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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.
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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:
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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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