 2°).

3.3        Surface Roughness

The uncertainty due to gauge block surface roughness must be concerned. One of the widely used techniques for this purpose is the integrating sphere. In this technique, a photo detector measures the ratio between the diffused and the reflected light by the gauge block surface. This ratio is proportional to the roughness degree. A polarised light technique at NIS can study the surface roughness of the gauge block knowing its material optical constants with uncertainty ± 0.01 µm which is find to be suitable for the contactless calibration method.13

4.          UNCERTAINTY IN MEASUREMENT

The uncertainty in measurement using the DEI is based on: light sources and fringe fraction; constructed interferometer; environment; gauge block parameters; and phase correction. These elements are explained in the following few sections.


4.1        Light Sources (lλ) and Fringe Fraction (lfringe)

Lasers used in illumination are traceable to the primary laser at the National Physical Laboratory (NPL) and the expanded uncertainty in wavelength is ± 0.7 MHz. For accurate measurement of the gauge block length, the exact fringe fraction is determined by Fourier transformation with accuracy 0.01 fringe.

4.2        Constructed Interferometer (lwavefront, lalignment, lsourse size)

The optical components in use are of good quality and the surface finishing forms good interference fringes. This leads to uncertainty in wave-front error of 0.01 µm. Both alignment and the source size contribute to the total uncertainty with 0.12 L µm and 0.008 L µm respectively.

4.3        Environment (lrefractive index)

Edlen’s Formula evaluates the refractive index of the surrounding air. The uncertainty in this formula is 1 × 10–8, and its contribution to the uncertainty in measurement is 0.01 L µm. The combined uncertainty relevant to readability, resolution, and calibration of the digital sensors used in recording air temperature, pressure, and humidity is 0.15 L µm.

4.4        Gauge Block Parameters (lGB)

Gauge block temperature and thermal expansion are of great concern in the uncertainty of gauge block calibration. The combined uncertainty of both factors is 0.12 L µm. Also, gauge blocks flatness and parallelism are determined by the fringe analysis software based on the quality and straightness of the interference fringes with uncertainty of 0.005 µm. The uncertainty in measuring the gauge block surface roughness using polarised light is 0.01 µm.

4.5        Phase Correction lphase

The uncertainty in measuring the phase correction using the polarised light with the principle angle of incidence method is 0.002 µm.

The factors contributing to the uncertainty are combined in the model:
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The thermal conditions are the major contributors in the uncertainty budget. For this reason, the system is placed in a temperature controlled room, and sensitive probing sensors are used in temperature recording with resolution 0.001 k. The expanded uncertainty at confidence level (95%) in the calibration of 75 mm gauge block is U95 =± 0.065 µm. In case of using the auxiliary platen, the total uncertainty would exceed 0.005 µm. Sources of the uncertainty are summarised in Table 1 for both Köster comparator and DEI where L is the nominal length of gauge block in meter. The results obtained by both interferometers are compared and show good agreement within the uncertainty range of both of them (Figure 6).


Table 1:      Uncertainty budget for gauge block calibration on Köster and DEI.
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Figure  6:      Results obtained by the DEI and Köster comparator for a set of 6 gauge blocks of length (2 mm, 5 mm, 10 mm, 20 mm, 25 mm, and 75 mm) show good agreement.



5.          CONCLUSION

The DEI for gauge block contactless calibration is constructed using Michelson configuration with two opposite reflecting mirrors at the measuring arm. Multiwavelengths are used in illumination to form a suitable synthetic wavelength to the gauge block of interest. The recorded interferogram is processed and analysed by Fourier transformation to determine the exact fringe fraction. The results obtained by both DEI and Köster comparator for a set of 6 gauge blocks are consistent and the small observed deviations are within the uncertainty limits. The constructed DEI can measure gauge block length up to 100 mm and the design allows extension for longer gauge block. The absence of the auxiliary platen and automation of the measurement provides the required simplicity in the calibration procedure without need to high skill level. Expanded uncertainty is evaluated as U95 =±0.065 µm for 75 mm gauge block after eliminating the sources of errors induced by the auxiliary platen.
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ABSTRACT: Inorganic/organic hybrid heterojunctions of polyaniline composite/blend with metal doped zinc oxide nanorods (NRs) have been fabricated and systematically investigated for diode characteristics. Vertically aligned aluminium (Al) and iron (Fe) doped ZnO nanorods were grown on fluorine-doped tin oxide (FTO) coated glass slides using cost effective, eco-friendly and simple solution chemistry methods. Heterojunctions of doped ZnO NRs with polyaniline (PANI), poly(3,4-ethylenedioxythiophene) doped with poly(4-styrenesulfonate) (PEDOT:PSS) and PANI:MWCNT nanocomposite and PANI:PEDOT:PSS blend showed rectifying behaviour with large rectification ratios. SEM results show clear interface between ZnO nanorods and PEDOT:PSS, PANI:MWCNT nanocomposite and PANI:PEDOT:PSS blend indicating junction formation. Ideality factors and barrier heights were calculated using thermionic emission model. Heterojunctions of undoped and doped ZnO NRs with PANI:MWCNT composite showed moderate ideality factors, reduced barrier heights and greater forward current as compared to heterojunctions of undoped and doped ZnO NRs with PANI:PEDOT:PSS blend. The study is innovative and important with respect to selection of materials for fabricating hybrid p-n heterojunction diodes.

Keywords: Inorganic/organic, nanocomposite, heterojunctions, ideality factor, blend


1.          INTRODUCTION

Vertically aligned zinc oxide (ZnO) nanorods (NRs), among other nanostructures of ZnO, received considerable attention due to interesting structural and opto-electronic properties. ZnO NRs provide large surface area to volume ratio, higher optical band gaps compared to that of ZnO nanoparticles and provide one dimensional conducting paths for electrons. They serve as transparent conducting oxides and have a potential to replace fluorine-doped tin oxide/indium tin oxide (FTO/ITO) substrates in photovoltaic applications.1–6 Huang et al. showed enhanced photocatalytic activity and high photostability under visible and UV light irradiation for ZnO nanorods prepared by one step pyrolytic synthesis route.7 Al and Fe doping enhances electrical and optical properties of ZnO NRs without deteriorating its wurtzite crystal structure and n type character. Al and Fe-doped ZnO nanorods are of great potential in many applications due to the excellent electronic, magnetic, and optical properties.8–15

ZnO/inorganic semiconductor heterojunction electronic devices like ZnO/p-Si, ZnO/p-NiO and ZnO/p-SiC have been reported for various opto-electronic and photonic applications, but their synthesis methods are quite expensive.16–19 Caglar et al fabricated p-Si/n-ZnO and p-Si/n-FZN heterojunction diodes and investigated their electrical properties. The parameters like ideality factor (n), barrier height (ϕb), and series resistance (Rs) were calculated from the current-voltage (I-V) curves that exhibited rectifying behavior for these heterojunctions.20 Khan et al. studied junction properties of gold–zinc oxide nanorods-based Schottky diode by means of frequency dependent electrical characterisation on textile.21

On the other hand, ZnO/organic hybrid structure has emerged as a new competent candidate for solar cell, photodiode, photovoltaic and photochemical applications.22,23 Talib et al. fabricated ZnO NRs/polyaniline p-n junction photodetectors on flexible substrates. The ZnO NRs/PANI junction showed a high sensitivity of 85% whereas the photodetectors showed quantum efficiency as high as 12%.24

Conducting polymers polyaniline (PANI), polythiophene (PTh), poly(3,4-ethylenedioxythiophene) doped with poly(4-styrenesulfonate) (PEDOT:PSS), PANI:multi-walled carbon nanotube (MWCNT) nanocomposites and PANI blends show p-type semiconducting nature and have been proposed for their use as hole transporting layers (HTL) or electrodes in organic solar cells and light emitting diodes.25–27

Inorganic materials offer wide range light absorption, effective charge carrier transport, highly crystalline nature, firmness, hardness and thermal stability. Organic conducting polymers have advantage of cost effective chemical synthesis methods, flexibility, easy chemical modification and solution processability. Hybrid structures thus can combine the properties of inorganic and organic materials for synergistic applications. A number of research papers on electrical and optical properties and various applications of ZnO NRs, polyaniline, PEDOT:PSS, PANI:MWCNT nanocomposites and PANI blends have been published over a decade, but less attention was given to the study of hybrid heterojunctions. A lot of work has been done on ZnO/PANI and ZnO/PEDOT:PSS heterojunctions, but little attention is given to Al and Fe doped ZnO NRs for heterojunction applications.28–31

In this paper, we systematically investigated heterojunctions of different conducting polymers including PEDOT:PSS, PANI:MWCNT nanocomposite and PANI:PEDOT:PSS blend with ZnO NRs and Al and Fe doped ZnO NRs. The heterostructures find widespread opto-electronic applications.

2.          EXPERIMENTAL

2.1        Fabrication of Heterojunctions of Metal Doped ZnO NRs with PANI:MWCNT Nanocomposite, PEDOT:PSS and PANI:PEDOT:PSS(1:2) Blend

Doped ZnO NRs were grown on seed ZnO layer on FTO glass by SILAR and HTCBD methods as reported in our earlier work.31 PANI:MWCNT nanocomposite was synthesised using in-situ chemical oxidative polymerisation methods32,33 and dissolved in glycerol to form a gel. The gel was spin coated on ZnO NRs and Al/Fe doped ZnO NRs at the rate of 3000 rpm. PEDOT:PSS was dissolved in dimethyl sulphoxide (DMSO) and spin coated at a rate of 3000 rpm on ZnO NRs and Al/Fe doped ZnO NRs. PANI:PEDOT:PSS blend in DMSO was prepared by mixing PANI and PEDOT:PSS in the ratio 1:2. This blend solution was then spin coated on ZnO NRs and Al/Fe doped ZnO NRs to form heterojunctions. All the heterojunctions were annealed at 100ºC and then thermally evaporated with silver (Ag) for making ohmic contacts. Schematic of an inorganic/organic hybrid ZnO / PANI:MWCNT nanocomposite heterojunction is shown in Scheme 1.
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Scheme 1:      Schematic of inorganic/organic hybrid heterojunction.



2.2        Instrumentation

The surface morphology of the heterojunctions was characterised by using JEOL 6380A scanning electron microscope. The electrical characterisation of all the heterojunctions was done using Keithley’s 2611B source meter.

3.          RESULTS AND DISCUSSION

Figure 1 shows SEM image of (a) ZnO/PEDOT:PSS heterojunction and (b) ZnO/PANI:MWCNT nanocomposite heterojunction. It is observed from Figure 1(a) that PEDOT:PSS gets uniformly dispersed on the ZnO nanorods. Figure 1(b) shows vertically aligned ZnO nanorods and tubular coiled PANI:MWCNT nanocomposite on the top of the nanorods. The interface between the two is clearly seen in the SEM image. Figure 2 shows the SEM image of the cross sectional view of ZnO NRs/PANI:PEDOT:PSS(1:2) heterojunction. On the seed layer of ZnO about 500 nm thick, ZnO nanorods of diameter about 100–120 nm are grown, the length is about 1–2 µm. The blend layer (about 1µm thick)-metal oxide interface is seen in the cross sectional view of the SEM image. The ohmic contacts Ag layer is about 100 nm thick.
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Figure  1:      SEM image of (a) ZnO/PEDOT: PSS heterojunction and (b) ZnO/PANI:MWCNT nanocomposite heterojunction.
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Figure  2:      SEM image of the cross sectional view of ZnO/PANI:PEDOT:PSS(1:2) heterojunction.



Figure 3 is the electrical characteristics of (A) heterojunctions of PEDOT:PSS with (a) ZnO, (b) AlZnO and (c) FeZnO; (B) heterojunctions of PANI:MWCNT nanocomposite with (a) ZnO, (b) AlZnO and (c) FeZnO; and (C) heterojunctions of PANI:PEDOT:PSS blend with (a) ZnO, (b) AlZnO and (c) FeZnO. All the heterojunctions show diode-like rectifying behaviours with the ratio of forward current to reverse current (rectification ratio) of the order of 103. At the interface, due to carrier mismatch, a large diffusion of charge carriers (holes from p type polymer nanocomposite/blend and electrons from n type doped ZnO NRs) takes place during junction formation. The depletion region is formed which restricts further diffusion of the carriers. The energy levels rearrange in order to equalise the Fermi level, indicating junction formation. The interfaces of heterojunctions are not smooth and may result in potential wells at the junction which may lead to the trapping of electrons during forward or reverse biasing. The diode parameters were calculated using thermionic emission model and shown in Table 1. The Y-intercept of the graph of Ln Is versus V gives barrier height whereas slope of the graph gives ideality factor of the diode.

In all the heterojunctions, the effect of doping in ZnO NRs by aluminium and iron has resulted in decrease in the cut-in voltages, which is indicative of increase in charge carrier concentrations in the doped ZnO NRs. The PANI:MWCNT nanocomposite heterojunction resulted in the highest forward currents of the order of several amperes, which is indicative of the synergistic effect of using MWCNTs as fillers to polyaniline. MWCNTs facilitate the charge transfer at the interface between the two thereby resulting in lowest barrier heights as compared to the other heterojunctions. The barrier height was found to be the lowest value 0.218 eV for ZnO/PANI:MWCNT heterojunction.

Figure 4 shows the ideality factors for various heterojunctions of conducting polymers with (a) AlZnO, (b) FeZnO and (c) ZnO. Among all the heterojunctions, ZnO/PANI:PEDOT:PSS showed the least ideality factor 1.569 closer to 1 compared to all other heterojunctions. The blend of PANI with PEDOT:PSS enhances the junction properties and better matching with wurtzite ZnO nanorods in the pure form compared to that of the doped form. The ideality factor is a size dependent electrical parameter as observed from its lowest value for ZnO/PANI:PEDOT:PSS heterojunction. The interface of PANI:PEDOT:PSS(1:2) and ZnO NRs (diameter about 100–120 nm) thus results in better structure matching as compared to AlZnO NRs (diameters about 80–90 nm) and FeZnO NRs (diameters about 20–30 nm).31 On the other hand, ZnO/PANI:PEDOT:PSS heterojunction exhibited larger value of barrier height (0.547 eV) and hence larger turn on voltage as compared to that of other heterojunctions.
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Figure  3:      Electrical characteristics of (A) heterojunctions of PEDOT:PSS with (a) ZnO, (b) AlZnO and (c) FeZnO; (B) heterojunctions of PANI:MWCNT nanocomposite with (a) ZnO, (b) AlZnO and (c) FeZnO; and (C) heterojunctions of PANI:PEDOT:PSS blend with (a) ZnO, (b) AlZnO and (c) FeZnO.
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Figure  4:      Ideality factors for various heterojunctions of conducting polymers with (a) AlZnO, (b) FeZnO and (c) ZnO.




Table 1:      Estimation of Diode parameters for various inorganic/organic hybrid heterojunctions



	Heterojunction
	Sample name
	Ideality factor (η)
	barrier height (Φb) eV
	Reverse saturation current Is



	ZnO/PANI31
	ZP
	1.93
	0.786
	0.246 µA



	AlZnO/PANI31
	AZP
	2.32
	0.781
	0.298 µA



	FeZnO/PANI31
	FZP
	3.367
	0.670
	21 µA



	ZnO/PANI:MWCNT
	ZPM5
	8.48
	0.218
	0.109 µA



	AlZnO/PANI:MWCNT
	AZPM5
	7.33
	0.26
	0.187 µA



	FeZnO/PANI:MWCNT
	FZPM5
	5.236
	0.338
	8.05 mA



	ZnO/PEDOT:PSS
	ZPP
	7.06
	0.398
	0.735 mA



	AlZnO/PEDOT:PSS
	AZPP
	12.49
	0.368
	2.370 mA



	FeZnO/PEDOT:PSS
	FZPP
	9.36
	0.389
	1.064 mA



	ZnO/PANI:PEDOT:PSS(1:2)
	ZPP12
	1.569
	0.547
	0.0024 mA



	AlZnO/PANI:PEDOT:PSS(1:2)
	AZPP12
	3.195
	0.493
	0.0189 mA



	FeZnO/PANI:PEDOT:PSS(1:2)
	FZPP12
	2.309
	0.510
	0.0099 mA




4.          CONCLUSION

SEM results show clear interface between ZnO nanorods and PEDOT:PSS, PANI:MWCNT nanocomposite and PANI:PEDOT:PSS blend indicating junction formation. Heterojunctions of undoped and doped ZnO NRs with PANI:MWCNT composite showed moderate ideality factors, reduced barrier heights and greater forward current as compared to heterojunctions of undoped and doped ZnO NRs with PANI:PEDOT:PSS blend. Blend or composite based heterojunctions are very useful in designing superior diodes where rapid change in the value of currents with respect to some physical quantity is required.
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ABSTRACT: Phenol formaldehyde (PF) resins have been extensively used in various branches of industry as adhesives especially in the production of wood-based panels. The selection of this type of resin is mainly due to its ability in providing good moisture resistance, exterior strength and durability as well as excellent temperature stability. However, due to the use of expensive and limited petroleum-based phenol in its formulation, there is a strong interest in exploring renewable biomass material to partially substitute the phenol. In this work, slow pyrolysis was used to convert Rhizophora hardwood into bio-oil. From there, phenol-rich fraction of the bio-oil was separated and added into the formulation of PF resin to produce an economical and environmentally friendly type of PF resin, known as bio-oil-phenol-formaldehyde (BPF) resin. Rhizophora particleboard was then fabricated with the BPF resin as adhesive. The particleboard was found to display excellent mechanical and physical properties with satisfactory formaldehyde emission. Morphological study of the particleboard also supported previous finding. In terms of attenuation properties to X-ray radiation, this particleboard was seen to exhibit similar attenuation value to breast tissue. This finding hence proposed a novel higher value-added application of the Rhizophora particleboard which has been largely researched as a potential phantom material in mammography.

Keywords: Rhizophora, bio-oil, phenol formaldehyde resin, particleboard, phantom


1.          INTRODUCTION

Since 1993, a favourable composition has been found between Rhizophora hardwood and water.1–3 When water has been publicly recognised as a phantom material, the favourable composition raised a possibility for Rhizophora hardwood to be used as phantom as well. At first, untreated natural Rhizophora hardwood was employed and it was found that phantom-making from that type of hardwood was quite unfavourable since it had poor endurance with time especially after being cut into the desired dimension.4 Therefore, the natural Rhizophora hardwood was improvised into a binderless Rhizophora particleboard. As this type of particleboard had no addition of adhesive that would help in binding mechanism, the particleboard was reported to have poor mechanical and physical properties making it hardly meeting the standard requirement of particleboard to be used in any industry.5

The use of bio-adhesives such as Gum Arabic and Serishoom (traditional animal-based adhesive) has been employed to fabricate the particleboard. Still, the mechanical and physical properties of those two did not provide satisfactory results.6,7 Therefore, the incorporation of widely used synthetic adhesives such as PF resin is considered. However, the main drawback of conventional PF resin is that it can be very expensive due to the phenol price. Hence, the use of more natural and economical product such as bio-oil has been utilised. Bio-oil is a very suitable option because it is rich in phenols which are mainly found within the bio-oil in the form of pyrolytic lignin.8

Several works have been previously made to utilise bio-oil as phenol substitute in producing the BPF resin. These works include the incorporation of bio-oil obtained from fast pyrolysis of pine wood, direct liquefaction of white pine sawdust as well as fast pyrolysis of white spruce and trembling aspen.9–11

Therefore, instead of using the conventional PF resin that incorporated the addition of petroleum-based phenol, BPF resin that incorporated the addition of natural phenol-rich bio-oil was introduced. This bio-oil was obtained from slow pyrolysis of Rhizophora hardwood, which served as an attempt to improve the favourable composition of the particleboard as a phantom material. From there, the BPF resin was added during the fabrication of Rhizophora particleboard. The mechanical, physical and attenuation properties of the particleboard were then determined.


2.          EXPERIMENTAL

2.1        Materials

Rhizophora hardwood was collected in August 2014 from a charcoal factory in Kuala Sepetang, Perak, Malaysia (4°50′12.1″N 100°38′13.9″E). During the collection, the bark of the Rhizophora was removed using bark spud and a total of two bark-free hardwoods were randomly chosen. Immediately after retrieval, the Rhizophora hardwoods were dried in a Venticell oven at 105°C until their moisture content was reduced to less than 10 mf wt% to avoid growth of fungus or microorganism.12 Then, a Hitachi band saw machine was used to cross cut the sample to an appropriate length to ensure that the sample can be milled by a Riken grinder with a screen size of 1.5 mm. For that small size of samples, it was hoped that other properties such as particle shape, regularity, surface area and volume ratio which may have an influence on the experimental results will be negligible. The properties of the Rhizophora hardwood were later determined and tabulated as in Table 1.


Table 1:      Properties of Rhizophora hardwood.



	Properties
	Rhizophora hardwood
	Method



	Structural analysis



	Cellulose (wt%)

	49.4 ± 0.9

	ASTM D1103



	Hemicellulose (wt%)

	26.6 ± 1.2

	ASTM D1104



	Lignin (wt%)

	18.7 ± 1.8

	ASTM D1106



	Extractive (wt%)

	1.28 ± 0.04

	ASTM D1107



	Elemental analysis



	C (wt%)

	44.2 ± 1.9

	Perkin Elmer Series II CHNS/O Analyser



	H (wt%)

	7.1 ± 1.1




	N (wt%)

	0.3 ± 0.05




	S (wt%)

	0.41 ± 0.04




	O (wt%)

	47.4 ± 2.1




	Proximate analysis



	Moisture content (wt%)

	7.6 ± 0.2

	A&D MX-50 moisture analyser



	Volatile matter (wt%)

	84.6 ± 0.5

	ASTM E872



	Ash (wt%)

	0.6 ± 0.2

	ASTM D1102



	Fixed carbon (wt%)

	7.2 ± 0.6

	By difference





Subsequently, slow pyrolysis was carried out according to the experimental setup shown in Figure 1. In a typical run, approximately 200 g of milled Rhizophora hardwood was introduced into a stainless steel pyrolyser and placed inside the reactor. Nitrogen gas was purged into the pyrolyser at 100 ml min–1 to facilitate the removal of pyrolysis vapours into the liquid collection system.13 The reactor was then heated to 375° at a steady rate of 100°C min–1.
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Figure  1:      Experimental setup for slow pyrolysis.



After 1 h of holding time, the reactor was turned off and allowed to stabilise to room temperature. The bio-oil, as obtained from the condensation of pyrolysis vapours was collected, separated using dichloromethane and analysed as in Table 2 before being used in the synthesis of BPF resin.


Table 2:      Properties of bio-oil.



	Properties
	Rhizophora hardwood

	Method



	Element



	C (wt%)

	67.66 ± 1.59

	Perkin Elmer Series II CHNS/O Analyser



	H (wt%)

	8.12 ± 1.44




	N (wt%)

	0.02 ± 0.01




	S (wt%)

	0.05 ± 0.03




	O (wt%)

	23.93 ± 2.58




	Ash (wt%)
	0.22 ± 0.06

	ASTM D1102



	Char (wt%)
	0.14 ± 0.08

	Filtration method



	pH
	2.63 ± 0.03

	Accumet AB15 pH meter



	Total phenols (%)
	71.11

	GCMS





2.2        Synthesis of BPF Resin

The BPF resin was synthesised according to the previously described method with slight modification.11 The optimum formulation used to prepare the resin was summarised in Table 3. For easy reference, abbreviation of BPF(RS25) and BPF(RS75) resins were used representing the BPF resin synthesised from bio-oil in place of phenol at 25% and 75% substitution level respectively.


Table 3:      Synthesis procedure of BPF resin.



	Type of adhesive
	Bio-oil substituted
	Molar ratio

	Time to reach 200 cP (h)



	F/P
	NaOH/P
	EtOH/P



	BPF(RS25)
	25
	1.3
	0.3
	0.4
	5.0



	BPF(RS75)
	75
	1.3
	0.5
	0.4
	3.5




In brief, liquefied phenol (99%), bio-oil, anhydrous ethanol (99%) and sodium hydroxide (50%) were loaded into a resin kettle equipped with a condenser, dropping funnel and thermometer. The mixture was heated to 65°C and maintained at that temperature for 30 min to ensure homogenous alkaline medium was introduced. After homogenisation has occurred, the temperature was raised to 80°C and formaldehyde solution (37%) was added step-wise over a period of 10 min. Finally, the reaction mixture was heated to 95°C and kept at that temperature for a period of time to allow condensation reaction and polymerisation to occur. After the required viscosity has seemingly been reached, the reaction was stopped and allowed to stabilise to room temperature. The BPF resin was then refrigerated in a sealed glass bottle to prolong its pot life by minimising any additional slow polymerisation of phenolic rings.9 The properties of BPF resin were then compared with the properties of conventional PF resin purchased from Asta Chemicals Sdn Bhd, shown in Table 4.


Table 4:      Properties of resins.



	Properties
	PF (other work)
	PF (this work)
	BPF(RS25)
	BPF(RS75)
	Method



	Viscosity (cP)
	250–500,11 200,14 23315
	209 ± 3
	227 ± 4
	215 ± 2
	Visco Basic Plus viscometer



	pH
	11.75,11 11.16,14 10.515
	9.36 ± 0.03
	11.37 ± 0.02
	11.60 ± 0.06
	Accumet AB15 pH meter



	Non-volatile content (wt%)
	47,11 64,14 4915
	42.4 ± 0.1
	59.2 ± 0.2
	45.6 ± 0.2
	ASTM D4426



	Free formaldehyde level (wt%)
	Not detectable11
	Not detectable
	0.11 ± 0.02
	0.35 ± 0.02
	ISO 11402



	Curing temperature (°C)
	15010,15
	166
	154
	156
	Perkin Elmer DSC Pyris 6




2.3        Fabrication of Rhizophora Particleboard

The previously milled Rhizophora hardwood were further ground into less than 200 µm using Retsch grinder so that the resulted particleboard had considerable similarity to phantom material.16 Then, 10 wt% of the BPF resin was mixed with the pre-weighed Rhizophora particles. The thickness and density of particleboard were fixed at 0.5 cm and 1 g cm–3 respectively, in reference to the required dimension of analysis and density of water.

To compress the mixture, a (23 × 23) cm2 pressing mould was prepared. This pressing mould was placed on top of a metal plate, covered with aluminium foil to prevent the wood particles from sticking on the metal plate after compression. Then, the mixture was laid evenly within the mould forming a mat. A mould cover was also prepared. The mat was pre-pressed using Bluepoint 001 Heating and Pressing Machine manufactured by Milestone Technology Enterprise at room temperature for 2 to 3 min before hot-pressed using FABRICATE Molding Test Press by GT Instrument Sdn Bhd at 170°C for 6 min (in reference to the curing temperature obtained from DSC analysis). After the compression, the particleboard was left to cool down to room temperature before being trimmed and cut for further analysis.

The particleboard was analysed according to JIS A 5908 to determine the mechanical properties such as internal bonding (IB) strength and modulus of rupture (MOR) value as well as the physical properties such as thickness swelling and water absorption. Formaldehyde emission of the particleboard was also measured according to desiccator method as in JIS A 1460. In studying morphological properties of the particleboard, micrograph was acquired using FEI Nova NanoSEM 450 Field Emission Scanning Electron Microscopy (FE-SEM) at two different magnifications, 500× and 3000×.

To analyse the attenuation properties of the particleboard, XRF technique was used as in the previous literature, shown in Figure 2.5
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Figure  2:      Experimental setup of XRF technique.



The analysis started by placing the particleboard on the sample holder. Then, shutters were opened to allow the gamma photons produced from the radioactive source (100 mCi of Americium-241) to strike the metal plate. In this work, 5 different types of high purity metal plates were used: zirconium (Zr), molybdenum (Mo), palladium (Pd), silver (Ag) and tin (Sn). The selection of these metal plates was due to their ability in producing characteristic x-rays with energy within the mammographic range upon interaction with the gamma photons. The transmitted x-rays were filtered by collimator before being detected by the detector. MCA3 software analysed the detected x-rays for a period of 120 seconds, producing an x-ray spectrum.

The net area of the spectrum under the peak of K-alpha characteristic x-rays was calculated, giving the total intensity of transmitted K-alpha characteristics x-rays in unit of counts. From there, linear attenuation coefficient was calculated according to the following equation:
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where I = total intensity of transmitted x-rays when specimen with x thickness was measured; Io = total intensity of transmitted x-rays when 0.0 cm thickness was measured; and µ = linear attenuation coefficient and x is the thickness of specimen.

The experiment was conducted at varying thickness of particleboard, from 0.0 cm to 2.0 cm simply by combining them. When phantom was usually designed in multiple sizes and thicknesses, variation of thickness of the particleboard was included as a simulation study for when the Rhizophora particleboard was intended to be used as phantom. Besides, since a range of thickness was used, linear attenuation coefficient of the particleboard was determined from the gradient of graph ln (I/Io) against thickness, as referred to Equation 1.

From there, mass attenuation coefficient (µ/ρ) of the particleboard was calculated by dividing the obtained linear attenuation coefficient with its respective density. The value was then compared with the mass attenuation coefficient of water phantom and breast tissue of young-age (Breast 1), calculated using XCOM computer program.17,18

3.          RESULTS AND DISCUSSION

3.1        Physical and Mechanical Properties of Rhizophora Particleboard

Table 5 shows that both the conventional PF and BPF resins indeed lived up to expectation, as it provided superior IB strength and MOR value when compared to the standard limit of particleboard or when compared to the previous literature; the fabrication of Rhizophora particleboard using Gum Arabic and Serishoom adhesive resulted in IB strength of 0.7–1.2 MPa and 0.6 MPa respectively.6,7

The exceptional strength of the formaldehyde-based resin used in this work was mostly due to the interaction of formaldehyde with phenol that created a strong and durable polymer upon condensation and polymerisation. Once cured, this polymer became more stable by the formation of a rigid cross-linked structure, hence further enhancing the mechanical properties of the particleboard.


Table 5:      Properties of Rhizophora particleboard.
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When different type of resin was employed, no significant change on the IB strength and MOR value was observed, except for a slight increase or decrease according to the viscosity of resin, which somewhat affected the mechanical properties.19 No significant impact was also seen on the thickness swelling and water absorption, except for a slight variation following the mechanical properties. Mechanical properties of a particleboard affected its physical properties in a way that better bonding contact provided greater resistant to any foreign materials including moisture.19

Due to that, the thickness swelling and water absorption of the particleboard was significantly low than those reported in any other work. Previous work that incorporated the use of Gum Arabic during fabrication of particleboard had thickness swelling and water absorption between 80%–110% and 90%–100% respectively.20 Another work that incorporated the use of Serishoom adhesive in the fabrication of particleboard obtained thickness swelling and water absorption around 15% and 50%, respectively.7

On the other hand, the standard limit of formaldehyde emission has been set at 0.5 mg l–1. All particleboards notably had lower formaldehyde emission than the standard limit with a value ranging from 0.1 mg l–1 to less than 0.5 mg l–1.

The change of formaldehyde emission when different type of adhesive was used varied according to the free formaldehyde level of resin since the two were inter-connected. Formaldehyde emission of a particleboard was influenced by two different factors. The first factor was the evaporation of un-reacted free formaldehyde from the particleboard over time, especially in an environment with high relative humidity and temperature. For this reason, any decrease in the free formaldehyde level of the resin caused a reduction in the formaldehyde emission and vice versa.


The second factor was hydrolysis reaction that occurred in a high moisture environment. During this hydrolysis reaction, chemical bond created from the condensation and polymerisation process was urged to break down. However, since the polymer produced from chemical interaction between phenol and formaldehyde was also known to be less soluble in water, the resin provided little susceptibility to hydrolysis reaction. This property made the PF and BPF resins chemically stable and caused lower emission of formaldehyde, than other type of formaldehyde-based adhesive, such as Urea Formaldehyde (UF) resin.21

A previous work has reported the formaldehyde emission of UF resin by investigating the effect of different compression time of particleboard on the formaldehyde emission. In that work, the particleboard was produced by mixing wood particles with 10% of UF resin and the resulting formaldehyde emission was shown to decrease from 0.9 mg l–1 to 0.8 mg l–1 with an increase of compression time, ranging from 3 to 5 min.22 Another work has also been conducted to study the formaldehyde emission of (40 × 40 × 6) cm3 plywood bonded with PF resin that had less than 0.1 wt% of free formaldehyde level. The plywood was prepared using single poplar veneer in the middle and two Eucalyptus veneers on top and bottom of the panel. The veneer was then coated with 0.013 g cm–2 PF resin on each side. The formaldehyde emission of the plywood was analysed using desiccator method and the result was obtained at 0.13 mg l–1.23

3.2        Morphological Properties of Rhizophora Particleboard

The micrographs of all particleboards, as obtained from FE-SEM analysis were displayed in Figures 3, 4 and 5. At the magnification of 500×, it was observed that neither the wood structure of Rhizophora nor the resin network of PF can be identified. Instead, these micrographs showed a rather homogenous blend of network with small amount of void spaces equivalently scattered throughout the surface, hence indicating a compact distribution within. This compact distribution was produced probably due to the satisfactory mixing procedure as well as efficient compression procedure of the particleboard. Nevertheless, the result was certainly expected since all particleboards produced in this work had a relatively high IB strength and MOR value. The value of the two parameters was greatly influenced by the compactness and homogeneity of the network holding the particleboard together.6 Furthermore, the presence of adhesive within the particleboard was seen to have a good contact with the wood particles, as observed at 3000× magnification. The balanced interaction between the adhesive and the wood particles consequently enhanced the mechanical properties of the particleboard.
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Figure  3:      Micrograph of particleboard with 10% PF resin (top: 500×, bottom 3000×).
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Figure  4:      Micrograph of particleboard with 10% BPF(RS25) resin (top: 500×, bottom 3000×).
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Figure  5:      Micrograph of particleboard with 10% BPF(RS75) resin (top: 500× , bottom 3000×).



Meanwhile, Table 6 shows the elemental composition of each type of particleboard. Carbon and oxygen were mainly found in the fabricated Rhizophora particleboard, with a trace content of sodium. This finding contradicted with previous work that studied the morphological properties of binderless Rhizophora particleboard which reported that high weight percentage of carbon and oxygen and low weight percentage of nitrogen were found in the particleboard.5 This small contradiction was mostly possible due to the addition of adhesive.


Table 6:      Elemental composition of Rhizophora particleboard.



	Type of adhesive
	Carbon
	Oxygen
	Sodium
	Aluminium
	Effective atomic number



	PF
	59.60
	32.41
	4.16
	3.83
	7.53



	BPF(RS25)
	53.66
	44.05
	2.29
	–
	7.18



	BPF(RS75)
	54.40
	43.24
	2.36
	–
	7.17




From there, the effective atomic number of all particleboards was calculated and compared with those of water (7.42) and natural Rhizophora hardwood (7.28).24,5 It was found that the average atomic number of all particleboards were near to those of water and did not deviated much from the natural Rhizophora hardwood hence raising its possibility to be used as a phantom material.

3.3        Attenuation Properties of Rhizophora Particleboard

Attenuation properties of a material were usually determined by its corresponding effective atomic number. Figure 6 displays the mass attenuation coefficient of particleboard bonded with conventional PF, BPF(RS25) and BPF(RS75) resins.
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Figure  6:      Mass attenuation coefficient of particleboard.



For these particleboards, higher substitution level of bio-oil was seen to reduce the mass attenuation value significantly. It was known that mass attenuation coefficient of a material increased with increasing effective atomic number. This was because when having higher atomic number, higher probability of interaction was induced between photons and the material. This interaction caused the photons to undergo attenuation process primarily photoelectric absorption, which therefore increased the attenuation value. It has been previously reported that the attenuation event due to photoelectric absorption was greatly affected by the effective atomic number of material at (effective atomic number)4.25

Hence, when the particleboard bonded with BPF(RS25) and BPF(RS75) resins had slightly lower value of effective atomic number than the one bonded with conventional PF resin, the lower value of their respective mass attenuation coefficient was expected. Among all of the particleboards produced in this work, particleboard bonded with conventional PF and BPF(RS75) resins showed the greatest potential for future work and commercialisation in diagnostic radiography and mammography as it best approximates the attenuation value of water phantom and breast tissue respectively.

4.          CONCLUSION

Due to the high similarity and some superiority of the BPF resin, the possibility to fabricate Rhizophora particleboard bonded with this BPF resin was enhanced. Fabrication procedure of this type of particleboard was standardised with those bonded with conventional PF resin to equivalently compare the mechanical, physical, morphological and attenuation properties. It was found that all of the particleboards fabricated in this work showed excellent mechanical and physical properties surpassing the required standard limit issued by JIS with satisfactory formaldehyde emission. Morphological properties of the particleboard also supported previous finding.

In addition, it was seen that the average atomic number of the particleboard closely predicted the average atomic number of water and breast tissue. The study on attenuation properties of the particleboard showed that particleboard bonded with conventional PF resin was most suitable to be used as phantom material in diagnostic radiography as it had attenuation value close to water phantom while the particleboard bonded with BPF(RS75) resin was most suitable to be used as phantom material in mammography as it had attenuation value close to breast tissue. Therefore, further research on the application of the particleboards as a phantom material would be beneficial.
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ABSTRACT: Solvent extraction is a technique used to separate compounds based on their solution preferences in two different immiscible liquids. Chemical kinetics is the area of science devoted to study the rates as well as the mechanisms of reactions. This review deals with the basics of chemical kinetics and reaction mechanisms in solvent extraction technique, new trends and chemical kinetics applications as well as the projections to the future.
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1.          INTRODUCTION

Solvent extraction separation is based on the difference in the solubilities of elements and their compounds in two immiscible liquid phases. The transfer of components in liquid-liquid extraction across an interface can be subdivided into three steps. The components are initially transported to the interface, then they cross the interface and are finally transported away from the interface. Chemical kinetics are concerned with the quantitative study of the rates of chemical reactions and the factors upon which they depend. The factors affecting the chemical kinetics include empirical studies of the effects of concentration, temperature and hydrostatic pressure on reactions of different types. It also provides the most general methods for determining the mechanism of a given reaction; this in turn explains its reaction rate.1–3


Equilibria can also be treated in principle on the basis of kinetics in the situation in which the rates of the forward and reverse reactions are equal. The main purpose for studying chemical kinetics is to learn as much as possible about the steps involved in a reaction in order to get information on the factors affecting the extraction rate and propose a mechanism describing the extraction process. This series of steps is called the reaction mechanism.3 On the other hand, as the advanced technological applications require particles with specific characteristics size, morphology and composition and spot the light on the type of agitation by using the Lewis-cell which allowed the formation of homogeneous emulsions and minimised the breakage of crystals which occurs with a mechanical stirrer.

2.          REACTION RATE

Reaction rate is the rate of change of concentration of a substance involved in the reaction per unit time.2 Chemical kinetics deal with the speed at which these changes occur. The speed of a process is defined as the change in a given quantity over a specific period of time. For chemical reactions, the quantity that changes is the amount or concentration of a reactant or product. So the reaction rate of a chemical reaction is defined as the change in concentration of a reactant or product per unit time:3
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where A represents a specific reactant or product and the square brackets indicate concentration in mol l–1. The rate constant k is also known as the specific reaction rate or as the rate coefficient and it is numerically equal to the reaction rate when the reactants are present at unit concentrations.2

The order of the reaction is the sum of the exponents of concentration factors in an experimental rate law.4 In the kinetic study, reactions are usually classified according to the order of reaction. As a zero-order reaction depends on one molecule, when no concentration term affects the rate of reaction, or the rate of reaction remains same throughout the reaction, the reaction is known as zero-order reaction.5 One of the most widely encountered kinetic forms is that of the first-order rate equation, where the rate is directly proportional to the concentration of one reactant. The effective kinetic order is reduced to the reaction order with respect to that one substance. If the order is unity, the reaction is said to follow pseudo-first-order kinetics. While the second-order kinetics arises when it is proportional to the square of the concentration of a single reagent and also when it is proportional to the product of the concentrations of two reagents. A third-order reaction can result from the reaction of a single reactant, two reactants or three reactants.5

2.1        Rate Controlling Extraction Regimes

The kinetics of solvent extraction is a function of both the various chemical reactions occurring in the system and the rates of diffusion of the various species that control the chemistry of the extraction process.6 Solvent extraction kinetics can be controlled only by slow chemical reactions or by diffusion through the interfacial films. When one or more of the chemical reactions is sufficiently slow (slow distribution of the predominant species between the aqueous phase and the interface), in comparison with the rate of diffusion to and away from the interface of the various species taking part in an extraction reaction, in this case the solvent extraction kinetics occurs in a kinetic regime. In this case, the extraction rate can be described in terms of chemical reactions taking place either in the bulk phase or at the interface.6 Based on the two films theory, Danesi proposed a model in which he assumed the presence of two stagnant thin layers of finite thickness on the aqueous and organic sides of the interface, shown in Figure 1.7
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Figure  1:      Interfacial structuring effect caused by an ionisable extractant adsorbed at the organic-aqueous interface.7




When the extractant has low surface activity and a relatively high solubility in the aqueous phase, the reaction takes place in the aqueous phase.7–9 In case where the extractant is relatively soluble and the reaction is neither controlled by the diffusion process nor by any reaction at the interface. When the reaction occur at the interface, the transport of molecules from one phase to the other occurs even without mechanical agitation of the two phases.10 In this case, the interfacial reaction is the rate-determining step in extraction, acceleration in the rate of agitation of the two phases enhances the extraction.10,11

However, when all chemical reactions in the biphasic system are very fast in comparison with the diffusional processes, the solvent extraction kinetics is said to occur in a diffusional regime, where the rate of extraction can be described simply in terms of interfacial film diffusion. The thickness of the diffusion films never go down to zero and a limiting thickness of about 10–3–10–4 cm is reached in all systems even with the most efficiently stirred systems.12 These diffusion films are very thin and never less than 10–4 cm. They are considered macroscopic compared with dimensions of the molecules that pass through them. On the other hand, when both chemical reactions and film diffusion processes occur at comparable rates, the solvent extraction kinetics is said to take place in a mixed diffusional-kinetic regime, which in engineering, is often referred to as “mass transfer with slow chemical reactions.” This is the most complicated case, since the rate of extraction must be described in terms of both diffusional processes and chemical reactions, and a complete mathematical description can be obtained only by simultaneously solving the differential equations of diffusion and those of chemical kinetics.11,12

3.          IDENTIFICATION OF REACTION MECHANISM

In order to distinguish between a diffusional regime and a kinetic regime, the criteria usually used are the dependency of the rate of extraction on the stirring rate of the two phases as well as the evaluation of the activation energy of extraction based on the temperature effect.

3.1        Stirring Rate Dependence

The controlling process is usually determined by the effect of stirring speed. In diffusion controlled systems, the rate of extraction increases with the increase of the rate of stirring while in the case of chemical reactions (kinetic regime) there is nearly no stirring effect on the rate of extraction. A typical curve of rate of extraction vs. stirring rate is shown in Figure 2; such curves are generally obtained when constant interfacial-area-stirred cells (Lewis cells) and vigorously mixed flasks are used. In general, a process occurring under the influence of diffusional contributions is characterised by an increase of the rate of extraction, as long as the stirring rate of the two phases is increased. On the other hand, when the rate of extraction is independent of the stirring rate, it is sometimes possible to assume that the extraction process occurs in a kinetic regime.6


[image: art]

Figure  2:      Typical extraction rate vs. stirring rate for constant interfacial-area stirred cell.



3.2        Activation Energy

In the study of chemical kinetics, the reaction rate constants were functions of temperature. The activation energy of a reaction is the difference in energy of the activated complex and the reactants. On the other hand, the temperature effect on the rate of extraction controlled by diffusion is less pronounced than that controlled by the chemical process and the activation energy in the former case does not usually exceed 20.9 kJ mol−1.13 When the rate is controlled by a chemical reaction, the activation energy is generally higher than that expected for a diffusion-controlled process. However, this criterion is not always very meaningful, since many chemical reactions occurring in solvent extraction processes exhibit activation energies of less than this value and may be of only a few kilojoules per mole, i.e., in the same order of magnitude as those of diffusion processes.6


It was found that an experimental plot of lnk vs. 1/T appeared to be approximately linear with a negative slope obeying the Arrhenius equation:
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where R is the universal gas constant, T the absolute temperature, and A the preexponential factor or frequency factor. The activation energy E was calculated from the slope of this line indicating that, the extraction is controlled by diffusion reaction or chemical reaction.6

4.          IDENTIFICATION BETWEEN KINETIC REACTION IN THE BULK PHASE OR AT THE INTERFACE

As one or more reaction steps of the overall reaction mechanism, either occurring in the bulk phase (homogenous reaction) or at the liquid-liquid interface (heterogeneous reaction), are slow enough, their slowness will reflect on the overall rate of extraction.6 The effect of interfacial area is the parameter usually used to differentiate between chemical reactions taking place in the bulk phase or at the interface. For interfacial chemical control, the interfacial area will be important together with the interfacial activity of the extractant. For bulk phase reactions the most important kinetic parameters are the reactants solubility.

4.1        Interfacial Area

In the bulk reactions, the rate of extraction is independent of the interfacial area, while in the case of interfacial reactions the rate of extraction increases with increasing interfacial area. In systems controlled by chemical reaction at the interface, the observed reaction rate constant increases linearly with specific interfacial area ā (ā = interfacial area Q / volume of the phase V), while no effect is observed on  ā in systems controlled by reactions in the bulk phase.6 The values of the rate of extraction k increase with the increase of the specific interfacial area ā giving a straight line which passes through the origin indicating that the rate of extraction is dependent on the variation in interfacial area and the rate controlling reaction takes place at the interface rather than in the bulk phase.15 The rate-determining step of the extraction reaction is the interfacial formation of the complex between the metal ion and the interfacially adsorbed extracting reagent. There are two interfacial rate-determining steps, consisting of:6

	Formation of an interfacial complex between the interfacially adsorbed molecules of the extractant and the metal ion.
	Transfer of the interfacial complex from the interface to the bulk organic phase and simultaneous replacement of the interfacial vacancy with bulk organic molecules of the extractant.


For this mechanism, we distinguish two possibilities. The first describes the reaction with the dissociated anion of the extracting reagent. The second describes the reaction with the undissociated extractant.

4.2        Interfacial Tension

Interfacial tension studies are particularly important because they can provide useful information on the interfacial concentration of the extractant. The simultaneous hydrophobic-hydrophilic (low water affinity–high water affinity) nature of extracting reagents has the resulting effect of maximising the reagent affinity for the interfacial zone, in which both the hydrophobic and hydrophilic parts of the molecules can minimise their free energy of solution.6 The interfacial tension is one of the fundamental physical properties of liquid/liquid interface. It is defined as the force per unit length that is required to increase the contact surface of two immiscible liquids of 1 cm2. The units of the interfacial tension are dyne cm–1. It determines the droplet form and the force retaining the droplet and reflects the interfacial concentration of substances directly. The relation between the interfacial tension (γ) and the interfacial concentration of a substance (Γ) is expressed as the following Gibbs adsorption isotherm:15,16

[image: art]

where µi refers to the chemical potential of component (i) at interface (σ).

The surface activity of the extractant lends support to an extraction mechanism governed by interfacial chemical reactions. The decrease in the interfacial tension with the increase in the extractant concentration indicates that the extractant is interfacially adsorbed and produces a lowering of the organic-aqueous interfacial tension.6,17,18 Among these extractants we can mention tributyl phosphate (TBP) and crown ethers.

4.3        Solubility of the Extractant

When the extractants have low surface activity and relatively high solubility in the aqueous phase, the controlling reaction is expected to take place in the bulk of the aqueous phase. Thenoyltrifluoroacetone (HTTA) and di-ethylhexyl phosphoric acid (HDEHP) are among the extractants having relatively high solubility in the aqueous phase and the rate of extraction using these extractants are usually controlled by chemical reactions in the aqueous phase rather than in the interface. The nature of the diluents used also affects the rate of extraction, where the aromatic diluents cause swelling of the interfacial layers; they decrease the concentration of the extractant molecules at the interface which decreases the extraction rate. The addition of 20% of aromatic substances to kerosene as an aliphatic hydrocarbon, change its properties and make it similar to aromatic hydrocarbon.19,20

5.          CHEMICAL KINETICS TECHNIQUES

Several experimental techniques are available for measuring the kinetics of solvent extraction. They differ in the different efficiency of stirring which can be achieved in the two phases, and in the control of the hydrodynamic conditions in proximity to the interface and in the interfacial area.21

5.1        Rotating Diffusion Cell

In this technique, a filter soaked with an organic phase solution is located between an organic phase and an aqueous phase. When only the filter is rotated, convection and a stagnant layer are formed at each side of the filter. In this case, the transport process of a substance from the aqueous phase to the organic phase consists of three steps: the diffusion of the substance in the aqueous stagnant layer to the filter; its transfer through the interface; and its diffusion in the organic stagnant layer.22

This method can divide the whole transport process into the diffusion process and the mass transfer process through the interface, but it does not evaluate the amount of substance adsorbed at the interface. Recently, there are few investigations using this technique.

5.2        High Speed Stirring Technique

A phase separator with poly(tetrafluoroethylene) (PTFE) membrane can take out only the organic phase from the container even when the two-phase solutions are stirred vigorously.24 Liquid membranes combine extraction and stripping, which are normally carried out in two separate steps in conventional processes such as solvent extraction into one step. When a substance of interfacial absorptivity is dissolved in the organic phase and the interfacial area becomes wider by vigorous stirring, the substance concentration in the organic phase decreases according to the principle of mass balance. This method also allows to measure extraction rate by adding a reactant during stirring. Recently, detailed mechanism of the complexation reaction at the heptane/water or toluene/water interface was proved in the solvent extraction of metal ions.24–26

5.3        Single Drop Technique

This technique includes the formation of a single organic droplet in an aqueous phase solution by micro-injection method. The absorbance of the organic droplet increases when the extraction of a substance from the aqueous phase to the organic droplet proceeds. The increasing rate gives the mass transfer rate of the substance through the interface indirectly. The ion-pair extraction rate of a cationic dye (Methylene Blue) with dodecylsulfate anion to a single droplet of tributyl phosphate was investigated by this method.27,28 They also proposed mass transfer mechanism through the interface by analysing the rate with a concept of spherical diffusion.

5.4        Two-Phase Microchip Technique

The extraction of a dye (Methyl Red) at a cyclohexane/water interface was investigated by two-phase microchip method, where Methyl Red was extracted from the aqueous phase to the cyclohexane phase.29 A two-phase microchip was made by microchip technique. In this technique, the two phases met at a position and they flowed adjacently in parallel with each other with the same linear velocity.

5.5        Constant Interfacial-Area-Stirred Cell

When an organic phase and an aqueous phase are allowed to stand naturally, a horizontal and flat liquid/liquid interface is formed between the two phases. In this technique, the two phases are stirred while the aqueous and the organic layers are individually stirred without disturbing the interface and the transfer occurs through the contact area.30,31 The cells allow an independent change of the rotation number of the stirrers in the two phases. The organic and aqueous phases can be stirred in the same direction to have similar fluid dynamic conditions. This technique was first developed by Lewis30 then modified by several investigators,32 but it is not suitable for very slow reactions.

6.          NEW TRENDS IN KINETIC STUDIES

The kinetics of solvent extraction, which is of high importance to all industrial applications, is largely determined by the interfacial chemistry. To speed up phase transfer, the engineers try to maximise the interfacial surface by, e.g., violent stirring, producing billions of small droplets.33 The largest research effort in extraction kinetics is likely to be in the development of solvent extraction-related techniques, such as various versions of liquid chromatography, liquid membranes, etc. These techniques require a detailed knowledge about the kinetics of the system to predict the degree of separation.34

Future development has been focused on microscopic spectroscopy of an nmresolution, synthesis of novel two-dimensional substances specific to the interface, invention of analytical methods clarifying the nature and dynamics of interfacial aggregates or associates are expected for improving the investigations of the chemical changes taking place at the liquid/liquid interfaces.35

6.1        Kinetics of Redox Reactions

Kinetic studies are important to learn about the different variables affecting the extraction rate of metal ions and identify the controlling regime. Lewis cell technique is the simplest one preferred by many investigators for carrying out kinetic investigations.21,36–45 Several metal or metalloid ions exist in multiple oxidation states and can undergo electron transfer reactions that are important in biological and environmental systems.46 There are endogenous metal ions such as iron, copper, and cobalt that participate in oxidation-reduction reactions with species of oxygen like molecular dioxygen, superoxide, and hydrogen peroxide.

Kinetic studies of the forward extraction of trivalent Nd(III) by the commercial trioctylphosphine oxide (CYANEX 921) in kerosene from thiocyanate medium and stripping of Nd-CYANEX 921 chelate have been investigated using a Lewis cell.14 The different parameters affecting the extraction rate were separately studied. The experimental results demonstrated that, the rate of Nd(III) extraction is controlled by a chemical reaction at the interface rather than in the bulk phase and it is first order for CYANEX 921 concentration, while it is zero order with respect to the other investigated parameters. Kinetic parameters of iron oxide reduction by hydrogen were evaluated by the isothermal method in a differential micro-packed bed.49 Influence of external diffusion, internal diffusion and heat transfer on the intrinsic reaction rate was investigated and the conditions free of internal and external diffusion resistance have been determined. In the experiments, in order to evaluate the kinetic parameters for reducing Fe2O3 to Fe3O4, the reaction temperatures were set between 440°C and 490°C. However, in order to distinguish the reduction of Fe3O4 to FeO from that of FeO to Fe, the reaction temperature in the experiment was set to be greater than 570°C; kinetics of iron oxide reduction by hydrogen was established and the newly established kinetic models were validated by the experimental data. The kinetics of the oxygen reduction reaction on nanostructured thin-film ternary Pt/Co/Mn catalyst was investigated in 50 cm2 proton-exchange membrane single cell fixtures.48

The kinetic data were derived from cell polarisation curves measured during Galvan dynamic scans from near open-circuit to a high current density and back to near open-circuit. The kinetic data were correlated with a single Tafel equation and a transfer coefficient that is a function of the relative humidity. Traditionally, Cr(VI) is removed from water through reduction of Cr(VI) to Cr(III) using a reducing agent such as ferrous sulfate, sulfur dioxide, or sodium disulfite, followed by precipitation as Cr(III) or elemental iron. 49–54 During the last 12 years the usage of permeable reactive barriers using iron for the remediation of groundwater contaminated with chromium (VI) has became widespread. After the reduction by the elemental iron, the Cr(III) precipitates as hydroxide or as oxihydroxide, allowing its removal.55–59

Zero valent iron has been extensively used as a reactive medium for the reduction of Cr(VI) to Cr(III) in reactive permeable barriers.60 The kinetic rate depends strongly on the superficial oxidation of the iron particles used and the preliminary washing of zero valent iron increases the rate. The reaction has been primarily modelled using a pseudo-first-order kinetics which is inappropriate for a heterogeneous reaction. Kinetic studies were performed in order to evaluate the suitability of this approach. The influence of the following parameters was experimentally studied. The assumed order for the reaction was confirmed. In addition, the rate constant was calculated from the data obtained in different operating conditions.

Kinetics of reaction between palladium(II) chloride complex and dimethylamineborane was investigated.61 Experiments were carried out at various initial concentrations of palladium(II) complex ions and reductant, ionic strengths and temperatures. Rate constants of the reaction were determined. The rate law as well as mechanism of the reaction were also presented. The reaction was found to be second-ordered in respect to PdCl4 and pseudo-first ordered in respect to DMAB. The kinetics of reduction with CH4, H2 and CO and oxidation with O2 of two NiO-based oxygen-carriers for chemical-looping combustion and chemical-looping reforming prepared by impregnation, NiO18Al and NiO21Al, have been determined.62 The kinetic data obtained could be used for the design of chemical-looping combustion and chemical-looping reforming systems.

6.1.1      Kinetics of oxidative stripping

The novel work carried out in our laboratories has been directed to study the forward extraction kinetics of Cu(II) from nitrate medium using CYANEX 302 in kerosene and kinetics of oxidative stripping of Cu(I)-CYANEX 302 chelate using a Lewis cell.13 The slow reaction between the copper ion with (HA2)i  with the release of one hydrogen ion is expected to be the rate determining step:
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And, the extraction rate is given by the following equation:
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Kinetic studies on the stripping of Cu(I) from loaded CYANEX 302 with high concentration of nitric acid were also carried out using the same Lewis cell.

Copper is first extracted as Cu2+ then a reduction of the extracted species [image: art] converts the copper to its monovalent state Cu(I).14
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The interfacial chemical reaction between the adsorbed species and HNO3 which re-oxidise the monovalent copper ion in the organic phase to its divalent state in the aqueous via a slow rate-determining step.
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Finally, the rate of forward stripping reaction can be represented by the following equation:
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6.2        Kinetics of Extraction with Saponified Extractants

The extraction and separation of Mn(II) and Co(II) from sulphate solutions have been carried out using sodium salts of D2EHPA, 2-ethylhexyl phosphonic acid mono-2-ethylhexylester (PC 88A) and CYANEX 272 in kerosene.63 Manganese was preferentially extracted over cobalt with these extractants and Na-D2EHPA was found to be the most suitable extractant for separation. The extraction and separation of divalent zinc and manganese from a sulphate solution was performed using sodium salts of the same aforementioned extractants dissolved in kerosene.64


Liquid–liquid extraction of aluminium(III) from sulphate medium using sodium salt of Cyanex 272 and D2EHPA in kerosene has been studied.65 Maximum Al(III) extraction was achieved in the equilibrium pH range of 3.2–3.6 and 3.5–4.2 for Na-Cyanex 272 and Na-D2EHPA, respectively. Both extractants can quantitatively and selectively extract Al(III) from a mixed solution of aluminium, cobalt and nickel. Solvent extraction experiments of Nd with 40% saponified PC88A from chloride solution have been performed.66 The use of saponified PC88A significantly increased the distribution coefficients of Nd, compared with the case where PC88A was used. The variations in the equilibrium pH value were greatly dependent on the initial extraction conditions. Through our work, a new trend of kinetics of Sm(III) extraction from an aqueous chloride solution using CYANEX 272 dissolved in kerosene after being converted to sodium salt has been performed.67

6.3        Kinetics of Stripping by Precipitation

The optical, electronic, and magnetic properties of materials change dramatically when the particle size is reduced to a critical limit. The preparation and investigation of size-confined materials down to the nanometer scale have been one of major academic research and industrial focus in recent years.68–72 Rare earths and yttrium formulated as metal oxide powders are used in a variety of advanced technological applications. Most of these applications require particles with specific characteristics: size, morphology and composition. Solvent extraction systems are used routinely in hydrometallurgy in the primary processing and purification operations of these elements.73–76 Copper ions have been extracted by an organic extractant and oxalic acid–ethanol aqueous solution has been employed to strip and precipitate copper.77 The copper precipitates have been characterised by x-ray diffractometry, scanning electron microscopy, transmission electron microscopy and laser particle analyser.

The processes of uranium stripping from 30% tri-n-butyl phosphate (TBP) in kerosene by H2O2 solutions both with and without NH4OH added were investigated in the temperature range of 20°C–50°C. The uranium was selectively precipitated in the form of uranium peroxide during stripping from the organic phase by hydrogen peroxide. The effect of hydrogen peroxide on the organic phase was studied by IR spectroscopy.78 The organic cerium deposits were obtained by a stripping precipitation method from cerium-loaded P507 organic phase using oxalic acid as a precipitating agent and nano-sized ceria particles were prepared by calcining the products at 500°C.79 Separation of palladium from high level liquid waste (HLLW) solution originated from the reprocessing of spent fuel by PUREX process is carried out by solvent extraction and precipitation methods using oximes. The loaded organic phase is scrubbed with water prior to the stripping of palladium using thiourea in HNO3 and NH4OH separately.80 The recovery of the method is found to be >99.5%.

Recently, a type of agitation by using the Lewis-cell allowed the formation of homogeneous emulsions and minimised the breakage of crystals which occurs with a mechanical stirrer. In this concern, the solvent extraction process of neodymium(III) from aqueous solution by di(2-ethylhexyl) phosphoric acid (HDEHP) in kerosene has been performed as a first step to accomplish the homogeneous precipitation of neodymium phosphate by stripping from an organic metal loaded HDEHP solution using phosphoric acid solutions.85 In this study, stripping–precipitation approach was proposed to synthesise powders of neodymium phosphate using a modified Lewis cell. The neodymium precipitate was characterised by x-ray diffractometry, scanning electron microscopy, particle size measurement, thermogravimetric analysis and infrared spectroscopy.

IR spectrum of the resulted neodymium phosphate powder was carried out with the result shown in Figure 3. The spectrum shows the hydrogen bonding band at 3475 cm−1 for H2O molecules the −OH bending band at 1626 cm−1, the P–O stretching band at 1047 cm−1 and P–OH stretching band in the region from 1200 to 1090 cm−1 for the phosphoric acid. None of the HDEHP characteristic bands appears in the phosphate powder. Hence, HDEHP is behaving as a true mediator in the formation of the phosphate precipitate. The thermal analysis (DTA–TG) curves of the neodymium phosphate powder show an endothermic peak with average 11.1% weight loss probably due to the dehydration of water of crystallisation between 194°C and 214°C.

The DSC analysis (Figure 4) shows endothermic peak lying in the same range of temperature degrees which confirm the results obtained from DTA–TG analysis. The particle morphology of the surface of neodymium phosphate precipitate was studied by scanning electron micrograph Figure 5. The results showed that the powder precipitated with 3M H3PO4 showed more regular and slightly larger particles than those obtained by 5M H3PO4 while the precipitate with 8M H3PO4 gave highly agglomerated particles. Increasing the HDEHP concentration from 0.25M to 0.75M gave an increase of the particle size of the precipitate.
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Figure  3:      IR spectrum of neodymium phosphate powder precipitated from 0.083M Nd(III), 0.5M HDEHP with 5M H3PO4 solution at pH = 0.5.
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Figure  4:      DSC of Nd phosphate powder at different temperature degrees.
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Figure  5:      Scanning electron microscopic examination on the resulted Nd phosphate powder by stripping with 5M H3PO4 at 25°C from loaded HDEHP, illustrating (a) 0.25M HEDHP, (b) 0.5M HDEHP, and (c) 0.75M HDEHP.




7.          CHEMICAL KINETICS APPLICATIONS

The mathematical models that describe chemical reaction kinetics provide chemists and chemical engineers with tools to better understand and describe chemical processes such as treatment of radioactive and industrial waste solutions, food decomposition, microorganism growth, stratospheric ozone decomposition, and the complex chemistry of biological systems. These models can also be used in the design or modification of chemical reactors to optimise product yield, more efficiently separate products, and eliminate environmentally harmful by-products. When performing catalytic cracking of heavy hydrocarbons into gasoline and light gas, for example, kinetic models can be used to find the temperature and pressure at which the highest yield of heavy hydrocarbons into gasoline will occur.

7.1        Separation of Metals from Industrial and Radioactive Waste

Management of radioactive waste generated during the operation of nuclear facilities, in medicine, industry and other fields is an important problem implicating further development of nuclear technology and nuclear energy worldwide. Due to its harmfulness, the radioactive waste cannot be directly discharged into the environment. It must be pre-sorted and processed to reduce the volume of radioactive substances in the smallest possible volume enabling stabilisation and then long-term storage or final disposal.82 In these processes one of the desirable features of extraction is speed, defined in terms of rates of extraction. In this context, the kinetics of solvent extraction systems offer information on the overall mass transfer and allows the prediction of inhibitions and enhancements on the extraction rate. In addition, exploitation of the differences in the reaction kinetics of metal ions could be used for their separation.83,84

In the nuclear industry, important volumes of liquid wastes have to be treated to reduce their contents in radioactive contaminants. The co-precipitation is the method mostly applied to perform decontamination of liquid wastes which cannot be concentrated by evaporation. Two operating modes are typically used for an industrial scale treatment by coprecipitation: the continuous and the semi-batch process. It was proved experimentally and theoretically that the semi-batch reactor ensures decontamination efficiency much higher than the continuous stirred tank reactor.85

A successful leaching procedure of phosphogypsum (PG), a byproduct from acidulation of the phosphate rock by the wet process phosphoric acid, has been developed in the present work. This was possible through leaching of radionuclides by using TBP–TOPO in kerosene. The best leach ability percent obtained of Ra, Pb, U, K and REE from PG was reached by the synergism of TBP–TOPO in kerosene through two successive steps respectively. The extracted radionuclides can be easily recovered from the solvent and introduced in many useful processes. The best conditions for the stripping of radioactive materials using of Na2CO3 were aqueous: organic phase ratio of 2:1 for 9 min.86

Wastes produced from nuclear and industrial activities contain large amounts of hazardous heavy metals whose recovery from waste streams is great importance. Recently, membrane technology has become an important alternative to the normal processes usually used for separation and recovery of undesired materials. They are used on large scale in water treatment for drinking water and industrial purposes and wastewater purification.61,87–90 The individual permeation of Co(II) and Ni(II) from aqueous chloride solutions through SLM using CYANEX 301 in kerosene as carrier supported on cellulose acetate membrane has been studied.91 The results are used to assess the conditions for maximum recovery of heavy metals from aqueous chloride solutions and from water effluents of different origins.

7.2        Radioactive Isotopes

In contrast to chemical equilibria, chemical reaction rates depend on the concentration of the reactants and transition states but not on the product. The concentration of the transition states depends on the activation energy for its formation and the frequency for its decomposition into the products. For isotopes of the lighter elements, the activation energy term makes the main contribution to the reaction rate isotope effect, while for the heavier elements the vibrational frequency causing the decomposition into the products plays the larger role. Because the energy states usually are more separated for the isotopic molecules of the products and reactants than for the transition state, isotope effects are usually larger in reaction kinetics than in equilibria. Studies of kinetic isotope effects are of considerable theoretical interest, particularly in organic chemistry. The practical applications are still meager, but this will not necessarily be so in the future. An example is the decrease in metabolic rate for 13C compounds, which has led to the suggestion of its use for treatment of certain diseases, as e.g., porphyria.90

7.3        Food Decomposition

In order to maximise glucose production from non-food cellulosic raw materials, data on the kinetics of cellulose decomposition and formation rates of end products are required. Glucose decomposition is a complex reaction system that has often been modelled with empirical, simplified models.91 By comparing the extraction yields of vitamin C, β-carotene, aloin A and astaxanthin in different foods with that in microwave assisted extraction and solvent extraction, the chemical kinetics of vitamin C and aloin A, which composed two different steps including the extraction step of analyte transferred from matrix into solvent and the decomposition step of analyte degraded in the extraction solvent, were proposed.92

7.4        Catalysis

Some of the most important concepts of the kinetics of complex heterogeneous catalytic reactions, methodology of building kinetic models and mathematical treatment of experimental data, influence of heat and mass transfer, types of laboratory reactors, kinetics and nanosized catalysts and others are reported. Examples for use of the kinetic studies for the development and application of industrial catalysts and modeling of industrial reactors are presented.93–96

7.5        Ozone Decomposition

The room temperature kinetics of gas-phase ozone loss via heterogeneous interactions with thin alumina films has been studied in real-time using 254 nm absorption spectroscopy to monitor ozone concentrations.97 The initial uptake coefficients on fresh films were found to be inversely dependent on the ozone concentration, varying from 10–6 for ozone concentrations of 1014 molecules/cm3 to 10–5 at 1013 molecules/cm3. These coefficients were not dependent on the relative humidity, up to 75%, within the precision of the experiment. The decomposition of ozone in water is found to be second order at pH 2 and 4 with the rate insensitive to pH. At pH 6, the reaction order is 3/2 to 2 and at pH 8 it is first order. Above pH 6 the rate increases rapidly with pH. Ozonation can greatly reduce the organic matter in waste water.98

7.6        Complex Chemistry of Biological Systems

Dynamic mathematical models in biotechnology require, besides the information about the stoichiometry of the biological reaction system, knowledge about the reaction kinetics.99 Modeling the kinetics of the processes that represent a biophysical system has long been pursued with the aim of improving our understanding of the studied system. Due to the unique properties of biological systems, in addition to the usual difficulties faced in modeling the dynamics of physical or chemical systems, biological simulations encounter difficulties that result from intrinsic multiscale and stochastic nature of the biological processes.100


8.          PROJECTIONS TO THE FUTURE

It would be useful to have extractants available in kinetic systems to use below the pH of the hydrolysis of some metals such as iron. More extractants for application to nuclear waste may also appear. With further research, the organic degradation should be understood and overcome. Additionally, the reduction in the reaction time and the operating cost should be emphasised by accepting the technology that has been proven scientifically. Some of the new advances which are used in conventional solvent extraction and may be extended to chemical kinetics studies include the treatment of nuclear wastes, additional metals and by-product recovery to obtain very high purity metals. On the other hand, the increased treatment of waste dusts and scrap for recycling is important particularly the treatment of effluents for contaminant removal to meet environmental requirements.

One of the important industrial tasks is related to the esters which play a significant role in daily living and chemical industry, such as plasticisers, fragrance, adhesive and lubricants. The vast majority of esters can be prepared using esterification reaction in the chemical engineering industry. Therefore, various esterification mechanisms should be proposed for homogeneous and heterogeneous systems. Based on the mechanism, numerous kinetic models could be developed to represent the kinetic behaviours of esterification.

9.          SUMMARY


	Solvent extraction separation is based on the difference in the solubilities of elements and their compounds in two immiscible liquid phases
	Chemical kinetics is the area of science devoted to study the rates as well as the mechanisms of reactions
	Reaction rate is the rate of change of concentration of a substance involved in the reaction per unit time
	The kinetics of solvent extraction, which is of high importance to all industrial applications, is largely determined by the interfacial chemistry
	The mathematical models that describe chemical reaction kinetics provide chemists and chemical engineers with tools to better understand and describe chemical processes. These models can also be used in the design or modification of chemical reactors to optimise product yield, more efficiently separate products, and eliminate environmentally harmful by-products
	Rare earths and yttrium formulated as metal oxide powders are used in a variety of advanced technological applications. Most of these applications require particles with specific characteristics: size, morphology and composition
	Ester is one of the important industrial tasks which play a significant role in daily living and chemical industry
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