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Abstract: This work describes a protocol for producing 3-Aminopropyltriethoxysilane (APTES)-treated bi-layered gold/silver films on glass substrates without an intermediate chromium or titanium adhesive layer but with a high adherence of the metal layer to the glass as well as suitable optical properties for use as an Surface Plasmon Resonance (SPR) chip. Different media (aqueous, organic and vapour phases) were applied. The final products were analysed using SPR, Atomic Force Microscopy (AFM) and contact angle analysis methods. Finally, the amine accessibility of the final prepared silanised chip was measured. There were considerable differences in the morphology and accessibility of the APTES films prepared by the four methods. Films prepared by Dilute Vapor Phase Deposition (DVPD) were uniform and had many available reactive amines. Films prepared by the Organic Phase Deposition (OPD) method appeared to be the thickest and bore the most accessible amine groups. Films prepared by Aqueous Phase Deposition (APD) were thin, very stable and smooth but did not possess a high density of available reactive amines. Films prepared by the concentrate vapour-phase deposition method appeared to be relatively thick and had a medium number of accessible amine groups.
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1.           INTRODUCTION

Gold and silver are typically used as Surface Plasmon Resonance (SPR) transducing metals. Gold is generally preferred over silver because it is more chemically inert. An intrinsic defect of Ag is its high chemical instability. This instability means that a silver layer deteriorates easily upon contact with the air or certain chemicals. Various advances have been suggested to improve the stability of silver films, such as bimetallic Au/Ag layers1–5 and coating with slight strata of various dielectrics (SiOx, ITO, or SnO2)6–7 to protect the underlying silver film. In a previous study2, our work on optimising the Au/Ag thickness using SPR analysis and stability tests showed that a 20/30 gold/silver composite results in better resolution, higher precision and a more stable SPR sensing chip.


The SPR method for bio-sensing requires the immobilisation of biomolecules onto the sensor surface. Various techniques have been used to functionalise metal transducer surfaces for biosensing. Direct covalent attachment of biomolecules with suitable functional groups8, formation of Langmuir-Blodgett films,9,10 self-assembled monolayers (SAMs) of alkanethioles with various terminal groups11,12 and functionalised plasma-polymerised films13,14 have all been reported for the immobilisation of biomolecules on metal surfaces.

Silanes can serve as coupling agents for attaching organic molecules to various substrates.15,16 Among the varieties of organosilane, a popular choice is 3-aminopropyltriethoxysilane (APTES), which allows the further attachment of molecules through its terminal amines and exhibits self-assembly. The density and orientation of organosilane molecules are the main parameters that affect the silanisation reaction. This mechanism of reaction has been discussed in existing accounts. The choice of solvent strongly affects the density and shape of the covalently attached APTES layer.15,17

Previously, our group worked on the silanisation of gold chips with APTES.18 This work describes a protocol for the production of APTES-treated gold/silver bimetallic SPR chips with high adherence of the metal layer to the glass substrate, good SPR response and suitable amine accessibility of the final prepared films.

2.           EXPERIMENTAL

2.1            Materials

Toluene, NaCl, H2O2 (30% w/w) and H2SO4 (94 wt. %) were purchased from MERCK. 3-Aminopropyltriethoxysilane (APTES), bovine serum albumin and glutaraldehyde were purchased from Sigma-Aldrich. Triply distilled water was used throughout the experiment.

2.2            Bimetallic Chip Preparation

The glass substrates (microscope slides, soda-lime glass) were cut into 10 × 10 × 1 mm3 pieces. The substrate surfaces were first thoroughly treated in piranha solution. Exposing the glass surface to piranha solution (3:1 vol. ratio, H2SO4: H2O2) for 30 minutes at 80°C cleans the surface. After chilling, the samples were rinsed with triply distilled water and dried under a nitrogen gas stream.


Au and Ag layers with thicknesses of approximately 20 and 30 nm were sputter-deposited on the glass slides using a BAL-TEC SCD 005DC sputtering system. No intermediate chromium or titanium layer was used.

2.3            Bimetallic Chip Silanisation

The silane films on the sputtered bimetallic layer were prepared by Wang and Vaughn15 silanisation methods with slight modifications, as described previously.18

2.4            Surface Analysis

The surface topology and SPR response of the original and treated bimetallic films were analysed using a Nanoeducator AFM apparatus in non-contact mode and an Iranian commercial SPR instrument (Nano SPR). The sputtered metal thickness was studied using a DEKTAK3 (Veeco) instrument. The contact angle of water along the treated films was evaluated according to the ASTM D 724-99 test method at three different spots on each sample.

Amine accessibility was assayed by the immobilisation of biomolecules onto the bimetallic SPR surface. First, 5% aqueous glutaraldehyde was injected into the system for 20 minutes at a flow rate of 5 ml/minute(s) such that the amino groups on the airfoil of the chip could react with the aldehyde group. Then, the chips were washed repeatedly using the washing command of the system. Later in this treatment, 1 mg/ml BSA was injected into the system for 30 minutes at the same flow rate, and 0.1 M NaCl was injected for one minute at the same flow rate to wash out unbound protein.

3.           RESULT AND DISCUSSION

3.1            Topography of Chips

The topography of the silanised chips was characterised by atomic force microscopy, and one image for each deposition method is displayed in Figure 1. There are appreciable differences between the films produced by each method. The surface of the parent bimetallic chip is relatively flat. Silanisation via the OPD, Concentrated Vapor Phase Deposition (CVPD) and DVPD methods induces changes in the surface roughness (Table 1). The AFM images of the surface covered with silane film via the OPD and CVPD methods exhibit increased roughness (13.56 and 13.56 nm) compared with the native chip surfaces (Figure 1[a]), whereas the APD films show no obvious change in roughness (Figure 1[b]).


Table 1: Effect of silanisation method on the average roughness (Ra) of the chips.



	Sample
	Ra (nm)



	Parent bimetallic chips
	11.49



	CVPD
	14.80



	DVPD
	12.56



	OPD
	13.56



	APD
	11.57
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Figure 1:      AFM images of bimetallic chips (a) silanised with APTES by (b) APD, (c) OPD, (d) CVPD and (e) DVPD methods.
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Figure 2:      SPR response of sputtered thin Au/Ag films silanised with APTES by (a) APD, (b) OPD, (c) CVPD and (d) DVPD methods.







[image: art]

Figure 3:      Amine accessibility for various silanisation methods.



3.2            SPR Analysis of Chips

Thin films of gold/silver bimetallic film were deposited on white glass slides without any Ti or Cr adhesion layer by sputtering at ambient temperature. The shape and lower limit of the SPR signal depended strongly on the thickness and overall roughness of the deposited bimetallic layer.1,2 The effect of the silanisation method on the SPR response of the APTES-coated samples is shown in Figures 2(a) to 2(d). The alteration in the SPR angle and the percentage change in SPR depth are summarised in Table 2.


Table 2: Effect of silanisation method on the SPR response of Au/Ag coated glass slides.



	Silanisation method
	Resonance angle shift (°)

	Minimum reflectivity change (%)




	CVPD
	0.46

	15.76




	DVPD
	0.18

	9.11




	OPD
	0.88

	20.03




	APD
	0.14

	3.90





The best SPR signal was observed for chips prepared via the APD method. This silanisation method, which caused small changes in the SPR response of the parent bimetallic chips (due to the silanisation reaction), is considered the optimal method. It is observed that the OPD method exhibits the largest decrease in SPR depth (20.03%) and angle (0.88°) with respect to the parent bimetallic substrate, which is most likely due to the increased surface roughness and the thickness of the silane film.

The SPR angle shift is related to the silane film thickness.19 Accordingly, the APD method results in the minimal and OPD in the maximal layer thickness. The CVPD and DVPD methods result in an intermediate layer thickness. Regarding the thickness, our results are consistent with the results reported by Wang and Vaughn15 and Kim et al.20 and with our own previous work.18

3.3            Contact Angle Measurement

The contact angles for various reaction conditions of APTES on the prepared chips are listed in Table 3. All cleaned glass slides were very hydrophilic, with a measured contact angle of 13°. The APTES layer increased the surface hydrophobicity, with contact angles ranging between 63.8° and 69.9°. The APD sample shows the minimal contact angle, i.e., 60.36°.


Table 3: Contact angles for various silanisation methods.



	Silanisation method
	Contact angle



	CVPD
	64.83 ± 2.73



	DVPD
	62.34 ± 1.49



	OPD
	63.23 ± 2.31



	APD
	60.36 ± 1.59




3.4            Amine Accessibility

Protein adsorption experiments were performed with bovine serum albumin as a representative example. Figure 3 shows the resonance angle shift induced by the immobilisation of BSA on silanised bimetallic chips that were produced via the APD, OPD and CVPD methods. It can be observed that the amine accessibility of the silane film produced via the OPD method is higher than that for the films created by the other methods. This figure also shows that the APD method produces the smallest resonance angle shift. The amine accessibility of the silane film produced via DVPD is very similar to the OPD film. These results show that the chips produced via all four methods are able to bind with biomolecules.

Because APTES forms an internal zwitterion in water, anhydrous solvent is applied to obtain a more uniform monolayer deposition. In this form, the amine group is aimed away from the bulk sample (hydrophobic gold) and thus points toward the liquid or gas phase, leaving free amine groups available for further functionalisation. Nevertheless, obtaining a uniform monolayer with the amine groups oriented away from the underlying substrate can be a complex matter because APTES is very sensitive to a number of reaction conditions. Horizontal polymerisation can occur when ethoxy groups are hydrolysed due to the water present in the organisation. The resulting silanol moieties can then react with each other via a condensation reaction to produce silicon bonds. Vertical multi-layering can also occur when APTES molecules physisorb to each other on an already APTES-treated surface.15

Knowledge of the density of available reactive groups on a functionalised surface is important for many applications. Wang and Vaughn established a larger set of accessible amino groups on films prepared by vapour-phase deposition compared with films prepared by solution deposition.15 According to their findings, the dilute vapour phase deposition technique produced relatively few domains. Wang and Vaughn also indicate that such differences arise from differences in film rearrangement during annealing. The differences between their results and ours seemed to arise from differences in the substrates used. Our substrate was hydrophobic gold, whereas theirs was hydrophilic glass.

3.5            Stability Tests

A simple qualitative test was used to examine the adhesion of Au/Ag films. A piece of adhesive tape was firmly placed over the flake and the surrounding glass substrate and was then withdrawn. The fraction of the film that was transferred to the tape then provided a relative measure of the film adhesion. Sputtered gold film onto glass substrates was completely removed from the chip. In fact, such a film was removed by simply rinsing the slide with water. No transfer to the tape was observed when any 20 nm silver under layer was applied. This result implies that the samples produced via all four methods passed stability tests.

4.           CONCLUSIONS

There were considerable differences in the morphology and accessibility of APTES films prepared by the four methods. The films prepared by DVPD were uniform and relatively static and had many available reactive amines. The films prepared by the OPD method appeared to be the thickest and bore the most accessible amine groups. The films prepared by APD were thin, very stable and smooth but did not possess a high density of available reactive amines. The films prepared from the concentrate vapour-phase deposition method appeared to be relatively thick and had a medium number of accessible amine groups. For bioconjugation or macromolecule immobilisation applications, the dilute vapour-phase deposition method produced chips that were uniform and relatively stable and provided a high density of accessible amino groups.
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Abstract: This work provides detailed spectroscopic, elemental and contact angle analyses for the treatment of borosilicate glass covers. The glass surface was first treated with strong acid to promote hydroxylation, followed by silanisation using 3-(trimethoxysilyl)propyl methacrylate. Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR) was used to identify the chemical changes on the surface and energy dispersive x-ray analysis (EDX) analysis was used to further confirm any compositional changes of the surface elements. Hydrophobicity/hydrophilicity changes throughout the course of the modification were monitored using contact angle measurements, from which the surface free energy proved the consistency of the chemical modification performed.
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1.           INTRODUCTION

It has been well established that glass surfaces consist of silanol groups.1–3 These OH groups can be dehydrated at temperatures above 200°C but can attain partial reversible rehydration at decreasing temperatures.4 The generating of silanol groups on glass surfaces can be induced by various chemical treatments, including sulphochromic solution5, nitric acid6, NaOH7 and hydrogen peroxide:sulphuric acid8. With the generation of free silanol, a coupling agent can be introduced to incorporate sensing materials and various reagents. It is imperative that the supporting matrix and the reagent be covalently bound to the glass surface to ensure sensing durability and prevent leaching of the incorporated reagent.6,9 Most of the past work related to optical fibre sensors and biomolecular patterning has adopted this general method of fabrication. Surprisingly, there is a stark ambiguity in the nature of attachment of the supporting matrix to the glass surface because direct evidence is extremely rare. Yao et al.10 fabricated a protein microarray on a modified glass surface but revealed neither detailed features of the modification on the glass surface nor surface interactions with the protein molecule. By a similar nature, protein immobilisation was performed by Qin et al.11 who proved glass surface modification via x-ray photoelectron spectroscopy (XPS) analysis. Secondary evidence in the form of contact angle wettability was used to confirm the successful modification.7,12,13 However, it was noted that contact angle measurements are arbitrarily dependent on the user.14 Furthermore, because of the surface roughness and chemical heterogeneity, each sample gives a range of values within a tested surface.15 Prior to silanisation, the glass surface is normally pre-treated using “piranha solution” (a mixture of H2SO4 and H2O2). This solution is very corrosive and requires maximum care during use as well as disposal.

This work demonstrates direct evidence in the monitoring progress of borosilicate glass surface modification through hydroxylation followed by silanisation using Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR). The versatility of this method was further proven by the consistent data obtained in detecting the degree of modification when performed over an extended period. The initial hydroxylation stage was successfully performed using a simpler and safer route of avoiding the generally used “piranha solution”. Energy dispersive x-ray analysis (EDX) and contact angle measurements corroborated well with the findings from the ATR-FTIR results.

2.           EXPERIMENTAL

Materials: 3-(trimethoxysilyl)propyl methacrylate (TMSM), sulphuric acid Fixanal (0.1 mol), and acetone (reagent grade) were all purchased from Sigma Aldrich (Sigma-Aldrich Company Ltd, Dorset, UK). Borosilicate glass covers were purchased from VWR International with a size of 22 × 22 mm and a thickness number of 1.5.

Acid treatment: Glass covers of size 22 × 22 mm were gently polished using grade 1200 sand paper. They were then rinsed using acetone before use. The samples were soaked in a solution of sulphuric acid (30%) for six hours and 12 hours at room temperature. The glass samples were cleaned with deionised water until neutral and then rinsed with acetone, dried and stored in a vacuum desiccator.

Silanisation: A mixture of dried acetone (5 ml), TMSM (0.5 ml) and deionised water (0.5 ml) were mixed thoroughly in a round-bottom flask. This flask was enveloped in a black adhesive layer to avoid ambient light. The acid-treated glass was placed into the flask and left to stir at room temperature for 24 hours. The glass samples were then thoroughly rinsed with acetone, sonicated in acetone for 10 minutes, and left to dry in a vacuum desiccator prior to analysis.


2.1            Measurement

The sessile water drop procedure was performed to measure the surface contact angle using a 30 µL drop of deionised water. A pictograph was taken using a Pixelink PL-A6xx camera using three readings from each specimen. The image was processed using Linksys32 Ver 1.8.9 software. The surface free energy was calculated from the contact angle made by the glass surface with water and ethylene glycol as probe liquids using the Owens-Wendt-Kaelble equation16:
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where γs is the surface free energy, [image: art] are the probe polar and dispersion components, respectively, and [image: art] are the glass polar and dispersion components, respectively. ATR-FTIR spectra were obtained using a Thermoscientific Nicolet 8700 in the range of 4000–600 cm–1 at 64 scans with 4 cm–1 resolution. For good contact, a rubber layer was placed between the pressure knob at 80 N and the glass sample to ensure maximum support onto the crystal prism. EDX measurements were performed on a JEOL JSM-6060 LV SEM at 600x magnification, an accelerating voltage of 20 kV and a working distance of 10 mm. The sample was coated with a 15 nm layer of gold. Three measurements were obtained at different spots and the averages were taken to compare with those of the untreated sample.

3.           RESULTS AND DISCUSSION

General silanisation protocols on glass surfaces utilise piranha solution (70% sulphuric acid:30% hydrogen peroxide)13 as a hydroxylation agent. In this work, a simpler and safer method using 30% concentrated sulphuric acid as the hydroxylation agent, followed by a silanisation step, is presented. Despite its lower oxidisation capability, at higher acid concentration under a longer duration, hydroxylation of a glass surface is equally achievable using this approach. The reaction scheme is shown in Figure 1.

The first step involves hydroxylation using an acid catalyst, which breaks the Si-O-Si linkages to yield free silanol groups. This was performed for six hours and 12 hours. Silanisation was then performed on the treated glass surface using TMSM as a silane coupling agent under aqueous acid medium over 24 hours at room temperature. Silanisation has been determined to first proceed by hydrolysis of the methoxy groups of TMSM, followed by condensation with the hydroxyl group of silanol to form Si-O-Si bridges17. Compared to the less stable Si-O-C bridges, the thermodynamically stable Si-O-Si bridges could feasibly form at room temperature18. The three methoxy groups of TMSM could readily hydrolyse to form hydroxyl groups, which are susceptible to condensation with each other as well as the surface hydroxyl groups. The former would form a separate polymeric phase,19 which would be leached away during the sonication step. Thus, formation of a 2D network is possible between the neighbouring head of the hydroxyl group and the surface silanol.

3.1            FTIR Analysis

Because of the high glass transparency in the mid-IR region, the ATR mode of detection was used to obtain an improved spectrum. It was used to monitor and reveal the proposed reaction scheme above, see Figure 1.
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Figure 1:      Proposed reaction scheme involved during acid treatment and silanisation.



No significant peaks were observed above 2500 cm–1, which is likely a result of poor sensitivity of the evanescent radiation at shorter wavelengths used in this mode. Because the pressure applied was locked at 80 N and the thicknesses for all samples were nearly identical, the peak intensity likely signifies the intrinsic content of the detected functional groups. Another feature worth noting is that most of the peaks are broad, which was similarly observed when using piranha solution under ATR-FTIR mode8. In fact, these peaks arise from overlapping peaks of several chemical groups making up the glass material. The absorption intensity of the samples is highest after silanisation, followed by after acid treatment and lastly for the untreated sample. This trend of peak intensities demonstrates the corresponding chemical changes during the surface modification, which include the formation of C-H, C-O-C, Si-O-, and Si-O-Si groups as well as the breakage of Si-OH and Si-OMe bonds derived from hydroxylation and grafted TMSM. The peak in the range of 1080–1060 cm–1 represents the Si-O-Si as well as C-O-C groups, which occur in the same region. Herein, the untreated and acid-treated (six hours) samples show lower peak intensities compared to the acid-treated (12 hours) and silanised samples. This observation is a result of the Si-O-Si group exclusively formed during the treatment. In the latter case, because of the additional contribution of C-O-C groups derived from TMSM, the peaks appeared higher in intensity. Additionally, these peaks showed a small intensity difference between the six hours and 12 hours silanised samples. It is thus proposed that the silanisation has reached a saturation level after six hours, which results in only a small increase in peak intensity beyond this point. The 12 hours acid-treated sample showed much higher peak intensity in this region compared to the six hours acid-treated sample. It is believed that this result is attributed to the close proximity of the vicinal hydroxyl group, which affects recondensation. It has been observed previously that a fully dehydrated silanol groups will easily recondensed to form Si-O-Si linkages after adverse thermal treatment.4 Under the prolonged heat treatment and high acid concentrations used in this work, a similar reaction should be plausible and is consistent with the EDX results discussed below. A closer inspection revealed a shoulder peak at 970 cm–1 for all samples. This peak is the Si-O stretch of the isolated/geminal groups and the bands at 840 and 760 cm–1 have been assigned to the Si-O-H angle deformation modes20,21. The presence of these peaks shows that not all silanol groups have been grafted by TMSM. No prominent peak at 1260 cm–1 was observed, which otherwise correspond to the –CH3 bending in the case of silanised samples.20 This result indicates that the methoxy groups of TMSM were mostly transformed into siloxane bridges during silanisation. This hypothesis was further substantiated by a reduction in peak intensity, forming a deep trough in the 827–800 cm–1 region, corresponding to –CH3 rocking.20

3.2            EDX Analysis

Further evidence of the successful modification is provided by the EDX analysis. The elemental analysis determined using EDX was used to monitor the successful chemical modification of the glass surface. EDX measurements at three spots in each sample were obtained under 600× magnification with a sample density of 19.32 and a thickness of 15 nm. Figure 2 shows the SEM spectra for the surface morphology of the representative samples.

The surface morphology of the treated glass surface, either after six hours or 12 hours, did not differ significantly from the original sample at the same magnification in that they appeared smooth and homogeneous. In addition to carbon, oxygen and silicon, the EDX analysis revealed the presence of inorganic ions not exceeding 10% weight content.
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Figure 2:      ATR-FTIR spectra of the pure sample and the sample after acid treatment and silanisation after six hours and 12 hours.



The changes in the weight percent content of carbon, oxygen and silicon are displayed in Figure 3.
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Figure 3:      Representative SEM scans of the (a) original sample, (b) acid-treated sample after six hours and (c) acid-treated sample after 12 hours.




The silicon weight content is shown to decrease consistently throughout the treatment compared to that of the standard sample. This reduction establishes the occurrence of chemical modification through the introduction of TMSM molecules. As a result of the grafted acrylate molecules, the weight percent content of silicon is mostly lowered after silanisation, which is consistent with the increase in carbon content following silanisation. This process also induced a proportional increase in oxygen content because the TMSM contains five oxygen atoms per molecule. However, there is a reduction in the oxygen content after 12 hours compared to the six hours acid-treated sample. This result could possibly be attributed to the vicinal silanol groups, whose proximity affects partial recondensation by the release of water molecules during prolonged acid treatment.4 The process of silanisation also affects the further loss of surface oxygen atoms in the form of water molecules through condensation.

3.3            Static Contact Angle

The contact angle determines the degree of wettability of solid surfaces. In the case of using water as a probe liquid, this angle is dependent on the surface hydrophobicity/hydrophilicity. Several polar groups exist on the glass surface, including SiOH, SiO and SiOMe. A small contact angle implies a hydrophilic surface, whereas a larger angle corresponds to a hydrophobic surface. The changes in contact angle using deionised water as the probe liquid are shown in Figure 4.
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Figure 4:      Weight percent changes of carbon, oxygen and silicon after acid treatment and silanisation processes.




The contact angle after acid modification shows the lowest values after a 12 hours duration compared to the other samples. This result implies that the glass surface is highly hydrophilic as a result of the formation of polar silanol groups. After silanisation, the contact angle values increased comparably to those of the original untreated sample. With the introduction of TMSM, the surface became increasingly hydrophobic because of the increase in its hydrocarbon content. Similar behaviour was observed in a series of acrylic copolymers for use in contact lens manufacturing.22 However, prolonged exposure of the surface to an ambient environment renders the glass surface increasingly hydrophilic. Thus, care is needed to perform the measurement under a dry enclosure. In this work, minimal exposure to ambient environment was ensured and the measurements were obtained promptly once the probe liquid was applied to the glass surface.

3.4            Surface Free Energy (SFE)

A range of glass surface free energies was recorded between 43.1 and 112.9 mJ/m2.23,24 The wide range of values displayed by this material is attributed to the different chemical constituents present during their manufacturing, particularly at the surfaces. Differences in the use of probe solvent pairs as well as the method of calculation should also be taken into consideration.25 In this work, the SFE was found to be 75 mJ/m2 as described elsewhere.23,24

The values of the surface free energies of water and glycerine were obtained from the literature, as given in Table 1, which were used to calculate the free surface energy of the treated glass surface. The changes in free surface energy of the glass surface treatment are plotted in Figure 5.

The SFE was observed to increase after acid treatment. This increase was much greater for the 12 hours treatment compared to that of the six hours treatment. This observation indicates that an increase in hydrophilicity results from the hydroxylation using an acid catalyst, which breaks the Si-O-Si linkages to yield free silanol groups. This effect is more prominent with increasing treatment time. The polar component contributed mostly to this effect, whereas the dispersion component did not show a significant contribution or changes after prolonged treatment. Silanisation of the acid-treated sample reduced the SFE to a value similar to that of the original untreated samples. However, the dispersion component displayed a marked contribution, nearly half of the total SFE. In addition to the polar carbonyl group, the dispersion contribution from the aliphatic methylene and vinylene groups of the acrylate moiety is responsible for these results.


Table 1: Surface free energy of water and glycerine probe liquids used during contact angle measurements, a = 26, b = 27.



	Liquid
	Total surface energy γ1 (mJ/m2)
	Polar component [image: art] (mJ/m2)
	Dispersion component [image: art] (mJ/m2)



	Watera
	72.8

	51

	21.8




	Ethylene glycolb
	48.4

	19.7

	29.6





The angles made between the glass surface and the probe liquid are presented in Table 2.


Table 2: Contact angles between the glass surface and water and ethylene glycol.

[image: art]


[image: art]

Figure 5:      Changes in static contact angle of glass surface using water drop throughout modification stages after six hours and 12 hours.







[image: art]

Figure 6:      Changes in surface free energy of the glass surface under acid and silanisation treatments.



4.           CONCLUSION

Surface modification of borosilicate glass covers was successfully achieved through the process of hydroxylation followed by silanisation. This process was established using ATR-FTIR spectroscopy, EDX analysis and static contact angle measurements. Hydroxylation under acid treatment induced the formation of silanol groups, whereas silanisation after grafting of TMSM onto the glass surface occurred via siloxane bonds. Hydroxylation is an equilibrium process, whereas prolonged acid treatment can affect the recondensation of the vicinal silanols to siloxane bridges. Hydroxylation induced hydrophilicity of the glass surface, which became more hydrophobic after silanisation with TMSM.
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Abstract: Superabsorbent polymers (SAPs) were synthesised from an aqueous solution of a carboxymethylcellulose (CMC)/acrylic acid (AAc) blend followed by neutralisation with alkali using Co-60 γ-irradiation source at room temperature (~27ºC). The preparation conditions, such as the irradiation dose and the variation of the CMC to AAc ratio (10:1.5, 1.0:2.0 and 1.0:3.0) in the feed solution, were investigated. Fourier Transform Infra-Red (FTIR) spectroscopy was used to investigate the molecular interactions of CMC/AAc SAP. The influence of the radiation dose and the concentration of AAc on the gel content and the swelling behaviour was also investigated. The gel fraction of SAP increases with an increase in the radiation dose and the concentration of each component and attains maximum value at a 5 kGy radiation dose. The water absorption capacity of SAP decreases with an increased radiation dose and AAc content. SAP enhances the water retention of sand and soil. SAP also influences germination of wheat and lady’s finger seeds and the growth of young plants. The biodegradation of SAPs was also investigated.
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1.           INTRODUCTION

Superabsorbent polymers (SAP) are a class of three-dimensional, hydrophilic, functional polymeric network systems with the ability to absorb large amounts of water, including those with good water retention capacity even under high pressure or temperature.1 Usually ionic functional groups along the cross-linked polymer chains encourage the diffusion of water within the network without allowing the substance to dissolve in water.2 SAPs are widely used in various applications such as drug delivery, hygiene, foods, cosmetics and agriculture.3–8


Ionising radiation is very convenient technique for the preparation of SAPs. In the radiation processing method, an initiator, catalyst and cross-linker are not required because ionising radiation is highly energetic.9 Radiation processing has many advantages such as ease of process control, and the technology is environmentally friendly because it leaves no residue or environmental pollutants.10–11

A demand for biopolymers that are derived from feedstock such as cellulose has recently arisen. Compared to petroleum-based polymers, these biopolymers have the advantages of high hydrophilicity, sustainability, biodegradation properties and non-toxic base components.12–13 Biopolymers can be made from carboxymethylcellulose (CMC), which has a naturally occurring polysaccharide cellulose base. CMC, a linear glycosidic macromolecule consisting of β- (1→4)-linked D-glucose, is the most popular, and the cheapest cellulose ether can also be used for this purpose. It is an anionic linear polymer in which the original H atoms on the cellulose hydroxyl groups are replaced by a carboxymethyl substituent –CH2COO.14–15 CMC hydrogel has been prepared by gamma radiation in the presence of mono- and divalent salts (NaCl and CaCl2), and its swelling properties depend on the radiation dose and the ionic strength of the salts.16 The swelling properties of an acrylamide/CMC blend hydrogen depend on the swelling medium (distilled water, buffer or salt solution).17 The swelling behaviours of the superabsorbent polymers synthesised by graft copolymerisation of acrylic acid/acrylamide/2-acrylamido-2-methyl-1-propanesulfonic acid with CMC and montmorillonite (MMT) by using potassium persulfate (KPS) as a free radical initiator in the presence of N,N′-methylenebisacrylamide (MBA) as a crosslinking agent are dependent on the pH of the external solution, the particle size and the concentration of the salt solution.18 However, a single study on carboxymethylcellulose/acrylic acid SAPs prepared by a radiation method is not sufficient to fully understand this process. Thus, in this study, the synthesis of SAPs by copolymerising acrylic acid with CMC using a γ-ray irradiation technique is reported. The effect of radiation dose and the concentration of acrylic acid on the properties of the prepared hydrogels were investigated. The hydrogels were characterised with respect to gel content, swelling properties and Fourier transform infra-red (FTIR) spectroscopy. The effects of SAP on the water retention of sand and soil and biodegradability of the SAP were studied. An experiment using the SAP for the germination of wheat and lady’s finger seeds (obtained from Jessore Beej Bhander, Savar, Bangladesh) and the growth of young plants showed satisfactory results.


2.           EXPERIMENTAL

2.1            Materials

Carboxymethylcellulose (purity 99.5%) obtained from Sigma-Aldrich, India was used without further purification. All commercial grade reagents, acrylic acid (purity 99.5% min-JDH, China), potassium hydroxide (assay 84%), methanol (assay 99.8%), and acetone (assay 99.5%) were purchased from Merck, Germany. Sand (Jamuna River, Bangladesh) and soil (Dhaka, Bangladesh) were dried and screened before utilisation.

2.2            Preparation of SAPs

CMC (5% wt) mixed with distilled water in a beaker (250 mL) was stirred with an electrical stirrer for one hour at room temperature to form a paste-like slurry. Then, various concentrations of acrylic acid (7.5 to 15.0%) were added to the paste-like slurry and partially neutralised by adding KOH. The mixture was poured into glass test tubes, sealed and finally irradiated by γ-rays from a Co-60 source with the radiation doses of 1, 2, 3, 5, 8, and 10 kGy at the dose rate of 3 kGy/h in air at room temperature (~27ºC). The CMC/acrylic acid SAP obtained in a cylindrical shape was cut into small pieces, air dried and then further dried in a vacuum oven to constant weight for measurement of the gel fraction and the swelling properties.

2.3            Determination of Gel Fraction

The SAP samples dried to constant weight (Wi) were immersed in distilled water for 24 hours to remove the soil fraction. They were removed from the distilled water, air dried and then further dried to a constant weight (W1) in an oven. The experiment was repeated three times for each sample, and the average weight of the extracted sample was measured. The gel fraction was calculated as follows:

[image: art]

where W1 is the weight of dry sample after extraction in water and Wi is the initial weight of dry sample.

2.4            Determination of Water Absorption

The swelling ratio of the SAP was determined by a gravimetric method. SAP samples dried to a constant weight were immersed in distilled water until maximum swelling was obtained at room temperature (~27ºC). The swollen samples were removed from distilled water and weighed after removing the surface water with a soft tissue paper. The experiment was repeated three times for each sample, and the average weight of the swollen sample was determined. The swelling ratio was calculated as follows:

[image: art]

where W2 is the weight of swollen sample and W1 is the weight of dry sample.

2.5            Determination of Degree of Grafting

The SAP samples were dried to a constant weight and were extracted with methanol for 24 hours to remove the homopolymer of polyacrylic acid. The extracted samples were washed with distilled water and acetone to remove the water.19 Then, samples were dried and weighed. The experiment was repeated three times for each sample, and the average weight of swollen sample was determined. The degree of grafting was calculated as:

[image: art]

2.6            Water Retention of the SAPs

The water retention of the SAPs was studied as follows.

	The fully swollen hydrogel was weighed and then put into an oven at 70°C. The hydrogel was weighed after various time intervals. Water retention was calculated as:
[image: art]


	One hundred grams of dry sand mixed with 0.1 g SAPs was placed in a cup (A), and another 100 g of sand without SAPs was placed in an identical cup (B). Three hundred millilitres of water was added into both cups. The cups were incubated under identical conditions at room temperature (approximately 30 ± 2°C) for 15 days. The initial mass of the mixture in the cups was measured, and then the weight of cups was measured daily to compare the water retention of SAPs. Water retention was calculated as:
[image: art]


	Experiments with four groups of dry soil mixed with SAPs (ratios of SAPs/soil: 0/100, 0.1/100, 0.2/100, 0.4/100) were performed according to the procedure described in (2) to study the water retention of the soil mixed with SAPs.


2.7            Biodegradability

Biodegradability of a SAP film was studied in a composting environment. The composting environment was maintained at 30ºC, pH 6.0–8.5, and a moisture content ~60%, which is very favourable for the growth of microorganisms that play the active role in biodegradation.

2.8            Applications in agriculture

Soil with 15% moisture was placed into six identical bowls (diameter 30 cm). The soil depth was 12 cm. Three bowls were irrigated with 800 ml water without SAPs, and the other three were irrigated with 800 ml water with 0.3% SAPs. The same amount (100 pieces) of healthy wheat seeds was placed in each bowl. Germination percentages were measured to verify that the seed qualities of the six groups were identical, and the germination energy was calculated to compare the effect of the soil on seed germination. The germination percentage of the seeds was calculated as:

[image: art]

The germination energy of the seeds was calculated by:

[image: art]

3.           RESULTS AND DISCUSSION

3.1            IR Spectra of SAP and Identification

IR spectroscopic analysis was used to illustrate the nature of the bond formation in the hydrogen and crosslinking moieties in the anhydroglucose units. The FT-IR spectra of pure CMC powder and CMC/AAc blend hydrogel are shown in Figure 1 (spectrum a and b). Pure CMC had absorption bands related to O–H stretching at 3462.22 cm–1 as well as intramolecular and intermolecular hydrogen bonds in cellulose, –CH2–stretching on anhydroglucose units at 2926.01 cm–1, C=O carbonyl stretching in the anhydroglucose unit of the cellulose at 1583.56 cm–1, C–OH in the in-plane bend at 1419.61 cm–1, an –OH bending vibration at 1327.03 cm–1, C=O stretching from an asymmetric oxygen bridge at 1112.93 cm–1 and ring stretching at 904.61 cm–1. These values were consistent with those reported by Rimdusit et al.20 and Wang et al.21. As shown in Figure 1, the characteristic absorption bands of CMC at 1062.78 and 1112.93 cm–1 were obviously weakened after the reaction in the CMC/AAc blend hydrogel. The bands at 3664.75–2409.09 cm–1 (O–H stretching, usually very broad, strongly H-bonded) overlaps the –CH2– stretching of CMC. In spectrum b (red colour), the new band at 1714.72 cm–1 (C=O stretching of –COOH groups) showed the C=O stretching of the carbonyl group of acrylic acid, which was absent in the spectrum of CMC (spectrum a-blue colour). The band shift towards a lower wave number apparent at 1529.55 cm–1 (which was at 1583.56 cm–1 for CMC) for CMC/AAc SAPs indicates the formation of copolymer hydrogels. These results also indicate that AAc monomers were grafted onto the CMC backbone.


[image: art]

Figure 1:      Infrared spectroscopy of (a) CMC powder (blue colour spectrum) and (b) SAPs of CMC/AAc (red colour spectrum).



3.2            Gel Fraction of SAP

The gel fraction of SAP prepared from the CMC/AAc blend with the various radiation doses and the variation of the AAc content in the feed solution is shown in Figure 2. The gel fraction of SAP increases with an increasing radiation dose. The maximum value of the gel fraction was obtained at the 5 kGy radiation dose. It has been reported that the maximum value of gel fraction was obtained at a 25 kGy radiation dose for a CMC/acrylamide blend hydrogel.17 From Figure 2, it can be observed that a slight decreasing trend of the gel fraction occurred after irradiation at 5 kGy. This result might be due to the degradation of the cellulose molecules. In addition, the gel fraction increased with an increase of AAc content in the feed solution, and it increased from 55 to 89% following the variation of the ratio of CMC to AAc (1.0:1.5, 1.0:2.0 and 1.0:3.0) in the feed solution at a radiation dose of 5 kGy. When an aqueous solution of CMC/AAc is irradiated with gamma rays, free radicals are generated on the CMC and AAc. Random reactions of these radicals lead to formation of a graft copolymer of CMC and AAc. When the radiation dose increases beyond a certain value, the polymer chains become cross-linked, and a gel-like material is obtained. The subsistence of two radicals on neighbouring chains and their subsequent combination are required for the formation of cross-linked macromolecules. At a higher polymer concentration, the macromolecules come closer together, which facilitates cross-linking.


[image: art]

Figure 2:      Effect of radiation dose and concentration of AAc on gel fraction of CMC/AAc SAP.



3.3            Grafting of AAc onto CMC

The effect of the concentration of AAc on the grafting percentage at a 5 kGy radiation dose is shown in Figure 3. It was found that the percentage grafting of AAc onto CMC increases the variation of the CMC to AAc ratio (1.0:1.5, 1.0:2.0 and 1.0:3.0). With an increased concentration of AAc in the feed solution, more monomer radicals may be available to interact with CMC macroradicals, which increases the percentage of grafting.
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Figure 3:      Effect of concentration of AAc in CMC/AAc SAP on degree of grafting at 5 kGy radiation dose.



3.4            Water Absorption of SAP

The swelling ratio indicates the extent of the cross-linking in a polymer. With an increased cross-linked density in a polymer, the swelling ratio decreased because less vacant space was available in the cross-linking network for free solvent to enter. The effects of the radiation dose and the concentration of AAc on the water absorption of SAP prepared from CMC/AAc are shown in Figure 4. The water absorption of the SAP decreased from ~16500 to ~11500% for a CMC/AAC ratio of 1.0:1.5, ~13800 to ~9700% for a CMC/AAC ratio of 1.0:2.0 and ~11200 to ~8900% for a CMC/AAC ratio of 1.0:3.0 with an increased radiation dose from 1 to 10 kGy. This result was due to the increased cross-linked density with the increase in the radiation dose. The swelling ratio of hydrogel also decreased with an increased concentration of AAc in a mixture of CMC/AAc. The swelling ratio of SAP was ~13075% for a CMC/AAC ratio of 1.0:1.5, ~10950% for a CMC/AAC ratio of 1.0:2.0 and ~9935% for a CMC/AAC ratio of 1.0:3.0 at a radiation dose of 5 kGy. Because the highest gel content was obtained at a 5 kGy radiation dose, the maximum cross-linking in the polymer chain was also obtained at a similar radiation dose, and the cross-linking density increased with an increased AAc content in the CMC/AAc SAP. As a result, the chain segments of the polymer chain shortened with increased cross-linking of the chain and reduced the swelling values of SAP because limited space was available for free water to enter into the vacant spaces of the cross-linked network.
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Figure 4:      Effect of radiation and concentration of AAc on water absorption of CMC/AAc SAP.



3.5            Water Retention of SAP

The water retention of the swollen SAP is shown in Figure 5. It was found that the mass of swollen SAP was reduced with an increased incubation time for SAP at room temperature (27°C). The swollen SAP showed a good water retention capability at room temperature. The mass of SAP was reduced by only one-half of its initial value after seven days. Afterwards, the weight loss of the SAP was not significant.


[image: art]

Figure 5:      Effect of standing time of SAP on water retention (CMC/AAc = 1.0:1.5, room temperature = 27°C, dose = 5 kGy).




Figure 6 shows the water retention of sand with and without SAP. The masses of sand with and without SAP were compared within 18 days. The mass of sand decreased with an increased incubation time at room temperature. The decreasing trend of sand without SAP is higher than that in sand with SAP. After 18 days, the mass of sand without SAPs was nearly 82%, but that of the sand with 0.1 wet % SAP was nearly 88%.
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Figure 6:      Effect of standing time of SAP in sand on water retention (CMC/AAc = 1.0:1.5, room temperature = 27°C, dose = 5 kGy, SAP = 1%).
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Figure 7:      Water retention of soil with 0%, 0.1%, 0.2% and 0.4% SAP (CMC/AAc = 1.0:1.5, room temperature = 20°C, dose = 5 kGy).



Figure 7 shows the water retention of soil mixed with SAP and soil without the SAP. The rate of water loss increased with increased incubation time. It is clear that soil mixed with SAP can hold more water than soil without SAP. The water holding capacity of the soil increased with an increased amount of SAP in the soil. After 13 days, the mass of soil was ~80% for 0.0% SAP, ~82% for 0.1% SAP, 83% for 0.2% SAP and ~84% for 0.3% SAP. Figure 8 (panels a, b, c and d) are photos of soil without SAP (panel a) and soil mixed with different amounts (wt%) of SAP (panel b, c and d). Panel a shows that soil alone became hardened and cracked after 13 days at room temperature but that the soils mixed with 0.1 wt% (panel b), 0.2 wt% (panel c) and 0.4 wt% (panel c) SAPs stayed moist and showed a continuous configuration under the same conditions.


[image: art]

Figure 8:      Photos of (a) the soil without SAP, (b) the soil with 0.1 wt% SAP, (c) the soil with 0.2 wt% SAP and (d) the soil with 0.4 wt% SAP.



3.6            Biodegradation of SAP

The biodegradability of the SAP was investigated with a soil-burial test. The SAP samples (diameter: 65 mm, thickness: 0.2–0.25 mm) were kept in a composting environment.22 The composting environment was maintained at 30°C, pH 6.0–8.5 and a moisture content ~ 60%, which is very favourable for the growth of microorganisms that play the active role in biodegradation. Biodegradation was monitored for four weeks. The influences of microbial action on the morphology and weight loss were studied weekly. The effect of the standing time of SAP in a compost environment on degradation is shown in Figure 9. When the incubation time was increased, the weight loss of the SAP increased. After four weeks, the weight loss of the SAP was 40%. This result indicates that the CMC/AAc SAP is biodegradable. Figure 10 shows a photograph of CMC/AAc SAPs (a) before degradation, (b) SAP in a compost bed for degradation, (c) degraded SAP after three weeks in a swollen state and (d) after four weeks in a dried state. Some black and white spots were noted in the degraded SAP (Figure 10[c] and 10[d]). This result indicates that bacteria might attack SAP.
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Figure 9:      Effect of standing time of SAP in compost environment on degradation.






[image: art]

Figure 10:      Biodegradation of SAPs film (a) before degradation, (b) compost bed for degradation, (c) degraded SAP after three weeks in a swollen state and (d) after four weeks in a dried state.




3.7            Application of the SAPs in Agriculture

The application of the SAPs in agriculture was studied with the purpose of promoting plant growth.23,24 In this experiment, the synthesised SAPs were used agriculturally to determine the effect on the germination of wheat and lady’s finger seeds and on the growth of young plants. All seeds used in the experiment were healthy and planted at random, and we found that the germination energy of the seeds in soil with SAPs was obviously higher and denser than that of the seeds in soil without SAPs (Figure 11). This is likely because the SAPs not only can absorb large amounts of water but also have good water retention capability, which supplies plentiful water to promote plant growth. After a few days, soil with 0.3% SAP showed a favourable effect on the length and weights of the wheat (Table 1 and Table 2; Figure 12) and lady’s finger (Table 3 and Table 4; Figure 13) plants. In previous studies, starch/AAc grafted SAP showed a considerable effect on the germination of corn seeds and young plant growth.25 Superwater absorbent obtained from cassava starch/acrylic acid blend showed a good effect on the growth of Chinese cabbage.26 From our study and these other initial investigations, it can be concluded that the SAPs have a potential application in agriculture, especially in arid and desert regions.


Table 1: Effect of the SAP on germination of the wheat seeds (after three days).



	SAPs content
	Germination percentage (%)

	Germination energy (%)




	SAPs (0.0%)
	70

	58




	SAPs (0.3%)
	92

	85






Table 2: Effect of SAPs on growth of the young wheat plants (after six days).



	SAPs content
	Height of the plant (cm)

	Length of the root (cm)

	Weight of fresh plant (cm)

	Dry weight of plant (cm)




	SAPs (0.0%)
	18.1 ± 0.1

	2.40 ± 0.1

	0.2203 ± 0.1

	0.0397 ± 0.1




	SAPs (0.3%)
	21.5 ± 0.1

	3.78 ± 0.1

	0.2532 ± 0.1

	0.0446 ± 0.1
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Figure 11:      Photos of the wheat plants after six days.
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Figure 12:      Photos of measurement of the height of the wheat plants and roots after six days.




Table 3: Effect of the SAPs on germination of the lady’s finger seeds (after three days).



	SAPs content
	Germination percentage (%)

	Germination energy (%)




	SAPs (0.0%)
	40

	60




	SAPs (0.3%)
	60

	80






Table 4: Effect of SAPs on growth of the young lady’s finger plant (after 15 days).



	SAPs content
	Height of the plant (cm)

	Length of the root (cm)

	Weight of fresh plant (cm)

	Dry weight of plant (cm)




	SAPs (0.0%)
	10.4 ± 0.1

	1.0 ± 0.1

	0.3043 ± 0.1

	0.0365± 0.1




	SAPs (0.3%)
	16.5 ± 0.1

	2.1 ± 0.1

	0.4254 ± 0.1

	0.0261 ± 0.1
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Figure 13:      Photos of measurement of the height of the lady’s finger plants and roots.



4.           CONCLUSIONS

The synthesis of SAP from a CMC/AAc blend can be performed with a radiation processing technique using a Co-60 gamma source. With respect to gel fraction, a 5 kGy radiation dose can be considered suitable for the preparation of SAP from a CMC/AAc blend. The grafting percentage of AAc on to CMC increases with an increased concentration of AAc in the feed solution at a 5 kGy radiation dose. The addition of SAP increases the water retention capacity of soil and sand. The water retention capacity of the soil increases with an increased amount of SAP in soil. The CMC/AAc SAP was found to be biodegradable. The experimental results show that the SAP has a positive effect on the germination of wheat and lady’s finger seeds and young plant growth due to its good water retention capability. Thus, it can be concluded that CMC/AAc SAPs with different properties can be used as a soil conditioner in agriculture, especially in arid and desert environments.
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Abstract: ZnO nanoparticles were synthesised by a one-step mechanochemical process using ZnSO4 and NaOH as reactants with NaCl acting as a diluent. A short milling time of 30 min was required for complete reaction. The effects of oxygen vacancies and the milling time on the photocatalytic activities of the prepared nanoparticles were investigated. The structural and morphological properties of the nanoparticles were evaluated by various analytical methods, including x-ray diffraction, scanning electron microscopy, and transmission electron microscopy. The particle size of the ZnO nanoparticles without heat treatment was approximately 50 nm but was increased up to 80 nm after heat treatment at 400°C. Optical properties such as the optical band gap and the photocatalytic activity were investigated by photoluminescence and UV-vis spectroscopy, as well as by photocatalytic experiments.
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1.           INTRODUCTION

ZnO nanoparticles have found widespread application in a range of industries, including use as solar cells,1 photocatalysts,2 gas sensors,3 optoelectronic devices4 and photonic devices,5 due to their exceptional properties. These properties include their wide band gap in the bulk state (3.37 ev) and large exciton energy (60 meV) at room temperature.6 Various methods have been reported for the syntheses of ZnO nanoparticles, including precipitation,7,8 spray pyrolysis,9 hydrothermal,10 sol-gel,11 thermal evaporation,12 mechanical13 and mechanochemical14–19 methods. The mechanochemical method is one of the most frequently utilised methods for the synthesis of ZnO nanoparticles because of its notable advantages, such as its adaptability to large-scale production, low cost, and low synthesis temperature.

Many approaches have been reported for the mechanochemical synthesis of ZnO nanoparticles. Tsuzuki,18 Moballegh,20 and Weiqin15 synthesised ZnO nanoparticles in a three-stage process consisting of mechanical milling, heat treatment, and washing, using ZnCl2, Na2CO3 and NaCl as the reactants. McCormick and Tzuzuki prepared ZnO nanoparticles from ZnCO3.2Zn(OH)2 and NaCl precursors through a mechanochemical method.21 Lu, Ng and Yang synthesised ZnO nanoparticles from ZnSO4, NaOH and NaCl in a one-step mechanochemical technique that eliminated the need for post-annealing.22

From a survey of literature, it can be observed that few attempts have been made to obtain ZnO nanoparticles using one-step mechanochemical methods. The major motive behind developing such a one-step mechanochemical method is the minimisation of the agglomeration of ZnO nanoparticles that plague materials synthesised by current techniques and to minimise the long reaction times required in conventional mechanochemical techniques. In this study, ZnSO4, NaOH, and NaCl were utilised for the synthesis of ZnO nanoparticles. The effects of changing parameters such as the milling time, the order of synthesis stages, heat treatment on the particle size and optical properties have been investigated. The most important advantage of this approach, in comparison with other important studies, is the single-step nature of the mechanochemical synthesis and the utilisation of heat treatment only in the presence of a dilute phase, both of which serve to improve the photocatalytic activity of the zinc oxide nanostructure.

2.           EXPERIMENTAL

The precursors for the synthesis of ZnO nanoparticles were anhydrous ZnSO4 (Aldrich, 99.5%) as a zinc source, 2 g of NaOH (Aldrich, 99.5%) as a reactant, and 10 g of NaCl (Aldrich, 99.8%) as a diluent.

The following reaction took place during the mechanochemical synthesis:

ZnSO4 + NaCl + 2NaOH → Na2SO4 + H2O + ZnO + NaCl

The reaction was carried out in a planetary ball mill (ratchpm400) with a milling rate of 300 rpm and a ball-to-powder weight ratio (BPR) of 15:1. The molar ratio of NaCl to ZnSO4 was fixed to 7.5:1.22

Zinc sulfate and NaCl were milled for 10 minutes. After the first milling process, a mixture of NaOH:ZnSO4 with a molar ratio of 2:1 was added and the second milling process was carried out for different lengths of time. Table 1 lists the preparation parameters of various samples.


Table 1: Different mechanochemical synthesis conditions.



	Sample

	First milling time (min)

	Second milling time (min)

	Synthesis step arrangement



	S1

	10

	20

	Milled and washed



	S2

	10

	30

	Milled and washed



	S3

	10

	20

	Milled, heated and washed



	S4

	10

	20

	Milled, washed and heated




The NaCl and Na2SO4 were removed by washing with doubly deionised (DDI) water. The samples were dried in vacuum oven at 70°C for four hours. Heat treatment was carried out at 400°C for two hours with a 20°C.min–1 heating rate.

X-ray diffraction (XRD, Siemens D500, Cu Kα radiation) was used for phase identification and crystallite size determination. The crystallite sizes of the powders were estimated using the Scherrer equation and the full-width at half-maximum breadth of the relevant diffraction peaks. Scanning electron microscopy (SEM, Hitachi S-410 vacc 25kv microscope) and transmission electron microscopy (TEM, Phillips CM-200) analyses were carried out to evaluate the morphologies of the prepared nanoparticles. The optical properties of ZnO nanoparticles were studied using UV-Vis spectroscopy (PerkinElmer Spectrometer, LambdaIs USA) and photoluminescence (PL) analysis (Perkin Elmer, LS-5) with excitation wavelength of 320 nm.

Methyl orange (MO) (Merck) was applied as a model dye to evaluate the photocatalytic properties of the ZnO samples (catalysts). In a typical experiment, 12.5 mg of ZnO nanoparticles were dispersed in 50 ml of a 4 ppm MO aqueous solution. The photocatalytic experiments were performed at room temperature under a UV light placed horizontally above the liquid surface. Prior to irradiation, the solutions were placed in the dark for 24 hours to establish equilibrium in terms of the physical adsorption of the dye molecules. Every 20 minutes, 2 ml of the solution were withdrawn. Before UV-Vis analysis, the aqueous samples were centrifuged to remove any suspended solid catalyst particles. The rate of MO degradation by ZnO nanoparticles was calculated by the maximum absorbance of MO in the UV-vis spectrum, which occurs at 460 nm. The percentage of MO degradation was calculated using the following equation:
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Here, C is the dye concentration after irradiation, C0 is the initial dye concentration, t is the irradiation time, and k is the photocatalytic activity.

3.           RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns of synthesised ZnO nanocrystallites, revealing a single-phase hexagonal wurtzite pattern. As calculated by the Scherrer equation, the crystallite sizes of the S1 and S2 samples were 10.9 and 8.8 nm, respectively. These results indicated that an increase in milling time from 30 (S1 sample) to 40 minutes (S2 sample) led to increased collisions between particles and a decrease in particle size. The crystallite sizes of S3 and S4 samples were 18.4 and 21.3 nm, respectively, higher than S1 and S2 due to the crystallite growth induced by heat treatment. The difference between the S3 and S4 samples was the ordering of synthetic stages. While the synthetic stages of S3 sample were milling, then heating, followed by washing, the synthetic stages of the S4 sample placed milling first, followed by washing and, finally, heating.

NaCl was utilised as a diluent phase, prohibiting the agglomeration of particles during milling and heat treatment. The S3 sample was heated immediately after the milling process; therefore, NaCl and Na2SO4 were both present in the heat treatment stage. The S4 sample was instead washed after the milling process to remove the diluent phase, resulting in heat treatment without the presence of NaCl. The particles of the S4 sample were sintered during the heat treatment, resulting in crystallite sizes greater than found in S3.
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Figure 1:      XRD patterns of the samples.




Figure 2 and Figure 3 depict the SEM and TEM images of the samples. The SEM images indicate that the particles of the S3 sample had not undergone significant growth owing to the presence of the NaCl diluent in the heat treatment stage. As illustrated in Figure 2, the only difference between the S1 and S3 samples was the slight agglomeration of particles in S3 sample after heat treatment. The TEM image of S1 shows irregular spheres and nanorods with sizes of ~50 nm. The TEM image of S4 shows particles sizes of approximately 80 nm.
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Figure 2:      SEM images of the samples (a) S1 (30 minutes milled and washed), (b) S3 (agglomerated nanoparticles during heat treatment).
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Figure 3:      TEM images of the samples (a) S1 (particle size ~50 nm), (b) S4 (particle size ~80 nm).



ZnO nanoparticles were found to be transparent in the visible region of electromagnetic spectrum; however, they absorbed light in the UV range. The optical absorption spectra of samples are shown in the inset of Figure 4. Figure 4 shows the Tauc plots for different samples, which were applied to determine the optical band gap (Eg) of the ZnO nanoparticles, based on the following equation:
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For a semiconductor with a direct band gap, n is equal to 0.5. An indirect band gap semiconductor will show an n value equal to 2. In the equation above, ν is the photon frequency, h is the Planck’s coefficient, α is the absorption coefficient, A is a constant, and Eg denotes the optical band gap. According to Figure 4, the optical band gaps of the samples were in the range of 3–3.21 eV. These values were smaller than band gap of bulk ZnO (3.37 eV) due to defects produced during the mechanochemical processes.23 The optical band gap of the S2 sample was larger than found for S1, owing to the higher milling energy and smaller particle size. The optical band gap of S3 was smaller than S4 due to the greater defect population in the microstructure of the S3 sample.
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Figure 4:      Tauc plots for different samples used calculate the band gap. The inset gives relevant UV-Vis absorption spectra.



Figure 5 presents the PL spectra of the samples, showing two peaks at 390 and 630 nm. The peak at 390 nm is in the UV range and is related to near-band-edge excitonic emission. The peak at 630 nm is related to the red emission, which is attributed to oxygen vacancies.24 The red emission intensity of the S3 sample is greater than found for the other samples, indicating a higher concentration of defects in this sample.

Molten salts such as NaCl have a tendency to react with oxygen during heat treatment. Thus, in the heat treatment stage of the S3 sample, the NaCl present in the sample reacts with the oxygen within the ZnO nanostructure. This causes an increase in the number of oxygen vacancies, in agreement with previous studies.25 The red emission of the S2 sample can be attributed to the high surface oxygen vacancy concentration of this sample, as the average crystallite size in this sample was the smallest of those studied.26 It is known that the high surface area to volume ratios in smaller nanoparticles favour higher levels of surface oxygen vacancies.
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Figure 5:      The PL spectra of the different samples collected at room temperature (the UV region at 390 nm and visible region at 630 nm).



Methyl orange (MO) can be photocatalytically degraded in the presence of ZnO nanoparticles under UV irradiation. Photo-generated holes and electrons drift to the surface of ZnO nanoparticles and react with adsorbed species, leading to the formation of superoxide radical anions, hydrogen peroxide and hydroxyl radicals, which degrade the dye molecule. The hydroxyl radical is highly reactive and is capable of oxidising many organic compounds. The photocatalytic activity of ZnO nanoparticles is schematically shown in Figure 6.
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Figure 6:      Photocatalytic activity of ZnO nanoparticles in MO degradation.




Figure 7 presents the photocatalytic activity of samples. The activities of the S3 and S2 samples were higher than found for the other samples, likely as a result of their higher concentrations of oxygen vacancies. In addition, the relatively high photocatalytic capacity of the S2 sample may also result from the smaller particle size within this sample. Smaller particle sizes serve to increase the specific surface area, thereby increasing the number of active surface sites where photogenerated charge carriers react with absorbed molecules in the formation of hydroxyl and superoxide radicals.27
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Figure 7:      The photocatalytic activities of S1 (30 minutes milled and washed), S2 (40 minutes milled and washed), S3 (30 minutes milled, heated and washed), and S4 (30 minutes milled, washed and heated).



In general, oxygen vacancies can act as electron-traps, allowing free holes to diffuse to the semiconductor surface and participate in the oxidation of organic molecules. Moreover, the decrease in electron density within the semiconductor leads to an increase in the hydroxyl group acidity, which in turn improves the photocatalytic activity.28 Accordingly, higher concentrations of oxygen vacancies can significantly improve the photocatalytic activities of photocatalysts. In our case, it can be assumed that the surface oxygen vacancies improved the photocatalytic process through the successful separation of electron–hole pairs.


4.           CONCLUSION

The results of the current work showed that ZnO nanoparticles can be synthesised in a one-step method using ZnSO4 and NaOH as reactants and NaCl as a diluent. Heat treatment in the presence of a diluent was applied to improve the photocatalytic activity of the resultant materials. The measured particle size in the samples was approximately 50 nm, with Eg values in the range of 3–3.21 eV, which are lower than bulk ZnO as a result of defects in the nanostructure. It was also found that the high surface areas (small crystallite size) and defect concentrations in the samples resulted in superior photocatalytic activities.
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Abstract: Ethyl-4-fluoro-3-nitro benzoate was synthesised in good yield under closed vessel conditions using a single-mode microwave. This simple method involved adding catalytic amounts of H2SO4 at specific intervals of time to overcome the problems associated with equilibrium. The method was first optimised in terms of temperature, and the effect of using various solvents on the ester product was also investigated. Primary alcohols produced the highest yield of the ester product compared to secondary alcohols, and tertiary alcohol resulted in the lowest.
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1.           INTRODUCTION

Microwave-assisted organic synthesis (MAOS) is gaining popularity as an alternative source of heat in organic reactions. It is far superior to conventional heating methods such as heating mantels, Bunsen burners, hot plates, and oil baths due to its ability to reduce reaction time, produce few byproducts, and increase product yield.1 The first report of using a household microwave to carry out an organic reaction was published in 1986 by Gedye2 and Giguera3. However, the application of household microwaves was limited due to the inability to control the microwave energy, poor reproducibility and safety concerns. In the mid-1990s, Strauss4 pioneered the usage of controlled MAOS in sealed vessels using standard solvents, and today, over 90% of reported microwave synthesis protocols rely on the use of single-mode microwaves in combination with closed vessel conditions.5

In closed vessels, solvents can be heated above their boiling points. As a result, the reaction rates can be accelerated compared to reactions that are performed under conventional reflux conditions or in open vessels.6 However, while this may be an advantage to many reactions, it is not favourable for reactions involving equilibrium processes such as esterification. Esterification can be successfully carried out using various types of catalysts such as mineral acids,7,8 ionic liquids,9,10 or solid acid catalysts.11,12 Its applications include enzyme-catalysed reactions,13 biodiesel production14 and polymer synthesis.15 Traditionally, esterification of benzoic acid can be performed in excess amounts of ethanol in the presence of catalytic acid, typically H2SO4. A major disadvantage in Fischer esterification lies in the equilibrium nature of the reaction. It is even more difficult when the reaction is conducted in a closed vessel because either the product or the water generated needs to be removed to drive the reaction to completion. Hence, performing esterification in open vessels is rationally the best solution because water can be removed during the course of the reaction.

A number of researchers have devised and modified their apparatus to ensure the efficient removal of the undesired water during esterification. Amore and Leadbeater16 made extensive modifications to their microwave reactor for esterification, and several researchers have used a Dean-Stark apparatus,17 fractional distillation18 and solvent-free systems in open vessels.19 Attempts made by Baghbanzadeh and Kappe20 to use molecular sieves as water scavengers in a sealed-vessel microwave gave negative results because the sieves only absorbed water at room temperature and were ineffective in the microwave reactions.

4-Fluoro-3-nitrobenzoic acid was used in this experiment as a precursor to synthesise benzimidazole derivatives. Esterification of the compound protected the carboxylic acid moiety for subsequent reactions. Initially, esterification consisting of refluxing benzoic acid with excess ethanol and H2SO4 resulted in a 78% yield. However, when the experiment was repeated under the same conditions in a sealed-vessel microwave (Figure 1), the yield was very low, which is in agreement with Amore and Leadbeater.16 In a kinetic study on the effect of water on the H2SO4 catalyst, Liu and co-workers21 proposed that the presence of water deactivates the autocatalysis of H2SO4 due to its preferential solvation by water over alcohol. Prompted by these results, we investigated whether the yield of the ester could be increased when the reaction is performed in sealed vessels without any modifications to the reactor. We also evaluated the effects of reaction temperature, catalyst amount and holding time on the yield of the ester. To determine the scope of the optimised conditions, we also reacted benzoic acid with other alcohols.
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Figure 1:      General synthesis of Alkyl 4-fluoro-3-nitro benzoate.



2.           EXPERIMENTAL

2.1            Chemicals and Equipment

The microwave experiments were performed using a CEMTM Discover Labmate single-mode microwave reactor (CEM Corp.). The 1H and 13C NMR spectra were recorded on a Bruker Avance III 500 MHz instrument in CDCl3. Reaction progress was monitored using TLC and purified using PLC plates with ethyl acetate:hexane (4:1). All chemicals were purchased from Merck and Sigma Aldrich and used without further purification.

2.2            General Procedure for the Preparation of Ester Compounds (1–6)

A mixture of 4-fluoro-3-nitro benzoic acid (0.25 g, 1.35 mmol), 4% concentrated H2SO4 (2.88 μL) and 1 ml of alcohol were combined in a 3 ml microwave reaction vessel. The reaction mixture was irradiated in the CEMTM microwave at selected temperatures with total holding times of 5, 10, 15, 20, 25, and 30 minutes, during which the acid catalyst was loaded every 5 minutes. Once the reaction was complete, the solvent was evaporated under pressure, and the crude residue was dissolved in ethyl acetate. The organic layer was washed with NaHSO3 and dried with anhydrous Na2SO4. The mixture was then purified using PLC plate and concentrated in vacuo to give the ester product.

2.2.1         Methyl 4-fluoro-3-nitro benzoate22 (1):

Yellow liquid obtained after concentration in vacuo gave 1 (0.22 g, 77%). 1H NMR (500 MHz, CDCl3): δ 3.98 (s, 3H, OCH3), 7.39 (dd, J = 5.0, 10.0 Hz, 1H, benzene-H), 8.31-8.34 (m, 1H, benzene-H), 8.75 (dd, J =5.0, 10.0 Hz, 1H, benzene-H); 13C NMR (125 MHz, CDCl3): δ 52.9 (OCH3), 118.8, 127.2, 127.8, 136.5, 136.6, 158.1, 164.1 (C=O); 19F NMR (500 MHz, CDCl3): -110.5; ESI-MS: m/z calc. for C8H6O4FN + Na+ 222.1; found M + Na+ 222.0.

2.2.2         Ethyl 4-fluoro-3-nitro benzoate23 (2):

Yellow liquid obtained after concentration in vacuo gave 2 (0.21 g, 74%). 1H NMR (500 MHz, CDCl3): δ 1.43 (t, J = 5.0 Hz, 3H, OCH2CH3), 4.44 (q, J = 5.0 Hz, 2H, OCH2CH3), 7.39 (dd, J = 5.0, 10.0 Hz, 1H, benzene-H), 8.31-8.35 (m, 1H, benzene-H), 8.74 (dd, J = 5.0, 10.0 Hz, 1H, benzene-H); 13C NMR (125 MHz, CDCl3): δ 14.3 (OCH2CH3), 62.1 (OCH2CH3), 118.7, 127.6, 127.8, 136.5, 136.6, 158.0, 163.6 (C=O); 19F NMR (500 MHz, CDCl3): -110.75; ESI-MS: m/z calc. for C9H8O4FN + Na+ 236.2; found M + Na+ 236.0.

2.2.3         Propyl 4-fluoro-3-nitro benzoate (3):

Yellow liquid product obtained after concentration in vacuo gave 3 (0.24g, 83%). 1H NMR (500 MHz, CDCl3): δ 1.05 (t, J = 5.0 Hz, 3H, OCH2CH2CH3), 1.83 (m, 2H, OCH2CH2CH3), 4.34 (t, J = 5.0 Hz, 2H, OCH2CH2CH3), 7.40 (dd, J = 5.0, 10.0 Hz, 1H, benzene-H), 8.32-8.35 (m, 1H, benzene-H), 8.74 (dd, J = 5.0, 10.0 Hz, 1H, benzene-H); 13C NMR (125 MHz, CDCl3): δ 10.4 (OCH2CH2CH3), 22.0 (OCH2CH2CH3), 67.7 (OCH2CH2CH3), 118.8, 127.7, 127.8, 136.5, 136.6, 158.0, 163.7(C=O); 19F NMR (500 MHz, CDCl3): -110.8; ESI-MS: m/z calc. for C10H10O4FN + Na+ 250.2; found M + Na+ 250.0.

2.2.4         Butyl 4-fluoro-3-nitro benzoate (4):

Yellow liquid product obtained after concentration in vacuo gave 4 (0.28g, 98%). 1H NMR (500 MHz, CDCl3): δ 1.00 (t, J = 5.0 Hz, 3H, OCH2CH2CH2CH3), 1.48 (sextet, J = 5.0 Hz, 2H, OCH2CH2CH2CH3), 1.78 (pentet, J = 5.0 Hz, 2H, OCH2CH2CH2CH3), 4.38 (t, J = 5.0 Hz, 2H, OCH2CH2CH2CH3), 7.40 (dd, J = 5.0, 10.0 Hz, 1H, benzene-H), 8.31-8.34 (m, 1H, benzene-H), 8.74 (dd, J = 5.0, 7.5 Hz, 1H, benzene-H); 13C NMR (125 MHz, CDCl3): δ 13.4 (OCH2CH2CH2CH3), 19.2 (OCH2CH2CH2CH3), 30.7 (OCH2CH2CH2CH3), 66.0 (OCH2CH2CH2CH3), 118.8, 127.7, 127.8, 136.5, 136.6, 158.0, 163.7 (C=O); 19F NMR (500 MHz, CDCl3): -110.9; ESI-MS: m/z calc. for C11H12O4FN + Na+ 264.2; found M + Na+ 264.0.


2.2.5         sec-Butyl 4-fluoro-3-nitro benzoate (5):

Yellow liquid product obtained after concentration in vacuo gave 5 (0.11g, 38%). 1H NMR (500 MHz, CDCl3): δ 0.98 (t, J = 5.0 Hz, 3H, OCH(CH3)CH2CH3), 1.37 (d, J = 5.0 Hz, 3H, OCH(CH3)CH2CH3), 1.68 - 1.81 (m, 2H, OCH(CH3)CH2CH3), 5.14 (sextet, J = 5.0 Hz, 1H, OCH(CH3)CH2CH3), 7.39 (dd, J = 5.0, 10.0 Hz, 1H, benzene-H), 8.31-8.34 (m, 1H, benzene-H), 8.72 (dd, J = 5.0, 10.0 Hz, 1H, benzene-H); 13C NMR (125 MHz, CDCl3): δ 9.7 (OCH(CH3)CH2CH3), 19.5 (OCH(CH3)CH2CH3), 28.8 (OCH(CH3)CH2CH3), 74.5 (OCH(CH3)CH2CH3), 118.7, 127.7, 128.0, 136.5, 136.5, 158.0, 163.3 (C=O); 19F NMR (500 MHz, CDCl3): -111.1; ESI-MS (EI-ve+): m/z calc. for C11H12O4FN + Na+ 264.2; found M + Na+ 264.0.

2.2.6         tert-Butyl 4-fluoro-3-nitro benzoate (6):

Yellow liquid product obtained after concentration in vacuo gave 6 (2.80mg, 1%). 1H NMR (500 MHz, CDCl3-d6): δ 1.62 (s, 9H, OC(CH3)3), 7.35 (dd, J = 5.0, 10.0 Hz, 1H, benzene-H), 8.25-8.28 (m, 1H, benzene-H), 8.66 (dd, J = 5.0, 10.0 Hz, 1H, benzene-H); 13C NMR (125 MHz, CDCl3): δ 28.1 (OC(CH3)3), 82.9 (OC(CH3)3), 118.5, 127.6, 129.1, 136.3, 136.4, 156.8, 162.7 (C=O); 19F NMR (500 MHz, CDCl3): -111.7; ESI-MS: m/z calc. for C11H12O4FN + Na+ 264.2; found M + Na+ 264.0.

3.           RESULTS AND DISCUSSION

All of the experiments were performed in a single-mode microwave equipped with sealed vessels. We added 4% H2SO4 to the mixture containing benzoic acid and ethanol following the method of Amore and Leadbeater.16 The mixture was irradiated at 90°C in a single-mode microwave, which was held for two, five and 13 minutes consecutively (Table 1). TLC indicated that the reactions did not achieve completion throughout the experiment and only produced 6% of the ester product (Table 1, entry 1). Increasing the temperature to 100°C only increased the per cent yield to 16%. When the experiment was repeated with the addition of the same amount of catalyst after every five minutes of irradiation for 25 minutes (5 × 5 minutes), a 28% yield was obtained (Table 1, entry 3). Prompted by these results, we repeated the experiment with irradiation of the reaction up to 130°C (Table 1, entries 4–5). Addition of the catalyst at specific time intervals gave significantly higher yields compared to adding acid only at the beginning of the reaction. Because water deactivates, or “poisons“, the catalyst, the addition of the catalyst at intervals can revive its effectiveness in reacting with the alcohols and hence move the reaction forward.


We then determined the optimal method conditions. Repeating the same experiment, we increased the irradiation time from five to 30 minutes, and the yield was determined every five minutes. The temperature was varied from 110–150°C (Figure 2). As time increased, the yield of the ester also increased until it reached a plateau after 15 minutes (3 × 5 minutes). The highest ester yields were obtained at 130–150°C. Based on these results, the optimised condition involved a lower temperature (130°C) with a total irradiation time of 15 minutes (3 × 5 minutes).


Table 1: Esterification reaction of 4-fluoro-3-nitro benzoic acid under microwave using catalytic amount of H2SO4 (cat.) and ethanol as a solvent.



	Entry

	Temperature, °C

	Hold timed

	Yield (%)a




	1b

	90

	(2 + 5 + 13 min)

	6




	2b

	100

	(2 + 5 + 13 min)

	16




	3c

	100

	(5 × 5 min)

	28




	4b

	130

	(5 × 5 min)

	52




	5c

	130

	(5 × 5 min)

	78





Notes: aRefer to isolated products, bCatalyst was added at the beginning of reaction. cCatalyst was added at the interval time, dIrradiation time at the reaction temperature exclude the ramping time.
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Figure 2:      Effect of temperatures on esterification reaction.



Under the optimised microwave conditions, we evaluated other alcohols in the esterification reaction. In general, primary alcohols gave higher product yields compared to branched alcohols (Table 2), with butanol giving the highest yield (98%). Our results agree well with the findings of Rad et al.,24 who also found that the ester yield in esterification with aliphatic alcohols increased in the following order: primary > secondary > tertiary. The enhanced reactivity of primary alcohols is ascribed to the lower steric hindrance experienced by these alcohols and the thermal stability of straight alkyl chains compared to branched chains.


Table 2: Esterification reaction with different alcohols.



	Compounda

	Solvent
	Yield (%)




	1

	Methanol
	77




	2

	Ethanol
	74




	3

	Propanol
	83




	4

	Butanol
	98




	5

	Sec-butanol
	38




	6

	t-butyl-alcohol/tert-butanol
	1





Notes: aIrradiation performed in sealed-vessels at 130 °C, 4% H2SO4 was added at interval (5 × 5 minutes).

4.           CONCLUSION

In summary, we have demonstrated an improved method of esterification that is efficient and simple using a single-mode microwave under sealed-vessel conditions. Adding catalyst at intervals can overcome its deactivation during the course of the reaction. The temperature, amount of catalyst, holding time and type of alcohol can affect the product yield. The reaction conditions were optimised at 130°C and a total irradiation time of 15 minutes (3 × 5 minutes). Among the alcohols tested, the optimal solvent with the highest product yield was butanol. This simple and practical experimental setup is an improved microwave method for Fischer esterification, particularly for reactions conducted in closed vessels. As this was a preliminary study, we only focused on simple substituted benzoic acid derivatives, but this work could also be extended to other ester derivatives to further expand its application.
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Abstract: Zinc oxide (ZnO) nanoparticles were synthesised by a mechanochemical method using ZnCl2 and Na2CO3 as precursors and NaCl as a diluent. The effects of the milling energy, influenced by factors such as the milling time and ball-to-powder mass ratio, and the ordering of the synthetic stages on the structure, morphology and optical properties of the synthesised nanoparticles were characterised by X-ray diffraction, scanning electron microscopy, and transmission electron microscopy, as well as by UV-visible and photoluminescence spectroscopies. The results indicated the direct formation of ZnO nanoparticles after 10 hours of milling, without the need for heat treatment, as a result of the high-energy milling process. The crystallite sizes of the nanoparticles increased with higher milling times and ball-to powder mass ratios due to cold welding. ZnO nanoparticles with crystallite sizes in the range of 16 nm–19 nm were produced through optimisation of the order of synthetic stages and milling energy. Different morphologies were obtained in different samples due to the effects of changing the order of the synthetic steps. The optical band gap of the synthesised ZnO nanoparticles was lower than in bulk samples because of the presence of defects.
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1.           INTRODUCTION

Zinc oxide (ZnO) has a wide, direct band gap (3.37 eV) with a large exciton binding energy (60 meV) and stable wurtzite structure with lattice spacings of a = 0.325 nm and c = 0.521 nm. It is commonly used in many important applications, such as in solar cells,1 gas sensors,2 electronics,3 pigments4 and photocatalysts.5 Both particle size and morphology have a strong influence on the properties and potential applications of ZnO nanoparticles.6–8 Different methods are currently utilised for the preparation of ZnO nanostructures, including chemical (co-precipitation9 and sol-gel10), physical (physical vapour deposition11), and mechanical (mechanical milling12–14 and mechanochemical15) methods. Mechanochemical synthesis is a simple, economical and convenient method, which is suitable for large-scale production of nanoparticles. Mechanochemical processing may be described as the repeated welding, deformation and fracture of a mixture of reactants. Chemical reactions occur at the interfaces of nano-grains that are continuously re-generated during milling.16 The most important requirement of this technique is the formation of separated nanoparticles embedded in a salt matrix, which in turn leads to agglomerate-free nanopowders.17 The removal of the salt matrix is generally carried out through simple washing.

Mechanochemical syntheses of ZnO nanoparticles have been reported through different methods using various precursors. In the first such synthesis, Tsuzuki and McCormick18 carried out a solid-state displacement reaction between ZnCl2 and Na2CO3, forming ZnCO3 in a NaCl matrix by a mechanochemical technique. Subsequent heat treatment was used in order to decompose ZnCO3 into ZnO nanoparticles. This approach was further developed by other researchers.19,20 Dhara and Giri synthesised ZnO nanoparticles by milling a mixture of zinc acetate, N-cetyl-N, N, N-trimethyl ammonium bromide, a cationic surfactant and sodium hydroxide, followed by calcination of the milled powder mixture.21 Jun et al. produced ZnO nanoparticles in a one-step mechanochemical reaction without heat treatment using zinc sulfate and sodium hydroxide or potassium hydroxide as reactants and sodium chloride or potassium chloride as diluents.22

To the best of our knowledge, the effects of milling time and ball-to-powder mass ratio on the one-step mechanochemical reaction of ZnCl2 and Na2CO3 and the effects of the ordering of the synthetic stages on the morphology of ZnO nanoparticles presented in the present work have not yet been reported.

2.           EXPERIMENTAL DETAILS

2.1            Materials

The materials used in this research were anhydrous ZnCl2, anhydrous Na2CO3, and NaCl purchased from Merck. The NaCl was used as a diluent. The reaction between the starting materials proceeds as follows:

ZnCl2 + Na2CO3 + 8NaCl → ZnO + CO2 + 10NaCl

2.2            Synthetic Procedure

The starting materials were mixed in a 300 ml stainless steel vessel containing three stainless steel balls with 20 mm diameters, nine balls with 15 mm diameters, and 17 balls with 10 mm diameters. The milling rate was set to 300 rpm. Milling was carried out in a high-energy planetary ball mill (model retsch pm400) over a range of milling times between eight and 14 hours and with ball-to-powder mass ratios of 15:1 and 20:1.

After milling, three groups of samples were obtained. The first group was milled and washed with doubly deionised (DDI) water, subjected to centrifugal separation to remove NaCl, and heated to 400°C for approximately two hours. The second group was milled and washed, and the third group was milled, heated and then washed.

The samples obtained through this mechanochemical synthesis were denoted as Sample A and Sample B for the first group, Sample C and Sample D for the second group and Sample E for the third group. The conditions of the mechanochemical treatment for various samples are listed in Table 1.


Table 1: The conditions of mechanochemical process for different samples.



	Sample code
	A

	B

	C

	D

	E




	Milling time (hour)
	8

	10

	12

	14

	8




	Ball to powder mass ratio
	15:1

	20:1

	15:1

	20:1

	15:1




	Stages ordering of synthesis
	Milling, washing and heating

	Milling, washing and heating

	Milling and washing

	Milling and washing

	Milling, heating and washing





2.3            Characterisation of ZnO Nanoparticles

The samples were characterised by X-ray diffraction (XRD) on a Siemens D500 diffractometer using Cu Kα radiation, scanning electron microscopy (SEM) using a Hitachi S-410 vacc 25 kv microscope, transmission electron microscopy (TEM) using a Phillips CM-200 microscope, UV-vis spectroscopy on a PerkinElmer spectrometer (LambdaIs USA), and photoluminescence (PL) analysis on a Perkin Elmer – LS-5 spectrometer with a starting wavelength of 320 nm.


3.           RESULTS AND DISCUSSION

3.1            The Morphology and Structure of ZnO Nanoparticles

Figures (1–3) shows the XRD patterns of samples prepared with different ordering of their synthetic stages. The XRD patterns of all the samples after the milling process consisted of ZnO and NaCl peaks. However, no peaks indicative of ZnCl2 or Na2CO3 phases were observed. In contrast to previous results17 wherein the ZnCO3 and NaCl phases were reported as the major products after milling, we found that the ZnO and NaCl phases were the major post-milling products. This is due to the application of a milling energy sufficient for the decomposition of zinc carbonate and production of ZnO during the milling process. The dominant peak in the post-milling XRD patterns of samples a-e was related to NaCl. In these samples, the intensity of the ZnO peak was relatively low.

The XRD patterns of samples c and d recorded after the milling-washing stages are presented in Figure 2. All of the diffraction peaks corresponded to a hexagonal ZnO phase (JCPDS card no. 36-1451), indicating the complete absence of impurity phases and the direct synthesis of ZnO nanoparticles without heat treatment. According to Figure 1, both ZnO and hydroxyzincite (Zn5(OH)6(CO3)2) phases were observed after the milling-washing process due to the application of insufficient milling energy to induce the direct synthesis of ZnO nanoparticles. Thus, Samples A and B were heated at 400°C for two hours to obtain ZnO nanoparticles. The XRD pattern of Sample E after the milling-heating stage consisted of intense peaks related to a NaCl phase and a less intense peak related to the ZnO phase. As shown in Figure 3, ZnO nanoparticles were obtained after the milling-heating-washing process. The crystallite sizes of samples a-e were calculated after the final synthetic steps from the full width at half maximum (FWHM) of the relevant XRD peaks using the Debye-Scherrer equation. The crystallites sizes of Samples A–E were 16.6, 17.5, 16.1, 18.9 and 16.5 nm, respectively. Despite the fact that the ordering of the synthetic steps used for Samples A and E were different, their crystallite sizes were nearly the same. The crystallite size for Sample C was smaller than for Sample D because of cold welding during the high-energy milling process, which caused the agglomeration of particles in Sample D. The crystallite size for Sample C was smaller than for Samples A, B and E due to the lack of heat treatment. The crystallite size for sample d was greater than for other samples because of cold welding and agglomeration. Increasing the milling energy caused the capacity of particles to undergo further plastic deformation to decrease. Because welding was the dominant mechanism in the mechanochemical process, the particles agglomerated.
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Figure 1:      The XRD patterns of Samples A and B.
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Figure 2:      The XRD patterns of Samples C and D.
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Figure 3:      The XRD patterns of Sample E.



Figure 4 presents the SEM micrographs of ZnO nanoparticles in Samples A, D and E and a TEM micrograph of Sample D. Based on Figure 4, the morphologies of Samples A and D after the final process (milling, washing, and heating) were spherical, while Sample E had a flake-shape morphology. This morphology could be due to the embedding of diluent phase (NaCl) in the ZnO nanoparticles during the heat treatment stage and the inhibition of the formation of spherical nanoparticles. The thickness of the flakes was ~30 nm. Samples A and D consisted of agglomerated spherical particles. The TEM micrograph of Sample D indicated a particle size of about 20 nm, which is in good agreement with the crystallite size calculated from the XRD patterns. Table 2 shows the correlation between the properties of different samples generated through different synthetic procedures.


[image: art]

Figure 4:      Planar micrographs of (a) SEM of Sample A, (b) SEM of Sample D, (c) SEM of Sample E, (d) TEM of Sample D.




Table 2: The correlation between different samples with different synthesis procedures and their properties.



	Sample code
	A

	B

	C

	D

	E




	Morphology
	spherical

	spherical

	spherical

	spherical

	flake




	Crystallite size (nm)
	16.6

	17.5

	16.1

	18.9

	16.5




	Band gap (eV)
	3.2

	3.17

	3.25

	3.18

	3.27





3.2            The Optical Properties of ZnO Nanoparticles

Absorption and fluorescence spectroscopies are powerful non-destructive techniques for exploring the optical properties of semiconducting nanoparticles. The absorption spectra of the samples are presented in Figure 5. All absorption curves exhibit an intense peak with an absorption edge in the range of 352–366 nm. The optical band gap (Eg) was determined from the absorption spectra using the Tauc relationship as follows:

(αhν)=A(hν-Eg)n


where α is the absorption coefficient, h is the Planck’s constant, ν is the photon frequency, and Eg is the optical band gap; the value of n is 0.5 for direct band gap semiconductors and 2 for indirect band gap semiconductors.23 An extrapolation of the linear region of a plot of (αhν)2 versus photon energy hν gives the value of the optical band gap (Figure 6). The derived optical band gap values for samples a-e were 3.2, 3.17, 3.25, 3.18 and 3.27 eV, respectively. The calculated optical band gap of the ZnO nanoparticles was found to decrease with increasing average crystallite size. The band gap values of Samples C and E were higher than the other samples due to smaller particle size. All of the Eg values were smaller than reported for bulk ZnO (3.37 eV). In the literature, the differences between the optical band gap and the band gap of bulk ZnO correlate to the presence of vacancies and dopants, which affect the electronic structures of nanoparticles.24
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Figure 5:      The UV-Vis absorption spectra for Samples A–E obtained by the mechanochemical method.
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Figure 6:      The Tauc plots for Samples A–E; the intersections of the tangent lines and the x-axis give the values of the optical band gaps for different samples.




PL spectroscopy can be used for the investigation of intrinsic defects in the ZnO nanoparticles. Figure 7 shows the PL spectra of different samples at room temperature. The UV emissions, observed 390 nm, were attributed to near-band-edge exitonic emission resulting from the recombination of electrons in the conduction band and holes in the valence band. A strong emission was also observed in the visible region at 620 nm. This emission was attributed to the red emission caused by defects such as zinc and oxygen anti-sites25 and doubly charged oxygen vacancies.26 The high impact energy of the ball-to-powder collisions may induce many crystallographic defects in powders treated by high-energy ball milling processes. During mechanical milling, vacancies in excess of the equilibrium level were produced by plastic deformation as a consequence of the movement and interaction of dislocations.27 Based on the literature, smaller nanoparticles with higher surface area to volume ratios tend toward higher levels of surface oxygen vacancies.28
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Figure 7:      The photoluminescence spectra of Samples A, C and E at room temperature.



4.           CONCLUSIONS

ZnO nanoparticles of almost uniform size and morphology were synthesised using a simple, cost-effective one-step mechanochemical method. Spherical and flake-shape morphologies were obtained by changing the ordering of synthetic process. Increases in the milling energy led to slight increases in crystallite size (from ~16 to ~19 nm) as a result of cold welding. The optical band gap values for different ZnO nanoparticles were found to be smaller than known for bulk material. This result was consistent with PL studies and correlated to the existence of intrinsic defects in the synthesised nanoparticles.
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Abstract: The main purpose of reactor safety is not to permit any release of radioactivity from the reactor core to the environment. To ensure reactor safety, the reactor must have sufficient margins during normal operation as well as in all possible accidental events, such as reactivity-induced accidents (RIAs), loss-of-coolant accidents (LOCAs), loss-of-flow accidents (LOFAs), etc. This study focuses on LOFA analysis of research reactors with the aim of investigating the impact of an unprotected LOFA on reactor safety. Two different research reactors, one a rod-type reactor with a cylindrical flow channel and another a plate-type reactor with rectangular flow channels, are taken as references for modelling LOFAs in coupled point kinetics, neutronics and thermal hydraulics code EUREKA-2/RR. Initially, LOFAs under protected conditions were simulated for both reactors. Major parameters such as fuel cladding temperature and bulk coolant temperature are evaluated to investigate whether these parameters exceed their safety limit or if any nucleate boiling occurs in the bulk coolant. For a protected LOFA, these parameters are found to remain within their design limit, and the reactor is sufficiently safe. In the case of an unprotected LOFA, although the Training Research and Isotope Production, General Atomics (TRIGA) reactor was found to be safe from the viewpoint of nucleate boiling not occuring in the bulk coolant, both reactors were found to be unsafe because the maximum cladding temperatures for both reactors are above the melting point in the course of an unprotected LOFA.

Keywords: Unprotected LOFA, EUREKA-2/RR, reactor Safety

1.           INTRODUCTION

The safe utilisation of nuclear reactors needs to be ensured due to the association of the reactors with hazardous radioactive isotopes and the vast amount of heat generated from the nuclear fission reaction. Although modern research reactors are designed with all safety features, various unusual events such as a reactivity initiated accident (RIA), a loss-of-flow accident (LOFA), or a loss-of-coolant accident (LOCA) can happen, and this type of event can cause a power excursion in the reactor core even though the heat transport system remains in perfect operating order. These serious events must be addressed as a part of the safety analysis of nuclear reactors because if the power rises beyond the limits of the control system, reactor core damage with the release of large amounts of fission products could result. Due to this concern, this paper emphasises LOFA simulation with the aim of investigating reactor safety, especially during the course of an unprotected LOFA.

A LOFA occurs in a reactor due to many causes, such as loss of off-site power, pump failure, heat exchanger blockage, pipe blockage, valve closure, etc. The danger of a LOFA is that it could lessen fuel integrity due to overheating that arises from a low heat transfer coefficient in the reactor core. As a LOFA is classified by regulatory bodies as a design-based accident, necessary precautions need to be taken during the design stage to ensure that the primary coolant system has adequate safety margins against the onset of flow instability and departure from nucleate boiling to prevent a LOFA. With the exponential growth of computational codes in solving thermal hydraulics and transient problems, LOFA simulations have received much attention to date. It is customary to systematically consider the LOFA transient with and without a scram event, called, protected and unprotected or self-limited transients, respectively. However, most of the research reported so far is in the context of protected transients. Unprotected transient LOFA analysis, in contrast, has received very limited attention or is just beginning to attract attention. Therefore, the reactor operators may overlook data on reactor power and cladding temperature response in the case of an unprotected LOFA.

The rod-type TRIGA Mark-II research reactor of Bangladesh and the plate type IEA-R1 reactor belonging to Brazil are considered references to analyse the present LOFA simulation using EUREKA-2/RR code.1 However, although protected LOFA transients for both of these reactors were reported earlier,2,3 a LOFA simulation of the IEA-R1 reactor using EUREKA-2/RR code is new. No analysis regarding uncontrolled LOFA has so far been reported for either of these reactors.

2.           BOILING HEAT TRANSFER MECHANISM AND SAFETY CRITERIA

During operation, the heat transfer rate from the fuel to the coolant is strongly involved with the boiling mechanism of the reactor water. If the variation of heat flux on the heated surface is recorded versus the surface-water temperature difference, as in Figure 1,4 the curve can be divided into four different regions. As long as the heated surface of the fuel remains below the coolant saturation temperature, only single-phase heat transfer will occur. After single-phase convection occurs in region I, in region II, subcooled (or local) boiling occurs as the bulk coolant temperature remains below the coolant saturation temperature, but the heated fuel surface exceeds the saturation temperature. Region II could be called the nucleate boiling region as a vapour bubble forms at the heated surface that could eventually propagate into the coolant. If the temperature of the bulk coolant in this region exceeds the coolant saturation temperature, boiling in this region could be regarded as saturated nucleate boiling. Successively, the maximum flux attained when the bubbles become so dense that they coalesce forms a vapour film over the heated surface, resulting in the heat not being able to pass through the vapour film. Consequently, the heat flux decreases appreciably despite an increase in temperature. This maximum flux is considered a design limitation, which is referred to as the DNB (departure from nucleate boiling). Hence, starting with onset of nucleate boiling (ONB), region II develops a Departure from Nucleate Boiling Ratio (DNBR). The conditions in regions III and IV become so severe that may result damage to the material being heated may result. However, before arriving at these regions, a minimum DNBR value must be imposed as a part of the thermal hydraulic design.


[image: art]

Figure 1:      Heat transfer through different regions of boiling coolant.



In regard to this boiling mechanism, two major safety criteria are usually set up for the thermal hydraulic design of research reactors so that fuel plates may have a sufficient safety margin during normal operation. These safety criteria are the following: (1) no nucleate boiling is allowed anywhere in the coolant and (2) a minimum value needs to be set up for the departure from nucleate boiling (DNB). The present study is limited to focusing on two parameters, fuel cladding and bulk coolant temperatures, and based on these safety criteria, there is interest in whether these parameters remain within their design limit or whether the design limit leads to any boiling in the primary coolant system during the course of an unprotected LOFA. Table 1 presents the design limits imposed on these parameters during design-based accidents for both TRIGA and IEA-R1 reactors.


Table 1: Design limit values of cladding and coolant of IEA-R1 and TRIGA reactors.



	Parameters
	IEA-R1

	TRIGA Mark-II




	Cladding temperature, °C
	95

	500




	Coolant temperature, °C
	< 112 (saturation)

	< 113(saturation)





3.           THERMAL HYDRAULIC DESIGN OF IEA-R1 REACTOR

Table 2 and Table 3 contain the geometry with hydraulic specifications and neutronics of the IEA-R1 reactor, obtained while the authors were involved with IEA-R1 research reactor calculations in a coordinated research project (CRP) of the International Atomic Energy Agency (IAEA) entitled “Innovative Methods in Research Reactor Analysis: Benchmark against Experimental Data” during the 2008–2012 period.5 At this time, an opportunity to use the specifications for the IEA-R1 reactor to conduct research from the viewpoint of the present context was taken. The IEA-R1 reactor of Brazil is a 5 MW pool type and plate type light water cooled and moderated. The graphite- and beryllium-reflected research reactor uses MTR fuel elements. The reactor contains 20 standard fuel elements, four control fuel elements and a central irradiator, assembled in a square matrix 5 × 5. Each standard fuel element has 18 fuel plates assembled on two lateral support plates, forming 17 independent rectangular flow channels. The control fuel element contains 12 plates, as there are two dummy lateral plates and two guide channels for the control plates. Figure 2 shows the arrangement of the fuel elements, the beryllium reflector, the control rods and the irradiated positions inside the reactor core. Figure 3 shows the simplified schematic of the reactor cooling system that consists of primary and secondary loops. During the continuous operation of the reactor at high power levels, the nuclear heat generated can be permitted to flow through the following auxiliary systems:

	During the reactor operation, the forced circulation coolant system pumps pool water down through the fuel elements to remove the fission heat from the reactor.
	A water-to-water heat exchanger transfers the generated heat to a secondary water coolant system, and the primary water is returned to the reactor pool.
	The secondary water carries heated water to the cooling tower which dissipates the heat to the atmosphere. Water from the cooling tower is recirculated through the secondary system.


Table 2: Descriptions of design parameters of IEA-R1 research reactor.



	Reactor parameter
	Data




	Steady state power level (MW)
	5




	Fuel enrichment
	20%




	Number of fuel element in the core
	24




	(1) Standard fuel element

	20




	(2) Control fuel element

	4




	Fuel type
	U3O8 –Al




	Maximum inlet temperature (°C)
	40




	Temperature difference between inlet and outlet (°C)
	5.8




	Number of fuel plates in:
	



	(1) Standard Fuel Element

	18




	(2) Control Fuel Element

	12




	Thickness of the plates (mm)
	



	(1) Fuel

	0.76




	(2) Clad

	0.38




	(3) Total Thickness

	1.52




	Total width of the plates (mm)
	67.1




	Fuel meat dimensions (mm)
	0.76 × 62.6 × 600




	Thickness of water channel (mm)
	2.89




	Inlet pressure
	1.7 bar




	Average velocity of coolant (m/s)
	1.6






Table 3: Neutronic parameters of IEA-R1 research reactor.



	Coefficient
	Values




	Average fuel temperature coefficient for 20–100°C
	–1.91 pcm/°C




	Average moderator temperature coefficient for 20–80°C
	–12.26 pcm/°C




	Average moderator density coefficient for 20–80°C
	–10.42 pcm/°C




	Average void coefficient 0–2.7%
	–231.92 pcm/% void




	Effective delayed neutron factor (βeff)
	0.00763
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Figure 2:      Core configuration of IEA-R1 research reactor.
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Figure 3:      Cooling system of IEA-R1 research reactor.



3.1            Sequence of the LOFA Accident of IEA-R1 Reactor

The cause of the LOFA established here is due to the loss of the pump energy supply, which eventually causes all primary pumps to trip. As a result, flow coast down will occur with loss of the flow rate through the core. Figure 4 shows the flow coast down curve as a time variation of the relative flow rate in the core.5 When the relative flow rate decreases in approximately two seconds to 382.99 ton/hour (90% of the nominal flow rate of 425.55 ton/hour), the reactor system is affected by scram, which means that the control rods start to drop into the core to shut the reactor down. At approximately 27 seconds, the only way to cool the reactor is by establishing a natural circulation flow that is expected to reverse the forced downward flow to the upward direction. The present LOFA simulation is limited to the analysis of the IEA-R1 core considering scram activated (protected) and scram not activated (unprotected) at reduced flow rates of ~382.99 ton/hour.
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Figure 4:      Flow coast down curve of IEA-R1 reactor.



3.2            EUREKA-2/RR Code and Modelling of the IEA-R1 Reactor

EUREKA-2/RR3 is a revised version of EUREKA-2, which was originally developed for reactivity accident analysis for nuclear power plants. The heat transfer package used in EUREKA-2 was changed and modified to EUREKA-2/RR for its use in the analysis of research reactor thermal hydraulics. In this special heat transfer package, for heat transfer coefficients of single-phase flow, the Dittus-Boelter correlation is used for the forced convection mode, the Collier correlation for the natural convection mode, and the Chen correlation for the heat transfer coefficients of two-phase flow. Then, the ONB (onset of nucleate boiling) is determined by comparing the hear flux predictions from the Dittus-Boelter correlation and the modified Chen correlation. When the heat flux by the modified Chen correlation is greater than the heat flux by the Dittus-Boelter correlation, the nucleate boiling starts under the saturation condition or under subcooled conditions. For the DNB heat flux calculation, the code used the Sudo-Kaminaga correlation based on the JRR-3 thermal hydraulic experiment.3 One-dimensional time-dependent heat conduction equations are used for the heat conduction model. The thermal hydraulic solution is assumed to contain one-dimensional homogeneous fluid with the vapour and liquid phases in thermodynamic equilibrium. Under the transient situation, EUREKA-2/RR performs the simulation considering the movement of various parameters such as the movement of the control rods, the insertion of reactivity, the loss of flow, etc.

Kaminaga6 developed three utility codes to produce the entire set of input data for EUREKA-2/RR, which are DISSUE, ICETEA and PREDISCO. DISSUE calculates power fraction and void, as well as Doppler, cladding expansion and coolant temperature reactivity weighting factors for each heat slab based on core neutronics calculations. ICETEA calculates coolant temperature distribution, and PREDISCO calculates pressure distributions in the coolant.

For modelling the IEA-R1 core in EUREKA-2/RR code, only fuel regions with an upper and a lower plenum were considered. The whole core was divided into five distinct channels with each channel consisting of 10 heat slabs with 10 nodes, as shown in Figure 4. The model in total then consists of 52 nodes, 50 heat slabs and 56 junctions. According to Figure 5, Junction no. 56 is the fill junction used to simulate the primary coolant flow in the core. An extensive data table as a function of time was constructed to simulate the core flow rate during the loss of flow. These fill data were derived from the primary coolant flow coast down curve presented in Figure 3, as discussed above. Using the specifications of Table 2 and Table 3 and approximating some parameters, such as friction and resistance coefficients as well as fuel and cladding thermal properties due to the unavailability of data, the simulation was carried out, considering the scram delay time to be long.
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Figure 5:      Schematic diagram of the model prepared for EUREKA-2/RR analysis.




3.3            LOFA Simulation of IEA-R1 Core

3.3.1         Steady state thermal hydraulic analysis

The objective of thermal hydraulic analysis is to ensure the operational temperature in the core does not exceed the design limit of temperature. If it can be ensured the hottest channel exhibits the temperature below the core design limit, the remaining channels then will presumably fall within this limit. Hence, particular attention in this research has been paid on the hottest channel to ensure its temperature remains below the design limit.

Before proceed with the transient simulation by EUREKA-2/RR code, another thermal hydraulic code, COOLOD-N27, has been used for steady state analysis of IEA-R1 reactor. The intention was to verify the steady state results of EUREKA-2/RR with that of COOLOD-N2 code. Using the specifications described in Table 2 and Table 3, fuel temperature, cladding temperature and coolant temperature obtained both from COOLOD-N2 and EUREKA-2/RR codes have been compared whereas in comparisons steady state results reported previously using the MERSAT3 code were taken into account. Based on this comparison, EUREKA-2/RR, COOLOD-N2 and MERSAT codes provide in Figure 6 the maximum fuel temperature in the hottest channel as 86.81, 83.21 and 86°C, respectively, in Figure 7 the corresponding maximum cladding temperature as 80.23, 80.39 and 76°C, respectively and in Figure 8 the maximum temperature in coolant as 53.45, 53.98 and 53.6°C, respectively. It is seen from these Figures that the results of EUREKA-2/RR are consistent with the results of other two codes which indicates accuracy in modelling of reactor core in the EUREKA-2/RR code. Again, the average cooling temperature increase from 40 to 44.9°C across the core computed by EUREKA-2/RR amounts an average heating rate of cooling as 5°C which is also found to be agreed well with the experimentally measured heating rate of 5°C. This additional comparison provides further confidence about the validity of the model developed in EUREKA-2/RR code that intend the authors to employ the EUREKA-2/RR code for the analyses of RIA and LOFA as described in the next section. Provided the cladding temperature is important to safety, change in cladding temperature has only been taken into discussion through the entire analysis. Accordingly, peak cladding temperature evaluated here during steady state analysis is found to remain well below the design limit temperature of 95°C.
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Figure 6:      Transient of reactor parameters of IEA-R1 reactor during protected LOFA.
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Figure 7:      Transient of cladding and coolant temperature of IEA-R1 reactor during unprotected LOFA.







[image: art]

Figure 8:      Transient of cladding and coolant temperature of TRIGA reactor during protected LOFA.



Although EUREKA-2/RR is proven to be a trusted code, before performing the transient analysis, the code was verified in modelling the IEA-R1 core by comparing the prediction of the EUREKA-2/RR code with another well-known thermal hydraulic code, COOLOD-N2,7 under steady state conditions. The steady state thermal hydraulic calculations for the IEA-R1 core were carried out under forced convection cooling at the rated thermal power of 5 MW. Fuel temperature, cladding temperature, and coolant temperature were calculated, and these calculations were verified against the calculations of the COOLOD-N2 code for the same rated thermal power of 5 MW. All the analytical results are provided in Table 4, and the calculations of EUREKA-2/RR agree well with the results of COOLOD-N2. Again, the average cooling temperature increases from 40 to 45°C across the core computed by EUREKA-2/RR amounts to an average heating rate for cooling as 5°C,5 which is also found to agree reasonably well with the experimentally measured heating rate of 5.8°C, which provides further confidence in the validity of the model developed in EUREKA-2/RR.


Table 4: Analysis results of IEA-R1 core at rated thermal power of 5MW.



	Hottest channel
	EUREKA-2/RR

	COOLOD-N2




	Fuel central temperature, °C
	86.81

	84.21




	Cladding Temperature, °C
	80.23

	80.39




	Coolant Temperature, °C
	53.45

	53.98






3.3.2         Simulation of protected LOFA transient

As a consequence of pump failure and a rapid decrease in the coolant flow rate, the core flow rate reaches the scram set point approximately 2.0 sec after the accident begins. Due to the scram being affected at 2.0 sec, the reactor gets the power down from its operational power of 5 MW at 2.0 sec, as reported in Figure 6. The maximum cladding temperature is reported as 83.34°C with the maximum coolant temperature of 54.73°C during the LOFA transition. As both cladding and coolant temperature remain below their melting point as well as below the coolant saturation temperature, 112°C, no boiling is predicted in the bulk coolant, indicating that the IEA-R1 reactor core is safe against the protected LOFA.

3.3.3         Simulation of unprotected LOFA transient

Figure 7 shows the variation of cladding and coolant temperatures with respect to coolant saturation temperature due to the unprotected LOFA. The figure illustrates that the cladding temperature increases and exceeds its melting temperature, 95°C, at approximately 10 seconds, which eventually rises above the coolant saturation temperature of 112°C at approximately 11.47 seconds. However, as the coolant temperature remains far below its saturation temperature, no boiling appears until this transient period. However, a continuing increase in cladding temperature during the progress of transient results in the increase of the coolant temperature and at 26.46 seconds, the coolant temperature seems to exceed the coolant saturation temperature, which led to the formation of a bubble in the coolant. Based on the safety criteria, the reactor seems unsafe at 10 seconds of the transient as the cladding temperature lies beyond its melting point. Additionally, the bubble formation at 26.46 seconds in the bulk coolant indicates that the IEA-R1 reactor could not remain on the safe side during the course of an unprotected LOFA.

4.           LOFA ANALYSIS OF TRIGA MARK-II REACTOR

A detailed description of the geometry with the neutronics specifications and also the kinetic parameters of the studied TRIGA Mark-II reactor with its modelling in the EUREKA-2/RR code is introduced in my published work.2 This investigation is therefore a complementary study on reactor behaviours against an unprotected LOFA. However, although the transient of cladding and coolant temperature against the protected LOFA is illustrated in the earlier work, based on the present interest in the research area, whether these cladding and coolant temperatures exceed the coolant saturation temperature is clarified before proceeding with the unprotected LOFA.


4.1            Simulation of Protected LOFA Transient

Due to the consequences of pump failure and rapid decrease in the coolant flow rate during an LOFA, the core flow rate reaches the scram set point of 529.51 ton/hour, 85% of the normal flow rate of 622.96 ton/hour, 4.08 seconds after the accident begins, but due to the scram delay time of 0.015 s, the reactor scram takes place at 4.1 seconds after the accident begins, which causes the reactor power to decrease from its operational power of 3 MW at 4.1 seconds. As a result, the cladding temperature and the bulk coolant temperature will stop increasing due to the shutdown of the reactor. Figure 8 shows the cladding and coolant temperature together with the coolant saturation temperature, 113°C. The data are recorded here up to 40 seconds of transient, and both cladding and coolant temperatures are reported to remain below not only their melting point but also far below the coolant saturation temperature over the transient period, which in turn infers that there is no possibility of boiling in the coolant, and the reactor is safe in the protected LOFA condition.

4.2            Simulation of Unprotected LOFA Transient

Based on the reactor scram system failing to shut the reactor down at an 85% loss-of-coolant nominal flow rate in the primary coolant, Figure 9 illustrates the variation of cladding and bulk coolant temperatures with respect to the coolant saturation temperature until 40 seconds of transient. In this unprotected situation, the cladding temperature increases gradually up to 30 s, after which the cladding temperature follows a sharp increase and exceeds its design limit of 500°C within a very short time. Such a fast transient heat transfer rate from cladding to coolant is too low to cause the coolant temperature to increase significantly from its initial values. Over the transient period, the coolant temperature attained a maximum value of approximately 61°C at 36 seconds. Hence, although the cladding temperature in some instants may exceed the design limit, the coolant temperature is observed to be far below the coolant saturation temperature, 113°C, and, consequently, no nucleate boiling is predicted during the unprotected LOFA. Another explanation of coolant temperature failure to increase with the increase of cladding temperature seems to be the feedback from the coefficients of reactivity. Although the cladding temperature increases rapidly due to its good conductivity, the prompt negative temperature coefficient of reactivity of the TRIGA reactor and the large value of the void coefficient of reactivity seem to suppress the reactor, so that the reactor operates with a low reactivity, which causes the coolant temperature not to increase with the increase in cladding temperature.
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Figure 9:      Cladding and coolant temperature behavior of TRIGA reactor during unprotected LOFA.



5.           CONCLUSION

The IEA-R1 reactor and the TRIGA Mark-II research reactor models were developed using the EUREKA-2/RR code to simulate an unprotected LOFA transient. Initially, the models were validated against the steady state condition, and then a protected LOFA was simulated. When the safety criteria for both reactors were reviewed, the cladding and coolant temperatures for both of these reactors were found to remain within the safety limits during the transient due to the protected LOFA. In the case of an unprotected LOFA, considering no bubbling in the coolant, the TRIGA reactor seems to be safe, whereas the IEA-R1 reactor is predicted to be unsafe as it experiences nucleate boiling at some stage of the transient. Again, from the viewpoint of cladding temperatures exceeding their design limits, both reactors could not be considered to be on safe side during the course of an unprotected LOFA. The present efforts in modelling unprotected LOFA transients in EUREKA-2/RR code are in fact an initial attempt, and the authors are very interested in conducting more analyses, including the calculation of the DNBR and flow instability, especially for the IEA-R1 reactor, to validate the present model developed for simulating an unprotected LOFA transient.
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Abstract: The comparative effects of palm oil ash (POA), carbon black (CB) and halloysite nanotubes (HNTs) on the processability, mechanical properties and thermal stability of polypropylene/recycled natural rubber glove (PP/rNRg) composites were studied. The POA based composites showed the lowest processability. The HNTs has a better reinforcement effect compared to POA and CB. HNTs showed a higher tensile strength at 2 phr, whereas POA and CB showed their highest tensile strengths at 4 phr. All fillers reduced the elongation at break but increased the tensile modulus of PP/rNRg composites. The incorporation of POA, CB and HNTs improved the thermal stability of PP/rNRg composites.
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1.           INTRODUCTION

Natural rubber (NR) is an elastomer that has greater flexibility compared to synthetic rubbers. Hence, NR is used to produce various products, including gloves. NR gloves form a barrier with a proven protective capability, which can protect humans from direct contact with blood, body fluids or bacteria. The production of NR gloves has risen to meet the increasing market demand. Consequently, they also pose an environmental problem when they are disposed of. Therefore, this NR glove waste must be managed properly in a manner that does not endanger public health and the environment.1

Throughout the recent era, people have also become aware of the importance of recycling polymeric materials. However, the recycling of polymers is not successful because they are difficult to recycle. Some polymers such as thermoset, including NR gloves, are cross-linked. Therefore, it is very important to find an effective method to manage the increasing amount of polymer waste material. On the other hand, the issue of cost is always considered from the economic standpoint when making new materials. The thermoplastic elastomers (TPEs) are a very interesting class of materials that combine the properties of both thermoplastic and elastomers.2 However, the synthesis of TPEs by using fresh materials has a high cost. Therefore, incorporation of the recycled NR gloves into TPEs is an effective alternative method that can help to solve both cost and environmental issues.

While making TPEs, their properties are very important to ensure they do not easily fail during their service period.3–5 Thus, fillers are added to enhance the properties of TPEs. In Malaysia, the production and exportation of palm oil has been growing rapidly, subsequently leading to millions of tonnes of oil palm waste annually.6 The solid waste from palm oil production can be turned into an alternative fuel for steam generation in palm oil plants, which in turn produces the by-product known as palm oil ash (POA). POA is normally dumped into a landfill or a field, causing severe environmental problems.7 This improper waste management can cause various environmental problems for the country and its people. To solve this problem, palm oil ash should be utilised and turned into a valuable product. More recently, halloysite nanotubes (HNTs) have been revealed to reinforce many polymer matrices.8 HNTs are unique and versatile nanomaterials that are formed by the surface weathering of aluminosilicate minerals and are composed of aluminium, silicon, hydrogen and oxygen. HNTs are ultra-tiny hollow tubes with diameters typically smaller than 100 nanometres and lengths typically ranging from approximately 500 nanometres to over 1.2 microns.9

In this work, POA and HNTs are used as fillers for PP/rNRg composites and are compared with the conventional filler, carbon black (CB). The effects of loading POA, CB and HNTs on the processability, tensile properties and thermal stability of polypropylene/recycled natural rubber glove (PP/rNRg) composites are investigated.

2.           EXPERIMENTAL DETAILS

2.1            Materials

The polypropylene (PP) used in this work is PP Grade 6331, which is supplied by Titan Pro Polymers (M) Sdn. Bhd. Johor. The polypropylene has a melt flow index of 14 g/10 min at 230°C and a density of 0.9 g/cm3. The recycled natural rubber gloves, which have a density of 1.015 g/cm3, are supplied by Juara One Resources Sdn. Bhd. in Pulau Pinang, Malaysia. The rNRg are first pre-ground by passing them through two roll mills one to two times. The rNRg are then ground by a table type pulverising machine manufactured by Rong Tsong Precision Technology Co., Ltd., Taiwan, until a range of sizes from 117 to 334 µm are obtained. The N330 grade carbon black was supplied by the Cabot Corporation. The particle sizes of the N330 carbon black ranged from 28–36 nm. The POA was collected from United Oil Palm Mill, Pulau Pinang, Malaysia. POA particles were sieved with 75 µm mesh and then dried in a vacuum oven at 80°C for 24 hours to expel moisture. The main elemental composition (wt%) of POA was analysed by an X-ray fluorescence (XRF) spectrometer (model Rigaku RIX3000) and found to be as follows: C (41.5), SiO2 (34.0), CaO (7.3), Al2O3 (3.9), MgO (3.8), K2O (3.7), P2O5 (3.2), Fe2O3 (1.9) and trace elements (0.7). Highly bright and ultrafine grade halloysite nanotubes (HNTs) were supplied by Imerys Tableware Asia Limited, New Zealand, with a brightness of 98.9% as measured by a Minolta CR300 apparatus using a D65 light source. HNTs are ultra-tiny hollow tubes with diameters typically smaller than 100 nanometres and lengths typically ranging from approximately 500 nanometres to over 1.2 microns.9 Their composition was as follows (wt%): SiO2 (49.5), Al2O3 (35.5), Fe2O3 (0.29), and TiO2 (0.09).10

2.2            Processing of the Composites

The formulations of HNT-filled PP/rNRg composites are given in Table 1. All of the materials are melt-mixed with a Haake Rheomix PolyDrive R600/610 Internal Mixer at 180°C with the rotor speed set to 50 rpm. The PP pellets are gradually added into the hopper. The rNRg is added four minutes after the beginning of the process. The weight ratio of PP and rNRg is fixed at 70:30. Next, the fillers are added six minutes after the beginning of the process and then mixing continues for another three minutes. The total mixing time is nine minutes. The composite is later hot pressed for two minutes at 180°C to maintain the dimensional stability of the sample. Then, the composite is cold pressed for three minutes and removed from the mould. Three different types of composites, i.e., PP/rNRg/POA, PP/rNRg/CB and PP/rNRg/HNTs, were prepared.


Table 1: Formulation of filled PP/rNRg composites.



	
	Materials weight (phr)




	Compounds
	PP

	rNRg

	OPA

	CB

	HNTs




	Control sample
	70

	30

	0

	0

	–




	PP/rNRg/OPA composite
	70

	30

	2

	–

	–




	
	70

	30

	4

	–

	–




	
	70

	30

	6

	–

	–




	
	70

	30

	10

	–

	–




	PP/rNRg/CB composite
	70

	30

	–

	2

	–




	
	70

	30

	–

	4

	–




	
	70

	30

	–

	6

	–




	
	70

	30

	–

	10

	–




	PP/rNRg/HNT composite
	70

	30

	–

	–

	2




	
	70

	30

	–

	–

	4




	
	70

	30

	–

	–

	6




	
	70

	30

	–

	–

	10






Table 2: The maximum degradation temperature, Tmax, of filled PP/rNRg composites.



	Filler loading (phr)

	Tmax (°C)




	PP/rNRg/OPA

	PP/rNRg/CB

	PP/rNRg/HNT




	0

	465

	465

	465




	2

	471

	478

	469




	4

	477

	479

	479




	10

	478

	484

	482





2.3            Measurement of the Tensile Properties

The tensile test was carried out by following the ASTM D 638 method with an Instron 3366 testing machine. Dumbell tensile specimens with one mm thicknesses were cut from the moulded sheets with a S6/1/6. A Wallace die cutter. The tensile modulus, tensile strength, and elongation at break were measured at a crosshead speed of 5 mm/min at a temperature of 25 ± 3°C.

2.4            Morphological Study

A Leo Supra-35VP field emission scanning electron microscope (FE-SEM) was used to observe the tensile fractured surfaces of the specimens. First, the fractured surfaces of the specimens were sputter-coated with a thin layer of gold to avoid electrostatic charging and poor resolution. Next, the specimens were mounted onto aluminium stubs for examination.


2.5            Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was performed using a Perkin-Elmer Pyris 6 TGA analyser over a temperature range of 30 to 600°C with a heating rate of 10°C/min under a nitrogen flow of 20 ml/min.

3.           RESULTS AND DISCUSSION

3.1            Processability and Torque Development of Filled PP/rNRg Composites

The stabilisation torques of PP/rNRg composites after nine minutes of mixing are shown in Figure 1. Generally, it can be observed that the stabilisation torque value increased with increased filler loading. It is found that the stabilisation torque for the POA-based composite is higher than for the CB- and HNT-based composites, respectively. The POA-based composite shows a lower processability compared to the CB and HNT composites. The major component in POA is silica.7 Therefore, POA tends to agglomerate due to the silanol groups on its surface. Thus, a higher shear force is needed to break down the POA agglomerates. At similar filler loadings, HNT-based composites have higher stabilisation torque values than CB-based composites. This can be attributed to the particle shape of HNTs. The addition of a high aspect ratio can increase both the viscosity and elasticity of the polymer melt.11 HNTs have a large aspect ratio, which results in a higher stabilisation torque value of the HNT-based composite compared to the CB-based composite.8


[image: art]

Figure 1:      Stabilisation torque of PP/rNRg/OPA, PP/rNRg/CB and PP/rNRg/HNTs composite at ninth minute.




3.2            Tensile Properties of Filled PP/rNRg Composites

The effects of different fillers on the tensile strength of PP/rNRg composites are shown in Figure 2. Generally, the incorporation of a filler can improve the tensile strength of a filled PP/rNRg composite. At 2 phr of filler loading, the HNT-based composite shows the highest tensile strength compared to POA and CB composites. As the filler content increased to 4 phr in the composite, the CB-based composite shows the highest tensile strength followed by the POA-based composite. According to Baccaro et al.12, the highest tensile strength when a certain amount of carbon black was used might be due to the filler-polymer network. The mechanism of interaction is based on the physical entrapment of the polymeric chains in the carbon black microstructural defects and superficial porosity. All of the composites show a reduction in the tensile strength when the filler loading exceed 4 phr. The HNT-based composite shows the highest tensile strength at 2 phr of filler loading. Du et al.9 and Liu et al.13 suggested that the higher tensile strength when adding HNTs can be attributed to the good dispersion of the HNTs in the matrix, the geometrical structure of the HNTs and good filler-matrix interaction. HNTs are a unique and ultra-tiny reinforcing material. With only a small amount of HNTs, a large improvement in the matrix properties can occur leading to lightweight composites.14
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Figure 2:      Tensile strength of PP/rNRg composite at different filler loadings.



The results also show that the tensile strength increases as the particle size of the filler decreases. This effect is due to increases in the interfacial area, which can provide more effective interfacial bonds.15 However, this phenomenon would be accompanied by a tendency for increased agglomeration of the particles. At high filler loadings (6 and 10 phr), all of the composites show a reduction in tensile strength, mainly due to agglomeration. This effect is especially significant for composites filled with smaller filler particles. Therefore, the CB and HNT composites show significant drops in their tensile strengths.

The effects of different fillers on the elongation at break of PP/rNRg composites are presented in Figure 3. Generally, POA, CB and HNT fillers decreased the elongation at break of the composites. The elongation at break of the composites is reduced because the fillers tend to restrict the movement of the polymer chains, which causes the polymer chains to have a low mobility to flow. Hence, the flexibility of the composite is decreased. The addition of fillers such as POA, CB and HNTs increased the tensile modulus of the filled composites (see Figure 4). The tensile modulus of the composite is increased due to the restrictive effect imparted by the filler making it difficult for the polymer chains to flow. Hence, the rigidity of the composite is increased. The opposite result in the tensile modulus of the PP/rNRg/HNTs composite compared to the PP/rNRg/CB and PP/rNRg/POA composites is substantiated by its higher ductility and flexibility, which can be seen from Figure 3. It has been elucidated elsewhere16–18 that the elongation at break is an inverse function of the tensile modulus; therefore, the characteristics that improve the modulus also act to reduce the elongation at break.
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Figure 3:      Elongation at break of PP/rNRg composite at different filler loadings.
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Figure 4:      Tensile modulus of PP/rNRg composite at different filler loadings.



It is also observed that the PP/rNRg/HNTs composite showed slightly higher elongation at break than the corresponding PP/rNRg/CB and PP/rNRg/POA composites consecutively. As for the HNT-containing composite, it was elucidated by Yang et al.19 and Pasbakhsh et al.8 that the factors influencing the higher elongation at break in HNTs are mainly due to the good dispersion of the HNTs, the intertubular interaction between the HNTs and the polymer matrix, and the homogeneous dispersion of HNTs inside the polymer matrix. These factors are responsible for improving the ductility of the HNT composite compared to the properties of PP/rNRg/CB and PP/rNRg/POA composites, respectively.

Figure 5 shows the morphologies of PP/rNRg composites filled with 4 phr of POA, CB and HNTs, respectively. Comparing Figures 5a, 5b, and 5c reveals how the roughness and the tortuous path of the fracture surface increased when CB was used instead of HNTs or POA. A difference in the matrix tearing lines with a uniform pattern (see Figure 5b) indicated the occurrence of failure in a more difficult manner and resulted in a high tensile strength. The intermediate tensile strength of HNT-filled PP/rNRg composites also corresponds to the SEM observed. Good dispersion of the HNT-filled composite is clearer than in the composite containing POA. The SEM results for the tensile fractured surfaces were in good agreement with the results obtained by Nabil et al.16, who reported that an increase in energy was responsible for the roughness and the matrix tearing line of the fractured surface.



[image: art]

Figure 5:      Micrographs of SEM show morphology of PP/rNRg composites filled with 4 phr OPA (a), CB (b) and HNTs (c) respectively (1500× magnifications).



3.3            Thermogravimetric Analysis of Filled PP/rNRg Composites

Table 2 depicts the maximum degradation temperature, Tmax, of the PP/rNRg composites. It is found that the maximum degradation temperature increased with increasing filler contents. This effect shows that all fillers can function as effective flame-retardant agents. As for POA and HNTs, it can be seen in the materials section that these two fillers are composed of mostly inorganic material. This characteristic can help to improve the thermal stability of the polymer. The improvement of the thermal stability when CB is used is mainly due to the high surface area, structure and surface chemistry. Donnet, Bansal and Wang20 reported that these three factors are the main reasons leading to the improved thermal stability of the CB-containing composite. All fillers show outstanding properties for improving the thermal stability and flame retardant effects of the composites. The main factor contributing to the improvement of the thermal stability is the barrier effect of the fillers.6,21–24 The mass transport of degradation product is delayed. Thus, the POA, CB and HNT fillers are expected to be the promising thermal insulation fillers for the composites.

4.           CONCLUSIONS

The effects of POA, CB and HNTs on the processability, tensile properties and thermal stability of PP/rNRg composites were comparatively studied. In terms of the processability, the POA-based composites showed the lowest processability. The HNT-based composite has a better reinforcement effect compared to those containing POA and CB. At higher filler loadings (6 phr and 10 phr), the tensile strengths of all of the composites decreased. All fillers reduced the elongation at break but increased the modulus of the PP/rNRg composites. The TGA results showed that POA, CB and HNTs were effective thermal-retardant agents for PP/rNRg composites.
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