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ABSTRACT: A combination of two drugs involving flurbiprofen (FLB) and triclosan (TCS) has been found to be potential treatment candidates against periodontal disease. In the present study, a new, simple, reliable and stability-indicating high performance liquid chromatography (HPLC) method for the simultaneous determination of FLB and TCS in the dental nanogel (NGs) formulation has been introduced. The chromatographic fractionation was accomplished with Agilent ZORBAX SB-C18 column (5 µm, 4.6 × 250 mm), using a mixture of acetonitrile and 8×10−4 mol l−1 citric acid, pH 3.26 (90:10, v/v) as a mobile phase, under isocratic elution mode with a flow rate of 0.3 ml min–1. The UV detection was set at 242 nm. The method was validated according to ICH guidelines. Results indicated excellent linearity with a correlation coefficient of 0.999 and 1 for FLB and TCS, respectively. The retention time (tR) was found to be 10.11 ± 0.03 and 12.55 ± 0.02 min for FLB and TCS, respectively. Extensive stress degradation studies of acidic/alkaline hydrolysis, oxidative, photolytic and heat degradation demonstrated good specificity and stability-indicating power of the method. The method was found to be simple, specific and could be employed for the simultaneous determination of FLB and TCS in dental formulations and for routine quality control evaluations.
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1.           INTRODUCTION

Modern medicine is gradually changing its approach with an increased focus on drug combination therapy in recent years. Many clinicians and other health practitioners are now suggesting combination therapy for a lot of disorders because of its ability to achieve synergistic therapeutic effects, hit multiple targets, decrease toxicity, minimise drug resistance, and improve the therapeutic profile.1 Dentistry is not left out in this pace of development as there are various drug combination therapies that have proved promising for the treatment of dental diseases.2,3 Advances in nanotechnology-based delivery systems such as nanoparticles (NPs) and nanogels (NGs) have enabled more efficient delivery of a myriad of drugs to the desired site of action.3 A suitable formulation of FLB (analgesic, anti-inflammatory) and TCS (broad-spectrum antimicrobial) combination would be highly desirable for periodontal therapy, owing to the therapeutic efficacy of the drugs.

Although there are reported methods for the estimation of FLB and TCS in their separate forms, a suitable validated stability indicating analytical method for the simultaneous quantification of these drugs is still lacking.4,5 Thus, this study was undertaken to develop and validate a stability-indicating high performance liquid chromatography-ultraviolet (HPLC-UV) method for the simultaneous determination of FLB and TCS in NG formulations.

2.           EXPERIMENTAL

2.1           Materials

FLB was purchased from FDC Ltd., India. TCS was purchased from Bio Basic Canada Inc., Canada. Poly-ϵ-caprolactone (PCL), Chitosan and Kolliphor® P188 were from Sigma-Aldrich, USA. AR grade hydrochloric acid (HCl), hydrogen peroxide (H2O2) and acetone were purchased from QReC® Asia (Malaysia). Citric acid anhydrous and sodium hydroxide (NaOH) pellets were from R&M, UK. HPLC grade acetonitrile and methanol was from Merck (Germany). Water was produced in-house by the Favorit W4L water system (Genristo Ltd. UK).

2.2           HPLC Apparatus

A Shimadzu (Japan) HPLC system (LC-20AD) was used for the analysis. An Agilent ZORBAX SB-C18 column (5 µm, 4.6 × 250 mm) (USA) was used for the chromatographic separations. The column temperature was set at 30°C. Ten µl injection volumes of calibration standard solutions/test samples were analysed without further dilution, under an isocratic elution mode.


2.3           Preparation of Standard Solutions and Standard Calibration Curves

To prepare the stock standard solution, 30 mg and 20 mg of FLB and TCS, respectively, were weighed and dissolved in 100 ml of methanol to produce a 300 µg ml−1 of FLB and 200 µg ml−1 of TCS solution. From this solution, different concentration levels were prepared using methanol as a diluting solvent, to obtain working calibration solutions of FLB and TCS in the ranges of 15–240 µg ml−1 and 10–160 µg ml–1, respectively. Each solution was injected in six replicates into the HPLC system. The peak areas were plotted against the corresponding concentrations to yield the standard calibration curves of FLB and TCS.

2.4           Preparation of the NGs Formulation Sample

NGs were prepared using a three-stage procedure. Firstly, TCS-loaded NPs were prepared according to our reported method.6 Secondly, 3% of FLB loaded chitosan hydrogel was prepared according to a published method.2 The NGs was prepared by entwinement of TCS-loaded NPs into the FLB-loaded hydrogel solution. Similarly, blank NGs were prepared without any FLB and TCS content. The real test samples were prepared by treating an amount of the NGs in methanol to yield a supernatant (originated after centrifugation) with a final concentration of 75 µg ml−1 and 50 µg ml−1 of FLB and TCS, respectively. Similarly, an unloaded NG sample was prepared.

2.5           Stress Degradation Studies

The stock standard solution for stress studies was prepared by dissolving an amount of FLB and TCS in methanol to correspond with concentrations of 1200 µg ml−1 of FLB and 800 µg m−1 of TCS. The stock test solution was prepared as described in Section 2.4 but with tenfold concentrations. The stress degradation studies were conducted on the standard and test samples as described in the reported method, but with differences in the strengths of HCl, NaOH and H2O2.7 In the proposed method, 2 M HCl, 2 M NaOH and 30% H2O2 solutions were used as degradation factors, and 10 µl of the sample solutions were filtered (0.45 µm syringe filters) and injected into the HPLC system.

2.6           Method Validation

The proposed HPLC method was validated according to ICH guidelines and the validation characteristics such as system suitability, linearity, range, accuracy, precision, specificity, limit of detection (LOD) and limit of quantification (LOQ) were assessed.8 The linearity of the calibration graph was demonstrated by preparing eight different concentrations of standard solutions over a range of 15–300 µg ml−1 and 10–200 µg ml−1 for FLB and TCS, respectively. For the assessment of accuracy and precision, three QC samples of FLB and TCS were prepared from the standard stock solution. The accuracy was established by the recovery of the FLB and TCS from the three QC samples (37.5, 75 and 112.5 µg ml−1 of FLB and 25, 50 and 75 µg ml−1 of TCS, respectively) and NGs formulation. Intra-day and inter-day precision were determined by repeated injections (n = 6) of the quality control (QC) samples within the same day and on six consecutive different days. System suitability testing was carried out by injecting 10 replicates of the standard and test sample solutions. To demonstrate specificity, chromatograms of FLB and TCS of standard solutions were compared with chromatograms of methanol, mobile phase and the test solutions with and without the analytes. The specificity was further confirmed by stress degradation studies. The LOD and LOQ were determined based on the signal-to-noise ratio of 3 and 10, respectively.

3.           RESULTS AND DISCUSSION

3.1           Method Development and Validation

Selection of mobile phase involved testing various mobile phase solvents (methanol, acetonitrile, citric acid, citrate buffer and distilled water) at different combination ratios. Following several experimental trials, FLB and TCS were successfully separated with the solvent combination of acetonitrile, i.e., 8 × 10−4 mol l−1 citric acid (pH 3.26), ratio 90:10, v/v under isocratic condition. The optimum flow rate was 0.3 ml min−1. The chosen optimum wavelength was 242 nm which provided the best sensitivity for both the analytes. The HPLC chromatogram under optimal conditions is depicted in Figure 1(c). The tR for FLB and TCS were around 10.11 min and 12.55 min, respectively. The validation results are summarised in Table 1. Excellent linearity was achieved for both calibration curves. Accuracy and precision were calculated as percentage (%) recovery and percentage RSD of the NGs and QC sample solutions, and the results indicated satisfactory recoveries for both drugs. The specificity of the method was adequate as there was no interference (Figure 1). The LOD found for both analytes is much lower than that of the reported method for FLB (0.03 µg ml−1), and TCS (2 µg ml−1).4,5

3.2           Stress Degradation Studies

No substantial degradation observed (data not shown), except in the acid hydrolysis study which revealed a significant degradation (60%) of FLB in 2 M HCl atmosphere after 24 h exposure. Contrarily, potentiation effect was observed for TCS when it was subjected to acid stress for 24 h, with more than 300% increase. The exact mechanism of this synergy should be investigated in future.

4.           CONCLUSION

A novel, simple, specific and stability-indicating HPLC method for the simultaneous quantification of FLB and TCS was developed and validated. The analytes were extracted from the nanogel formulation and quantified without any interference from the excipient constituents or impurities. The stress degradation studies revealed that 2 M HCl exerts an antagonistic effect on FLB but on the contrary, a pronounced synergistic effect with TCS. The method could be employed in the simultaneous determination of FLB and TCS in dental formulations.


Table  1:    The proposed method validation results.



	Parameter

	Flurbiprofen

	Triclosan

	Acceptable limits8,9




	System suitability (n = 10)
	
	
	



	tR (±SD)
	10.11 (0.03)
	12.55 (0.02)
	–



	Tailing factor (±SD)
	1.45 (0.07)
	0.98 (0.03)
	≤ 2



	Number of theoretical plates (±SD)
	8160 (592)
	4575 (238)
	> 2000



	Resolution (±SD)
	2.50 (0.13)
	3.97 (0.30)
	> 2



	Injection repeatability (% RSD)
	0.14
	0.09
	≤ 1%



	Linearity and range
	
	
	



	Regression equation
	y = (149431) x + (−118634)
	y = (67450.0) x + (59777.6)
	–



	R2
	0.9991
	1
	> 0.999



	Ranges (µg ml−1)
	15−300
	10−200
	–



	Accuracy
	
	
	



	Average recovery (%)
	97.93a, 103.18b96.07a, 99.28b
	100 ± 2%



	Average R.E. (%)
	−2.07a, 3.18b
	−3.93a, −0.72b
	± 2%



	Average RSD (%)
	0.32a, 0.25b
	0.18a, 0.66b
	–



	Precision
	
	
	



	Intra-day precision(% RSD)
	0.41
	0.75
	≤ 2%



	Inter-day precision(% RSD)
	1.32
	0.98
	≤ 2%



	LOD (µg ml−1) (% RSD)
	0.01
	0.02
	–



	LOQ (µg ml−1) (% RSD)
	0.03
	0.06
	–




Notes: R.E. = Relative error; a nanogel formulation (n = 6); b QC samples at three concentration levels (n = 6)
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Figure 1:      Chromatograms of loaded NGs formulation (a); unloaded NGs formulation (b); standard solution (c); methanol (d) and mobile phase (e) of the proposed method.
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ABSTRACT: Polyaniline (PAni) is one of the versatile conducting polymers due to inexpensive monomer, environmental benign, high conductivity and easy preparation. In this study, PAni was doped by dioctyl sulfosuccinate sodium (AOT) to enhance the processability of PAni in gas sensor detection. PAni/AOT was synthesised via in-situ polymerisation at 0°C for 24 h in the presence of potassium peroxydisulfate (KPS). The characterisations were done by Fourier transform infrared (FTIR) and ultraviolet-visible (UV-Vis). FTIR spectra depict the main characteristic peaks of PAni/AOT at 1550 cm−1 and 1455 cm−1 which indicates quinoid and benzoid units, respectively. The presence of AOT dopant was confirmed by observing the peak at 1731 cm−1. UV-Vis spectra further confirmed the PAni/AOT is in the doped state by exhibiting a characteristic peak at ~800 nm. Sensor performance of PAni/AOT film was studied in terms of selectivity, long term stability and method validation. It was found that, PAni/AOT exhibited stability up to 1 week. Besides that, PAni/AOT film also exhibited good selectivity for NH3 in the presence of common interfering species such as hexane, diethyl ether and acetone gas. In conclusion, PAni/AOT was successfully prepared for NH3 detection. The limit of detection of PAni/AOT was ~11ppm.

Keywords: Conducting polymer, semiconductor, potassium persulphate, sensor, toxic gas


1.           INTRODUCTION

Ammonia (NH3) has been identified as a toxic compound with its atmospheric threshold value of 25 ppm.1 It can cause irritation when inhaled or contacted on skin and eyes. At high concentration, it can cause temporary blindness and severe injury to mucous membrane.2 Conducting polymer is a material that exhibits the characteristic of a metal while preserving the characteristic of a polymer. Conductive polymer has been recently used as one of the effective sensor. Amongst all of the conductive polymers, polyaniline (PAni) is one of the most promising polymer to be cultivated in gas sensor study. PAni can exhibit various oxidation state such as emeraldine salt, emeraldine base, pernigraniline and leucomeraldine. Interaction of NH3 with PAni can alternate the properties of PAni in term of its oxidation state. A study on PAni/ESP blend has shown to have successful application on NH3 sensing.3 This is due to its stability, low cost and ease of synthesis.2 However, the PAni has low mechanical strength and processing ability that hinders its performance as a gas sensor.4 Therefore, in order to improve its processability, doping of PAni with suitable surfactant is commonly used. Up to date, various surfactants have been utilised such as camphorsulfonic acid (CSA), sodium dodecyl sulfate (SDS) and dodecylbenzenesulphonic acid (DBSA).2

The objective of this study is to manipulate PAni/AOT as a conducting polymer which will be applied as an NH3 sensor. The PAni will be synthesised by using chemical oxidation method and doped with dioctyl sulfosuccinate sodium (AOT). The characterisation of PAni/AOT was analysed using ultraviolet-visible (UV-Vis) and Fourier transform infrared (FTIR).The PAni/AOT sensor performance was evaluated using multimeter.

2.           EXPERIMENTAL

2.1           Material

Aniline (Ani) was purchased from Merck. Ammonia (NH3) and potassium peroxudisulfate (KPS) were purchased from QReC and HmbG, respectively. Hydrochloric acid (HCl) and toluene were purchased from R&M Chemical. AOT was provided by University of Malaya, Malaysia. Toluene was used as solvent for PAni/AOT. Distilled water was used throughout this experiment.

2.2           Synthesis of PAni/AOT Film

The synthesis was done at 0°C for 24 h using an in-situ polymerisation technique. An amount of 7 mmol of AOT was dissolved in 1 M of HCl and stirred for 1 h.


An amount of 5 mmol of Ani was then added dropwise and stirred for 1 h. After that, 5 mmol of pre-cooled KPS was added dropwise for 1 h. The mixture was left stirred for 24 h to allow polymerisation. After 24 h, the PAni precipitate was filtered and washed several times using distilled water. The PAni precipitate was dissolved in toluene.2 The solution was casted on a glass slide using spin coating technique. The spin-coated PAni film was used as a gas sensor in NH3 detection.

2.3           Characterisation of PAni/AOT

PAni/AOT film was characterised by using FTIR Perkin Elmer model FTIR spectrum 100 spectrometer in the range of 650–4000 cm−1 and PG instrument T80/T80+ ultraviolet-visible (UV-Vis) in the range of 300–900 nm.

2.4           Sensor Performances of PAni/AOT Film

The sensitivity of PAni/AOT film was calculated using equation %S = [(Rf-Ri)/Ri] × 100% where, Ri = intial resistance and Rf = final resistance.5 The long term stability was studied by performing sensitivity test of the PAni film each day for up to 1 week.2 The sensitivity of sensor was observed by using multimeter. The selectivity study was done by exposure of PAni/AOT film with other gases such as acetone, diethyl ether and hexane.5

3.           RESULTS AND DISCUSSION

3.1           Characterisation of PAni/AOT Film

The characterisation for PAni/AOT was done by FTIR and UV-Vis spectrometers. Figure 1 depicts FTIR spectrum of PAni/AOT that recorded in the range of 650–4000 cm−1. The bands at 1235 cm−1 and 1290 cm−1 were attributed to the C-N+ stretching vibration of polaron structure and delocalisation of π electrons along the PAni backbone, respectively.2 The presence of emeraldine salt state of PAni/AOT was confirmed by the bands at 1455 cm−1 and 1550 cm−1 that corresponds to the stretching vibration of C=N and C=C at the quinoid site and stretching vibration of C-C benzenoids in the PAni structure.4 The AOT dopant structure confirmed by C=O and S=O symmetry at 1731 cm−1 and 1178 cm−1, respectively.2 The band at 3238 cm−1 and 3158 cm−1 attributed to C-H and N-H at PAni backbone.4 The O-H arises at 3448 cm−1 due to impurities.

Figure 2 shows UV-Vis absorption spectrum of PAni/AOT in the range of 300–900 nm. The spectrum exhibits three distinctive peaks at ~360 nm, ~420 nm and ~790 nm. The peak at ~360 nm indicates the π-π* conjugation of benzenoid structure. The shoulder peak at ~420 nm attributed to the polaronic character while the peak at ~790 nm contributes to the π-polaron that showed the doped state of quinoid cation.2,4 Thus, FTIR and UV-Vis spectra confirms the PAni/AOT present in the conducting state which is better known as emeraldine salt.
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Figure 1:      FTIR spectrum of PAni/AOT.
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Figure 2:      UV-Vis spectra of PAni/AOT.




3.2           Sensor Performances

3.2.1         Selectivity of PAni/AOT film

The selectivity study was conducted by testing the PAni/AOT sensor in different target gases such as NH3, acetone, diethyl ether and hexane at similar concentration. The PAni/AOT sensor showed high selectivity toward NH3 as shown in Figure 3 compare to other gases. Based on the hydrophilic nature of PAni/AOT, the higher the polarity of vapour gas, the higher the interaction of PAni/AOT chains with vapour gases.6 PAni/AOT is more selective toward NH3 due to the interaction of PAni/AOT with NH3 is ion-dipole while interaction of PAni/AOT with other gases are dipole-induced dipole interaction. Dipole-induced dipole interaction is weaker compared to ion-dipole interaction.5
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Figure 3:      The selectivity of PAni/AOT film towards different vapor gases.



3.2.2         Long-term stability study of PAni/AOT film

The long-term stability study of PAni/AOT film in NH3 was studied for one week and shown in Figure 4. PAni/AOT shows good sensor response (> 90%S) for 1 week.5 However, the PAni/AOT’s sensor sensitivity decreases after one week due to humidity.7 Figure 4 also displays that PAni/AOT can be reused up to 7 days. The improper storage of PAni/AOT film would lead to an interaction with ambient air that causes degradation of the film as well.7

3.2.3         Method validation

Figure 5 shows calibration plot of sensitivity against different concentrations of ammonia. The linear line segment has linear equation of y = 5.2743x − 186.4 with correlation coefficient of 0.9812. Limit of detection (LOD) was calculated by using STYEX method.8 The LOD was calculated using Equation 1:
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The LOD obtained for PAni/AOT was ~11 ppm. The LOD of PAni/AOT was reliable because it is lower compared to NH3 threshold value. Besides, PAni/AOT film shows high sensitivity compared to reported articles and lower than the threshold value of NH3.9,10 Moreover, PAni/AOT was easy to synthesise, inexpensive and easy to setup.
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Figure 4:      Long-term stability of PAni/AOT film.
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Figure 5:      Calibration plot of PAni/AOT film.



4.           CONCLUSION

As a conclusion, the PAni/AOT was successfully synthesised and applied effectively in NH3 detection. The PAni/AOT film exhibited good sensor performances in terms of long term stability and selectivity. Besides, PAni/AOT film also reported good LOD of ~11 ppm in comparison with other PAni sensors in the literature. Therefore, it has been proven that the use of AOT as a surfactant to improve the processability of PAni in sensor application is most welcomed and future studies will be directed towards comparing PAni/AOT with other PAni/surfactants.
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ABSTRACT: Polymorphism is the ability of a compound to form more than one crystalline form in the solid state. Compounds having this ability would display different stabilities for different forms, hence affecting its applicability. Symmetrically substituted thiourea derivatives have been shown to be polymorphic due to the flexibility of the C–N bond. One of this type of compounds, known as 1,3-bis(1-(4-methylphenyl)ethyl)thiourea, is studied on its stabilities and ability to exist in different forms. Since the molecule of this compound was experimentally found to exist in trans-trans configuration, the stability of the cis-trans and cis-cis configurations are assessed using theoretical calculations. Rotations along the C–N bonds are performed using Gaussian 09 suite program. Level of method B3LYP, complemented by basis set DEF2-TZVP, is used. The stability of the molecules in different configurations is then studied in terms of its interactions using reduced density gradient. Apart from the original trans-trans configuration, with the difference of 0.024 eV, cis-trans configuration are also possible to exist. Next possible configuration is cis-cis with relative energy 1.8412 eV. Both the non-covalent CH…HN and CH…S interactions are found to provide stabilising effect in the cis-trans and trans-trans configurations.

Keywords: Polymorphism, thiourea derivatives, density functional theory, topology analysis, non-covalent interactions.

1.           INTRODUCTION

Polymorphism is a phenomenon where a compound can exist in different configurations. Its unexpected and unavoided occurrences gained interest from various industries.1 Since different forms lead to different properties, the different forms would affect their roles in industries.2 In this report, the focus is on 1,3-bis(1-(4-methylphenyl)ethyl)thiourea, C19H24N2S1 which is a thiourea derivatives compound known as HAMFIL with ((methylphenyl)ethyl) group attached at the terminal two N atoms.3 The HAMFIL is like other thiourea derivatives, exhibiting potent inhibiting characteristics that will prevent a particular chemical reaction, or reduce the activity of a particular reactant or catalyst. HAMFIL exists with total symmetry with respect to its substituents where the bond, angle and torsion angle are the same for both sides of the molecule, as shown in Figure 1. The stabilities and ability to exist in different forms of groups are studied. The stability of the cis-trans and cis-cis configuration are assessed using theoretical calculations.
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Figure 1:      Molecular structure of HAMFIL and its bond lengths and angles. Only certain parameter included to indicate the total symmetry of both substituents of HAMFIL. Bond lengths are in Å and angles in °.



The reduced density gradient (RDG) is used in this study to show the non-covalent interactions (NCI) in compound. NCI was used to study the stability of the polymorph and interaction in complexes.4,5 The RDG, s is defined as:
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where ∇ρ is the gradient of the electron density. Since s is dependent on |∇ρ|/ρ4/3, a plot of s vs |∇ρ|/ρ4/3 enables the identification of weak interaction in the molecular system. The ρ(r)4/3 term approaches zero with higher decay rate compared to ∇ρ. s will be high when further from the nuclei and approaches small value when closer to the nuclei.

2.           EXPERIMENTAL

HAMFIL originally existed in trans-trans configuration as shown in Figure 2. Trans is configuration when hydrogen is opposite to the sulphur in the thiourea moiety. Rotation at one side of thiourea is labelled as side A while another one as side B. For dimer calculations, side of each molecules are labelled as in Figure 2. For this research, all combinations are considered and labelled as combination of AC, AD, BC and BD. For cis-cis configuration, both substituents of both molecules are rotated to cis configuration.

Single point calculations are carried out on the different configurations of the systems of interest, either single molecule or dimer. The dimer system, together with the rotations on the substituents, is shown in Figure 2.
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Figure 2:      The structure of the dimer of HAMFIL with sides labelled as A, B, C and D.



The calculations are performed using the Gaussian 09 software at the B3LYP with the DEF2-TZVP basis set. The correctional scheme of D3-BJ and gCP are included in this study. The total energy is then given as:

[image: art]

where ESCF is self-consistent field energy, ED3-BJ is dispersion correction and EgCP is counterpoise correction. The total energy of different configurations are compared to the one from the trans-trans configuration.

The NCI of different configuration are performed using the Multiwfn. The results are shown through the visual molecular dynamics (VMD). NCI-RDG isosurface of a compound is coloured according to the corresponding values of sign(λ2)ρ (shown in Figure 3). It is an indicator of the strength of interactions. For this study, we are using the Blue-Green-Red (BGR) scheme where blue indicates bonding interaction, green of vdW and red indicates non-bonding interactions. The cutoff used for the RDG, s(r), is 0.3 au and the colour scale is –0.04 < ρ < 0.01.
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Figure 3:      Colour range (–0.04 < sign(λ2)ρ < 0.02 au) of the non-covalent interactions.



3.           RESULTS AND DISCUSSION

Table 1 shows that for the 1-molecule system, the cis-trans configuration is more stable than the original configuration of trans-trans, as the relative energy is negative. Since it is a symmetric molecule, rotation for both side (side A and B) of the molecule produced the same relative energy of –0.0243 eV. The cis-cis configuration is less stable with a relative energy of 1.8412 eV. In this configuration, the small distance between the two hydrogens of CH(side A)…HC(side B) has a distance of 0.9548 Å, and creates a pseudo 7-membered ring. The ring produces repulsion at the centre of the ring, and lowered the stability of the whole system. Graphical explanation will be given later in the discussion of NCI plot.

In the case of dimer, Table 1 also shows that the cis-trans configuration is more stable with relative energy of –0.0298 eV for BC configuration. In the BC configuration, the first and second molecules have the B and C sides rotated to the cis configuration, while keeping A and D sides fixed. Cis-trans configurations of AC, AD and BD are less stable compared to the trans-trans configuration, since they have higher positive relative energy than the one in trans-trans configuration. Higher relative energy shows that compound have less favourable intermolecular interaction compare to the trans-trans configuration.6 Cis-cis configuration also shows similar condition where the relative energy higher than trans-trans configuration with 5.8879 eV. Hence energetically, while cis-trans is shown to be able to exist, cis-cis is not a preferable configuration for HAMFIL.


Table  1:    The relative energy from different configuration of HAMFIL. The capital letters for the cis-trans configuration of dimer are explained in the text.



	
	
	Relative energy (eV)

	



	System
	Trans-trans

	Cis-trans

	Cis-cis




	1-Molecule
	0.000

	–0.0243

	1.8412




	Dimer
	0.000

	0.1040 (AC)

	0.2574 (AD)

	–0.0298 (BC)

	0.1413 (BD)

	5.8879






The NCI plot of the trans-trans configuration shows similar isosurfaces on both of its substituents (Figure 4(a)) due to the compound having total symmetrical substituents. The dual colour isosurface of green-red at CH…HC and CH…HN interactions are from the combination of the van der Waals (vdW) and steric repulsion interactions of the atoms.5,7 Less steric repulsion exists at the green-yellow isosurface of CH…S interaction is due to increment in their distance to 3.2546 Å, compare to the green-red isosurface (2.6513 Å). The red-bullet shapes, common in the ring compound, is due to high steric repulsion.5

The NCI surfaces for cis-trans configuration are similar either rotation of side A or B. Thus, only one rotation’s side are shown in Figure 4(b). This can be attributed to the total symmetry of the side substituents. Comparing the NCI plots for cis-trans and trans-trans configurations, isosurfaces for both configurations are similar. However, the CH…S interaction in trans configuration is replaced with the CH…HN interaction in the cis configuration. The difference in NCI plot shows that the energy difference between these configurations are affected by the different interaction of CH…S and CH…HN. It also shows that the CH…HN has stronger interaction compared to the CH…S interaction. This is due to the shorter distance of the former (1.829 Å) than the latter (2.651 Å).

For cis-cis configuration (Figure 4 (c)), the red-bullet isosurface is visual at the H–C…C–H ring closure replacing the CH…S interaction in trans-trans configuration. Red-bullet isosurface appears in ring-like interactions due to density overlap in the central part of the ring closure.5 This indicates that the lesser stability of cis-cis configuration is due to the existence of the repulsive interaction at this ring closure.
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Figure 4:      The NCI plot of the 1-molecule HAMFIL in (a) trans-trans, (b) cis-trans and (c) cis-cis configurations.



For the trans-trans configuration of dimer system (Figure 5(a)), NCI isosurfaces of the individual molecules are similar to the 1-molecule system. The CH…S, CH…HN and CH…HC interactions of the first and second molecules have similar NCI isosurfaces at the specific places. Based on this observation, the difference in energies can be said to have been resulted from the interaction between the molecules in the case of dimer. The vdW interaction is shown exist between the substituents.


For cis-trans configuration, similar NCI isosurfaces appear intramolecularly (Figure 5(b), (c) and (d)). However, the vdW interaction between molecules exists in different strengths can be ranked as BC > AC > BD > AD. The strengths are similar compared to the relative energy results. AD is not shown here due to having only slight vdW isosurfaces. Thus, the interaction between molecules affects the stability of dimer compound. For most energetically stable configuration which is cis-trans BC, the rotation of the substituent does not affect the vdW interactions from trans-trans configuration. However, from the changes of CH…S to CH…HN interaction, cis-trans became more stable than trans-trans configuration. The cis-cis configuration had been discussed previously to have highest relative energy. Red-bullet isosurfaces existed in the cis-cis configuration of 1-molecule system, still appeared at the CH…HC pseudo-ring for the dimer, and indicates that the repulsion is due to the ring closure repulsive interactions. As discussed previously, the vdW interaction had shown to affect the stability of the compound. However, only slight vdW interaction is visual due to less interaction between molecules.
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Figure 5:      The NCI plot for (a) trans-trans and cis-trans configurations of different substituent couple (b) AC, (c) BC and (d) BD. The red circle on green isosurfaces indicate the van der Waals interaction between molecules.




4.           CONCLUSION

The probability of HAMFIL to be a polymorphic compound is studied in this work. The molecules of HAMFIL are rotated along C–N bond from trans-trans configuration to cis-trans and cis-cis configurations. The energy analysis results show that the molecules are capable to exist in the cis-trans configuration. Calculations are repeated for a dimer system which results with the same conclusion. NCI isosurface also shows that cis-trans more stable with CH…HN interactions compared to CH…S interaction in trans-trans.
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ABSTRACT: In this work, Bi1.6Pb0.4Sr2Ca2Cu3Oy thin films have been fabricated by pulsed laser deposition (PLD) onto substrate of MgO single crystal. Bi(Pb)SrCaCuO thin films with different deposition times were annealed at different annealing temperature. Zero resistances of thin films were registered in the range of 30−68 K after annealing treatment and strongly dependent on the annealed temperature. From scanning electron microscope (SEM) pictures, it is observed that annealing temperature have a pronounced influence on the particle structure. Energy dispersive X-ray (EDX) analyses show the presence of elements Bi, Pb, Sr, Ca and Cu and suggest a strong loss of the Pb component in all annealed thin films. All measurements indicate that the films were mainly dominated by the 2212 phase and results showed that superconducting transitions are affected by the annealing treatment temperature and it can be an effective method to change the oxygen in the Bi(Pb)SrCaCuO system and vary its superconducting properties.

Keywords: Bi(Pb)SrCaCuO superconductor, pulsed laser deposition, 2212 phase, annealing treatment, elemental composition


1.           INTRODUCTION

Studies of superconducting Bi(Pb)SrCaCuO (BSCCO) in a form of thin film are stimulated by the possibilities of the thin film’s utilisation of high-current devices such as Superconducting Quantum Interference Devices (SQUIDS) and Josephson junctions.1–3 Several techniques for producing high quality thin films have been investigated for devices.4,5 The parameters such as vacuum condition, target distance, mechanical setups, laser parameters, deposition temperature and substrate options can be controlled and the pulsed laser deposition (PLD) is an extremely versatile technique for preparing a wide range of thin films and multi-layered structures for any kind of materials by using appropriate lasers.6–9 Its advantages include flexibility, fast response and congruent evaporation of energetic evaporates, and it has a cost advantage over many other vacuum techniques.5 The precursor powder, the mechanical processing parameters and the application of post-annealing heat treatment with oxygen strategy are important factors that affects directly the superconducting properties of final thin films.10–12 To achieve the best results in electrical properties, it is necessary to optimise several variables such as the starting powder composition and its phase distribution. In this work, we report the effect of annealing treatment and elemental composition on Bi(Pb)SrCaCuO thin films deposited on magnesium oxide, MgO (100) single crystal substrates by PLD.

2.           EXPERIMENTAL

2.1           Materials and Preparation

The Bi1.6Pb0.4Sr2Ca2Cu3Oy compound samples were synthesised by using the solid-state reaction technique using.11 The starting chemical powders of bismuth oxide (Bi2O3), strontium carbonate (SrCO3), calcium carbonate (CaCO3), plumbum oxide (PbO) and copper oxide (CuO) with high purity (99.9%) from Sigma-Aldrich were used in this work. The powders were mixed in mortar and ground with pestle for ~1 h in order to homogenise the mixtures. The mixtures were calcined at 800°C for 24 h in the tube furnace to drive off carbon dioxide (CO2). After a slow cooling process in the tube furnace, the calcined powders were ground again in acetone with a pestle and mortar for ~1 h. To obtain a more homogenous mixture, second calcination step were performed at temperature of 830°C for 14 h. After a slow cooling to room temperature, the samples were reground again and pressed into 2.54 cm diameter pellets under a pressure of about 60 kN cm−2 . The pellets were final sintered (2°C min−1) at 850°C for 150 h and again slowly cooled around 1°C min−1 in the tube furnace with open atmosphere.


2.2           PLD System

In this work, Handy YAG (neodymium-doped yttrium aluminium garnet; Nd:Y3Al5O12) Lasers (model: HYL 101 E) has been used. It is a high power class 4 solid state (ND: YAG) Q-switched pulsed laser and green laser (532 nm wavelength) has been used to ablate the films. The substrate must be unreactive in the oxygen-rich ambient and thermal expansion match. Magnesium oxide (MgO) single crystal had been chosen in this work and 50 cm focal length lens is used to focus the laser beam to the target. The distance between the substrate and the target is always maintained in 5 cm. Edwards turbo molecular pumps (model: EXT70/NW40) which support by a Edwards rotary pumps (model: E2M8) have been used as the vacuum system.


Table  1:    Experimental parameters of samples fabrication for PLD system.



	Laser power (ND-YAG laser)

	2 Watt




	Substrate
	MgO single crystal (100)



	Substrate temperature
	500°C



	Background chamber pressure
	1 × 10−4 mbar



	Oxygen atmosphere pressure during deposition
	2 × 10−3 mbar




The properties of superconductivity are very sensitive to the heat treatment parameter and the superconductivity phases are formed in a narrow temperature range, just below the melting point. All the thin films of Bi(Pb)SrCaCuO, undergone for heat treatment using tube furnace in oxygen flow (99% purity) for 2 h under different temperature (850°C, 860°C, 870°C, 880°C) with the heating rate of 3°C min−1 and cooling rate of 2°C min−1 to complete the oxidation. The samples were submitted to the four-probe standard test for the critical temperature and microstructure was evaluated by scanning electron microscopy, SEM (model Philips XL-30) and the element composition of the sample were analysed by using a Philips energy dispersive X-ray (EDX) analyser model PV99.

3.           RESULTS AND DISCUSSION

Figure 1 shows the X-ray diffraction patterns, measurement using a CuKα (0.15418 nm) source, for as deposited and thin films annealed at 850°C, 860°C, 870°C and 880°C. “O” symbol refers to absorption edges in MgO. XRD results reveal that the samples were grown with Bi-2201, Bi-2212 and Bi-2223 phases.1 An increase of annealed temperature to 870°C and 880°C led to increasing the intensity of low Tc phase (2201 phase). This can be possible with longer annealing process resulting in re-crystallisation. The annealed thin films have a high crystal homogeneity resulting from formation of good oriented grains aligned to the c-axis on MgO (001) surface.9

SEM analysis in Figure 2 showed the annealed thin films with a rough surface. By varying annealing temperature, films showing different kinds of particulates and surface morphology were fabricated. The most prominent types of particulates Bi(Pb)SrCaCuO annealed thin films on MgO are droplets, submicron rod-like features, needles, platelets, irregularly-shaped outgrowths and big target fragments. From SEM pictures, following the processing conditions, it is observed that annealing temperature have a pronounced influence on the particle structure.
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Figure 1:      XRD patterns of as deposited and annealed thin films at 850C, 860°C, 870°C and 880°C.



Percentages of the element in the films annealed at 870°C are shown at EDX analyses in Table 2. The spectrum shows the presence of element of Bi, Pb, Sr, Ca, and Cu and suggest a strong loss of the Pb component in all annealed thin films. Lead (Pb) losses are apparently more dramatic for films since the exposed surface area-to-volume ratio is higher for a thin film.8

Resistance-Temperature (RT) curve was measured using the four point-probe technique and zero resistances were registered in the range of 34–68 K, strongly dependent on the annealed temperature and the best conditions leading to the highest critical temperature corresponding to the range ~870°C. Too low temperature of the annealing treatment gives rise to the growth of semiconducting or insulating layers in addition to incomplete crystallisation of the films, while higher temperatures (close to the melting point of the material) lead to insulating films, mainly owing to the loss of some element.
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Figure 2:      SEM images for Bi1.6Pb0.4Sr2Ca2Cu3Oy deposited 3 h and annealed at (a) 850°C, (b) 860°C, (c) 870°C and (d) 880°C.




Table  2:    The percentage of the element in the thin film annealed at 870°C.



	Materials

	O

	Ca

	Cu

	Sr

	Pb

	Bi




	Spectrum 1

	16.40

	5.99

	13.96

	17.82

	−3.87

	30.99




	Spectrum 2

	30.23

	9.50

	44.74

	13.93

	−0.51

	34.52




	Spectrum 3

	16.19

	6.10

	14.28

	17.18

	−3.98

	36.83
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Figure 3:      Temperature dependence of resistance for all samples annealed at 870°C.



4.           CONCLUSION

Superconducting transitions are affected by the annealing treatment temperature and it can be an effective method to change the oxygen in the Bi(Pb)SrCaCuO system and vary its superconducting properties. Although the superconducting properties of the films described are not as good as those prepared using an excimer laser, they can be improved further by optimising various deposition parameters.
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ABSTRACT: Molecular imprinting technology is becoming a versatile tool for the preparation of tailor-made molecular recognition elements. An innovative electrochemical sensor which enables the recognition of a small pesticide target molecule atrazine based on molecularly imprinted polymer (MIP) is developed. The MIP has been synthesised by using bulk polymerisation method. Further attachment of the polymer onto the graphite felt activated the MIP-electrode for electrochemical sensor. The obtained sensing MIP is highly specific towards newly added atrazine and the recognition can be quantitatively analysed by the variation of the cyclic voltammogram of hybrid MIP-electrode. The developed sensor shows remarkable properties with 1.2 of imprinting factor with binding capacity of 4.06 ± 0.8 mg g−1 of polymer.

Keywords: Molecular imprinted polymer, pesticide, electrochemical, biosensor, pesticide detection

1.           INTRODUCTION

The disposal of pesticide-containing waste is a problem of worldwide concern, with almost every stage of pesticide use involving the formation of waste, which can contain substances that are strictly controlled by regulatory bodies. The presence of large stocks of pesticides that are unusable, either due to the fact that they are banned or have exceeded their self-life, is of great concern especially in developing countries. The geographic distribution of pesticide concentrations generally follows regional patterns in agricultural use and the influence of urban areas, although this relation is stronger for streams than for groundwater. Compared with streams, the occurrence of pesticides in groundwater is more strongly governed by compound properties and hydrogeologic factors that affect transport from land surface to a well.1

An increasing effort is now being put into the environmental monitoring of pesticides that may pose a risk to human and ecosystem health. Earlier techniques used for pesticide detection were chromatographic methods like gas chromatography (GC), high performance liquid chromatography (HPLC) along with mass spectrometry (MS), etc. They were sensitive and reliable.2 The time and expenses involved in classical analytical methods (i.e., sampling, sample preparation, and laboratory analysis) limit the number of samples that can be analysed in environmental surveys. There is a real need for developing fast, easy-to-use, robust, sensitive, cost-effective and field-analytical techniques.3

Detection of pesticides at the levels established by the Environmental Protection Agency (EPA) remains a challenge. Chromatographic methods coupled with selective detectors have been traditionally used for pesticide analysis due to their sensitivity, reliability and efficiency. Nevertheless, they are time consuming and laborious, and require expensive equipment and highly trained technicians. Over the past decade, considerable attention has been given to the development of biosensors for the detection of pesticides as a promising alternative. A biosensor is a self-contained device that integrates an immobilised biological element (e.g., enzyme, DNA probe, antibody) that recognises the analyte (e.g., enzyme sub-strate, complementary DNA, antigen) and a transduction element used to convert the (bio)chemical signal resulting from the interaction of the analyte with the bioreceptor into an electronic one. According to the signal transduction technique, biosensors are classified into electrochemical, optical, piezoelectric and mechanical biosensors.4

The integration of molecular imprinting and electrochemical has produced high selectivity and sensitivity sensor which use molecularly imprinted polymers (MIPs) as specific recognition element for template molecule detection. This hybrid technology may present considerable potential for the development of devices that offer significant advantages compared to the current methodologies. Up to now, these hybrid technologies have been successfully used to detect many different kinds of molecules, including of pharmaceuticals, metabolites, protein and so on. Recently, many kinds of surface-imprinted polymers have been reported.

Several studies have been conducted regarding the detection of atrazine by using molecular imprinted polymers. Pardieu et al. have built an electrochemical sensor for this purpose. The conjugated molecular imprinted conducting polymer (MICP) has been electrochemically synthesised onto a platinum electrode.5 The obtained MICP is highly specific towards newly added atrazine with selectivity of detection between 10−9 mol l−1 to 1.5 × 10−2 mol l−1 and low threshold (10−7 mol l−1). Chen et al. presented the work of imprinted polymers by far-infrared and ultraviolet induced polymerisation.6

This paper presents the study of the prospective of electrochemical sensor for atrazine using a commercial graphite felt electrode hybrid with molecular imprinted polymer. The effect of using different shot of binder, varying the electrolyte concentration and different scan rate are investigated. The results are also compared with those obtained for other electrodes.

2.           EXPERIMENTAL

The protocol for MIP synthesis was modified from Kueseng et al.7 The atrazine-imprinted polymer was prepared by dissolving template (atrazine, Atr) in the porogen (toluene, 0.7 ml) in a 7 ml glass tube. Functional monomer (methacrlic acid, MAA), crosslinker (ethylene glycol dimethacrylate, EGDMA) and initiator (azobisisobutyronitrile: AIBN) were then added to the mixture and purged with nitrogen for 5 min. The tube was sealed and placed in a water bath at 60°C for 20 h. As a control, non-imprinted polymer (NIP) was simultaneously prepared in the same manner but without the addition of the template. The bulk polymer obtained was smashed, ground and dried in a desiccator for 24 h.

The rebinding properties of MIP and NIP for atrazine were studied. An amount of 5 ml of atrazine solution at an initial concentration of 20 ppm was added to 25 mg of polymer (MIP or NIP). The mixture was left for 120 min-adsorption under constant shaking at room temperature (30°C). the amount of atrazine adsorbed by MIP and NIP was determined by HPLC (Agilent Technologies, USA) by injecting 10 µl of each analyte to a C18 analytical column which was controlled at 40°C. Atrazine was quantified at wavelength of 230 nm with an effluent of methanol and water ratio of 55:45 at a flow rate of 0.4 ml min−1. All injections were repeated at least three times and the average value was reported with the standard deviation. The adsorption capacity, Q (mg g−1 of polymer) of atrazine bound to the polymer was calculated by the following equation:
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where C0 and Ct (mg l−1) are the initial and residual atrazine concentrations at time t, respectively. V (l) is the volume of atrazine solution and W (g) stands the mass of MIP and NIP.


The raw graphite felt used in this study defining an open framework with cavities of ca. 100 μm. The graphite felt was first dipped in ethanol to eliminate air bubbles. For prior electrochemistry experiments, the felt was rinsed in deionised water and dried for 12 h. 20% PVC in NMP coated the graphite felt as the binder to the imprinted polymer. The cyclic voltammetric measurements were performed by using VMP3 potentiostat. The electrochemical setup used in this study was based on three electrode system. Calomel Reference Electrode as the reference electrode and Pt Counter Electrode as the counter electrode was chosen in this setup. All the experiments were carried out at range of −2.00 V and 2.00 V versus reference electrode with scanning rate of 50mV s−1. The SEM was conducted at magnification of 1000.

3.           RESULTS AND DISCUSSION

Tailoring of a functional monomer to the template molecules is the most important step in molecular imprinting process. A common used monomer, MAA was tested in the MIPs preparation. MAA displayed the best effectiveness as functional monomer when used to imprinting atrazine because they can form double hydrogen bond with atrazine, which leads to an understanding that a functional monomer is required to have both strong binding and multiple binding capacities.8 The resulting shape of particles was like irregular MIPs aggregates. Through the binding interactions, the adsorption capacity of Atrazine-MIP synthesised in the present work could be dominated by: (1) the shape factor of the recognition cavities that is able to “lock” the target atrazine in position; and (2) the availability of the imprinted specific recognition sites that attracted atrazine.

As the MAA was chosen as the monomer for the preparation of atrazine imprinted polymer, its suitable dosage was pivotal to determine the formation of optimum imprinted sites. Keeping the molar ratio of template:cross-linker (Atr:EGDMA) constant at 1:25, the adsorption profiles of atrazine by MIP and NIP were evaluated at different molarities of MAA, as depicted in Figure 1. The adsorption experiments were triplicated. As indicated by Figure 1, a tremendous decrement of binding capacity was illustrated when the molarity of MAA was altered from 5 to 30. MIP unraveled poor binding at high molarities of MAA, i.e., at 30, the amount of atrazine adsorbed was 2.14 ± 0.36 mg g−1 of MIP. It could be that the higher monomer concentration leads to bulk monolith.9

Moreover, the similar trend of imprinting factor can be observed from Figure 1. As the monomer concentration increased, the imprinting factor is decreased until it reached some point that there is no imprinting at all (IF below than one). The dilute medium can adversely affect the template monomer complexation, shifting its equilibrium towards the uncomplexed forms hence the number of imprinted binding sites might significantly decrease. The highest binding capacity sample (monomer ratio: 5) was selected for further study in construction of electrochemical sensor.
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Figure 1:      Absorbed amounts of atrazine by MIP and NIP with imprinting factor for different monomer concentration.
Note: Polymer synthesised using a constant molar ratio of template:cross linker at 1:25 (MIP) and 0:25 (NIP).



Experiments were first carried out to check the electrochemical behaviour of atrazine on a graphite felt electrode in the absence of MIP. This electrochemical study was performed by cyclic voltammetry at a scanning rate of 50 mV s−1. Figure 2 displays the cathodic currents measured at graphite felt electrode in the absence of pesticides (line a) and for 20 ppm concentration of atrazine (line b). In cyclic voltammograms obtained in the presence of atrazine, reduction peaks can be observed while the oxidation is embedded in a large wave with no clear oxidation peak. This observation is consistent with previous studies concerning atrazine reduction on graphite felt electrode and implies that atrazine reduction, which is estimated to be a two-electron process, is an irreversible process.10 The above electrochemical study of atrazine allows now to understand the redox behaviour of molecular imprinted polymers on graphite felt electrode.

Assays were performed to evaluate the behaviour of the modified electrode during atrazine detection. Figure 3 shows the electrochemical behaviour for imprinted and non-imprinted polymer in 20 ppm of atrazine solution with 0.1 M NaCl. This figure concluded that the imprinted polymer gives higher reduction conductivity compared to non-imprinted polymer. The low signal of NIP electrode can be attributed to the lack of molecular recognition since NIP does not possess the cavities that would provide selective active sites.11 MIP electrode provides good reduction currents, indicating that the cavities do present even after binding the polymer to the electrode with PVC. The fact that only MIPs are able to interact, and then to detect atrazine, demonstrates the essential presence of pre-shaped cavities into the opolymer matrix. Lower detection of NIPs indicates that the unspecific adsorption of target molecules as well as their interaction by “π-π stacking” with aromatic groups of the copolymers can be neglected for both NIPs and MIPs.10
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Figure 2:      Cyclic voltammograms at scanning rate 50 mV s−1 for bare electrode in (a) 0.1 M NaCl solution, and (b) 0.1 M NaCl with 20 ppm atrazine solution.
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Figure 3:      Cyclic voltammograms at scanning rate 100 mV s−1 for initial atrazine concentration of 20 ppm for (a) MIP (b) NIP.



SEM images of the graphite felt are shown in Figure 4. The biopolymer appears to form large aggregates between the carbon fibres. Indeed these images are obtained after drying of the felt so it is difficult to infer alginate organisation in the wet state. Nevertheless, it is important to point out that the PVC coating does not exert a significant influence on the porous structure of the felt. Accordingly, surface modification did not impact the conduction properties of the carbon network.
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Figure 4:      SEM images for bare electrode (left), electrode-polymer surface (middle), and electrode-polymer cross-section image (right).



4.           CONCLUSION

In conclusion, the MIPs embedded on the graphite felt electrode constitute an electrochemical sensor able to detect additional atrazine molecules owing to the presence of preformed functionalise cavities bearing the spatial, conformational and molecular memories of the target.
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ABSTRACT: Heterogeneous multiwalled carbon nanotubes cation exchange membranes (MWCNT-CEMs) were successfully prepared through dry-wet phase inversion method. Different amount of MWCNTs were added into the casting solutions. The physical and chemical characteristics of the MWCNT-CEMs were analysed. The electrochemical properties of MWCNT-CEMs were examined by electrochemical impedance spectroscopy (EIS) technique. The results of impedance were fitted to the modified Randles equivalent circuit with constant phase element and restricted linear diffusion model to determine the individual parameter of the electrochemical. Modified membrane casted with 1.0 wt% of MWCNT shows the best ion-exchange capacity (IEC), the lowest membrane resistance, and the highest ion conductivity. This suggests that such amount of MWCNT provides the optimum area of conducting regions in the membrane structure to facilitate counter ions passage.

Keywords: Cation exchange membranes, multiwalled carbon nanotubes, electrical impedance spectroscopy, MWCNT, CEM

1.           INTRODUCTION

Ion exchange membranes (IEMs) are one of the most advanced separation membranes used in a large variety of applications such as electrodialysis, fuel cells, desalination and water splitting.1 IEMs can be classified into two kinds; anion exchange membrane (AEM) and cation exchange membrane (CEM), which depends on the added functional groups. Blending of the polymer with nanomaterial such as multiwalled carbon nanotubes (MWCNTs) have become an encouraging way to solve problems in IEMs such as low ionic flux and conductivity. The unique characteristics of MWCNTs in terms of its mechanical strength, thermal stability, electrical, and magnetic properties have made them the main choice for fabricating heterogeneous mixed matrix IEMs.2,3 Therefore, this research aims to fabricate the heterogeneous mixed matrix CEM by incorporating MWCNTs nanofiller. The effect of MWCNTs loading to the physical and chemical properties of the fabricated membranes were studied. Electrochemical impedance spectroscopy (EIS) method was used extensively to determine the individual resistances of CEMs system by applying alternating current (AC) across the membrane under different operating conditions. Modified Randles Equivalent Circuit with Constant Phase Element (CPE)-restricted linear diffusion was proposed and fitted with the impedance results in order to determine the important parameters such as the membrane resistance, electrical resistance, CPE, and ionic conductivity of the heterogeneous CEMs system.4 This study not only offers a great significant study for electrochemical properties but also on the overall performance of the heterogeneous CEMs.

2.           EXPERIMENTAL

2.1           Materials

Polyvinyl-chloride (PVC) and sulfonated cation exchange resin (SCER) (Amberlyst® 15, H+ form) were purchased from Sigma Aldrich. N-1-Methyl-2-pyrrolidone (NMP) and acetone were supplied by Merck. MWCNT was supplied by Nano Carbons USM (20–25 nm particle size).

2.2           Preparation of CEM

Neat PVC membrane and heterogeneous MWCNT-CEMs were prepared via dry-wet phase inversion method. The composition of the casting solutions is shown in Table 1. The SCER was firstly mixed with NMP and acetone (1:1) for 3 h using magnetic stirrer. Thereafter, a calculated amount of PVC was then added into the solution and was continuously stirred overnight at 60°C to break down cluster of particles as well as to form a homogeneous solution. Each polymeric solution was casted with a casting machine (K4340 automatic Film Applicator, Elcometer) at the thickness of 300 µm. Thereafter, the membranes were exposed to air for 48 h before being immersed in distilled water at 20°C and left for 24 h to allow for solvent precipitation.


Table  1:    Composition of casting solutions.



	Membrane

	PVC (wt%)

	NMP (wt%)

	Acetone (wt%)

	SCER (wt%)

	MWCNT (wt%)




	P0

	20.0

	36.00

	36.00

	8.0

	0.0




	P1

	20.0

	35.75

	35.75

	8.0

	0.5




	P2

	20.0

	35.50

	35.50

	8.0

	1.0




	P3

	20.0

	35.40

	35.40

	8.0

	1.5





2.3           Characterisation and Performance of CEM

Surface morphology, chemical properties and water contact angle were characterised by using Tabletop SEM (TM3000 SEM), attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR, Thermoscientific Nicolet iS10) and goniometer (OCA15plus, DataPhysics), respectively. Water content of the fabricated membranes are determined by using Equation 1:5
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Ion Exchange Capacity (IEC) test was carried out by using titration method.6 The experimental test rig for the electrochemical analysis is shown in Figure 1. Each compartment has a volume of 500 ml and the effective area of membrane used was 25.18 cm2. The test cell was controlled using multi-potentiostat (VMP3, Biologic Instrument SA) with two reference electrode (RE) made up of saturated calomel electrode (SCE), and two graphite electrodes (surface area 25 cm2). The EIS experiment was carried out with the amplitude of the over imposed alternating current (AC) signal at 10 mV, and the frequency was varied between 700 kHz and 50 mHz with unequal concentrations of electrolyte at both chambers. The impedance data was simulated by using an equivalent circuit model as shown in Figure 2, where R1 represents the membrane/electrode interfacial resistance and R2 is the bulk resistance which was connected in series with the restricted linear diffusion impedance, Ma. CPE was connected to the circuit model because of roughness and non-homogeneity of the membrane surface. The ionic conductivity of the bulk membrane was calculated by σ – 1/Rmw, where σ is the ionic conductivity, Rm is the thickness of membrane, l is the length of the membrane, and w is the width of the membrane.
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Figure 1:      Schematic diagram of experimental setup.
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Figure 2:      Equivalent circuit model.



3.           RESULTS AND DISCUSSION

The SEM images of the fabricated membranes are shown in Figure 3. The obtained images confirmed that the fabricated membranes possess an open and interconnected porous structures. However, incorporation of MWCNT into the PVC matrix significantly altered the morphology of the CEMs, as shown in P1, P2 and P3. MWCNT and SCER particles were successfully embedded in the membrane matrix and caused an increase in void sizes and numbers with increasing concentrations.

FTIR spectra of neat PVC membrane and MWCNT-CEM were recorded in the range of 500–4000 cm−1, as shown in Figure 4. The peaks at 2910, 1425, 1253, 1096, 959 and 680 cm−1 of neat PVC membrane was assigned to O-H stretching, C-H stretching, deformation C-H, C-C stretching, C-Cl stretching, and C-H wagging mode, respectively. The O-H that is originated from the polymeric matrix membrane can help to entrap water and build pathways for ion diffusion.7 Additional peaks were formed at 3429 and 1679 cm−1 after SCER and MWCNT were blended into the PVC matrix. This result shows that sulfonic acid group from SCER and MWCNT were successfully incorporated into the polymeric PVC matrix. The final thickness, water content, contact angle, and IEC of the fabricated  membranes are shown in the Table 2. The increase of MWCNT loading improves the hydrophilicity of the fabricated membrane, which influences the membrane’s capability in absorbing water. There’s also a sharp increase of water content up to P2 membrane. However, the water content decreased at higher loading of MWCNT (P3 membrane). This might be due to the increase of voids and cavities in the prepared membranes resulting in more space for water absorption. The improvement of IEC compared to the membranes without MWCNT can be observed between P0 and P1 membrane. However, the obtained results indicated that the increase of MWCNT loading up to 1.5 wt% in the casting solution (P3 membrane) causes a decrease in IEC value. This might be due to the higher amount of MWCNT that occupied the spaces around the resin particles in the structure of the membrane. Therefore, the accessibility of ion exchange functional groups towards the spaces tends to be reduced which led to the reduction in IEC.8
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Figure 3:      The SEM images of P0, P1, P2 and P3 membranes. Cross section is numbered as (i) at 1000X magnification, top surface is numbered as (ii) at 800X magnification, and bottom surface is numbered as (iii) at 800X magnification.
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Figure 4:      ATR-FTIR spectroscopy of fabricated membrane.




Table  2:    Final thickness, water content, contact angle and IEC of P0, P1, P2 and P3 membranes.



	Sample

	Thickness
(µm)

	Water content
(%)

	Contact angle
(°)

	IEC
(meq g−1)




	P0

	138

	22.73

	78.4

	0.02




	P1

	210

	42.88

	55.6

	0.89




	P2

	244

	54.68

	54.9

	1.02




	P3

	251

	38.41

	55.2

	0.82





Impedance Nyquist plot for neat PVC and MWCNT-CEM membranes are shown in Figure 5(a) and (b), respectively. The obtained Nyquist plot was similar to those found in the literature.9,10 The first loop of the Nyquist plot can be associated to the ionic pathway, while the second line at lower frequency (on the right) was due to the diffusion of counterions in the bulk polymeric membrane.11 The Nyquist plot provides a visual verification of the good agreement between the modified equivalent circuit model and the experimental data.
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Figure 5:      Experimental and generated empirical impedance Nyquist plot for (a) P0 membrane, and (b) P1, P2 and P3 membranes.




The fitted values corresponding to the data given in Figure 5 are shown in Table 3. P2 has the highest ion conductivity among the three MWCNT-CEM. As the MWCNT concentration increases, the ion conductivity also increases. However, ion conductivity decreases slightly at higher amount of MWCNT loading (above 1.0 wt%). This is likely since more compact structures were created at a higher concentration, hence the ionic exchange sites are blocked, and ion transportation paths are restricted. Besides, the ionic pathways in the membrane matrix are mostly occupied by the additive particles and thus resulting in rejection of ion transport due to the narrower channels.12 Other researchers have also shown the improvement in CEM characteristic and performance with the addition of other nanoparticle such as Fe3O4 and TiO2 into polymeric membrane matrix.5,8 However, the combination of SCER, PVC, MWCNT, and mixed solvent (acetone and NMP) proved to be a promising choice for CEM.


Table  3:    Parameters for the impedance Nyquist plot for P0, P1, P2 and P3 membranes.
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4.           CONCLUSION

The addition of MWCNT plays an important role in the development of CEM as they contribute to the morphological, hydrophilicity, chemical properties, IEC, and ion conductivity changes of the membrane. MWCNT-CEM was successfully fabricated and the results indicated that water content, hydrophilicity, IEC, and ion conductivity of the membrane increased when MWCNT was increased up to 1.0 wt%.
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ABSTRACT: Galacto-oligosaccharides (GOS) can be synthesised via β-galactosidase (β-Gal) catalysed conversion of lactose. The reaction process was carried out in the membrane reactor system to improve the conversion by partial separation of the products and galactose inhibitor. The reaction rate was determined by the concentration of the solutes on the biocatalytic membrane and it was varied by manipulating the trans-membrane pressure (TMP). The yield of GOS was highest at a TMP = 0.5 bar. It was found that the formation of gel layer at higher TMP (> 0.5 bar) reduced the mass transfer of solutes through the biocatalytic membrane. Therefore, the reaction rates were decreased although the separation of galactose inhibitor was improved. Hence, it is concluded that the mass transfer of solute is the determining factor to obtain a high yield of GOS.
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1.           INTRODUCTION

Lactose (galactosyl β(1-4) glucose) is a natural substrate for β-Gal which hydrolyses β(1-4) linkage and reduces it to glucose and galactose. In fact, β-Gal also exhibits transgalactosylation activity by transferring galactose belonging to the hydrolysed saccharide to the galactose moiety of other saccharides, which results in the formation of galacto-oligosaccharides (GOS). The conversion of lactose to GOS by β-Gal involves a two-step reaction, which are hydrolysis and transgalactosylation. There are two known limitations in the reaction process which reduces the formation of GOS. Numerous articles have reported that monosaccharides by-products formed from lactose hydrolysis inhibit the β-Gal and reduce the catalytic activity.1 In addition, the glycosidic bond (between glucose and galactose) in the GOS structure is also susceptible to hydrolysis by the β-Gal and thus reducing the yield.

Several strategies have been suggested to improve the yield of GOS. The easiest approach is by increasing the initial substrate concentration to drive the reaction toward the formation of β-Gal-galactosyl complex and GOS.2 It is also suggested that the products should be removed from the reaction system (i.e., via membrane separation) once it was formed in a continuous reaction to avoid hydrolysis side reaction and reduce the inhibition effect.3

In the present work, lactose conversion is carried out in the enzymatic hollow fibre membrane reactor (EHFMR) as depicted in Figure 1. The study emphasises on the effect of solute mass transfer on the reaction rate profile.
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Figure 1:      Illustration of (a) reaction and separation mechanism, and (b) the experimental rig.



2.           EXPERIMENTAL

2.1           Biocatalytic Reaction in the EHFMR

The membrane is a hollow fibre with a high surface to volume ratio compared to flat sheet membrane. The β-Gal was immobilised on the lumen side of the membrane via covalent bonds.4 The reaction occurred at 55°C and with a feed flow rate of 5 ml min−1. The TMP or average pressure differences between the lumen and permeate side of the membrane was generated (0.4 to 0.8 bar) by regulating pressure regulator valve.


2.2           Chemical Analysis

The saccharides presence in the sample was analysed using liquid chromatography equipped with RCM monosaccharide 8% Ca2+ column and refractive index detector. The fractionation of saccharides was performed at 1 ml min−1 and 85°C. The concentration of the saccharides was evaluated by comparing the peak area with the external standard.

2.3           Kinetic Model of Reaction

The β-gal-catalysed conversion of lactose involves several reaction processes that lead to the formation of glucose, galactose and various types of GOSs. In this particular work, the following reactions have been considered.
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Therefore, the rate of reactions are given by:
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The production of minor products of galactosyl galactose ([Gbi] and ([6Gos3]) was assumed negligible. Equations 8–12 are solved by normalisation with a total of enzyme presence in the reaction system and the terms of enzyme-substrate complexes are substituted with free enzyme terms. The values of the parameters were obtained by nonlinear regression of the equations with the experimental data.

2.4           Coupled Mass Transfer-reaction Kinetic Model

The governing mass balance and continuity equations in the membrane reactor system are as follows:5

At the retentate (lumen) side:
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At biocatalytic membrane layer:
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At permeate (shell) site:
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where Dο,i and Dm,i denote the diffusion coefficients (m2 s−1) of the solute on the liquid phase layer and on the biocatalytic membrane layer, respectively. Ri is the reaction rate of the solutes. Ji (mol m−2 s−1) is the molar flux. Meanwhile, Ci (mol m−3) is the solute concentration and ν is the velocity vector (m s−1).


3.           RESULTS AND DISCUSSION

3.1           The Effect of TMP

Table 1 shows that the conversion of lactose to GOS is affected by TMP. The highest GOS yield and lactose conversion were achieved at a TMP = 0.5 bar. The reaction rates are supposed to improve when external pressure is applied due to a faster mass transfer rate of the solutes or substrates to the catalytic site of β-Gal-immobilised on the membrane surface. However, this conclusion is not met with decreasing trend of GOS yield and lactose conversion at TMP higher than 0.5 bar.


Table  1:    The effect of TMP on GOS yield, conversion and separation factor.



	TMP (bar)

	GOS yield a (%)

	Conversion b (%)

	Separation factor (Sf,i) a




	GOS

	Gal




	0.4

	4.2

	14.3

	0.8

	1.1




	0.5

	5.5

	25.1

	0.7

	1.4




	0.6

	3.8

	10.3

	0.5

	1.8




	0.8

	2.7

	7.6

	0.3

	2.0





Notes:

a [image: art] where Ci is a concentration of the species.

b [image: art] where CLac,o is the initial lactose concentration.

c [image: art]  where p is permeate, r is retentate, i is product species and s is the substrate.

The yield of GOS can be increased with high initial concentration of lactose as proven in several reports.2 In the present work, the amount of lactose adsorbed to the catalytic site of β-Gal is determined by the mass transfer rate of the lactose through the biocatalytic membrane. It is suggested that the yield of GOS is highest at a TMP = 0.5 bar because the mass transfer rate of lactose is initially increased and then decreased when the TMP > 0.5 bar. The mass transfer or permeation of solutes such as lactose through the membrane can be decreased even with high external pressure when gel layer is formed on the membrane layer. This phenomenon occurred due to larger back diffusion force since the larger solutes are sieved by the pores. Thus, the adsorption of lactose to the catalytic sites is interrupted.

Meanwhile, the separation factor of galactose inhibitor was gradually improved with higher TMP and the β-Gal is expected to give a better catalytic performance which is not indicated. This result highlights that the influence of mass transfer of the solutes to the biocatalytic membrane surface is significant for the reaction. Thus, the subsequent study on the effect of mass transfer on the rate of reaction was conducted with the consideration of gel layer formation.

3.2           Reaction Rates Profile

The reaction rate profiles of the saccharides in the reaction system were solved via COMSOL® software. Figure 2(a) shows the consumption rate of lactose in the axial direction of the fibre membrane, whereas Figures 2(b)–2(e) show the production rates of glucose, galactose, trisaccharides (Gos3) and tetrasaccharides (Gos4). Generally, the consumption and production rates of substrate and products respectively increase when the TMP is increased to 0.5 bar. Subsequently, the reaction rates decrease with further increase of TMP due to back diffusion of lactose from the biocatalytic membrane domain. This phenomenon restricted the adsorption of lactose to the catalytic site and thus the reaction rate reduced. The concentration profile of lactose in the axial direction of the biocatalytic membrane is shown in Figure 2(f). As expected, the highest concentration of lactose on the biocatalytic membrane surface is achieved at a TMP = 0.5 bar which explains high GOS yield.

The reaction rates gradually increased in the axial direction of the fibre membrane, whereby highest rates are indicated at the outlet side for all of the saccharides. This result is suggested due to axial flow which pulls most of the substrate toward the outlet side of the fibre membrane. Due to this reason, it is possible that the β-Gal immobilised on the outlet side of the fibre membrane will be having a shorter half-life compared to the β-Gal immobilised on the inlet side. Therefore, the inlet direction of the hollow fibre membrane reactor should be alternated in order to maximise the catalytic activity of the immobilised β-Gal.

4.           CONCLUSION

The reaction rate of β-Gal-catalysed conversion of lactose on the membrane surface was solved via a coupled model of mass transfer-reaction kinetic. The formation of gel layer at high TMP reduces the mass transfer of the substrate to the bio-catalytic layer and reaction rates. The mass transfer is the limiting factor for a reaction in the EHFMR system. Therefore, further study needs to be carried out to optimise the reaction system to obtain high productivity of GOSs.
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Figure 2:      The reaction rate profiles of (a) lactose, (b) glucose, (c) galactose, (d) trisaccharides (Gos3) and (e) tetrasaccharides (Gos4) on the membrane surface. Whereas, (f) is the concentration profile of lactose on the membrane surface.
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ABSTRACT: An ultrasonically-aided membrane filtration system that offers clean membrane after being fouled by latex wastewater was developed. Characterisation of latex wastewater was investigated to determine the best and suitable membrane used in this filtration system. The effect of frequency of the ultrasound waves and the sonication time were investigated. All parameters were compared based on the calculation of coefficient k value and the decay ratio (DR%). In overall, low frequency (35 kHz) gives better cleaning efficiency than high frequency (130 kHz) with DR% differences value of 12.2%. The permeate water quality was measured by the permeate turbidity. Even though the quality of permeate flux after the filtration by cleaned-membrane was lower than the filtration by uncleaned-membrane, the differences of these two were acceptable with 1% differences of rejection rate.

Keywords: Ultrasonic, frequency, anti-fouling, latex wastewater, membrane filtration

1.           INTRODUCTION

Wastewater from concentrated latex skim crepe industry contains sulfate which comes from sulfuric acid in the skimming process with its concentration ranges between 644 and 1688 mg l−1 and has the pollutants expressed in term of the 5-day biological oxygen demand (BOD5) at the value of about 7000–15000 mg l−1. The conventional treatment plant of this industry usually comprises the series of big anaerobic ponds followed by oxidation ponds. Instead of the anaerobic ponds, the aeration ponds were used to solve the bad odour problems but this method cannot overcome the BOD5 of the treated wastewater and large area problems.1


Yuan Gao et al. improved the system by using a frequency of 20 kHz and a power of 16 W applied to a cross-flow ultrafiltration system to investigate the ultrasonic control of surface-water fouled ceramic membranes.2 It is proven that ultrasound was effective in improving the normalised permeate flux of a surface water, from 0.21 in the absence of ultrasound to 0.70 with the aid of ultrasound. Alternatively, membrane filtration could become a method for isolating value-added product from latex wastewater and discharging minimal amount of effluent, thus making latex processing an environmental friendly process. This process could achieve “zero discharge” as all the products from the concentration process have commercial value.3 The retentate can be used as part of latex product’s raw material while the permeate water can be used for rinse purposes. To prevent fouling, membrane requires a surface chemistry which prefers binding to water over other materials. This implies that the material must be very hydrophilic. The occurrence of fouling is very difficult and complicated to describe theoretically. Flux may also be described by a resistances-in-series model, in which a resistance of a cake layer is in series with the membrane resistance.4

To minimise the fouling problem that occurs in the membrane filtration system, several techniques can be applied. These techniques can be divided into two sections: controlling methods and cleaning methods. In controlling method, there are several techniques that have been used by researchers such as feed pretreatment, membrane material selection and membrane surface modification.5–8 For cleaning methods, it includes chemical, mechanical and hydrodynamic (turbulent promoters, backflushing, pulsing, shocking, pulsatile flow, gas sparging, electrical and ultrasonic cleaning) cleaning.9–18 An ultrasonic-assisted membrane filtration process has been developed recently.19–22 This technology has been extensively used as a method of cleaning materials because of the cavitation phenomenon.23 It was reported that the permeability enhancement resulted from the acoustic pressure, agitation and micro-current of feed fluid by ultrasound irradiation. Chai et al. found that the increase in permeate flux could be ascribed to the increase in bulk mass transfer in the concentration polarisation layer near the membrane.18 Several factors should be considered when using ultrasound irradiation as a membrane cleaning method. This study will focus on the effect of frequency of the ultrasound waves, water bath temperature and the sonication time.

2.           EXPERIMENTAL

Cellulose acetate membrane from Sterlitech Corporation was used in this study. These flat sheet membranes were placed in between acrylic membrane holder (Sterlitech Co. USA) with an effective membrane area of 3,315 mm2. According to manufacturers’ specification, each cellulose acetate membrane filter has excellent dimensional stability after autoclaving or steam sterilising and is completely unaffected by temperatures up to 135°C (275°F). The exclusive impregnation process used in production results in a cellulose acetate membrane filter with burst strength of 8.9631 bars, uniform pore size and consistent flow rates for reliable performance. The latex solution Perbunan-N-Latex 3415 (PolymerLatex GmbH, Germany) was used as it has similar characteristic as the real latex wastewater tested.

For this study, the membrane unit was completely immersed in an ultrasonic bath (Elmasonic TI-H-5, Germany) of 3.5 l capacity and a piezo electric transducer attached at nominal power of 400 W output for an emission of 35 and 130 kHz ultrasound. The feed was circulated in the cross flow ultrafiltration unit by a peristaltic pump (FLEX-PRO®, A4V Series) operated with pressure not exceeding 6.5 bar. During the experimental runs, the retentates were recycled back to the feed tank. All experiments were conducted using 500 ml of skim latex as the feed volume and re-circulated in the ultrafiltration (UF) system at a feed flow rate of 500 ml h−1. The trans-membrane pressure (TMP) was set at 2 bar as recommended by previous study.3 Every experiment consists of 4 cycles and every cycle needs 30 min of an ultrafiltration membrane process. The permeate weights were recorded online at every 30 s interval by computerised system.

Study on the effect of frequency and sonication time was carried out at 35 kHz and 130 kHz of ultrasonic frequency with 2, 5 and 10 min of sonication time respectively. The sonication will be supplied all the time or in intermittent way. The trans-membrane pressure (TMP) is defined as a pressure gradient of the membrane. It was fixed at 3 bars for the compaction process with the deionised water and at 2 bars along the separation process. The velocity of the feed solution was maintained at 500 ml h−1.

3.           RESULTS AND DISCUSSION

3.1           Effect of Ultrasonic (US) to Ultrafiltration (UF)

The effect of US at 35 and 130 kHz frequencies on the UF process were studied. Figure 1 shows the performances of permeate flux of UF for latex wastewater solution over time with different US frequencies cleaning procedure. The result indicated that the flux ratio after cleaning was significantly enhanced by the US at both frequencies. This result also showed that the trends of the flux performance for US enhanced experiments were similar with the trends of the flux performance without US, indicating that US did not alter the basic of UF processes. This finding was similar to the result from Cai et al.19 They found that the flux of dextran solution after the US treatment with 28, 45 and 100 kHz frequency had a similar trend with the performance without US treatment.
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Figure 1:      Ultra-filtration process with or without ultrasound irradiation at trans-membrane pressure of 2 bars.



3.2           Effect of Frequency

The first series of ultrasonic cleaning experiments examined the relationship between the cleaned flux ratios on frequencies. At frequency larger than 18 kHz, high intensity sound fields produced a dynamic agitation and shear stresses, which affect the properties, particularly viscosity.23 To investigate the effect of frequency, runs were performed with the fouled membrane surface facing away from the transducer with different sonication time. Altering ultrasound input to medium frequency changed both of the wave interactions with the fluid and the characteristics of the cavitation bubbles formed. For example, at higher frequency, sound was attenuated more readily. Therefore, acoustic energy may not be available for cleaning throughout the system. In addition, the maximum size bubbles attained was smaller than with lower frequencies. However, although the bubbles tend to collapse less violently, the number of bubble collapse per time was larger which create lower temperatures and pressures.

As can be seen from Table 1, at 25°C and 5 min sonication time of operating condition, the lower DR% value was at frequency 35 kHz with 64.69% rather than 76.87% at frequency 130 kHz. This finding was similar to several reports by other researchers. Each researcher found out that a better permeate flux could be achieved after cleaning procedure with lower frequency. Lower DR value indicated a better antifouling property of the membrane after cleaning. At low frequency, the formation of cavity bubbles grew during the rarefaction cycle of ultrasound wave. An acoustic streaming effects generated by the destruction of a large numbers of cavity bubbles enhanced the flux permeation. While at high frequency, less cavitation in solution was produced. Thus, less number of bubbles and their low collapse lead to less turbulence in fluid medium that will lower the detachment and movement of foulant particles from the membrane pores.
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Table  1:    The DR% of cellulose acetate membrane with ultrasonic cleaning method at 25°C with 5 min of sonication time.



	Frequency (kHz)

	Temperature (°C)

	DR (%)




	Cycle 1

	Cycle 2

	Cycle 3

	Average




	35

	25

	64.840183

	64.38356

	64.84018

	64.68797




	130

	25

	78.787879

	77.27273

	74.54545

	76.86868






Table  2:    The coefficient k value with ultrasonic cleaning method at 25°C.



	Frequency (kHz)

	Time (min)

	k (1 × 10−4)




	Cycle 1

	Cycle 2

	Cycle 3

	Average




	35

	2

	1.68

	1.06

	8.01

	1.17888




	5

	3.07

	1.41

	1.36

	1.94783




	10

	5.15

	3.81

	1.32

	3.03322




	130

	2

	1.27

	1.64

	2.42

	1.7764




	5

	3.56

	2.02

	7.48

	2.1074




	10

	2.07

	1.98

	1.16

	1.7351





In order to show more clearly the frequency effect of ultrasound waves as a cleaning method, the coefficient k was calculated from Equation 1. At high k value, the permeability of the membrane decreased faster. Figure 2 shows that k35 < k130 which indicated that the cleaning by using 35 kHz ultrasonic frequency was good in increasing the permeability of the membrane after fouled by the latex particles compared to cleaning with 130 kHz. This could be explained by the following equation that correlates the US attenuation with its frequency:

[image: art]

where A is the attenuation (dB), α is the attenuation coefficient (dB kHz−1 m−1), f is the frequency (kHz) and L is the path length (m). According to Equation 2, attenuation increased with the increasing US frequency when the US propagated in the same media through the same distance. Furthermore, in our system the US propagated first in water and then travelled through the outer case of the membrane holder which was made of acrylic, thus the attenuations were serious. Attenuation is a gradual loss in intensity of flux through a medium. As a result, the ultrasonic power that reached the UF membrane inside the membrane holder was low and decreased proportionally with the increase of US frequency.19,24
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Figure 2:      Effect of frequency on the coefficient k after every cleaning cycle.



Kobayashi et al. obtained similar results when studying cross-flow filtration of dextran irradiating membranes using 28, 45 and 100 kHz at a power intensity of 2.7 W cm−2 (the output power of the sonicator per unit area of the transducer surface).25 Additionally Kobayashi et al. observed nearly no effect on the flux in milk microfiltration with cellulose membrane and only a slight effect in peptone ultrafiltration with polysulphone membrane, when using a frequency of 100 kHz although the power intensity was 23 W cm−2 (measured calorimetrically).24 On the other hand, Lamminen et al. obtained different result as they used different type of membrane in their filtration system.26

Similarly, to sound waves, ultrasounds are spread by a series of compression and rarefaction (decompression) waves stimulated in the molecules of the medium through which it passes. The rarefaction cycle may exceed the repulsive forces of the liquid molecules, and cavitation bubbles (empty, gas and/or vapour-filled bubbles) will form with an adequately high power. Cavitation bubbles are formed when the pressure amplitude exceeds the tensile strength of liquid during the rarefaction of sound waves. This cavity may dissipate back into the liquid, grow to a resonant size and fluctuate or grow to a size at which the surface tension forces of the liquid cause it to collapse on itself.26 In aqueous system, the collapse of the cavitation bubble has important mechanical and chemical effects. Each cavitation bubble acts as a contained “hot spot” that engendered temperatures of about 4000– 6000 K and pressures of 100–200 MPa at the bubble core. These processes result in fluid movement and may be able to remove parts of the foulant layer from the membrane surface and/or avoid the deposition of particles that lead to membrane fouling.27


4.           CONCLUSION

On-line ultrasonic of the cellulose acetate ultrafiltration membrane system used in this investigation resulted in a significant increase in the permeate flux. On average, the permeate flux increased by approximately 24.21% under 35 kHz of ultrasound frequency and approximately 27.24% under 130 kHz of ultrasound frequency compared to the process without sonication. The ultrasonic assisted membrane can be utilised as one of the cleaning methods. The effect of frequency and water bath temperature has been thoroughly investigated. It was found that, a change in frequency caused significant impact to the membrane permeability. Low frequency gave higher impact to the membrane permeability after cleaning. As the water bath temperature increased, the cleaning efficiency increased.
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ABSTRACT: Pharmaceutical compounds in surface waters are an emerging environmental concern due to their biological activity, which consequently present a new challenge for drinking water and wastewater treatment systems. In this work, diclofenac (DCF) and indomethacin (IDM) have been used as target molecules or templates in order to be removed by means of molecularly imprinted polymers (MIP). MIP-DCF and MIP-IDM were synthesised and tested using two mathematical models, which are Lagergren and Thomas models. In addition, functional groups of the active functional sites and the target molecules have also been studied by using Fourier transform infrared spectroscopy. Both MIPs followed the Lagergren pseudo first order kinetic model. Comparing the original MIP-DCF and MIP-DCF after loading with DCF, differences in their functional groups were found. In conclusion, MIP-DCF and MIP-IDM work as good sorbents to recover these emerging pharmaceuticals persistent pollutants from water.

Keywords: Molecularly imprinted polymer, MIP, diclofenac, indomethacin, diclofenac recovery

1.           INTRODUCTION

A few decades ago, emerging persistent pharmaceutical pollutants (EPPPs) have been introduced as one type of recalcitrant pollutant sources in water.1 Recent studies have demonstrated that, despite the relatively low concentrations of pharmaceuticals in the environment (typically in sub-parts-per-billion levels), pharmaceuticals are of great concern due to their potential long-term adverse effects on humans and wildlife.2

Nowadays, there are many methods used for the recovery of pharmaceuticals, such as photocatalysis and sorbents, but they present some drawbacks, e.g., after photocatalysis the by-product generated may be more harmful than the parent compounds.3 There are many kinds of sorbents that have been studied, but not all the sorbents have the potential to recover the target molecules. In this work, molecularly imprinted polymers (MIPs) as a separation method is proposed and characterised. The polymeric matrices obtained using the imprinting technology are robust molecular recognition elements able to mimic natural recognition entities.4 MIPs are also good sorbents because of their porosity and their robustness properties. In this study, the removal of diclofenac (DCF) and indomethacin (IDM) have been carried out using MIPs, synthetised via bulk polymerisation with allylthiourea (AT) as the functional monomer and using DCF or IDM as template (MIP-DCF or MIP-IDM, respectively). DCF and IDM were detected using spectrophotometry.

To study the properties of the sorbents, MIPs have been tested in batch mode and continuous flow mode. In the batch mode, Lagergren model was used to describe the adsorption properties. However, in the continuous flow mode, Thomas model was used for the breakthrough study. On the other side, functional groups can be used as a fingerprint for certain MIPs to show if the active functional sites work. However, there are a few articles reporting on this parameter which give important information about MIP development. ATR-FTIR has been used to observe the different types of MIPs and to study their functional sites.

2.           EXPERIMENTAL

2.1           Materials

Indomethacin (IDM) was purchased from Sigma-Aldrich, Spain, with 98%–99% purity (TLC grade). Diclofenac-Na was from Cayman Chemical, United States with purity of more than 99%. Ethanol with 96% purity was acquired from Scharlau Chemical, Spain. Acetic acid was from J. T. Baker, United States with 99.9% of purity, respectively, and HPLC grade. Acetonitrile (99% of purity HPLC grade) from VWR. Grace Alltech “Extract Clean” empty reservoirs with silica frits, 1.5 ml from Fisher Scientific, United States.


2.2           Synthesis of MIP-DCF and MIP-IDM

Synthesis of MIP-IDM and MIP-DCF were performed following the procedure of Kugimiya et al. with some modifications.5

2.3           Recovery Study

An amount of 10 mg MIP-IDM was weighed and placed into a 1.5 ml cartridge. Then, 1 ml of ethanol:water (75% v/v) was passed through it twice to activate the MIP-IDM. Next, 1 ml of water was added for 5 times to rinse out the ethanol residue. Afterwards, acetonitrile:water (5% v/v) was added twice for conditioning the MIP-IDM. Later, 1 ml of 15 µg ml−1 of IDM was added twice. The eluted solution was collected and analysed using a UV-vis spectrophotometer at 260 nm. After that, 1 ml of ethanol:water (75% v/v) was loaded twice into the cartridge and the collected solution was also analysed by UV spectrophotometry. The procedure was done in triplicate. The percentage of recovery was calculated using Equation 1, where Ci and Cf represent the analyte concentration for initial and final respectively:
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Moreover, the recovery procedure mentioned above was done regenerating the same MIP and reusing it until 10 times (consecutive extractions) in order to evaluate the reuse of the MIP. The same procedure was performed by using MIP-DCF as a sorbent and measuring the eluted solution at 280 nm for DCF analysis.

2.4           Kinetic Study

An amount of 10 mg of MIP-DCF was weighed and placed in 5 ml tubes. Then, 2 ml of 5 mg l−1 DCF solution were poured into the tubes and covered using aluminium foil.6 Solutions were agitated for the required time up to 120 min and then filtered using a syringe filter (0.22 μm). The procedure was performed in triplicate and repeated for MIP-IDM using IDM solution. The calculated capacity (mg of compound/g of MIP) versus time was plotted following the Lagergren model.

2.5           Breakthrough Experiment – Continuous Flow Mode

Due to the immiscibility properties of DCF in water, total sorption capacity has been carried out in acetonitrile:water (5% v/v). An amount of 10 mg of MIP-DCF was accurately weighed and placed in a 1.5 ml cartridge. Next, 15 µg ml−1 of DCF was prepared in acetonitrile:water (5% v/v) and the solution was loaded into the cartridge using a peristaltic pump at 1.67 ml min−1. The eluted solution was collected in fractions of 5 ml until 50 ml, then, in fractions of 50 ml until the absorbance measurements of the eluted solution reached a plateau. All the collected fractions were analysed by UV spectrophotometry. The procedure mentioned above was done in duplicate. The same methodology was repeated in the absence of MIP, in order to measure any other contribution to the elimination of the target compounds, i.e., sorption in cartridge or frits. Similar procedure was performed for IDM removal by MIP-IDM.

2.6           Attenuated Total Reflectance Fourier Transform Infrared Analysis

ATR-FTIR has been used in this study to determine the functional groups in the original MIP-DCF and after loading with 2 ml of DCF solution (5 µg ml−1) via molecularly imprinted solid phase extraction (MISPE).

3.           RESULTS AND DISCUSSION

3.1           Recovery Study and Lagergren Model

The ability to sorb-desorb for the synthetised MIPs were not significantly decreased after 10 cycles reaching almost 100% of recovery (Figure 1). The average percentage of recovery for the 10 cycles of IDM and DCF using MIP-IDM and MIP-DCF were 98 ± 3% and 97 ± 2% respectively.

From the kinetics, 100% removal was obtained in 3 min in batch mode. It is well accepted that two-parameter adsorption kinetic equations (Lagergren first-order and second-order) are useful tools to describe the adsorption properties of a sorbent.7 The Lagergren pseudo first-order equation can be linearly expressed as Equation 2, where Qe and Qt are the adsorption capacities (mg of compound/g of sobent) of MIP at equilibrium and at time t, respectively; k1 is the first order rate constant. Figure 2 shows that both MIPs fitted to the Lagergren pseudo first order model. For further experimental procedure, MIP-DCF was used as a sorbent.
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3.2           Breakthrough Study

Breakthrough in column can be identified as the amount of influent solution passing through the bed before a maximum effluent concentration is reached. The ratio Ct (effluent concentration)/Co (influent concentration) is plotted against the time of the analyte solution loading as seen in Figure 3. As seen in the kinetic study, within 3 min the sorption uptake was higher than 80%, thus resulting in relatively fast attainment of breakthrough. Breakthrough and exhaustion are defined as normal when the ratios of effluent-to-influent concentration are between 10% and 60%, respectively.8 In this work, the breakthrough point was reached at 6 min and the exhaustion point at 270 min for MIP-DCF and 24 min and 210 min for MIP-IDM respectively. From Figure 3, it is seen that the ratio is about 60% and 80% for MIP-DCF and MIP-IDM respectively. The methodology of adsorption in fixed bed cartridge by the breakthrough curves method proved to be a good option to study the separation of the pharmaceutical compounds in water.
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Figure 1:      Percentage recovery for 10 regenerations of IDM and DCF using MIP-IDM and MIP-DCF as the sorbent respectively, via pre-packed cartridge with initial concentration of 15 µg ml−1 IDM and DCF, MIP mass:10 mg.
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Figure 2:      Adsorption capacities (Q) of MIP-IDM and MIP-DCF in front of time following Lagergren pseudo first order model plot.
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Figure 3:      Breakthrough curves from packed cartridges using MIP-DCF as sorbent for DCF removal and MIP-IDM as sorbent for IDM removal, using Thomas model versus time.



3.3           FTIR Analysis

The MIPs, original and after DCF loading, have been differentiated via ATR-FTIR and the spectra obtained could be used as a fingerprint in order to distinguish them as seen in Figures 4(a) and 4(b). N-H stretch functional group at 3000 nm−1 and C-N stretch bond at 1180 nm−1 found in original MIP (Figure 4(a)); OH broad peak at 3300 nm−1 found in MIP loaded with DCF (Figure 4(b)) due to –OH functional group from DCF bonded to MIP-DCF. Probably there is also N-H functional group that might contribute in this peak; C=O bond at 1750 nm−1 found in all MIPs; and C=C bond at 1650 nm−1 found in MIP loaded with DCF.
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Figure 4:      Infrared spectrum of (a) original MIP-DCF and (b) MIP-DCF loaded with DCF.



4.           CONCLUSION

In conclusion, MIP-DCF and MIP-IDM have shown to be highly effective for the removal of the pharmaceutical compounds DCF and IDM, respectively. MIP is a promising analytical method for the removal of pharmaceuticals from water.
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ABSTRACT: In this work, a new member of acetylide-thiourea namely 4-ethylbenzoyl-3-(4-ethynylbenzonitrile-phenyl)-thiourea (CYT-1) was successfully designed, synthesised, and characterised by nuclear magnetic resonance (NMR) analysis. In turn, CYT-1 acting as sensor was fabricated onto interdigitated electrodes (IDEs) by drop-casting method. The performance of CYT-1 on reaction response and sensitivity characteristics towards carbon dioxide (CO2) as chosen gas was measured at different CO2 concentration (10–1000 ppm) for 30 min of time exposure. The investigation was carried out at room temperature via studying the changes in resistivity measurement before and upon CO2 exposure. The unique molecular characteristic of CYT-1 is due to the presence of two potential active sites of –NH-C=O and acetylide -C≡C- for H-bonding and π-π interaction to take place between molecule and CO2 analyte.

Keywords: Acetylide-thiourea, spectroscopic, organic semiconductor, CO2 gas sensor, resistivity


1.           INTRODUCTION

Carbon dioxide (CO2) is one of the dominant greenhouse gas emissions which takes up around 77% of total gas in air.1 The most comprehensive research conducted stated that a safe level of CO2 concentration in a closed environment should not exceed 350 ppm.2 A concern on global warming has motivated researchers to conduct intense research in the aspects of sense, capture and CO2 storage.3,4 Conventionally, active sensing materials that are commercially used nowadays are based on inorganic and conductive polymeric materials, with ideal sensitivity at high operating temperatures.5–9 However, the disadvantages of these readily available materials are that they exhibit low ability of reversibility, less stability performances, and highly sensitive in ambient atmosphere.10 Hence, in the present work, a new derivative of acetylide-thiourea featuring 4-ethylbenzoyl-3-(4-ethynylbenzonitrile-phenyl)-thiourea (CYT-1) as illustrated in Figure 1 becomes an ideal molecular candidate to act as semiconductor molecular system in the implementation of fundamental importance of the interaction with CO2 at highly stable response. It also works at ambient atmosphere with high reversibility performance.
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Figure 1:      The general molecular structure of CYT-1 so called CO2 sensor.



The derivative of CYT-1 is having two reactive sites of carbonyl amide (-NH-C=O) and acetylide (C≡C) regions which make it distinctive from other typical thiourea derivatives. By observing its molecular framework, CYT-1 has gained much importance due to the presence of electron withdrawing group, cyano (CN) which has the ability to form highly uniform and compactly adhered film on interdigitated electrodes (IDEs). In this contribution, we discuss the resistive-type semiconductor properties based study on sensing ability of CYT-1 towards CO2 gas. CYT-1 is modelled for CO2 gas sensing and our findings reveal that CYT-1 gave high sensitivity towards high CO2 concentration (1000 ppm) with 25.8%.

2.           EXPERIMENTAL

2.1           Synthesis of 4-Ethylbenzoyl-3-(4-ethynylbenzonitrile-phenyl) Thiourea (CYT-1)

A 4-ethylbenzoyl chloride solution (2.29 mmol) was slowly added into ammonium thiocyanate (2.29 mmol) solution in 15 ml acetone. The reaction mixture was stirred for 10 min to give pale yellow solution in presence of white precipitate of ammonium chloride. Then, a solution of equimolar 4[(4-aminophenyl) ethynylbenzonitrile] in 10 ml acetone was added dropwise into the reaction mixture and continuously put at reflux for another 8 h. The colour of the solution changed to bright yellow. The reaction was adjudged completion via thin layer chromatography (TLC) (hexane:ethylacetate:4:1). Yellow precipitate was formed once the solution mixture was poured into several small ice blocks. The obtained precipitate was filtered, washed with little cold water, and recrystallised from acetonitrile to yield yellowish crystalline solids of CYT-1 (0.6 g, 67% yield).

2.2           CO2 Gas Sensing System

The gas sensing evaluation was performed in a tightly enclosed stainless steel chamber to achieve controllable inert, temperature, and humidity conditions during experimental tasks. The fabricated gas sensing electrode with 100 μm thickness of layered CYT-1 on IDEs was placed (hanging) inside the chamber near the gas inlet valve in a highly pure, nitrogenous environment with a controlled humidity between 65−70% RH for 1−2 h to equilibrate the chamber environment. The gas flow rate was controlled by a gas flow meter. The changes in resistivity of the electrode before and after exposure with CO2 gas were recorded using HIOKI IM3570-LCR-Hi tester analyser at constant voltage of 1 V. Nitrogen gas was purged over sensing module after every exposure cycle. The changes in resistivity measurement of the sensing material, CYT-1 successive to exposure with gas were evaluated by the formula as stated in Equation 1:
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where Rg is the responsive resistivity of the sensing material upon exposure with CO2 gas and Ra is the responsive resistivity of the sensing material without CO2 in the high purity of nitrogen gas flow. Response time (τres) and recovery time (τrec) were evaluated as time required for 90% of maximum response of CYT-1 with CO2 gas, and time needed for recovering 90% of the original resistivity in the inert environment respectively.

3.           RESULTS AND DISCUSSION

3.1           Spectroscopic and Characterisation of CYT-1

For structural elucidation, both 1H and 13C NMR spectra of CYT-1 are consistent with the proposed molecular structure. Two singlet proton resonances were deshielded at two distinctive environments δH 9.09 ppm and δH 12.86 ppm respectively, in which they were assigned for NH-C=O and NH-C=S moieties due to the anisotropic effect and intramolecular hydrogen bonding in the trans-cis conformation. The resonance presence in the range of δH 7.37–7.85 ppm was attributed to aromatic protons. Besides, a shielded triplet resonances at δH 1.29 ppm was assigned for methyl (CH3). Whilst a quartet resonances at δH 2.75 ppm was due to the presence of ethyl (CH2) substituted at the aromatic ring. For 13C NMR spectrum of CYT-1, it revealed shielded resonance of methyl (CH3) carbon located at δC 15.1 ppm and ethyl (CH2) carbon at δC 28.9 ppm. There were two different carbon resonances at δC 88.2 ppm and δC 93.3 ppm attributed to acetylide carbons (C≡C). Additionally, the resonance of carbon cyano (C≡N) was located in the deshielded region at δC 151.2 ppm arising from the electronegative nitrogen atom delocalised π-orbital attached to the C≡N carbon. Aromatic carbons were found to resonate in the region δC 111.5–138.3 ppm. Two distinctive resonances at downfield region located at δC 167.0 ppm and δC 177.9 ppm corresponded to the presence of C=O and C=S moieties. Both C=O and C=S resonances were deshielded at higher chemical shift due to the effect of intramolecular hydrogen bonding and electronegativity of S and O atoms.11

3.2           Evaluation of CO2 Sensing Performance

The dynamic response of the gas sensor and its sensitivity for different concentrations of CO2 gas at room temperature have been carried out with an applied bias of 1 V as shown in Figure 2. The designing principle for this sensor was to exploit the chemical interaction of CO2 with the amide moiety (NH-C=O; NH-C=S) as well as acetylide –C≡C- functional groups that present in CYT-1 which in turn changed the signal resistivity before and upon exposure with CO2. CYT-1 based CO2 gas sensor showed weak to moderate response at room temperature, which was observed to increase upon the increase in CO2 concentrations from 10 ppm to 1000 ppm.11 CYT-1 exhibited high response of 8.24 × 106 Ω at the CO2 concentration of 1000 ppm from 6.55 × 106 Ω (resistivity in air) with 25.8% of sensitivity in N2 environment. The response and recovery times for 10–1000 ppm concentrations of the CO2 gas to be approximately 1 min and 3 min respectively. Besides, Figure 3 shows the linearity graph of CYT-1 towards 10–1000 ppm CO2 gas with the efficiency of R2 = 0.9873.


[image: art]

Figure 2:      Response and recovery curve of CYT-1 towards various CO2 concentrations (10–1000 ppm) between 65%–70% RH at room temperature (1V DC, 2 kHz).
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Figure 3:      The sensitivity (%) linearity graph for CYT-1 towards various CO2 concentrations.



Referring to the linear graph in Figure 3, limit of detection (LOD) of CYT-1 towards CO2 gas was examined to investigate the efficiency and sensitivity of the sensor for CO2 gas detection which was calculated using Equation 2:
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where s is the standard deviation and σ is the slope from the linearity graph. The LOD for CYT-1 sensor for CO2 detection is the lowest with 249 ppm. According to World Health Organisation (WHO), the maximum permissible CO2 concentration in closed working environment for 8 h of exposure is about 350 ppm.2 Indeed, in this contribution, LOD value of CYT-1 exhibited to be lower than the permissible CO2 concentration which was good indication for CYT-1 to be applied further as chemiresistive CO2 sensor.

4.           CONCLUSION

A new member of organic semiconductor featuring acetylide-thiourea, CYT-1 has been successfully designed, synthesised and characterised as chemiresistive-type CO2 sensor. Its properties and behaviours were investigated via electrical properties characterisation which revealed good sensitivity response of 25.8% with 1 min response time and 3 min recovery time operated at room temperature. CYT-1 revealed possible interaction towards CO2 due to the H-bonding interaction occurred at NH-C=O and π-π interaction occurred at C≡C site.
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ABSTRACT: A new hybrid of stilbene imine derivative consisting of trifluoromethyl group as an active polar head group (acceptor, A) and hexyloxy tail chain as a donating component (donor, D) has been successfully synthesised as an organic semiconductive material. The compound, namely 4-[(hexyloxyphenyl)methylene]amino)-4’-trifluoromethyl-stilbene (HMTS) has been elucidated further for their physico-chemical properties via several selected spectroscopic and analytical methods, namely FTIR, UV-Vis, 1H and 13C NMR and TGA. In addition, HMTS was evaluated theoretically via Gaussian 09 software which employs the density functional theory (DFT) approach with set of basis function B3LYP/6-31G (d,p). The quantum mechanical calculations proved that the value of energy separation between HOMO and LUMO of HMTS was 3.49 eV, which was in good agreement with the experimental value of optical band gap, 3.49 eV. From the preliminary result, a good relation between the experimental and theoretical data provided strong evidence that HMTS could be a potential material in organic semiconductor application, particularly with respect to their small HOMO-LUMO gap and high stability. According to the thermogravimetric studies, HMTS showed good thermal stability, without decomposition up to ca. 270ºC and displayed remarkable performance under prolonged thermal stress.

Keywords: Stilbene imine, DFT calculation, organic semiconducting material, spectroscopic, trifluoromethyl


1.           INTRODUCTION

Research on organic semiconductor materials derived from polymeric and π-conjugated molecules plays a key component in the development of molecular electronic applications.1–3 The exploitation of organic semiconducting materials based on electron push and pull structures (also called donor-acceptor (D-A)) has been rapidly developed to finely tune the energy level and solubility of these materials so that they can perform function at an optimum level.4 These promising candidates also comprise of electronic delocalisation in extended π-orbital systems and contain a fair number of alternating single and double bonds, in which the electrons can flow from one reservoir to another that resulted in the effective properties of electrical conductivity. In these respects, the choice of materials with good thermal stability and low band gap energy of the corresponding materials to act as semiconductor materials is critical for the manufacture of stable and efficient organic electronics devices.5 Therefore, by insertion of π-conjugated moieties which possess electron donating and withdrawing groups in the molecule itself, the HOMO-LUMO energy gap of the molecules can be controlled and they become more efficient and active materials because the electrons can be generated in-situ in the conjugated system. With regard to this matter of high interest in developing single molecule organic semiconducting material, we herein report a new stilbene imine hybrid system, 4-[(hexyloxyphenyl)methylene]amino)-4’-trifluoromethyl-stilbene (HMTS) which consists of an active trifluoromethyl (CF3) group at one end, and hexyloxy chain at the other as shown in Figure 1.
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Figure 1:      Molecular structure of HMTS.



2.           EXPERIMENTAL

2.1           Materials

All chemicals and materials were commercially purchased from standard commercial suppliers and used as received without further purification. The reactions were carried out under an ambient atmosphere and no special steps were taken to exclude moisture during experimental work-up. The infrared (IR) spectrum was recorded on Perkin Elmer Spectrum 100 Fourier transform infrared spectrometer in the form of potassium bromide (KBr) pellets in the spectral range of 4000–400 cm−1. The UV-Vis spectrum was recorded using Shidmadzu UV-1800 UV-Vis spectrophotometer in a 1-cm path length quartz cell in dichloromethane at a concentration of 1 × 10−5 M in the spectral range of 200–500 nm. NMR spectra were recorded on Bruker Avance III 400 Spectrometer 1H (400.11 MHz) and 13C (100.61 MHz) using deuterated chloroform (CDCl3) as solvent and TMS an internal standard. Thermogravimetric analysis was performed using Perkin–Elmer TGA Analyzer from 30°C to 900°C at a heating rate of 10ºC min−1 under nitrogen atmosphere.

2.2           Synthesis

The synthesis of HMTS comprised of three steps: the syntheses of 4-hexyloxybenzaldehyde (1) and a Heck cross-coupling protocol derivative, 4-amino-4’-trifluoromethyl stilbene (2) as precursor; and HMTS via a Schiff base reaction. However, the experimental details of the synthesis of 1 have been reported in literature.6 The preparation of HMTS is summarised in Scheme 1. A two-neck 50-ml round bottom flask containing equimolar amounts of 1 (0.3 g, 1.45 mmol) and 2 (0.38 g, 1.45 mmol) in ethanolic solution was fitted with a Dean-stark condenser. Then, the mixture was put at reflux with constant stirring for ca. 6 h and reaction progress was monitored using TLC (hexane: ethyl acetate) (4:1). Once the reaction was completed, the solvent was removed in vacuo and the crude product was recrystallised from acetonitrile to afford the yellow precipitate of the titled compound, HMTS (0.51 g, 78% yield). IR (KBr): ν(C−H aromatic) 3445cm−1, ν(C−H aliphatic) 2934cm−1, 2874cm−1, ν(C=C) 1585 cm−1 and 1566cm−1, ν(C=N) 1624cm−1, ν(C−O) 1326cm−1. 1H NMR (CDCl3): δ 0.92 (t, J=7Hz, 3H, CH3); 1.26−1.85 (m, 8H, CH2); 4.03 (t, J=7Hz, 2H, OCH2); 6.97 (pseudo-d, JHH=9Hz, 2H, C6H4); 7.26 (pseudo-d, JHH=8Hz, 2H, C6H4); 7.55 (pseudo-d, JHH=6Hz, 2H, C6H4); 7.60 (s, 4H, C6H4); 7.84 (pseudo-d, JHH=9Hz, 2H, C6H4); 7.08-7.22 (d-d, 2H, C2H4); 8.42 (s, 1H, NH). 13C NMR (CDCl3): δ 13.00 (s, CH3); 21.58, 24.67, 28.13, 30.55, (4 × s, CH2); 67.24 (s, C−O); 127.94, 129.58 (2 × s, C=C); 113.74, 120.44, 124.60, 124.63, 125.35, 125.46, 126.63, 129.75, 133.08, 151.29, 158.69, 160.00 (12 × s, Ar); 161.03 (s, C=N).
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Scheme 1: The synthesis pathway for the preparation of HMTS.




3.           RESULTS AND DISCUSSION

3.1           Spectroscopic Studies

The IR spectrum of HMTS revealed all the expected bands of interest, namely ν(C-H), ν(C=C alkene), ν(C=C aromatic) and ν(C=N). The bands from 2874 cm−1 to 2934 cm−1 corresponded to C-H stretching of the alkyl substituent. The absorption band for ν(C=C) alkene and aromatic stretching vibration occurred at low frequencies, 1585 cm−1 and 1566 cm−1, respectively with moderate intensity. This is due to the effect of phenyl ring which is strongly coupled with the ν(C=C) stretching of the vinyl bond and ν(C-F) of the acceptor.7 The presence of ν(C=N) stretching vibration could be observed at a low frequency, 1624 cm−1 which is an indication of a Schiff base formation and this value is in good agreement with previously studied systems.8 The 1H NMR spectrum for HMTS showed resonance of the methyl protons at δH0.88 ppm while that of methylene protons were observed in the range of δH1.25–1.83 ppm. R-O-CH2- signal of the methoxy protons was detected downfield, at δH 4.05 ppm because they were deshielded due to their close proximity to the electron withdrawing oxygen atom. Whilst, the aromatic protons could be observed around δH 6.90–7.79 ppm as multiplets. The disappearance of amine and aldehyde protons and the presence of azomethine proton (CH=N) at δH 8.35 ppm confirmed the occurrence of condensation reaction between amine and aldehyde to produce the targeted compounds, HMTS. The carbon peaks in the 13C NMR spectrum of HMTS was consistent with those in the proposed molecular structure of this compound. The methyl carbon resonance could be clearly observed at δC 14.03 ppm and carbon resonances in the alkyl chain were detected in the range of δC 22.60–31.58 ppm, which were in good agreement with those of the previous reports on similar systems. Whilst, the downfield-shift resonance of the oxygenated carbon could be found at δC 62.69 ppm due to deshielding effect of oxygen atom that withdraws electron density from the former. Meanwhile, the resonances for aromatic carbons were seen in the range of δC 113.73 to 158.56 ppm. Signal of the imine carbons, C=N was observed at δC 160.82 ppm.


HMTS exhibited good thermal stability up to ca. 270ºC. Its thermogram revealed no mass loss occurred below 100°C which indicated that there was no trace of water or solvent in the sample. The degradation process of HMTS started at 290°C (Tonset) and ended around 400°C (Toffset) which was higher than that of its precursor. Whilst, the second stage started at 410°C (Tonset) and ended at 850°C (Toffset). Thus, the targeted compound was thermally stable, even at high temperature, an indication of the good potential of this compound be applied as a semiconductive film for it had remarkable performance under prolonged thermal stress.

3.2           Optical Properties

The electronic transition spectrum of HMTS showed broad absorption bands at λmax 356 nm which could be attributed to π→π* and n→π* transitions of the phenyl, C=C alkene and C=N moieties. The energy band gap (Eg) was calculated using Equation 1 which was expressed in eV.6 According to the UV-vis spectrum of HMTS, the absorption maximum (λabs.max) was found to be at 356 nm which led to experimental optical energy band gap of 3.49 eV.

[image: art]

The molecular geometry of HMTS was optimised via the density functional theory (DFT) calculations to investigate the energy separation between the HOMO and LUMO as depicted in Figure 2.


[image: art]

Figure 2:      Energy gap between HOMO and LUMO of HMTS.



From the data analysis, it was clearly observed that the theoretical energy band gap value, 3.49 eV was in good agreement with the experimental optical band gap, 3.49 eV obtained from UV-Vis absorption spectroscopy. Notably, the electron cloud of the HOMO in HMTS is mainly located on the electron withdrawing trifluromethyl substituent, whereas the LUMO is dominated by orbitals from the stilbene aromatic system. Generally, such electron distribution imparts to the investigated molecule an intrinsic intramolecular charge transfer property, which is consistent with the experimental spectroscopic data. In addition, this minimal overlapping of HOMO-LUMO also afforded HMTS with smaller energy for photo-excitation and relaxation, thus its theoretical band gap energy (Eg) was calculated as 3.49 eV which lies in the typical band gap range of organic semiconducting materials.

4.           CONCLUSION

HMTS featuring donor (D)-π-acceptor (A) properties has been successfully synthesised with good yield (75%). The optical band gap of this derivative exhibited is 3.49 eV, which showed good relationship between the experimental and theoretical data. Indeed, the material possesses good thermal stability at high temperature up to ca. 270ºC. Thus, the findings showed that the targeted molecule can be a material candidate to be used candidate in organic semiconductor application.
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ABSTRACT: Fumed silica nanoparticles, TS-530 were used with polyvinylidene fluoride (PVDF) in this work to produce mixed matrix membranes (MMM). Various nanoparticle loading were used to observe the effects of different nanoparticle loading on the characteristics, morphology and gas absorption performance of the resulting MMMs. 0.5 wt%, 1.0 wt%, 1.5 wt%, 3 wt%, 5 wt% and 10 wt% silica nanoparticles were added into the polymer dope solution before the membranes were cast in flat sheet configuration. Membrane contact angle tests showed an increase of the contact angle with silica loading, which is a desired characteristic in membrane gas absorption process. Energy dispersive X-ray (EDX) surface mapping of these MMMs indicated that the nanoparticles were quite well distributed in the polymer matrix despite its tendency to agglomerate. Permeability of carbon dioxide (CO2) in a gas mixture of CO2 and nitrogen (N2) for MMMs were better compared to the pure PVDF membrane, with 1 wt% silica loading having the best CO2 permeability. Selectivity, however, decreased with increasing nanoparticles loading, which may be the result of poor compatibility between the nanoparticles and the polymer matrix.

Keywords: Mixed matrix membrane, CO2 absorption, membrane gas absorption, silica loading, polyvinylidene

1.           INTRODUCTION

A method proposed to reduce the emission of greenhouse gases is carbon capture and storage (CCS) system. Membrane gas absorption (MGA) is an attractive alternative to the conventional chemical absorption systems. Of the commonly used hydrophobic polymers, polyvinylidene fluoride (PVDF) is the most attractive due to its processability.1 Mixed matrix membranes (MMMs) have the potential to show better performance by combining the desired characteristics of polymer and inorganic membranes.2 Research has found that MMMs incorporating non-porous inorganic particles do not perform as predicted by the Maxwell model, which assumed decreased gas permeabilities in MMM compared to pure polymeric membranes.3 The increase in free volume from the addition of non-porous silica nanoparticles causes an increase of gas permeability with silica content; however, the selectivity can decrease.3,4 However, the incorporation of fumed silica nanoparticles in glassy polymers enhanced the gas and vapour permeability as well as the reverse selectivity for condensable C3+ hydrocarbons over smaller gases.5 In the present study, silica nanoparticles at different loadings were added into PVDF, and the effects on the characteristics and performance of the resulting MMMs were investigated. The performance of the MMM in a MGA process to absorb CO2 from flue gas were observed and compared with the pure PVDF membrane.

2.           EXPERIMENTAL

2.1           Materials

PVDF from Solef Company (Solef 6010/1001) was used as the polymer to synthesise the membranes. N-Methyl-2-pyrrolidone (NMP) from Sigma-Aldrich was used as a solvent. Hydrophobic fumed silica nanoparticles, Cabosil TS-530 containing trimethylsilyl groups was kindly supplied by Cabot Corporation (Tuscola, IL, United States).

2.2           Membrane Preparation

To synthesise MMMs, the desired amount of fumed silica nanoparticles were added into the solvent and stirred for 30 min. A range of nanoparticle loading of 0.5 wt% to 10 wt% was chosen as the addition of inorganic fillers beyond this amount would cause the particles to agglomerate too much. The mixture was then sonicated for 30 min to ensure that the nanoparticles were well dispersed within the solution. The PVDF powder was slowly added and then stirred continuously at 60°C for 24 h. The pure PVDF membrane was prepared in a similar manner, without the addition of the silica nanoparticles. The dope polymer solutions were cast by a casting machine (Elcometer 4340, United Kingdom) on a glass plate using a casting blade to set a thickness gap of 400 µm. The cast polymer solution was immediately immersed into a coagulation bath containing 20 wt% ethanol in water for 24 h. Then, the membrane film was thoroughly washed with water to remove the excess chemicals.


2.3           Characterisation

The water contact angle of the MMMs was measured using a goniometer (Ramé-Hart Instruments Co.). The pore size distribution of the membranes was obtained by wetting the membrane samples with Porefil for 10 min before using a porometer, Porolux 1000 (Beneflux Scientific, Belgium) with N2 gas. The thermal degradation of membranes was observed in inert N2 through a thermal gravimetric analysis (TGA). The liquid entry pressure of the membranes (LEPw) was measured by a porometer using the bubble point method.6 The morphology of the membranes was observed using field emission scanning electron microscope (FESEM, SUPRA TM 35vp Zeiss, Germany). EDX surface mapping for the top surface of the MMMs was done to observe the dispersion of silica nanoparticles on the surface of the MMMs.

2.4           Gas Absorption Test

Membrane sample with a diameter of 19 mm was placed in the membrane module. Pure CO2 and N2 gases at 100 ml min−1 were used as feed gas while distilled water at 100 ml min−1 was used as the liquid absorbent in the MGA system. The liquid absorbent from the outlet was collected to measure the absorbed CO2 from the gas stream using chemical titration method.7 The CO2 flux through the membrane can be determined using Equation 1:1
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where CCO2 is the concentration of absorbed CO2, Qabsorbent is the absorbent flow rate (l/s) and A is the effective membrane surface area (m2).

3.           RESULTS AND DISCUSSION

3.1           Membrane Characterisation

In MGA process, it is desirable for the membrane to be hydrophobic to avoid membrane wetting, which causes the membrane performance to deteriorate. The characterisation results of synthesised membranes are shown in Table 1. The addition of the hydrophobic silica nanoparticles to the already hydrophobic PVDF polymer initially showed a decrease in water contact angle. However, with the addition of more silica nanoparticles, the water contact angle of the MMMs showed a steady increase, which could increase the membrane sustainability in the long run. LEPw depends on the wettability, connectivity and surface pore size of the membrane.6 The increasing LEPw of the MMMs with silica loading was related to the presence of the hydrophobic modified silica nanoparticles. From the TGA analysis, it was found that the pure PVDF membrane began to lose weight at approximately 188°C, but the presence of silica nanoparticles increased this value. The temperatures at 1% (T1) and 5% (T5) weight loss increased with silica loading, proving that the addition of fumed silica nanoparticles enhanced the thermal stability of the MMMs.8


Table  1:    Characterisation results of synthesised membranes.



	Membrane

	Pore size (µm)

	LEPw (bar)

	Porosity (%)

	Contact angle (°)




	Pure PVDF
	0.12

	4.747

	76.77

	90.7




	0.5% TS-530
	0.10

	7.424

	75.86

	84.3




	1% TS-530
	0.08

	7.511

	77.57

	91.4




	1.5% TS-530
	0.09

	7.567

	78.50

	95.6




	3% TS-530
	0.09

	7.618

	77.46

	99.1




	5% TS-530
	0.10

	7.841

	72.70

	108.5




	10% TS-530
	0.11

	7.870

	66.51

	110.7





Figure 1 shows the morphology of the pure PVDF membrane and MMMs obtained from the FESEM analysis. The morphologies of the membranes were similar, but MMMs with 3 wt%, 5 wt% and 10 wt% particles loading had visibly denser sponge-like bottom layers, and this was further confirmed by the porosity of the membranes, which decreased after the 1.5 wt% silica loading. MMMs had lower thickness compared to the pure membrane due to the alteration of PVDF chain packing with addition of nanoparticles. The EDX results show that the fumed silica nanoparticles were well-distributed on the surface of the MMMs. This is attributed to the hydrophobic nature of the modified silica nanoparticles. The average pore radius of the MMMs decreased when 1 wt% silica was used, then increased with silica loading. The large pore sizes of the pure PVDF membrane can be attributed to the large finger-like layer. In the phase-inversion process, the thermodynamic and kinetic effects determined the structure of the membrane. Contrary to the effects of addition of PEG-400 in the dope solution by Mansourizadeh and Pouranfard, the addition of fumed silica nanoparticles into the dope solution had possibly increased the thermodynamic miscibility of the solution, which discouraged liquid-liquid phase separation and formed membranes with lower porosity.9 Furthermore, the addition of inorganic fillers increased dope solution viscosity, delaying the diffusion during the phase separation. This delay could suppress the growth of the finger-like layer, producing membranes with lower pore volume smaller finger-likes.
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Figure 1:      FESEM images of the cross-sectional view of (a) pure PVDF membrane and MMMs containing (b) 1% and (c) 10% TS-530 fumed silica nanoparticles.



3.2           Membrane Absorption Test

Figure 2 shows the CO2 absorption flux and CO2/N2 selectivity of the synthesised MMMs. The highest absorption flux achieved by the synthesised MMMs was at 1.5 wt% silica loading with 2.82 × 10−4 mol m−2 s−1 while the highest CO2/N2 selectivity was at 1 wt% silica loading with 22.5. Comparing these CO2 fluxes and selectivity with the ones obtained by the pure PVDF membrane (2.84 × 10−4 mol m−2 s−1 and 7.18, respectively), it can be seen that while the MMMs did not manage to surpass the pure PVDF membrane in terms of CO2 flux, its selectivity increased significantly. The large pore size of the pure PVDF membrane was the reason for the high CO2 and N2 flux, causing its selectivity to decrease. On the other hand, 1 wt% MMM had smaller pore size which accounted for the significant increase in selectivity, but the narrow gaps between silica-polymer interface allowed the CO2 to diffuse through the membrane. Higher silica loadings led to larger agglomeration of the inorganic fillers, forming more non-selective voids, which was why the CO2/N2 selectivity decreased.10 The decrease in CO2 permeability with higher silica loading can be attributed to the decrease in porosity of the MMMs, as well as the significant change in the polymer chain packing, causing the gas diffusion path to become longer and more tortuous.1
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Figure 2:      CO2 flux and selectivity of MMMs with silica loading.




4.           CONCLUSION

Hydrophobic PVDF mixed matrix membranes incorporated with non-porous fumed silica nanoparticles were synthesised in this work. The presence of these hydrophobic nanoparticles gave rise to the water contact angle and liquid entry pressure of the MMMs, while decreasing their porosity. The increase in inorganic fillers reduced the depth of finger-like layer of the MMMs and caused the sponge-like layer to become more dense, even as the average surface pore size to increase as a result of the formation of large silica aggregates. In the gas absorption test using an MGA system, the MMM containing 1.5% silica loading had the highest CO2 absorption flux among the MMMs while the MMM with 1% silica loading had the highest CO2/N2 selectivity which is almost three times the selectivity of the pure PVDF membrane.
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ABSTRACT: Six indanone-based chalcones were successfully synthesised from 1-indanone and 4-benzaldehyde derivatives via Claisen-Schmidt condensation reaction. The synthesised indanone-based chalcones were characterised by CHN elemental analysis, FTIR spectroscopy and NMR spectroscopy to determine their structures. Vasodilation studies indicated compounds 1b1 and 1-OH showed good vasodilation properties with Rmax value of 38.34 ± 8.90% and 96.68 ±14.77%, respectively. Compound with hydroxyl group shows better effect to the relaxation of the aortic rings.

Keywords: Chalcone, indanone, vasodilation, indanne-based chalcones, hydroxyl group

1.           INTRODUCTION

Chalcone is a class of flavonoid consisting of two aromatic rings linked by a three carbon of α,β-unsaturated carbonyl system. Other names for chalcone include benzylideneacetophenone, phenyl styryl ketone and benzalacetophenone. It is a natural pigment commonly found in most plants and is considered a vital intermediate precursor of various synthesis of flavonoids and isoflavonoids such as pyrazolines, pyrimidine, flavanol, flavones, flavanones, isoflavone, aurones, antocianidin, dihydroflavanol and dihydrochalcone.1

Studies have shown that chalcone compounds, either naturally occurring or synthetic, have a wide range of biological activities such as anticancer, antiviral, antimalarial, antibacterial, antifungal, anti-inflammatory and vasorelaxation properties.2–8 Chalcone is also a multifunctional molecule in which one chalcone compound can show many biological activities. One of them is Licochalcone A which shows antimalarial, anticancer, antibacterial and antiviral properties.9–10 Also, some chalcones also interact with the anti-inflammation pathways in the cell giving them anti-inflammatory properties and consequently makes them a good candidate for treating cardiovascular diseases such as hypertension.8 Some of chalcones such as tinctormine, desmethylxanthohumol, safflower yellow and 2-(2-dimethylaminoethoxy)-3′,4′,5′-trimethoxychalcone has been reported to have vasodilation properties when tested with rats and dogs.10–14

In this study, several indanone-based chalcones were synthesised from indanone and benzaldehyde derivatives and were tested for their vasorelaxation properties on the aortic rings of Sprague–Dawley rats. To the best of our knowledge, this was the first vasodilation study using the synthesised indanone-based chalcones.

2.           EXPERIMENTAL

2.1           Materials and Instruments

All chemicals and solvents were purchased from commercial sources and were used as received. Thin layer chromatography (TLC) analysis was carried out using aluminium-backed silica gel 60 F254 plates. UV light and iodine chamber were used to visualise the spot of the compound. Elemental analysis (CHN) was carried out on a Perkin Elmer Series II, 2400 microanalyser. Fourier transform infrared (FTIR) spectra were recorded using a Perkin Elmer 2000-FTIR spectrophotometer in the range of 4000 to 600 cm−1. Nuclear magnetic resonance (NMR) spectra were recorded using Bruker AC 500 MHz with d6-DMSO as the solvent and TMS as an internal standard. 1H and 13C NMR peaks were labelled as singlet (s), doublet (d), triplet (t), and multiplet (m). Chemical shifts were referenced with respect to solvent signals.

2.2           Synthesis of Indanone-based Chalcones

1-Indanone (1.32 g, 0.01 mol) and 1 equivalent of substituted benzaldehyde at para position were dissolved in methanol (10 ml). Catalytic amount of piperidene was added and the mixture was refluxed at 75°C–85°C for 12 h.15 Then the heat was turned off and the reaction mixture was left to cool. The precipitate formed was then filtered and washed with cold methanol. Then the crude product was recrystallised from ethanol. The reaction can be represented in Scheme 1.
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Scheme 1: Synthesis of indanone-based chalcones.



(E)-2-(4-ethoxybenzylidene)-2,3-dihydro-1H-inden-1-one (1b1)

Yield = 2.19 g (83.0%), mp: 123–124°C, pale yellow crystal. IR (cm−1): 3045 (Csp2-H stretching), 2977 and 2936 (Csp3-H stretching), 1680 (C=O stretching), 1597 (C=C stretching), 1253 (C-O stretching). 1H-NMR (500 MHz, DMSO-d6) δ, ppm: 7.78 (d, J=10.0 Hz, 1H), 7.75 (d, J=10.0 Hz, 2H), 7.71 (t, J=7.5 Hz, 1H), 7.69 (t, J=7.5 Hz, 1H), 7.52 (s, 1H), 7.48 (t, J=5.0 Hz, 1H), 7.06 (d, J=10.0 Hz, 2H), 4.09–4.13 (m, 2H) 4.08 (s, 2H), 1.36 (t, J=5.0 Hz, 3H). 13C-NMR (125 MHz, DMSO-d6) δ, ppm: 193.24, 159.92, 149.82, 137.45, 134.58, 132.86, 132.70, 132.46, 127.59, 127.33, 126.61, 123.43, 114.97, 63.34, 31.89, 14.50. CHN elemental analysis: Calculated for C18H16O2: C: 81.79%, H: 6.10%. Found: C: 81.23%, H: 6.11%.

(E)-2-(4-butoxybenzylidene)-2,3-dihydro-1H-inden-1-one (1b2)

Yield = 2.19 g (75.0%), mp: 121–122°C, white crystal. IR (cm−1): 3052 (Csp2-H stretching), 2949 and 2869 (Csp3-H stretching), 1696 (C=O stretching), 1598 (C=C stretching), 1241 (C-O stretching). 1H-NMR (500 MHz, DMSO-d6) δ, ppm: 7.79 (d, J=5.0 Hz, 1H), 7.75 (d, J=10.0 Hz, 2H), 7.71 (t, J=5.0 Hz, 1H), 7.69 (t, J=5.0 Hz, 1H), 7.52 (s, 1H), 7.48 (t, J=7.5 Hz, 1H), 7.07 (d, J=10.0 Hz, 2H), 4.09 (s, 2H), 4.05 (t, J=5.0 Hz, 2H), 1.70–1.76 (m, 2H), 1.42–1.50 (m, 2H), 0.95 (t, J=7.5 Hz, 3H). 13C-NMR (125 MHz, DMSO-d6) δ, ppm: 193.23, 160.11, 149.83, 137.46, 134.59, 132.87, 132.70, 132.46, 127.60, 127.33, 126.62, 123.44, 115.01, 67.39, 31.90, 30.60, 18.67, 13.64. CHN elemental analysis: Calculated for C20H20O2: C: 82.16%, H: 6.90%. Found: C: 82.05%, H: 6.87%.

(E)-2-(4-(hexyloxy)benzylidene)-2,3-dihydro-1H-inden-1-one (1b3)

Yield = 2.43 g (76.0%), mp: 117–119°C, yellow crystal. IR (cm−1): 2958 (Csp2-H stretching), 2931 and 2851 (Csp3-H stretching), 1691 (C=O stretching), 1595 (C=C stretching), 1253 (C-O stretching). 1H-NMR (500 MHz, DMSO-d6) δ, ppm: 7.78 (d, J=10.0 Hz, 1H), 7.74 (d, J=10.0 Hz, 2H), 7.71 (t, J=5.0 Hz, 1H), 7.69 (t, J=7.5 Hz, 1H), 7.52 (s, 1H), 7.48 (t, J=7.5 Hz, 1H), 7.06 (d, J=10.0 Hz, 2H), 4.08 (s, 2H), 4.04 (t, J=7.5 Hz, 2H), 1.70–1.76 (m, 2H), 1.40–1.46 (m, 2H), 1.30–1.34 (m, 4H), 0.89 (t, J=7.5 Hz, 3H). 13C-NMR (125 MHz, DMSO-d6) δ, ppm: 193.26, 160.10, 149.81, 137.46, 134.58, 132.86, 132.69, 132.43, 127.59, 127.32, 126.60, 123.43, 115.00, 67.69, 31.90, 30.95, 28.51, 25.11, 22.02, 13.86. CHN elemental analysis: Calculated for C22H24O2: C: 82.46%, H: 7.55%. Found: C: 82.51%, H: 7.57%.

(E)-2-(4-hydroxybenzylidene)-2,3-dihydro-1H-inden-1-one (1-OH)

Yield = 2.00 g (85.0%), mp: 223–225°C, bright yellow crystal. IR (cm−1): 3114 (O-H stretching) 2897 (Csp2-H stretching), 1673 (C=O stretching), 1595 (C=C stretching). 1H-NMR (500 MHz, DMSO-d6) δ, ppm: 7.77 (d, J=10.0 Hz, 1H), 7.65–7.71 (m, 4H), 7.46–7.49 (m, 2H), 6.91 (d, J=5.0 Hz, 2H), 4.06 (s, 2H), 13C-NMR (125 MHz, DMSO-d6) δ, ppm: 193.22, 159.42, 149.77, 137.57, 134.46, 133.33, 132.95, 131.52, 127.56, 126.57, 125.96, 123.38, 116.03, 31.94. CHN elemental analysis: Calculated for C16H12O2: C: 81.34%, H: 5.12%. Found: C: 81.38%, H: 5.14%.

(E)-2-(4-nitrobenzylidene)-2,3-dihydro-1H-inden-1-one (1-NO2)

Yield = 2.39 g (90.0%), mp: 240–243°C, yellow crystal. IR (cm−1): 3077 (Csp2-H stretching), 1691 (C=O stretching), 1506 (C=C stretching), 1335 (C-N stretching). 1H-NMR (500 MHz, DMSO-d6) δ, ppm: 8.30 (d, J=10.0 Hz, 2H), 8.01 (d, J=5.0 Hz, 2H), 7.83 (d, J=5.0 Hz, 1H), 7.69–7.42 (m, 2H), 7.64 (s, 1H), 7.51 (t, J=7.5 Hz, 1H), 4.18 (s, 2H). 13C-NMR (125 MHz, DMSO-d6) δ, ppm: 192.73, 149.94, 141.55, 139.11, 137.10, 135.11, 131.29, 130.03, 127.77, 126.57, 123.73, 123.65, 31.74. CHN elemental analysis: Calculated for C16H11NO3: C: 72.45%, H: 4.18% N: 5.28%. Found: C: 72.39%, H: 4.16%, N: 5.27%.

(E)-2-(4-chlorobenzylidene)-2,3-dihydro-1H-inden-1-one (1-Cl)

Yield = 1.98 g (78.0%), mp: 178–180°C, white crystal. IR (cm−1): 3029 (Csp2-H stretching), 1691 (C=O stretching), 1602 (C=C stretching), 819 (C-Cl stretching). 1H-NMR (500 MHz, DMSO-d6) δ, ppm: 7.81 (t, J=10.0 Hz, 3H), 7.73 (t, J=7.5 Hz, 1H), 7.68 (d, J=10.0 Hz, 1H), 7.57 (d, J=10.0 Hz, 2H), 7.54 (s, 1H), 7.49 (t, J=7.5 Hz, 1H), 4.12 (s, 2H). 13C-NMR (125 MHz, DMSO-d6) δ, ppm: 193.22, 149.99, 137.07, 135.76, 133.02, 134.41, 133.77, 132.34, 131.38, 128.99, 127.73, 126.67, 123.64, 31.77. CHN elemental analysis: Calculated for C16H11ClO: C: 75.45%, H: 4.35%. Found: C: 75.39%, H: 4.33%.

2.3           Evaluation of Vasodilation Activity

Vascular rings were prepared from the aorta of male Sprague-Dawley rats with average weight of 250 g. To validate the condition of the aortic ring’s endothelium, the aortic rings were pre-contracted with phenylephrine (PE, 1 µM), followed by relaxation with acetylcholine (Ach, 1µM). After that, the aortic rings were rinsed with Kreb’s solution and the tension was adjusted back to the baseline of 1 g. Then 1 µM of PE was added to establish a stable contractile tone. Subsequent concentration of the compound which was dissolved in water was added into the organ bath at 20 min interval. Changes of the contractile force were measured with a force transducer (GRASS Force-Displacement Transducer FT03, UK). The signals were read by using Labchart-7 and the data was tabulated using Microsoft Excel.
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Figure 1:      1H NMR spectra of indanone-based chalcone, 1-Cl (a) and indanone (b).



3.           RESULTS AND DISCUSSION

3.1           Spectroscopic Studies

In the 1H NMR spectrum of the synthesised indanone-based chalcone, 1-Cl (Figure 1a), the sharp singlet that appeared at the downfield region, δ 7.54 ppm was attributed to the -C=CH proton that formed from the condensation of indanone with benzaldehyde. The methylene protons (H8) on the indanone rings of 1-Cl was observed, δ 4.12 ppm. Triplet corresponding to the methylene protons (H9) in indanone (as shown in Figure 1b) disappeared, indicated the formation of C=C from the condensation. In the NMR spectra for 1b1-1b3 peaks in the upfield regions referred to the aliphatic protons. In the 13C NMR spectra, all products showed similar trend of signals and number of carbon atoms were corresponding to the structures. For the indanone-based chalcones, the peaks for carbonyl carbon appeared around δ 193.00 ppm while the peak for the C8 appeared around δ 32.00 ppm. In the IR spectra, the band for C=O functional groups was in between 1680– 1700 cm−1. Bands at the region of 1520–1625 cm−1 were for C=C functional groups.
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Figure 2:      Effects of indanone-based chalcones 1-OH and 1-Cl on relaxation in aortic rings.



3.2           Vasodilation Studies

Before starting the studies, the synthesised indanone-based chalcones were tested for their solubility in water. Tween 80 was used as surfactant to increase the solubility of the chalcones in water and the best compounds 1b1 and 1-OH that fully dissolved were used in the vasodilation studies. The other compounds 1b2, 1b3, 1-OH, 1-NO2, and 1-Cl, however, were undissolved and could not be investigated. Compound 1b1 showed maximal relaxation (Rmax) value of 38.34 ± 8.90%. Meanwhile compound 1-OH showed greater effect on the vasorelaxant activities with highest Rmax value of 96.68 ±14.77% (Figure 2). The greater potency of 1-OH can be attributed to the present of hydroxyl group in the compound.8 There are few pathways that might be involved in vasodilation of blood vessel caused by compound 1b1 and 1-OH such as endothelium-dependent or non-dependent pathways, potassium and calcium channels, muscarinic and β-adrenergic receptors. Further investigation is needed to confirm the type of mechanism pathway of these chalcones.

4.           CONCLUSION

All the compounds 1b1-1b3, 1-OH, 1-NO2 and 1-Cl were successfully synthesised and characterised. From the spectroscopic data, the formation of indanone-based chalcones was successful. The tested chalcones for vasorelaxant properties showed good results and further studies are needed to find the inhibition mechanism of the chalcones that caused the cells in the aortic ring to relax.
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ABSTRACT: The removal of highly toxic phenolic compounds, such as phenol and p-nitrophenol (PNP) from wastewater through biological approach provides a good cleanup strategy in wastewater treatment. It is recognised as an efficient green treatment with relatively low cost in comparison to conventional physicochemical processes. In this present study, activated sludge was acclimated to phenol and PNP, respectively, using sequencing batch reactor (SBR) system. The growth kinetics of both phenol- and PNP-acclimated activated sludge were well described by Haldane model. The values of the Haldane kinetic parameters, namely, maximum specific growth rate, µmax, saturation constant, Ks, and inhibition constant, Ki, were found to be 0.4039 and 0.1346 h−1, 5.393 and 110.3 mg l−1, and 550.8 and 63.58 mg l−1, respectively. The smaller ratio of Ks/Ki for phenol degradation compared to that of PNP biodegradation indicates the higher resistance of phenol-acclimated activated sludge to inhibition by its substrate. The pseudo zeroth-order equation was able to describe the phenol degradation kinetics at different initial concentrations. However, the equation was inadequate for the PNP degradation which was attributed to its higher toxicity compared to phenol.

Keywords: Sequencing batch reactor, acclimated activated sludge, phenol and p-nitrophenol biodegradations, kinetics, Haldane model

1.           INTRODUCTION

Wastewater is a worldwide concern as it presents a major health and environmental management challenge due to the presence of toxic and hazardous pollutants such as phenol and p-nitrophenol (PNP).1,2 Therefore, it needs to be treated properly prior to being discharged to the environment. In contrast to physicochemical methods, biological approaches provide highly reliable and cost-effective treatment for the complete removal of toxic pollutants.3 Activated sludge process is one of the biological approaches in treating wastewater using mixed culture. Besides its simple operation, it is very efficient in mineralising toxic organic compound.4

It was reported that acclimation process could enhance the ability of activated sludge to achieve complete mineralisation.5,6 Complete removals can be achieved without experiencing inhibition at high concentrations of phenol and PNP at 1050 and 500 mg l−1, respectively, using acclimated biomass were reported.5,6 In the study by Sam and Ng, phenol biodegradation time was found to decrease from 330–1260 min to 35–330 min for initial phenol concentration of 25–250 mg l−1 after the acclimation of activated sludge to the target compound.7

Knowledge on biodegradation kinetics of toxic compounds is essential to improve the removal efficiency and process control. The degradation of phenolic compounds has been known to be inhibited by phenolic compounds themselves, especially at high concentrations.1,7 Thus, Haldane model is usually used to describe the growth kinetics of microorganism. Biomass growth can be defined as the increase of quantity of cellular constituents and structure which is accompanied by the increment of size and number of cells. It undergoes several phases, namely lag, exponential, stationary and death phases.3 In view of the wide range of concentrations of phenolic compounds in industrial wastewaters, the aim of this study is to investigate the growth and biodegradation kinetics of phenol and PNP at increasing concentrations in order to comprehend the effect of inhibition on the growth trends of acclimated activated sludges and thus their biodegradation performance.

2.           EXPERIMENTAL

2.1           Culturing and Acclimation of Activated Sludge

The seed of activated sludge was collected from a local municipal sewage treatment plant at Batu Ferringhi, Penang, Malaysia. It was then cultured using two identical laboratory-scale sequencing batch reactors (SBRs), namely, R-P and R-PNP. Each reactor with the total working volume of 5 l was operated with five operational periods of FILL, REACT, SETTLE, DRAW and IDLE with the time ratio of 2: 8: 1: 0.75: 0.25 for a 24 h cycle. The reactors were fed with the base mix of the following compositions (in mg l−1): bacto-peptone (188), sucrose (563), KH2PO4 (32), K2HPO4 (180), (NH4)2SO4 (212), NaHCO3 (500), MgSO4 (49), FeCl3•H2O (18.8) and CaCl2 (40). A volume of 3.5 l of feed solution was added into the reactor and equal volume of treated effluent was withdrawn from the reactor during the FILL and DRAW periods, respectively. The sludge age was maintained at 20 days by wasting 250 ml of mixed liquor at the end of the REACT period. The activated sludges were then acclimated to the final acclimation concentration of 200 mg l−1 phenol and 250 mg l−1 PNP, respectively, in reactors R-P and R-PNP, without supplementing sucrose and bacto-peptone. Both acclimated sludges were used in the biodegradation studies once the quasi-steady state was attained, indicated by the constant values of mixed liquor suspended solid (MLSS) of 1110 ± 50 and 600 ± 50 mg l−1 for R-P and R-PNP, respectively.

2.2           Biodegradation Kinetic Study

Biodegradations of phenol and PNP were carried out by using phenol- and PNP-acclimated activated sludges, respectively, in a batch mode. The degradation studies were investigated by varying the initial concentrations of phenol (0 to 1000 mg l−1) or PNP (0 to 500 mg l−1) in the presence of 400 mg l−1 of acclimated activated sludges and nutrients with the same composition as base mix. The residual concentration of phenol was determined using 4-aminoantipyrine method and measured spectrometrically at 506 nm while the PNP concentration was determined at 401 nm.8,9 The biomass growth in terms of mixed liquor vapour suspended solid (MLVSS) was determined using optical density measurement at 600 nm. The complete mineralisation of phenolic compounds was ascertained by chemical oxygen demand (COD) concentrations using closed reflux and titrimetric method.8

The specific biomass growth data was fitted into Haldane model using MATLAB software R2017a. The Haldane equation is given as below:
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where So is the initial substrate concentration (mg l−1), µmax is the maximum specific growth rate (h−1), Ks is the half-saturation constant (mg l−1) and Ki is the substrate inhibition constant (mg l−1). The value of specific growth rate, µ, was determined using a graph of biomass versus time. The kinetic data of phenolic compound degradation was fitted into pseudo zeroth-order equation shown below:
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where So is the initial substrate concentration (mg l−1), S is substrate concentration at time, t and k is the pseudo zeroth-order rate constant.


3.           RESULTS AND DISCUSSION
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Figure 1:      Experimental and Haldane predicted specific growth rates at different initial (a) phenol and (b) PNP concentrations.



Complete mineralisations of phenol and PNP were achieved as indicated by the COD concentrations below 20 mg l−1. The experimental data of specific growth rate was plotted against various phenol (Figure 1(a)) and PNP concentrations (Figure 1(b)). The data was observed to be well-fitted into the Haldane model. The ability of Haldane model in describing the growth kinetics in the presence of inhibitory effects was also reported in other studies.1,10 In this study, it was observed that specific growth rates, µ, increased with the increase of phenol and PNP concentrations up to 100 and 50 mg l−1, respectively. The µ values decreased subsequently with the increase in substrate concentrations. This revealed the inhibition behaviour of phenolic compounds on acclimated activated sludges at higher concentrations.7,11

The values of kinetic parameters obtained from the fitting of Haldane model are: μmax = 0.4039 and 0.1346 h−1, Ks = 5.393 and 110.3 mg l−1, Ki = 550.8 and 63.58 mg l−1 with the R2 = 0.9677 and 0.9764 for phenol and PNP degradations, respectively. Based on the Ki values obtained, the inhibition effect occurred at phenol and PNP concentrations higher than 550.8 and 63.58 mg l−1, respectively. Furthermore, it was reported that the degree of inhibition can be illustrated by the Ks/Ki ratio, in which the resistance of acclimated activated sludge towards the inhibitory effects was indicated by a small Ks/Ki ratio.7,12 In this study, the Ks/Ki ratio for phenol degradation (0.0098) was found to be much smaller compared to that of PNP degradation (1.735). Thus, phenol-acclimated activated sludge was able to grow within the phenol concentration range studied without any observable inhibition.


The kinetics of biodegradation of phenol and PNP fitted well to the pseudo-zeroth-order equation with R2 values > 0.9. The value of rate constant, k, was determined from the slope of the plot of different phenol or PNP initial concentration against time and the values are presented in Table 1. For the cases of phenol biodegradation, the highest value of k was obtained at the initial phenol concentration of 50 mg l−1. This result is in agreement with the study of growth kinetics in which the μmax for phenol-acclimated activated sludge was obtained at this concentration (Figure 1(a)). In general, above 50 mg l−1 a gradual decrease of k value was observed with increasing phenol concentration. The decreasing trend is again in agreement with the Haldane fitting. For PNP biodegradation, the increasing trend of k values from 50 to 250 mg l−1 contradicts the growth kinetics results obtained using Haldane model (Figure 1(b)). Higher toxicity of PNP (EC50=64 mg l−1) compared to phenol (EC50=270 mg l−1) resulted in significant inhibitory effect at PNP concentration as low as 63.58 mg l−1 as predicted based on the Haldane model.13 Thus, the use of pseudo-zeroth order equation in describing the biodegradation kinetics of PNP is not sastifactory as it does not take into account the effect of inhibition at high PNP concentration.


Table  1:    Mean values of the pseudo zeroth-order rate constants for phenol and PNP biodegradations.



	Initial phenol concentration (mg l−1)

	k
(mg l−1h−1)

	R2

	Initial PNP concentration (mg l−1)

	k
(mg l−1 h−1)

	R2




	50

	104.5

	0.9486

	50

	13.96

	0.9522




	100

	89.1

	0.9168

	100

	22.24

	0.9307




	200

	73.6

	0.9393

	250

	31.18

	0.9325




	400

	63.7

	0.9763

	350

	25.39

	0.9393




	600

	49.5

	0.9732

	500

	16.51

	0.9342




	800

	55.8

	0.9304

	−

	−

	−




	1000

	39.9

	0.9425

	−

	−

	−





4.           CONCLUSION

Specific biomass growth was well descibed by Haldane model with the kinetic parameters, μmax = 0.4039 and 0.1346 h−1, Ks = 5.393 and 110.3 mg l−1 and Ks = 550.8 and 63.58 mg −1 for both phenol and PNP degradations, respectively. Low degree of inhibition for phenol biodegradation in the concentration range studied was reflected by the smaller Ks/Ki ratio compared to that of PNP biodegradation. Therefore, phenol-acclimated activated sludge was able to grow at phenol concentration up to 1000 mg l−1 without experiencing inhibition. In addition, pseudo zeroth-order kinetics was used to describe the biodegradation kinetics of phenol biodegradation. However, this equation does not incorporate the inhibition effect and thus it is inadequate to explain the cases of PNP degradation at high concentrations which is attributed to its high toxicity.
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ABSTRACT: The objectives of this study were to synthesise and characterise poly(3-hydroxybutyrate)/copper sulfide (PHB/CuS) composites and to assess the potential of these composites in the form of films as photocatalyst for the degradation of 2,4,6-trichlorophenol (TCP). The CuS was prepared by the reaction between copper(II) chloride dihydrate and thiourea which was later immobilised onto PHB biopolymer by aqueous to organic phase transfer method, i.e., hydrosol to organosol. Based on UV-Vis and Raman spectroscopy as well as XRD analysis, it was confirmed that the hydrosol contain mostly CuS with the existence of Cu2S in trace amount. This trace amount of Cu2S can be minimised by prolonged refluxing of the reaction mixture. The amount of Cu in the composite film was determined using AAS technique. Pristine PHB and the synthesised photocatalysts containing various amount of CuS were investigated for photodegradation of TCP using UV-visible light (350–800 nm). Pristine PHB was capable to degrade TCP to a maximum of 70% degradation at 5 h. However, the PHB/CuS composite film afforded higher TCP degradation in shorter time. The photodegradation results also revealed that the higher amount of CuS in the composite led to better photodegradation of TCP under UV-visible light. In this study, complete degradation of TCP was achieved after 2 h of irradiation upon utilisation of PHB/CuS film containing 0.312 wt% of CuS.

Keywords: Poly(3-hydroxybutyrate), photocatalytic degradation, 2,4,6-trichlorophenol, PHB/CuS nanocomposites film


1.           INTRODUCTION

Chlorophenols (CPs) are common environmental pollutants.1 They have been classified as priority pollutants by the U.S. Environmental Protection Agency (EPA) due to their high toxicity, carcinogenic properties and bioaccumulation capability.2 The CPs include 2-chlorophenol, 2,4-dichlorophenol, 2,4,6-trichlorophenol (TCP) and phencyclidine. Among these CPs, TCP is found to be the most abundant and mostly originates from textile and pesticide industries.1 TCP is reported to affect the human nervous, respiratory and cardiovascular systems and is also carcinogenic.1 Therefore, removal of TCP from wastewater is crucial because of its high stability, toxicity, and persistence in the environment.

Copper sulfide (CuS) has nowadays been attracting studies due to their interesting optical and electrical properties. CuS exists in various stoichiometry and morphologies. There are five types of stoichiometry at room temperature such as covellite (CuS), anilite (Cu1.75S), digenite (Cu1.8S), djurlite (Cu1.95S) and chalcocite (Cu2S).3 CuS is applicable in catalysis reaction.

Poly(3-hydroxybutyrate)(PHB) is the most common polymer among the polyhydroxyalkanoates (PHAs). It is obtainable from various microorganisms. PHB has thermoplastic properties and is non-toxic as well as 100% biodegradable.4 PHB based composites have attracted much interest and they have been applied in many field of researches, i.e., thermal, mechanical and photocatalytic degradation of organic dyes. PHB incorporated with TiO2 or niobium oxyhydroxide has previously been applied in the photodegradation of methylene blue.5–8 However, there is no study on using PHB/CuS composites for the photodegradation of TCP.

Herewith, we report preliminary development of a new catalytic system based on the PHB polymer films containing copper sulfide. The catalyst hydrosol was synthesised via reflux method and the polymer composite organosol was synthesised using phase transfer method. The PHB/CuS composite films were obtained upon drying the later. The photocatalytic removal of TCP was then investigated using UV-vis light irradiation in the wavelength region of 350–800 nm.

2.           EXPERIMENTAL

2.1           Materials

Poly(3-hydroxybutyrate), PHB was supplied by Biocycle, Brazil. Cetyltrimethylammonium bromide, CTAB (Merck, Germany), chloroform, methanol and isopropanol (Qrec, Malaysia), potassium hydroxide pellets, KOH (Qrec, Malaysia), thiourea (Riedel-de Haen, Germany), copper(II) chloride dihydrate (Sigma-Aldrich, USA), were obtained commercially and used without further purification.

2.2           Preparation of PHB/CuS and Photodegradation of TCP

The PHB/CuS composite films were obtained via two-step aqueous to organic phase transfer method where the CuS particles were first formed in the aqueous phase (hydrosol) then followed by the transfer of the CuS particles in the hydrosol into an organic phase comprising PHB in chloroform (organosol). Isopropanol was used as the inter-phase transfer agent for the CuS particles.

In a typical preparation, two sets of aqueous solutions were prepared which are 0.04 g CTAB and 0.02 g CuCl2.2H2O and others consisting of 0.02 g thiourea and 0.02 g KOH. Both solution was stirred separately for 30 min before mixing. The total volume of the resultant mixture is 200 ml. The resultant mixture was then refluxed at 120°C for 3 h to obtain the hydrosol. Upon cooling the CuS hydrosol, a solution of PHB in chloroform and isopropanol was added under vigorous stirring for 1 h. The mixture was allowed to stand to facilitate the separation of the aqueous and organic phase. The former was then removed. The remaining organic phase (organosol) was cast into a beaker and was left to dry in the fume hood at room temperature for 24 h to yield PHB/CuS composite film. Films of the various PHB/CuS composites were prepared in a similar manner by varying the amount of CuS as listed in Table 1.

The photodegradation of TCP was carried out by introducing 20 ml of 100 ppm TCP aqueous solution into a beaker containing PHB/CuS composite film. This was then irradiated with Xe lamp (UV-vis light with wavelength 350–800 nm) with continuous stirring. The degraded TCP solution was then analysed using UV-vis spectroscopy technique.


Table  1:    Condition for the fabrication of PHB/CuS film.



	CuS Hydrosol (ml)
	2

	6

	10

	20

	30

	40




	PHB stock solution (ml)
	5

	5

	5

	5

	5

	5




	Isopropanol (transfer agent) (ml)
	2

	4

	6

	9

	12

	15




	Cu in PHB/CuS nanocomposite films (wt%)*
	0.013

	0.017

	0.044

	0.130

	0.263

	0.312





* as determined by AAS


2.3           Characterisation

The optical properties of the hydrosol, organosol, and TCP were determined using a Hitachi U-2000 UV-Vis spectrophotometer. The Raman spectroscopy of CuS particles was determined using a Jobin Yvon Horiba HR800 UV. The X-ray diffraction (XRD) patterns were obtained using SIEMENS D5000 X-ray diffractometer. The CuS particle samples were collected via centrifugation of the hydrosol whereas PHB/CuS film samples were obtained by evaporating the chloroform from the organosol. The metal content in the sample (expressed in wt% of CuS) was determined using Perkin Elmer Analyst 100 atomic absorption spectrometer (AAS).

3.           RESULTS AND DISCUSSION

3.1           Preparation of CuS Hydrosol

From Figure 1, the UV-Vis spectroscopy indicates that in the first 15 min, the formation of CuS does not occur initially as there is no absorption peak observed at around 800–1100 nm. This thus explained the brownish colour that is observed in first 15 min of refluxing is due to Cu2S only. The CuS formed only after prolong refluxing. There also occur the shift from a higher wavelength to a lower wavelength then up to higher wavelength again. According to Zhang et al., the shift from higher wavelength to lower wavelength infers the formation of smaller particles while lower to higher wavelength indicates the formation of larger particles.9
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Figure 1:      UV-vis spectroscopy for CuS nanoparticles.




The possible mechanism of the formation CuS and Cu2S particles is shown in Equations 1 to 4. Equation 1 shows the hydrolysis of thiourea. Thiourea generates the sulfide (S2-) ion. Copper(II) ion can easily be reduced to copper(I) ion by thiourea as shown in Equation 2. The S2- ion consequently reacted with Cu+ ions to form Cu2S (Equation 3) and with Cu2+ ion to form CuS (Equation 4). The CTAB stabilised the formed particles.10
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CuS is inactive in the infrared region. Figure 2 shows the Raman spectrum of a typical sample. There is a sharp peak observed at 459 cm−1 along with the smaller peak at 236 cm−1. These peaks observed were attributed to the said copper sulfide.11
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Figure 2:      Raman spectrum of CuS nanoparticles.



Typical XRD patterns of the CuS particles is shown in Figure 3(a).12 According to the literature, the CuS sample is closely related to the covellite phase and Cu2S are close to the chalcocite phase.11 Therefore, based on UV-vis and Raman spectroscopy as well a XRD analysis, it is confirmed that the hydrosol contain mostly CuS with the existence of Cu2S in trace amount.
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Figure 3:      XRD diffractogram of (a) CuS nanoparticles [* is due to CuS and # is due to Cu2S]; (b) purified PHB and PHB/CuS composites film.



3.2           Characterisation of the PHB/CuS Organosol/Composite Films

The typical XRD pattern of the respective pure PHB and PHB/CuS composite films are shown in Figure 3(b). The PHB which has an orthorhombic unit cell with the crystal planes of (020), (101), (111), (121), (002) and (222) with the corresponding angles at 13.6°, 17°, 22.6°, 26°, 31.7° and 44.5° respectively.13 As for PHB/CuS nanocomposite, the peak observed for PHB become less intense due to the presence of CuS peaks as previously described. AAS analysis was carried out for all the PHB/CuS composites films to determine the weight percentage (wt%) of copper sulfide that have been transferred into the PHB. The results are as shown in Table 1.

3.3           Photocatalytic Test

As shown in Figure 4, when pristine PHB was employed, only a low percentage TCP removal was observed. On the other hand, PHB/CuS composites showed better degradation of TCP than the pristine PHB. Without CuS catalyst, approximately 70% removal of TCP occurred after 5 h. In the presence of catalysts, however, the degradation of TCP was completed after 2 h for the composite film containing 0.312 wt% of CuS. This means that the CuS speeds up the removal of TCP. The removal of TCP increases with the increase in the CuS content in the composite film. The reason is as follows: upon UV-vis irradiation of the CuS, electron from the valence band (VB) excites to the conduction band (CB) leaving a hole in the VB (Equation 5). This hole reacts with H2O to produce hydroxyl radical (Equation 6) while the electron reacts with O2 to form superoxide radical anion (Equation 7). These radicals then attack the TCP forming CO2 and H2O.14 Therefore, increasing the amount of CuS in PHB/CuS film led to more production of radicals and consequently enhanced photodegradation of TCP as compared to pristine PHB.
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Figure 4:      A profile of the percentage removal of TCP by PHB and PHB/CuS film over time in the presence of UV radiation (200–400 nm).



4.           CONCLUSION

In this work, PHB incorporated with CuS catalyst was designed for the first time. The presence of CuS in the composites were evaluated using UV-vis spectroscopy and XRD techniques and the amount of CuS in the composites film were determined using AAS technique. The formed composites proved to be highly efficient photocatalyst for the removal of TCP in solution. The advantage of incorporating photocatalyst in polymer was that they do not need separation process after photocatalytic treatment. Furthermore, PHB was biodegradable and eco-friendly that make these resultant composite films invitingly biodegradable. Therefore, development of these composites film might be a novel method to remove chlorophenols in the environment. Further work is ongoing.
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ABSTRACT: This study involves the synthesis and characterisation of poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) polymer membrane by using breath figure method. The study was performed mainly to investigate the effect of solvent (acetone to NMP ratio of 100:0, 40:60, 50:50 and 60:40) and thickness (20 µm, 25 µm, 30 µm and 40 µm) variation on the performance of PVDF-HFP membrane. The different membrane samples were fabricated and characterised by different techniques such as scanning electron microscope (SEM), Fourier transform infrared (FTIR), porosity and mechanical strength. The mechanical stability of the membranes was mainly found to be thickness dependent, whereas the solvent variation has shown significant effect on the porosity, thickness and morphology of the prepared membranes. The highest porosity of 81.6% was obtained with acetone to NMP ratio of 40:60 compared to 53.4% of pure acetone based membrane. In addition, the 30-µm thickness membrane was the second highest in mechanical strength compared to 40-µm membrane; however, its highest porosity of 70.7% has given it an added advantage and makes it a strong choice to consider as a porous membrane for various applications.

Keywords: PVDF-HFP membrane, solvent variation, thickness variation, poly(vinylidene fluoride, polymer membrane


1.           INTRODUCTION

Since their introduction, several fluoropolymers have been developed, modified and investigated, among which the poly(vinylidenefluoride co-hexafluoropropylene) (PVDF-HFP) has received much attraction; its amorphous HFP phase and crystalline VDF phase fulfils the requirement of many energy applications.1 Furthermore, its more hydrophobic nature compared to PVDF polymer makes it a suitable choice for membrane distillation and pervaporation.2,3 Additionally, its crystalline nature (VDF) provides mechanical strength and the amorphous nature (HFP) helps to hold the electrolyte in polymer electrolyte membranes mainly used in lithium batteries and fuel cells.4,5

The porous structure for better porosity and mechanical stability are among the most important parameters for many applications, especially in energy devices. However, these particular properties depend a lot on solvent selection, thickness and processing method. The number of techniques such as plasticiser extraction, electrospinning, breathe figure method, solvent casting and phase separation, etc. have been used for membrane preparation.6–9 In this work, the breathe figure method has been modified for the first time and used to synthesise and characterise the PVDF-HFP porous membrane.8 It will be interesting to see the effect of solvent and thickness variation on the performance of PVDF-HFP membrane. The prepared porous membrane can provide an effective alternate to several commercial membranes in energy storage applications.

2.           EXPERIMENTAL

2.1           Experimental Procedure

The breathe figure method was used to fabricate the PVDF-HFP membrane.8 In short, 15 wt% of PVDF-HFP with acetone to NMP ratio (50:50) was cast with varying thickness such as 20 µm, 25 µm, 30 µm and 40 µm. Afterward, the obtained optimum thickness of membrane was used to investigate the effect of solvent variation. For this, the varied ratio of acetone to NMP such as 100:00, 40:60, 50:50, and 60:40 was used to dissolve PVDF-HFP polymer. After mixing, a viscous and homogenous solution was obtained and was left overnight for proper degassing. After casting, the samples dried at room temperature (about 50%–60% RH) for around 48 h. The dried membranes were peeled out and stored in a dry cabinet for further usage.


2.2           Characterisation

The structure and morphology of the prepared PVDF-HFP membranes were noticed by field emission electron microscope (FESEM, Zeiss Supra 35VP). The Fourier transform infrared (FTIR) characteristic peaks were obtained in a wavenumber range from 400–4000 cm−1 through Thermo Scientific Nicolet iS10 spectrometer by OMNIC software. The mechanical strength test was performed with a load cell of 10 kN by using Instron 3366 (United States). The specimen of the membrane strip was cut as per ASTM-D882-10 standard. The viscosity of the different solvent mixture solutions was determined by Brookfield DV-III Ultra Programmable Rheometer, while porosity of the different membrane samples was determined by soaking membrane samples in n-butanol for 2 h and weighing the sample weight before and after soaking. The equation used to calculate the porosity of the membrane sample is given by:

P = Wwet – Wdry / (ρb × Vdry)

where Wwet, Wdry, ρb and Vdry stand for weight of the butanol dipped membrane, weight of the dry membrane, density of butanol and volume of dry membrane, respectively.

3.           RESULTS AND DISCUSSION

3.1           FTIR Analysis

Figure 1 shows the characteristic peaks obtained for the prepared PVDF-HFP membrane through FTIR analysis. The –CH2- group has been observed at around 3030 cm−1, whereas, the characteristics obtained at 1401–1455 cm−1 are attributed to –C-F- stretching. Moreover, the peak shown at 1174 cm−1 is assigned to –CF2- group. Likewise, the peaks obtained near 1070 cm−1, 874 cm−1 to 975 cm−1, 657 cm−1 and 838 cm−1 correspond to –C-C- skeletal vibration, vinylidene group and –CH2- bonding respectively. Therefore, all the peaks including 761 cm−1 to 769 cm−1 (-CF3- stretching) confirm the successful preparation of PVDF-HFP polymer membrane. In addition, FTIR spectra of PVDF-HFP membranes with highest porosity in both tests have presented; however, both the spectra haven’t shown much difference compared to spectra of pure PVDF-HFP membrane. It shows that the solvent variation cannot alter the functional groups present in the polymer membrane.


3.2           Mechanical Strength

The mechanical properties of PVDF-HFP membranes were investigated for different thickness and tabulated in Table 1. The results suggested that the increase in thickness improves the tensile strength and Young’s modulus of the membrane. The highest tensile strength of 14 Pa has obtained with 40 µm membrane. On the other hand, 20-µm membrane showed only 3.6 MPa and 129 of tensile strength and Young modulus respectively. Interestingly, membrane with thickness 30 µm showed highest porosity of 70.7% which may be attributed to better porous structure at a particular thickness.

Furthermore, the better mechanical strength has attributed to higher membrane thickness. For this reason, NMP added membrane has also shown better mechanical stability compared to pure acetone membrane, as reported in Table 2. The pure acetone membrane showed tensile strength and Young modulus of 5.7 and 172 MPa respectively. Whereas, around 8.2 MPa tensile strength and 134 MPa of Young modulus has been noticed with NMP added membrane. However, more than 60% NMP hasn’t found suitable for breathe figure method as higher amount of non-volatile solvent cannot evaporate effectively and results in poor morphology of membrane. Subsequently, the acetone itself has been a very good solvent for PVDF-HFP porous membranes especially when prepared by breathe figure method; however, NMP is well known for its best compatibility with nanoparticles and inorganic fillers and its right combination with the volatile solvent will make a breathe figure method more flexible for future research.
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Figure 1:      The FTIR characteristic peaks of different PVDF-HFP polymer membrane.




Thus, the investigation shows that the highest tensile strength has been obtained with 40 µm membrane due to higher thickness. However, almost an equal porosity was noticed with 30 µm membrane sample as well. Nonetheless, the other membrane samples have also shown respectable mechanical stability too. In addition, the NMP addition to acetone solvent have shown a significant impact on the mechanical stability of PVDF-HFP membrane when cast by proposed technique.


Table  1:    Effect of thickness variation on porosity and mechanical strength of PVDF-HFP membrane.



	Sr. No

	Membrane samples (15 wt%) (Acetone-NMP [1:1])

	Porosity (%)

	Tensile strength (MPa)

	Young’s modulus




	1.

	20 µm

	53.6

	3.6

	129




	2.

	25 µm

	60.7

	4.4

	182




	3.

	30 µm

	70.7

	5.7

	172




	4.

	40 µm

	69.8

	14.0

	460





3.3           SEM Analysis

As shown in Figure 2, each membrane has shown a considerable difference with solvent variation. The membrane samples with acetone to NMP ratio of 60:40 (c, g) and 100:00 (i, j) show lesser pores. However, porosity of both samples are still considerable for many applications. Also, a similar pattern has been observed with 40:60 (a, e) and 50:50 (b, f) membrane samples. The cross-section images (e, f, g and j) also confirms the porous structure of all membranes.

Acetones are almost linear molecules. Hence, it leaves smaller voids on evaporation, and it also did not form a strong bonding with the host polymer due to lack of bonding groups. Therefore, the acetone molecules escape freely and leaves uniform pores upon evaporation, while NMP (a nonvolatile solvent) interacts well with the host polymer due to its amide group. The structure of the prepared membranes was also attributed to breathe figure method. When the cast membrane was allowed to dry in a natural environment with 50%–60% RH, the water droplets were generated on the surface of the membrane due to lower temperature caused by endothermic evaporation.8 The water droplets attract the PVDF-HFP molecules, which gathers around the droplets and assembled to provide a unique structure.
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Figure 2:      SEM images of PVDF-HFP membranes with different acetone to NMP solvent ratio; 40:60 (a, d and e); 50:50 (b, f and h); 60:40 (c, g); 100:00 (i, j and l); water droplets formed on surface (k).



The SEM images confirm the morphological changes due to solvent variation with the host polymer. Even though most of the prepared membranes have shown good porosity, the membrane prepared with acetone to NMP ratio of 40:60 has shown uniform pores and resulted in highest porosity of 81.6%. The highest porosity at a particular solvent mixture is attributed to the better interaction of acetone and NMP at particular ratio, which resulted in improved morphology of PVDF-HFP membrane.


Table  2:    Effect of solvent variation on porosity, thickness and viscosity of PVDF-HFP membrane.



	Sr. No

	Membrane samples (15 wt% and 30 µm) (Acetone : NMP)

	Porosity (%)

	Obtained membrane thickness (µm)

	Viscosity (Cp)

	Tensile strength (MPa)




	1.

	100:00

	53.4

	30

	75 ± 5

	−




	2.

	40:60

	81.6

	65 ± 10

	350 ± 5

	−




	3.

	50:50

	70.2

	65

	325 ± 5

	5.7




	4.

	60:40

	60.3

	60 ± 5

	300 ± 5

	−




	5.

	00:100

	−

	75

	500 ± 5

	8.2






4.           CONCLUSION

The porous PVDF-HFP polymer membrane has been successfully synthesised through breath figure method. The solvent and thickness variation has shown significant impact on various factors of prepared membranes. The 40 µm thickness membrane has resulted in highest tensile strength; however, the 30 µm thickness membrane was more considerable one due to an equal porosity (70.2%) of 40-µm membrane. The PVDF-HFP membrane with acetone to NMP ratio of 40:60 has resulted in highest porosity of 81.6%. In addition, NMP addition to the solvent has shown a substantial impact on the mechanical stability of membrane when prepared with the proposed technique. Therefore, the 40:60 acetone to NMP ratio has found suitable when cast with 30 µm membrane with the proposed technique. However, this solvent combination and thickness variation study has just opened a new window for breath figure method and still needs an extensive research to optimise the performance of porous membrane.
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