ELSEVIER

Available online at www.sciencedirect.com

sc.nce@o.“cw

Ultrasonics Sonochemistry 13 (2006) 321-328

Mlhalonici

SONOCHEMISTRY

www.elsevier.com/locate/ultsonch

Ultrasound-membrane hybrid processes for enhancement
of filtration properties

Kyaing Kyaing Latt, Takaomi Kobayashi *

Department of Chemistry, Nagaoka University of Technology, 1603-1 Kamitomioka, Nagaoka 940-2188, Japan

Received 24 January 2005; received in revised form 30 April 2005; accepted 2 May 2005
Available online 11 July 2005

Abstract

Enhancing permeation in microfiltration (MF) hollow fiber membrane process was studied under ultrasound (US) by means of
reflection technique. The US effect on the enhanced membrane process depended on the position of membrane module with or with-
out a semi-cylindrical shaped reflection plate placed behind the membrane module. Evidence was presented that the membrane pro-
cess influenced the detected sonic pressure distribution in the US bath. The correlation of sound pressure intensity and luminol
fluorescence intensity suggested that violent collapse of cavity bubbles supported the enhanced membrane permeability of MF mod-

ule in the US bath.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Ultrasound (US) has been interested to chemists as a
processing aid in a wide variety of industrial application
for chemical processing of filtration, precipitation and
crystallization, atomization, and electroplating, etc.
For accelerating these events, it has been known that
US promotes both physical and chemical processes. As
well known, in chemical processing US influences chem-
ical reactivity in order to enhance the formation of rad-
ical species through the cavitation effects [1,2]. Such
multi-bubble phenomenon generates the violent collapse
of cavitation bubbles physically in acoustical liquid.
Therefore, in the fields of organic synthesis, polymer
chemistry, and catalytic preparation, US has been ap-
plied as an interesting technique. Among them, mem-
brane separation processes have focused the uses of
US in order to enhance permeability of solvent and per-
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meate through membrane. In 1995, Li et al. applied US
technique to enhance electrolyte diffusion through dial-
ysis membranes [3,4]. The diffusion rate of an electrolyte
through membrane was significant as US was operated.
In recent work for membrane technology, US process
has been focused in cleaning the membrane surface
and reduce fouling [5-7]. Membrane fouling is charac-
terized by the significant decline of the permeate flux,
since the flux decline is due to plugging and adsorption
of rejected macro-molecules solute in micro-pores of
membrane surface. Therefore, such fouling is very seri-
ous problem in filtration process [8,9]. Relative to the
membrane cleaning techniques by hydraulic, mechani-
cal, and chemical methods, US cleaning is impressed
to remove fouling condition and highly recover the de-
clined permeate flux in membrane treatment [10]. In
these processes, for instance, the US manner causes
breakage of the strong interaction between foulant and
the membrane within short operation time. In order to
reduce the fouling behavior of polysulfone and polyac-
rylonitrile membrane processes, Chai et al. overcame
the problems by use of US operation [7]in ultrafiltration
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(UF) and microfiltration (MF). The US effects at fre-
quencies of 28 kHz, 45 kHz and 100 kHz were well stud-
ied to decrease fouling [6,11]. It was found that
permeated rates of solute solution were effectively in-
creased, when 28 kHz frequency was applied [10]. More
recently, Li et al. reported practical application of US
for cleaning of nylon MF membrane fouled by paper
mill effluent [12]. Muthukumaran et al. also indicated
the importance of cleaning parameters effect such as
pH, surfactant concentration on ultrasonic cleaning of
the fouled membranes [13]. However, still few evidence
is only known concerning about the US effect on the de-
cline of fouling condition. We would like to emphasize
that more attractive approach is needed in order to be
clear the interesting phenomenon of US in membrane
processes. For one of such approach, the power of ultra-
sound was controlled near the fouled membrane by
means of reflection technique [14]. In the preliminary
work, we introduced different shaped reflection plates
in the MF membrane process and led to high enhance-
ment of the resultant permeation rate in the process.
However, we only reported US effect on enhancement
of membrane permeability without details evaluation
of US condition.

In the present study, US effect of membrane cleaning
was investigated in detail, when both of sonic pressure
and sonoluminescence correlated with the enhancement
of membrane process. Cleaning the polyethylene hollow
fiber membrane fouled by aqueous milk solution was
carried out under the US with 28 kHz frequency. As
concentrated the US onto vicinity of fouled membrane
by placing semi-cylindrically shaped reflection plate,
the US effect on the membrane process was discussed
on the basis characterization of sonic pressure distribu-
tion in the US bath. We also considered results of sono-
luminescence, which is caused by collapse of cavitation
bubbles for the enhanced permeability of the membrane
process [15-17].

2. Experiments
2.1. Materials and instruments

Polyethylene (PE) hollow fiber MF membrane used
in this experiment was the product of Mitsubishi Rayon.
The membrane module contained a bundle of 240 num-
bers of PE MF fibers having 0.8 mm diameter and 8 cm
in length and the bundle of the fiber made 6 cm module
in the width. The total surface area of the membrane
was 0.05 m? and average pore size of the MF membrane
module was 0.4 um diameter. For membrane filtration
process, 1 wt% aqueous milk solution was used as an
effluent solution. Filtration process was done in a stain-
less steel US bath (20 length x 20 width x 25 height cm?)
for 8 1 of milk solution, which contained 1 wt% of solid

content. The side wall of the US bath had seven num-
bers of piezo electric ultrasonic transducers having
3 cm diameter, which were connected with ultrasonic
multi-cleaner having 300 W output for emission of
28 kHz frequency ultrasound (WN-600-NWS, Honda
Electronics Co., Ltd). The US intensity in the US bath
was estimated by using immersion transducer probe
(Panametrics V301) that was connected to the pulse
receiver (Model 5058PR). The received US intensity
(mV) was displayed as a function of time on oscillo-
scope.

When the filtration was carried out, the aqueous milk
solution was circularly pumped by Model XXX80 (Mil-
lipore Company) with 54 ml/min feed rate and 60 kPa in
the US bath. The performance of the filtration of the
membrane module was evaluated by volume flow of
the solution through the membrane [8]. The permeation
rate was defined as the volume flowing through the
membrane per unit area and time. Using a volume flow
meter (OVALM-III, OVAL), the permeated volume was
measured. Then, the resultant flow rate of permeate
solution was converted to volume flux (m*/m?s).

2.2. Experimental procedure of hybrid ultrasound-
membrane system

Filtration process was carried out in the absence and
presence of US field. The schematic flow diagram of hy-
brid US membrane process is shown in Fig. 1. The PE
module was immersed in the 8 I volume of milk solution
with 1 wt% concentration. We examined the effect of
ultrasonic cleaning on the volume flux of the MF mem-
brane as followed; firstly, milk solution was pumped
through MF membrane to foul it in the absence of US
for 30 min. In the filtration of the milk solution, the
permeate solution was recycled to the feed tank, as
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Fig. 1. Schematic flow diagram for permeation of 1 wt% aqueous milk
solution through MF hollow fiber membrane under ultrasound
irradiation.
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Fig. 2. Volume flux changes of 1 wt% aqueous milk solution at various
filtration times. The MF membrane was positioned at (a) 4 cm, (b)
8 cm and (c) 12 cm distance from US transducers. The top views of US
bath with different membrane position are shown in the inserted
figures. Also the side view for all experiments was illustrated in (d) as
the membrane was set at 15 cm depth from water surface level. M:
membrane.

indicated by retentate in the figure. After fouling, clean-
ing the fouled membrane was done by the continuous
milk permeation under US irradiation with 28 kHz

Time (min)

Fig. 4. Volume flux changes of 1 wt% aqueous milk solution at various
filtration times. The MF membrane was positioned at 8 cm distance
from US transducers in each depth of (a) 7 cm, (b) 15 cm and (c) 19 cm
from water surface level in the US bath. The inserted figure (d)
expressed the top view of US bath for all experiments. M: membrane.

frequency for additional 30 min. The cleaning operation
was carried out at different positions of the membrane in
the US bath, i.e., milk filtration processes were done by
placing the membrane at 4 cm, 8 cm and 12 cm distance
from transducers.

Fig. 3. SEM photographs of PE hollow fiber membrane surface for (a) new membrane, (b) fouled membrane, (c) cleaned membrane under US

irradiation at 4 cm, (d) at 8 cm, and (e) at 12 cm distance from transducers.
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Furthermore, to concentrate US intensity on the
membrane module, a semi-cylindrical reflection plate
(15x20 cm?) with 12.5cm diameter was placed at
6 cm behind the membrane module. Then, pressure dis-
tribution in the US bath was measured by detecting the
sound intensity emitted from transducers at different
points. The immersion transducer probe was set at the
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different positions in US bath in order to view the map-
ping of the sound pressure intensity.

For morphology of the fouled membrane and US
treated membranes, scanning electron micrographs
(SEM) were taken with JSM-5310 LVB scanning micro-
scope. The wet samples of the membranes were dried
under vacuum condition for 6 h. Then, gold sputter on
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Fig. 5. Pressure distribution for top view of the US bath under US irradiation. The detection was performed at the depth of (a) 6 cm, (b) 12 cm, (c)

15 cm and (d) 21 cm from water surface level in the US bath.
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the sample membranes was carried out using SPM-112
(Anelva) sputter gun.

Sonoluminescence of luminol was also evaluated to
confirm the improvement of cavitation by reflection
technique. In the present study, using 0.23 mM of lumi-
nol solution, sonoluminescence image was observed
photographically by taking pictures of the surface of
the US bath. The luminol solution was prepared by dis-
tilled water of 8 1 with 0.04 g (0.23 mM) of luminol con-
taining 4.0 g (0.04 M) of Na,CO; to be pH 10. In the
dark room, the luminol luminescence pictures of US
bath were taken with 5-8 min exposure time for the
cases of with and without reflection plate behind the
membrane module.

3. Results and discussion

3.1. Effect of US irradiation on the MF membrane
performance

When the MF membrane filtrated 1 wt% milk solu-
tion, the volume flux was measured in the absence and
presence of US operation. Fig. 2 shows changes of the
volume flux on various filtration time in membrane fil-
tration process. As illustrated by the inserted figures,
the membrane module was placed at different three
membrane positions from US transducers namely, (a)
4 cm, (b) 8 cm and (c) 12 cm were on the distance with

Width of water bath

-
-

0 35 65 95 125 155 20 0 3.5 6.5

15 cm depth from the water surface level of the US bath.
Herein, the depth was to center of the membrane mod-
ule having 8 cm length and 6 cm width size as presented
by the right side illustration. For first 30 min, only filtra-
tion was carried out without US for all experimental
sets. During this period, the value of volume flux was de-
clined from about 8x10°m’m’ to about
1.8 x 107> m*/m?s. Then, we operated the ultrasonic
cleaner for additional 30 min. Under the 28 kHz US
operation, it was observed that the value of volume flux
increased to 5.8 x 107> m*/m’s for (a), 7.5x 107> m?/
m?s for (b) and 7.1 x 107> m*/m?s for (c) within few
minutes. As noticed, the US irradiation was more effec-
tive on the recovery of the volume flux at the 8 cm
distance.

To investigate membrane morphology operated at
different positions in the US bath, SEM pictures of the
membrane surface before (a) and after (b) the 30 min
fouling were measured (Fig. 3). It was clear that (b) sur-
face was completely covered with milk layer. Pictures
(c), (d) and (e) present the cleaned membranes by US
irradiation at 4 cm, 8cm and 12 cm, respectively. It
was observed that the porous surface of the MF mem-
brane treated at 8 cm appeared during the 30 min oper-
ation. In the 4 cm distance, only some larger pores were
present and others are still remained as blocked by the
fouled milk. Although most of milk particles were re-
moved from the surface of treated membrane at 12 cm
(e), some are still remained on the surface. These results
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Fig. 6. Pressure distribution for side view of the US bath under US irradiation at position area of (a) 4 cm, (b) 8 cm and (c) 12 cm from US

transducers.
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Fig. 7. Volume flux changes of 1 wt% aqueous milk solution measured
with rounded shaped reflection plate. The MF membrane was
positioned at (a) 4cm, (b) 8cm and (¢) 12 cm distance from US
transducers. The top views of US bath with different membrane
position are shown in the inserted figures. Also the side view for all
experiments was illustrated in (d), as both of membrane module and
reflection plate were set at 15 cm depth from water surface level. M:
membrane; RP: reflection plate.
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of morphology suggested that the US irradiation was
effective at the 8 cm distance for the membrane cleaning.

Because the fouled condition was successfully cleaned
at 8 cm distance with 15 cm depth, we also changed the
depth position of membrane module as illustrated in
Fig. 4 (a) 7cm and (c) 19 cm. Relative to 15 cm depth
(b) from water surface level, the value of volume flux
operated at 7 cm depth became low. In the (a) configu-
ration, the value of volume flux was about
6.4 x 107> m*/m?s in about 24 min under the US field.
For the 19 cm depth of (c), the values of volume flux
were no more recovered than 4.0 x 107> m*/m?s. These
comparisons indicated that there was optimum position
of the membrane module in the US bath.

In order to clearly understand such position effect of
the membrane module on the US cleaning, sound pres-
sure distribution was measured. We moved the immer-
sion transducer probe at each 3 cm distance from left
side to right side in the US bath. Fig. 5 shows resultant
pressure distribution measured at each depth of (a)
6 cm, (b) 12 cm, (c) 15 cm and (d) 21 cm from water sur-
face level of the bath. Herein, the intensity of the de-
tected sonic pressure intensity was expressed by
electrical current 7(mV). In the time profile intensity
of wave form observed with 28 kHz frequency, the val-
ues were grouped as 0—1 mV, 1-2mV, 2-3 mV and 3-
4mV.
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Fig. 8. Pressure distribution for side view of the US bath for the semi-cylindrical reflection plate system. The reflection plate was positioned at (a)

4 cm, (b) 8 cm and (c) 12 cm from US transducers.
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Fig. 9. Luminol luminescence observed from top view of US bath containing 0.23 mM luminol solution at pH 10. The pictures of (a) and (b) are

measured without and with rounded reflection plate, respectively.

In Fig. 5(a) for the 6 cm depth, the range of maxi-
mum intensity was almost equivalent to 1-2 mV in the
center of the US bath. In cases of (¢) 15cm and (d)
21 cm, the observed maximum intensity was in the range
of 2-3 mV. But, this comparison indicated that the sonic
pressure intensity near the center of the former was
stronger than that of the latter. When the intensity
was detected at (b) 12 cm depth, the 34 mV area was
distributed at the center of the US bath. Similar moni-
toring of the sound pressure intensity was also shown
as side view of the US bath. Fig. 6 presents the US inten-
sity mapped at (a) 4 cm, (b) 8§ cm and (c) 12 cm from the
US transducers. It was noted at (b) 8 cm distance that
the US intensity was high in the center of the sonic bath
relative to other (a) and (c). Based on these results of
Figs. 5 and 6, it is reasonable that the enhanced recovery
of volume flux was significant in the area of high US
intensity.

3.2. Enhanced membrane treatments under reflection US

field

As preliminary reported [14], the membrane filtration
properties were highly enhanced by use of reflection
plates. Only comparison of shape of the reflection plates
was made without systematic examination while these
experiments indicated that semi-cylindrical shaped
reflection plate was effective. Therefore, detail experi-
ments were carried out by using a semi-cylindrical shape
placed behind the membrane module at different dis-
tance. As illustrated in Fig. 7, the inserted figures (a),
(b) and (c) are for top views of the membrane position
in US bath with 4 cm, 8 cm and 12 cm distance from

US transducers, respectively. The right side figure is
illustration of depth view of the US bath containing
both the module and the reflection plate at 15 cm depth.
In these experiments, the similar filtration and US treat-
ment were conducted for 1 wt% of milk solution.

As shown in the plots of the figure, the resultant val-
ues of the volume flux of the MF membrane were mea-
sured at 60min operation as 8.2x 107> m’/m?s,
9.5x 107> m*/m? and 9.2x 107> m’/m? for (a), (b)
and (c), respectively. Especially in the 8 cm case, the vol-
ume flux of 9.5x 107> m3/m? was reached within
approximately 5 min. On the other hand, other two
cases showed that the US effect was gradually happened
within 35-57 min. Therefore, when the reflection plate
was placed behind the membrane, the enhanced perme-
ability was remarkable.

Fig. 8 shows perpendicular description of the US
intensity distribution when the reflection plate was at
(a) 4 cm, (b) 8 cm and (c¢) 12 cm distance from the US
transducers. Based on these resultants, the intense
strength area with 4-5 mV was detected at the center po-
tion of the 8 cm position in the US bath. In order to be
clear the evidence of the focused US intensity at the cen-
ter portion of US bath, we tried to take overview photo-
graphs of luminol luminescence. Fig. 9 shows the
resultant pictures of US bath, which contained the lumi-
nol solution without (a) and with (b) the reflection plate.
Evidently, both lightened and darkened patterns are ob-
served in the pictures. The picture (a) represents that
luminescence pattern of luminol without reflection plate
was distributed behind the membrane module located at
the center of US bath. The pattern of the standing wave
observed in the range of about 10-18 cm regions behind
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the module with about 2.5 cm interval. In the presence
of semi-cylindrical plate (b), the concentrated US inten-
sity onto the membrane module was observed in the cen-
ter of the US bath. Relative to the resultant US intensity
distribution of Fig. §(b), the picture view of the luminol
suggested that the intense portion of the luminescence
reached to the behind of the membrane module from
the inside center of the semi-cylindrical plate. As a re-
sult, in the filtration process with the semi-cylindrical
plate system, the increase of the volume flux was due
to the sonic pressure around the membrane module. In
addition, it is very interesting to note that the intense
luminescence area focused in the behind potion of the
US bath. This strongly suggested that US cavitation ef-
fect was more strongly appeared in the behind region.
Namely, the small cavity bubbles were generated by high
sound intensity in this portion. This was also one of rea-
sons for the enhanced US effect on the membrane
process.

4. Conclusion

In ultrasound-membrane system, 28 kHz US fre-
quency was irradiated onto the MF membrane module
to successfully remove the milk fouling layer from mem-
brane surface. The resultant US effect of the membrane
process obviously corrected with the US intensity, which
was intense by the reflection plate. Namely, the concen-
trated sonic power on the vicinity of the behind mem-
brane module prohibited the fouled condition. It was
found that generated violence collapse of the cavitation
bubbles caused intense luminol luminescence, espe-
cially for the position between the module and reflection
plate.
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