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INTRODUCTION

It is easy to remove large particle conlaJTlinants in fluids by
conventional filtration processes. However. for conlaJTl­
inants in the range between 0.1 to 100 micro-meters in
diameter. the filtration process becomes inefficient (Strauss
1980). Methods commonly used such as sedimentation.
centrifugation. and flotation rely on density difference
between the solid conlaJTlinant and the fluid.
Electrophoresis process relies on the electrical charge borne
by the solids. Apart from these special propeny
requirements. the process time taken by these conventional
methods is often prohibitively long. Funhermore. if the
panicles are very small, Brownian motion appears. This is
a random movement impaned to the panicle by collisions
between the panicle and the molecules of the surrounding
fluid. This effect becomes appreciable at particle sizes of
about 2 to 3 micro-meters and predominates over the force
of gravity when the particle size is on the order of 0.1
micro-meter or less (Apfel 1988). The random Brownian
movement of the panicle tends to suppress the effect of the
force of gravity and. hence. also contributes to an increase
in the time of panicle settlement. These non-settleable solid
panicles can be convened into larger and heavier settleable
solids by physical-chemical changes. This is currently
brought about by adding and mixing chemical coagulants
into the raw water. The coagulated solid particles are then
removed by sedimentation or rutration. In this paper. an
ultrasonic/acoustic agglomeration technique is discussed for
assisting the coagulation/flocculation process of fine
panicles suspended in water.

Biological treatment methods use microorganisms to treat
wastewater. Even though there are several methods of
biological treatment. activated sludge process is the most
commonly used and the most efficient secondary
wastewater treatment method. treating approximately 75%
of the total wastewater flow in the USA (Boczar 1992).
Research has shown the potential application of ultrasonics
in several branches of environmental engineering. namely.
purification of waler by killing bacteria and dewatering of
sludge (Ensminger 1989). Information exists in the litera­
ture on previous studies regarding enhancement of
biological reactions using ultrasonics (Bar 1988; Zabaneh
and Bar 1991). These studies have shown that the effect of
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ultrasonics can be destructive or constructive to the rate of
biological cell growth. depending on the intensity of the
ultrasonic energy applied and that ultrasonic energy at
sufficiently low levels could stimulate cell activities. An
increase in the efficiency of the microorganisms in a
wastewater treatment process could potentially lead to: (a)
a greater degree of purification. (b) a reduction of treatment
system size, (c) decrease in treatment duration. and (d)
reduced pre- and/or post-treatment. The mechanisms
contributing to the enhanced activity of the sludge are the
micro-streaming effects as well as the shearing effects of
the ultrasound,

BACKGROUND

The physical mechanisms of ultrasonic interaction with
materials are: (I) physical. (2) chemical. and (3) thermal,
The basic physical mechanism related wave propagation
including standing wave patterns. bubble oscillation causing
cavitation and Bernoulli's forces. and bulk effects such as
decrease in effective viscosity. micro-streaming. and inter­
panicle shearing. The domination of one or more of these
effects will depend upon the frequency-target size ratio as
well as the geometrical and intensity characteristics of the
ultrasound generation, In this section. the several technical
issues associated with the ultrasonic phenomena and
various physical principles used in the proposed research
will be briefly discussed.

Like all wave. ultrasonics exens a radiation force in the
medium of propagation which can be exploited to
preferentially move the medium or fraction of the medium
in a controlled direction. Reflection at interfaces between
different media may lead to standing waves and preferential
migration of panicles towards the nodal or antinodal
planes. The agglomeration process can be attributed to a
combination of the Onhokinetic. Van der WaaI's. and
Bernoulli's forces between panicles in the fluid medium as
described in more detail below,

Ortho-kinetic Forces. When ultrasonic standing waves. at
appropriate intensity. are passed through suspended
panicles in water, the panicles first stan vibrating with the
sound and then stan to migrate to the anti-nodaVnodal
regions of standing waves, The migration of the panicles



is due to the non-unifonn distribution of the pressure and
velocity components in slanding wave field. Vibration of
the panicles along with the lIuid depends on the size of
panicles and frequency of the sound waves. At low
frequencies. the panicles vibrate wilh the sound and tend
to lag when the frequencies arc increased. When the
frequency is very high the larger particles remain almost
stationary. while the smaller particles follow the vibration.
The maximum size of particles which vibrate along with
the sound at a panicular frequency is called the critical
panicle size for that frequency (Yosioka et al. 1955).

Hydrodynamic Forces. When ultrasound is applied on a
fluid with suspended particles. acoustic streamlines pass
between panicles. Due to the Bernoulli's effect. in the
constriction zone between the panicles. the flow velocity
increases and the pressure drops. resulting in an attraction
force between the panicles. When the attractive force due
to the Bernoulli's effect is higher than the repulsive force
(due to the similar polarity of surface electrical charge on
these panicles) the panicles agglomerate (Mandralis and
Feke 1993: Whitwonh et. al. 1991).

Van der Waal's Forces. Van der Waal's forces exist
between all particles in nature and tend to pull any two
particles together. This attracting force acts opposite to the
Zeta potential. As long as the Zeta potential is stronger
than the Van der Waals force. the particles will remain
suspended. This mechanism becomes more predominant
when the particle sizes are very small.

LITERATURE BACKGROUND

The response of micron-sized particles for various
combinations ofacoustic. gravitational. and diffusion forces
has been experimentally studied (Hagashitani et al. 1981:
Toll and Feke 1991) and modeled (Haar and Wyard 1978:
Weiser and Apfel 1982: Tolt and Feke 1988: Mandralis et
al. 1990: Collas et al. 1989: Gould et al. 1992). It has
been suggested by Tolt (1990) that the diffraction of the
transducer and reflector surfaces is responsible for the
creation of guided standing waves which have a non­
unifonn distribution of acoustic velocity and pressure along
nodal planes. These non-unifonn pressure and velocity
variations are responsible for driving suspended panicles to
anti-nodaVnodal regions.

Tkachuk et al. (1989) studied the possibility of using ultra­
sound to intensify the activity of different bacteria used in
the activated sludge process. According to this study. the
ultrasonic waves at low intensities can increase the activity
of microorganisms in an activated sludge reactor system.
Bar (1988) investigated the effect of ultrasound on bi<r
processes. Cells of Rhodococcus Erythropolis ATCC 25544
were used in this study to oxidize cholesterol. Sonication
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was applied in a pulsed mode in order to eliminate the heat
generation. It was observed that 99% conversion was
achieved in 1.0 and 2.5 gil of cholesterol after 16 hours
and 24 hours respectively at a power level of 2.2 W/cm'
for 5s. duration pulse applied every 10 minutes.
Corresponding unsonicated samples showed only 63% and
50% at 16 hours and 24 hours time periods respectively.
zabaneh and Bar (1991) funlter investigated the ultrasound
enhanced bio-processes using Anhrobacter Simplex ATCC
6946 for dehydrogenation of hydrocortisone. The
experiment was perfonned with immobilized cells and it
was found that ultrasound enhancement of bioconversion
was quite significant and no ultrasound induced disruptive
damage occurred to the gel beads. The explanation for this
significant ultrasound enhancement was that when the diff­
usivity is slow in a solid media. such as in gel beads.
further facilitation of the substrate diffusion process could
be more readily achieved.

EXPERIMENTAL APPARATUS

The experimental setup. as shown in Figure I. consists of
two bench scale reactor tanks. One of the reactors has an
ultrasonic generator at the appropriate location. while the
other was used as a control sample (no ultrasound
transducer). Both the tanks were fabricated from acrylic
sheets and are designed in such a way that their dimension
along the width can be varied according to the requirement.
A special clamping device was used to position and move
the ultrasonic transducer inside the water tank. The
ultrasonic transducer surface was aligned parallel to the
reOecting surface and the distance between them was
adjusted to match the selected multiple of the wave length
which varied from five to len times the ultrasonic wave
length in ambient water.

The power amplifier (Wilcoxon PA8B series) and the
function generator (Wavetek model 134) were used to
excite the ultrasonic transducer. Submersible ultrasonic
transducers from A1RMAR Technology Corporation (50
KHz. and 120 KHz.) were used to generate ultrasonic
standing waves in water. A digital multi-meter was used to
measure voltage/power and a Tektronix 320 digital
oscilloscope was used to measure and monitor the input
frequency to the transducer.

A similar instrumentation and set-up was used for the
activated sludge experiments.

EXPERIMENTAL PROTOCOL

For the experiments on panicle agglomeration. two reactor
tanks were filled with the measured quantity of water
which has zero turbidity. Kaolinite was used as the
paniculate contaminant. Kaolinite is a fonn of clay which



has a slow seltling rate in water just like several other
forms of clay. The particle size of the Kaolinite ranged
from 2 to 10 microns. A known quantity of Kaolinite was
mixed and stirred until lhe particles were evenly mixed.
After stirring. the two tanks were lef! undisturbed for some
time umil a sleady state condition was achieved and
mulliple samples from both the tanks measured equal
turbidily. The ultrasonic generator (located in the
ultrasonic reactor tank al selected wave lenglh) was then
turned on. The other tank contained the conlCol sample
which was used for moniloring the rate of senling due to
gravity. Samples were periodically collected from different
locations in the two tanks in test cells and measured for
turbidity. Every experiment was repeated 5 to 8 times. on
differem days. and the data was analyzed for statistical
reliability. The results obtained from these runs had a 3%
variation. and the average values of the results were used
in the analysis

For the experimems on the activated sludge. the bio-cullure
was obtained from the waslewater lCeaUUem plant in
Starkville. Mississippi. Separate batch reactors were
maintained for growing the bacteria required for
experimems. These stock reactors were maintained as
sequential balCh reactors. The two identical plexiglass
balCh reactors had a total volume of 6.9 liters each. The
experimems were conducted using a working volume of 4
liters. Equal amoums of air supply were maintained to each
reactor using two air flow meters. Ullrasound was applied
to the activated sludge in one reactor and the other reactor
was used as the conlfOl operating under idemical conditions
except for the sonication. The substrate-removal-rate. the
oxygen-uptake rate. the mixed liquor suspended solids and
the mixed liquor volatile suspended solids measurements
were conducted using standard laboratory procedures.

EXPERIMENTAL RESULTS ON PARTICLES

The agglomeration experiments were conducted in order to
demonstrate the feasibility of utilization of standing
ultrasonic waves for particle settlement in water. 11 was
also the aim to study critical parameters influencing rate of
ultrasonic agglomeration. Figure 2 is a comparison plot
showing Kaolinite particle settlement al differem input
voltages to the ultrasound lransducer which were 10. 15.
20.25. and 30 VOIIS respeclively for a 50 KHz. frequency
standing wave. This plot clearly illustrates that the rate of
settlemem of the Kaolinite particles in the ultrasonic tank
is significantly increased when compared to the
conventional gravity settling rate observed in the conleol
tank. From the plots. it was concluded that the intensity of
lhe standing wave is one of the critical parameters
influencing the acoustic agglomeration phenomenon. For
the range of particle sizes and ullCasonic intensities
considered. an increase in the ullCasonic intensity results in
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an increase in the rate of settleability and consequently an
increase in the rate of agglomeration.

Figure 3 is a comparison plot showing the Kaolinite
particle settlemem at two differem frequencies standing
waves 50 KHz. and 120 KHz. at a constant voltage of 10
Volts. The graph demonstrates that the rate of
agglomeralion is also dependent on the frequency. This was
observed at other imensity levels of the ullrasound standing
waves. The experimental results show thai the rate of
agglomeration at 50 KHz. standing waves was higher when
compared to 120 KHz. frequency standing waves for the
range of particle sizes used in this study.

EXPERIMENTAL RESULTS ON SLUDGE

Figure 4 shows the variation of soluble COD values as a
function of time with and without ultrasonics at differem
power levels. As shown in these figures. COD removal rate
significantly increases due to the ultrasonic leeatmem. In
both the reactors. the initial and the final MLSS and
MLVSS concentrations were found to be comparable. This
indicates that the substrate removal is due to the
consumption by the biomass only and not due to any other
factor such as a change in the chemical reactions or the
disintegration of cells (resulling in the release of
imercellular enzymes to the surrounding medium and
thereby causing the oxidation of the substrate). In these
experiments. where subslfate removal rate was observed.
MLSS and MLVSS have been measured after almost all of
the biodegradable substrate was removed from both the
reactors. Therefore. the MLSS and the MLVSS in both the
reactors should be the same even though the rate of
substrate removal in ultrasonic test reactor was higher than
in the conleol reactor.

Effect on Mixed Liquor Suspended Solids. Figure 5
shows the variation of the MLSS and the MLVSS concen­
lCalions versus time with ultrasonics and without ultrason­
ics. As shown in the figure. the MLSS and the MLVSS
concenlfations increase rapidly illustrating the log growth
phase in both reactors. Figure 10 also indicates that the
MLSS and the MLVSS concentrations in lhe ultrasonic
reactor increase at a higher rate than in the conleol reactor
and then start to decrease earlier than in the conleol reactor.
This indicates the faster utilization of substrate in lhe ultra­
sonic reactor. The MLSS and the MLVSS concentrations
in both the reactors decrease gradually due 10 endogenous
respiration.

Effect on Emuent Suspended Solids. Figure 6 shows
variation of the emuem suspended solids due to repeated
sonication at a power level of 50 W for 21'> hours each day
for four conseculive days. As shown in the figure. the
emuem suspended solid concentration increases due



sonication. The figure also indicates that effluent suspended
solid concentration rapidly decreases back to the nonnal
level due to refloculation of the floc particles. This data is
supponed by several published repons that the rapid
selliing of floc aggregates in activated sludge could be
accomplished by applying mild sonication thus allowing the
coalescence of the flocs to take place (King and Forester
1990: Banks and Walker 1977). It was also found that the
increase in effluent suspended solids due to sonication was
relatively unaffected by the cyclic sonication. This
observation suppons the work by Banks and Walker (1977)
who have noted that the floc breakage depends primarily
on the ultrasound intensity rather than the duration of
sonication.

SUMMARY

It was observed that the rate of decrease in turbidity from
the samples obtained from the ultrasonically excited tank
was significantly higher when compared to the control
samples in the conventional settling tank. The experiments
successfully demonstrate that the ultrasonic standing waves
will increase the rate of agglomeration of the unsenleable
Kaolinite panicles in water (2-10 micro-meter range) when
compared to conventional gravity settling.

It can be concluded from the studies on activated sludge
that activity of the microorganisms could be significantly
improved by sonication. This is observed by substantial
increase in the substrate removal rate and oxygen uptake
rate due to sonication when compared to the control.
Viability of cells are not destroyed due to sonication at the
intensity levels used in this study. Substrate removal rate
was increased with power levels from 9 W to 56 W.
Effluent suspended solids increase due to sonication but
rapidly return to the control values due to refloculation of
the cells and hence will not significantly influence the
perfonnance of the ultrasound enhanced biomass
wastewater treatment process.
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A comparison 50 KHz. and 120
KHz. at 10 Volts

Chemical Oxygen Demand
(COD) versus Time (60 min - 180
min) without and with Ultrasonics
(50 Khz, 9 W, 35 W, 50 W, 56 W)

80 100 120 HoD 160 180
r....(..-I

I
70.0 I

!

60.0 ,:-1_~_....,....._~:..-_
0.0 SO.O 100.0 lSO.0 200.0

Time (minutes)

'0

100.0 --~-_.~.-.-__-,

I

I,
90.0 r

~ i
oS
~ I
~ 80.0 I
? ;

-conlrol

~ -...SOftC(9W)

~\ -...sanc(l~W)
~, -....--.:(~W)
\\\. -...scnc(S6W)

\\"'-

" "'-'\."'-'\....'00

"0

o

'00

'0

"0

.00

.'0

'250r
'8200
u

Figure 3

Figure 4

286

, ,
,I j.
J-:~---f--..y

/'" Control tank

Experimental setup

A comparison plot showing
particle settlement at different
voltages 10, 15, 20, 25, and 30
Volts, (50 Khz.)

50.0 ,';;-_-;;~_-;::-:--:~~30~"'~.~
00 SO.O 100.0 lSO.O 200.0

Time (nunuICS)

1000

900

.. """""-~
800

~
;;

I:;; 10_,
70,0If-

I
60.0 I-

Figure 1

Figure 2



•o 10 20 10 .0 50 liD 10 aD
'-<t.-)

'00.
- 1800

11600
~

~ 2.00

:: 2200
OJ
:::E 2000

".60 120 lao
1....(..-.)

287

Effluent Suspended Solids
versus Time without and with
Ultrasonics (50 Khz, 50 W)

MLSS and MLVSS versus Time
without and with Ultrasonics (50
khz, 56 W)
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