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Effect of different electric fields on temperature rise, energy efficiency ratio, and solids
content during electro-osmotic dewatering of tofu residue (okara)
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Abstract

A large amount of tofu residue (okara) is created by the traditional soybean food (e.g. tofu and soymilk) manufacturing industry
every year in Japan. For wide utilization of okara, a high-efficiency dewatering technique is essential. The present study investi-
gated the feasibility of electro-osmotic dewatering (EOD) of okara under pressure (70 kPa) with a horizontal electric field (both
electrodes were titanium sieves, 14 mesh) that was characterized by a DC, an AC (with square waveform), and a duty ratio (DR;
with rectangular waveform) voltage (20 V RMS). The results confirmed that the temperature rise could not be ignored under any
kind of electric field. It was found that the water within the sample moved towards both electrodes simultaneously, especially in
the initial EOD period. The mass of drainage increased with an increase in DC voltage. However, the frequency and the DR had
no significant effect on the total drainage. The energy efficiency ratio, defined as the ratio of the energy consumed for evaporat-
ing the excess removed water to the energy input to the electric field for EOD, exceeded one within the initial period; however, it
decreased quickly and was lower than one with dewatering. Although the Joule heat losses resulted in a decreased energy effi-
ciency ratio during EOD, the temperature rise had the positive effects of pasteurization and deactivation on some antinutritional
factors, especially trysin inhibitor. The solids content of the drainage removed by the EOD course was lower than that removed
by mere pressure; it decreased with an increase in DC voltage, but increased with an increase in frequency. However, the DR of
the voltage had no significant effect on the solids content under the experiment conditions.

The results of this study should be helpful not only to okara dewatering, but also to the reuse of other high moisture content
byproducts in the food industry.

Keywords: Tofu residue, Okara, Electro-osmotic dewatering, Energy efficiency ratio, Solids content.

starch left over when soy milk has been extracted from

Introduction ground soaked soybeans. Traditional soybean food (e.g.

soymilk, tofu, and processed tofu) is highly appreciated

Tofu residue, usualy called okara, is the fiber, protein, and throughout the world, especially in Asia. For example, more

20064 12 H 25 Hf), 200741 H29H =2
§Corre@sponding author: Tel.: +81-29-838-8029; Fax: +81-29-838-8122
E-mail address: seiichi @affrc.go.jp (S. Isobe), li_fade@yahoo.com.cn (F.-D. Li)



16

than 4 10° tons of soybeans in Chi na” and 1< 10° tons in
Japan are used for processing traditional soy food every year.
According to Khare et a.?11 kg of fresh okarais produced
from every kilogram of soybeans processed for soymilk or
tofu. In Japan, the mass ratio of okarato dry soybean is about
1.4 on acommercial scale.

Typically, okara has 75% to 80% moisture content on a
wet basis and 60% fiber, 29% protein, and 11% fat on a dry
basis.”? Although these components are water-insoluble, okara
should not be regarded as a waste product; it can be widely
utilized as an ingredient of food or as animal feed.* In
recent years, it has been used as culture medium for produc-
ing fungal chitosan,G) Ganoderma Iucidum,7) xylanase,g’ oil
components,g) and some biodegradable materials (e.g.
seedling culture pots).lo’ll) However, because of its high
moisture content, it spoils easily in natural conditions. For
large-scale utilization, it should be preserved under appropri-
ate conditions. One economical and feasible method of
preservation is to reduce the moisture content of okara soon
after production.

Some drying methods for okara were summarized by O’ -
Toole? In addition, Taruna et al. used a continuously vortex-
like moving bed for drying okara and found that the specific
heat consumption was three to four times higher than that for
free water.? Wachiraphansakul et al 2 reported that the mini-
mum specific energy consumption for drying okara was
3.69 MJ kg'l for evaporating water under the optimum opera-
13,19 reported that the electrohydro-
dynamic technique not only promotes the drying rate, short-

tion parameters. Li et al.

ens the drying time significantly, and hence reduces the ener-
gy consumption, but it also improves the appearance of the
okara cake.

However, it is difficult to feed into the drying process with
the conventional method, and drying is energy consuming
and thus expensive. Therefore, it is more efficient to reduce
the initial water content before drying. Mechanical compres-
sion is particularly well suited to eliminating water from high
water content materials, as it uses 20 times less energy than
thermal process&sls), however, it is difficult to apply the tradi-
tional mechanical compression dewatering technique to the
fine residues from food processing. Therefore, some
researchers have focused on the electro-osmotic dewatering
(EOD) technique. In order to promote the efficiency of EOD
and to depress some undesirable electrochemical reactions
between the electrode and the material, these researchers have

used the AC dectric field,"**"**'9 DR **? and a rotational

22)

electrode™ at different electric field intensities for some

material dewatering. However, this body of experimental

. 23,24,25,26,27
work has almost exclusively used sludge™ "= ) and

some fine-grained sediment, such as quartz suspension,zz)

22:29,303L3) and white clay %) The few

16,20)

kaolinite, bentonite,
food materials that have been investigated include okara,
tofu sheet,”” and tomato paste suspensi on.™

During EOD, the Joule heat should be generated due to the
current passing through the materials. However, only a few
researchers mentioned the temperature increase during
EOD.*%%%%:%) Although some researchers reported the
experimentally observed beneficial effects of EOD, the move-
ment of water within the sample is not fully understood. The
researchers mainly focused on the dewatering rate and the
energy consumption, paying little attention to the effect of the
EOD on the solids content of the drainage. The objectives of
the present study are (1) to explore the temperature increase
of okara, (2) to evaluate the energy efficiency ratio, and (3) to
examine the effect of EOD on the solids content of the
drainage.

Materials and Methods

Materials

Okara, with 79.9%+0.21% (wb) of the initial moisture
content, was provided by Misuzu Co., Ltd., Japan. It was pro-
duced from cooked soybean mash. The zeta potential was
—1.99mV, measured with a potential meter (ZP-20,
Shimadzu, Japan). It was stored in a refrigerator at 4°C for a
maximum of three days before use. Before sampling, some of
the okara was removed from the refrigerator and laid in a test-
ing room (20°C £1°C) for at least four hours.

Dewatering Setup

The setup (Fig. 1) was composed of a data logger system
and an EOD system. The data logger system included a data
logger (GR-3500, Keyence Japan), a current sensor (HCS-20-
20-AP, URD Co., Japan), two electronic balances (GX-
400, 0.001 g, A & D, Japan), and a T-type thermocouple
(SUS316, Chino, Japan). The EOD system consisted of a
function synthesizer (1915, NF Corpotation, Japan), a preci-
sion power amplifier (4510, NF Corporation, Japan), a frame,
and an EOD cell. This cell was mainly composed of a dewa-
tering tube (Plexiglas tube, 50 mm in inner diameter and 100
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Fig. 1. Electro-osmotic dewatering setup

mm in length); two titanium sieve electrodes (14 mesh and
covered with 100 mesh filter cloth); two Plexiglas plates with
some channels for drainage, which were used to fix the elec-
trodes (electrode plate); a support bar; and a push bar.

Methods and Procedure

The dewatering tube was carefully filled with the sample
(50 g). The end face of the sample in the tube was lightly
tapped with the right electrode plate in order to ensure that
the electrode fully contacted the sample. The pressure applied
to the sample was supplied by the right electrode plate, func-
tioning as a piston moving towards the left, driven by an
appropriate weight (14 kg) with arope and a pulley.

In order to compare the effect of the electric field on the
dewatering process, the experiments were performed twice:
one series of okara sample was dewatered by mere pressure
(pressure dewatering (PD)), and a parallel series was conduct-
ed at a constant pressure combined with an electric field
(EOD). The moisture content of the sample and the solids
content of the drainage were measured with an oven at 105°C.

After the sample was prepared and the system was con-
nected (Fig. 1), the data logger system was started first; then
pressure was gently applied to the sample. For the PD series,
the test lasted 50 min with just pressure. For the EOD series,
the sample was dewatered for 10 min by just pressure, then
voltage was applied to the sample.

Evaluating the effect of the different electric fields on the
dewatering involved the use of DC voltage (20 V, 30 V, and
40 V), AC voltage (square waveform, frequencies of
0.001 Hz, 0.002 Hz, and 0.01 Hz), and duty ratio (DR) volt-
age (DR of 90%, 80%, 70% and 60%), which is the ratio of
the positive time to a cycle when the waveform is rectangular.
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The effective value of the AC and the DR voltages was 20 V.
When a DC voltage was applied, the electrode at the left end
of the dewatering tube functioned as the cathode, and the
electrode at the right end functioned as the anode. When DR
voltage was introduced, the positive time of the right elec-
trode plate functioning as the anode was longer than the nega-
tive time of the right electrode plate functioning as the cath-
ode in one cycle. Therefore, the right electrode plate was
regarded as the apparent anode, and the left electrode plate
was denoted as the apparent cathode.

During dewatering, the voltage, the current, the mass of
drainage discharged from both ends of the dewatering tube,
and the temperature of the sample center were recorded a 10 s
intervals and stored in a PC. In order to observe the curves
clearly, 30 s was accepted as the time interval. Three replica-
tions were conducted for all samples under each experiment
condition. Because the experiment results were not signifi-
cantly different using a t-test at the 0.05 level, a single profile
was reported.

The mass increment of the drainage discharged from the
left electrode plate and the right electrode plate was calculat-
ed as.

Am(L,,R) =M gy — M RyRo (1)

where meo is the accumul ative mass of the drainage before the
electric field treatment, g; met is the accumulative mass of the
drainage at time t under the electric field (including Meo), g.
The subscript L denotes the left electrode plate, and R denotes
the right electrode plate. When Eq. (1) was used to describe
the mass increment of the drainage discharged from the left
electrode plate, the subscript L was assigned, whereas the
subscript R was assigned for that discharged from the right
electrode plate.

Because the mass of the drainage removed with the electric
field was more than that of the control in the same dewatering
time, the excessive water resulting from the electric field
application at a given time was denoted asthe “EOD-water.”
The energy to evaporate the EOD-water at 100°C was calcu-
lated as:

P =(m; —m,)x22563x10° @)

where e is the total mass of the drainage water dewatered
during the EOD course, kg; me is the total mass of the
drainage water dewatered during the PD course, kg; and
2256.3% 10° is the latent heat of water at 100°C, Jkg ™.
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Fig. 2. Typical dewatering course of sample
at 70kPa with different DC voltages

Li et al."? defined an energy efficiency ratio to evaluate the
effect of the high-intensity electric field on promoting the
drying rate of the okara cake drying with the electrohydrody-
namic technique. In our research, the energy efficiency ratio
was adopted for describing the effect of electro-osmosis on
dewatering. It was defined as the ratio of the energy con-
sumed for evaporating the water removed due to the electric
field to the energy input to the electric field for EOD:

ER = (3)

where P is defined in Eq. (2); and Pe is the electric energy
consumed by the electric field during EOD course, J. It can
be calculated as

P, =Vt @

where V is the effective value of the voltage applied to the
sample, V; | is the effective value of the current passing
through the sample, A; and t isthe EOD time, s.

Results and Discussion

Effect of DC Voltage on Dewatering

Figure 2 depicts a typical PD course as well as an EOD
course with different DC voltages at 70 kPa. The results indi-
cated that more than 64% of the total drainage was removed
after dewatering by pressure aone for 10 min, and then the
mass of the drainage removed by pressure increased slowly.
However, when an electric field was applied to the sample at
the same pressure after 10 min for the PD course, the
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Fig. 3. Sample temperature increment
during EOD

drainage mass had a fast increment within a few minutes, and
then increased gradually with an increase in time. The results
also revealed that the dewatering rate increased with an
increase in DC voltage. Saveyn et a.>” observed this sudden
increment phenomenon during EOD for activated sludge.
They explained that it was caused by the electrolytic gas
development and subsequent water displacement at the bot-
tom electrode (cathode). The main setup used in their
research was a vertical Plexiglass cylinder equipped with hor-
izontal electrodes; the drainage discharged from the bottom

electrode. However, Saveyn et a®

also performed an electro
filtration of a quartz suspension with a two-sided electro fil-
tration unit, which was a horizontal filter chamber. They indi-
cated that the electrolytic gas produced at both electrodes was
alowed to escape freely through the drainage tubes at both
sides of the filter cake. The steep jump of the drainage mass
did not result from the electrolytic gas. According to the theo-
ry of the electrical double layer and the principle of electro-
osmosis, when the electric field is applied to the sample,
some of the water absorbed on the surface of the colloid parti-
cles would be suddenly released, due to the effect of the
external electric field.

Figure 2 plots the curves of the current vs. time for differ-
ent voltages. It is known that the current increases with an
increase in voltage. For 20 V and 30 V, the results indicated
that the current quickly decreased in the initial stage and then
decreased gradually with an increase in time, because the
electrical contact resistance between the anode and the sam-
pleincreased remarkably due to the water moving to the cath-
ode during EOD.”? However, when 40 V was applied to the
sample, the current increased again with an increase in time



after a fast decrease that was probably caused by the Joule
heat.

Figure 3 reveals that the sample temperature increment at
different DC voltages increased with an increase in time. The
rising temperature rate increased with an increase in voltage.
These results differed from those reported by Y oshida,™
Jumah et a.," and Saveyn et a..* Inan EOD test conducted
with a type of kaolinite clay, Y oshida™ suggested that the
bubbles produced by electrolysis near the upper electrode
were hardly visible, and there was hardly any temperature rise
in the sludge bed caused by the Joule heat because of constant
voltage (more than 40 V) conditions. Saveyn et a.* found
that an electric field of 25V m * was able to induce sufficient
additional electro-osmotic water removal without major heat
loss. Conducting an EOD using tomato paste at 2.5 V cm
with different wave forms and frequencies, Jumah et a.?
determined that the amount of gases produced was not con-
siderable, and observed no sludge temperature rise caused by
Joule heating. However, the rise in temperature should not be
ignored for okara dewatering with an electric field in this
work.

Figure 4 (A) plots the curves of the mass of the drainage
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discharged from both ends of the dewatering tube vs. time.
Both ends of the dewatering tube discharged drainage, and
the mass of the drainage discharged from the left side (cath-
ode) exceeded that discharged from the right side (anode).
Moreover, the masses of the drainage discharged from both
ends during the EOD course exceeded that during the PD
course. This result differed from that reported by Saveyn et
a.”® In their electrofiltration experiment with a DC electric
field, the filtrate volume discharged from the anode was less
than that without the electric field. The reason for this differ-
ence can be explained as follows. Both electrodes in their
research were fixed; however, in this work the right electrode
plate simultaneously functioned as a piston that moved
towards the left side after pressure was applied to it. When
the right electrode plate moved toward the left, it should drive
the drainage to flow within the sample toward the left, but
some of the drainage was discharged from the right side. This
phenomenon occurred for two reasons: first, the right elec-
trode was also a sieve; second, there was friction at the liquid-
solid boundaries in the microchannel of the sample. During
dewatering, the drainage was so great that it could not flow
quickly from the left side through the microchannels, espe-
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Fig. 4. Drainage mass and mass increment as well as current change with time
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cially in the initial period after pressure was applied.
Therefore, some of the drainage was discharged from the
anode.

Figure 4 (A) aso illustrates that drainage mass suddenly
and simultaneously increased at both sides when a DC elec-
tric field was applied to the sample. Although the steep jump
of drainage mainly took place at the anode side, the drainage
discharge from the cathode was dominant during EOD. The
fast increase in the mass of the drainage continued for 5 min.
After that, the mass increment of the drainage discharged at
the anode side increased slowly, and its flux was almost equal
to the mass flux of the drainage dewatered by pressure alone.
Therefore, we concluded that the DC voltage did not signifi-
cantly affect the mass flux of the drainage discharged from
the anode. However, the mass increment of the drainage dis-
charged from the cathode increased rapidly with increasing
time, and the mass flux of the drainage at a high voltage
exceeded that at alow voltage.

Figures 4 (B), (C), and (D) reveal that the mass increment
of the left drainage and the right drainage, as well as the cur-
rent, changed with time at different voltages. It isimportant to
mention that the mass increment A m, was larger than the
mass increment Am, in the initial period (3 min) after an
electric field was applied to the sample. The difference
between the mass increment (A m,- Am ) at the right (anode)
end and that at the left (cathode) end of the dewatering tube
was more remarkable at 20 V. This finding initially seemed
illogical because the zeta potential of okara was -1.99 mV,
meaning that the capillary matrix within the sample was neg-
atively charged. According to electro-osmotic theory, the
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Fig.5. Effect of DC voltage on drainage solids content

water should move from the anode to the cathode (i.e. from
the right side to the left side) along the dewatering tube under
the experiment conditions. Thus, the mass increment A m_
should have been larger than A m,. However, the results were
reversed (Fig. 4). The reason for this phenomenon was as pre-
viously explained. The okara cake is considered a porous
material. With alarge amount of water filling the pores with-
in it, some of the water is absorbed by the cellulose and pro-
tein."® The water contained in okara is difficult to remove by
mechanical pressure because of its compressibility and col-
loidality; it should be mainly bound water. When a DC elec-
tric field was applied to the sample, some of the bound water
was suddenly released from the surface of the colloid parti-
cles. Water released from the surface of the colloid particles
flowed to the cathode plate driven by the electric field.
However, some of the water, especialy that near the anode
plate, could not easily move toward the cathode through the
microchannel because of the flow friction and the fact that the
dewatering tube was fixed horizontally. As a result, the
momentary mass increment of the drainage flowing out from
the right electrode (anode) was greater than that flowing out
from the | eft electrode plate (cathode).

According to the principle of electrophoresis and electro-
osmosis, the electric field applied to the sample should resist
the protein and the fiber particles moving to the cathode.
Figure 5 presents the effect of the DC voltage on the solids
content of the drainage. Fig. 5 (A) demonstrates that the
solids content of the drainage discharged at the anode was
significantly less than that at the cathode when more than
20 V was applied to the sample under the experiment condi-
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° —a—40V
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Fig.6. Effect of voltage on energy efficiency ratio
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tions.

The weight average solids content of the drainage changed
with voltage (Fig. 5 (B)). The results indicated that the solids
content of the drainage removed during the EOD course was
lower than that removed during the PD course, and that the
solids content of the drainage decreased with the increase in
voltage applied to the sample. We concluded that more nutri-
tional components remained in okara after dewatering with
electro-osmosis. This result is very important for reusing
okara.

The energy efficiency ratio at different voltages changed
with time (Fig. 6). In the initial period (less than 1 min), the
energy efficiency ratio quickly rose when alower voltage was
applied to the sample and then decreased quickly with
increasing time. The results also indicated that the energy
efficiency ratio decreased with increasing voltage, as a result
of Joule heat losses. Figure 6 indicates that the energy effi-
ciency ratio was the highest at 20 VV and always exceeded one
during the experiment. However, when the voltage was 40 V,
the energy efficiency ratio was lower than one after 30 min,
as aresult of additional Joule heat loss. Therefore, the voltage
applied to the sample should be 20 V under the experiment
conditions, in view of energy efficiency.

Although the Joule heat |osses resulted in a decrease in the
energy efficiency ratio during EOD, the temperature rise had
the positive effects of pasteurization and deactivation of some
antinutritional factors, especially trysin inhibitor.

Effect of AC Voltage on Dewatering
Figure 7 plots the curves of the drainage mass vs. time dur-
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ing the PD and EOD courses with AC voltage at different fre-
quencies (20 V, RMS). When an AC voltage was applied to
the sample, the relationship between the drainage mass and
the time was almost the same as that with a DC voltage.
Therefore, the drainage mass was not significantly influenced
by different frequencies under the experiment conditions.
This result did not agree with the results reported by Y oshida
eta.,'” Lietal.” and Jumah et a..*¥ Their results indicated
that frequency had a positive effect on the dewatering rate.
The disparity between our results and theirs may be due to the
differences in the physical and chemical properties of the
materials, procedures, electric field intensities, and other
undetermined factors. Therefore, further work is still needed.

The temperature increased with an increase in frequency
(Fig. 8), indicating that more Joule heat was generated due to
high frequency. For 0.01 Hz, the temperature increment
increased almost linearly with time.

Yukawa et al.* developed the following equation to
describe the kinetics of liquid removal in pressurized EOD of
a saturated porous material in order to explain the behavior of
the interstitial liquid in saturated water media under dewater-
ing with pressure aided by an electric field.

1 oL, De(e)g oy
pop (1-¢) oz kp oz

q4=q,+q; =~ ©)
were, q is the superficial liquid velocity, m s’ « isthe spe-
cific cake resistance, m kg'l; s is the density of solid parti-
cles, kg m-3; [t is the liquid viscosity, Pa s; z is the coordi-
nate, m; P, isthe liquid pressure in cake pores, Pa; k is a par-
ticle shape factor, (-); D is the dielectric constant of the inter-
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titial liquid, F m®% ¢ isthe particle zeta potential, V; v is
the electric potential; and V. # ( €) is a function of the cake
porosity &£(-) dependent on the material being dewatered. The
first term in Eq. (5) represents the Darcy law proportionality
between the liquid velocity and the pressure gradient, which
mainly depends on the specific cake resistance «, the cake
porosity €, and the liquid viscosity «. The electro-osmotic
contribution is described by the second term, which is a func-
tion of liquid electro kinetic parameters (zeta potential), elec-
tric field parameters, and the cake structure parameters ¢ .
When voltage was applied to the sample with the setup used
in thiswork, if the right electrode plate was the anode and the
moving direction of the water within the sample driven by the
electro-osmosis was the same as that driven by the pressure,
the water would move from the right electrode plate towards
the left electrode plate; in this case, the mass of the drainage
should increase due to the decrease in viscosity. If the right
electrode was the cathode, the flow driven by electro-osmosis
moved from the left side to the right side; the effects of pres-
sure and electro-osmosis were opposite, according to Eq. (5).
Determining the effect of the sample temperature on the
drainage was complicated. Although the temperature of the
sample increased with the increase in frequency and
decreased with the increase in the DR of the voltage, the fre-
quency and the DR (discussed later) of the voltage did not
significantly affect the drainage mass. From Eq. (5), the elec-
tric potential gradient, the pressure gradient, the porosity, and
the zeta-potential, in addition to the drainage viscosity, influ-
ence the drainage behavior. Although the force (the electric
potential gradient and the pressure gradient) for moving the
drainage within the sample increased due to the decrease of
the electrode gap during EOD, the porosity of the sample and
the modulus of the zeta potential of the sample decreased.
Figure 9 plots the curves of the current as well as the mass
increment of the drainage vs. time at different frequencies of
AC voltage. The results indirectly confirmed that the effec-
tive value of the current increased with increasing time. The
current tended to increase with increasing frequency. At a
higher frequency (0.01 Hz), the instantaneous modulus of the
current decreased with time when the polarity of the electrode
did not change. However, the instantaneous modulus of the
current increased at first and then decreased with time within
the half cycle, except during the first half cycle, when the fre-
quency was lower (0.002 Hz and 0.001 Hz). In order to
explain the current increase with increasing frequency under

AC electric field conditions, Yoshida et al.*” introduced an
electrical equivalent circuit, consisting of a resistance and a
capacitance in paralel. With EOD, the moisture content of
the sample, especialy the portion near the anode, decreased
quickly; the dielectric constant of the sample should increase
gradually, increasing the sample capacitance and resistance,
and the capacitance should store a greater charge. The current
would increase during this period. As the capacitance
charged, the current would decrease due to the increase in the
sample resistance if the polarity of the electrode did not
change. After the polarity of the electric field reversed, the
capacitance should discharge and then charge again.
Therefore, the capacitance aternately charged and discharged
with the change in the electric field polarity.
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Fig. 9. Drainage mass increment as well as
current change with time and frequencies
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When an AC sgquare waveform voltage was applied to the
sample during EOD, the two electrodes functioned as anode
or cathode for equal times within one cycle; therefore, the
mass of the drainage discharged from the two electrodes
should be the same. The results (Fig. 9) agreed well with this
prediction under the experiment conditions. When the fre-
quency of the AC electric field was lower (0.001 Hz and
0.002 Hz), the alternating fast increment of the drainage mass
discharged from the two electrode plates was clearly observed
in Figs. 9 (B) and (C). The results also confirmed that the
direction of the water movement within the okara along the
microchannel changed with the polarity of the electric field.
Figures 9 (A), (B), and (C) also indicate that the mass incre-
ment Am, was larger than the mass increment Am_in the
initial period after an AC electric field was applied to the
sample. However, in these cases, the main reason was that the
right electrode first functioned as the anode when an AC volt-
age was applied to the sample.

The energy efficiency ratio changed with time at different
frequencies (Fig. 10). This tendency was similar to that with
the DC voltage. However, the energy efficiency ratio with
AC voltage was higher than that with DC voltage in theinitial
period of the EOD course. Furthermore, the energy efficiency
ratio decreased quickly with time, especially when a higher
frequency voltage was applied to the sample, due to Joule
heat |osses.

The solids content of the drainage increased with increas-
ing frequency (Table 1). Therefore, alower frequency electric
field should be applied to the sample during EOD to maintain
the solids content in okara and achieve a high energy efficien-
cy ratio.

23

Table 1. Effect of frequency on drainage solids

content
Frequency 0.01 0.002 0.001 DC
(Hz)
Solids

content (%) 516 490 489 508

Effect of DR Voltage on Dewatering

Under the different DRs at 0.002 Hz, the changes in the
drainage mass and temperature increment with time tended to
be similar to those for the AC voltages. The average fina
mass (11.69 g+ 0.18 g) of the drainage removed with the dif-
ferent DRs slightly exceeded that (10.95 g) removed with AC
voltage at 0.002 Hz. However, the DR did not significantly
affect the drainage mass. The final temperature increments at
the different DRs were 18.66°C at 90%, 20.32°C at 80%,
26.19°C at 70%, and 33.19°C at 60%. The temperature
increased with decreasing DR, increasing quickly when the
lower DR voltage was applied to the sample. Therefore, it can
be concluded that more Joule heat losses occurred when the
lower DR voltage was applied to the sample.

Figure 11 plots the curves of the drainage mass increment
aswell asthe current vs. time for the different DRs. The mass
increments of the drainage discharged from the left electrode
plate (apparent cathode) significantly exceeded that dis-
charged from the right electrode plate (apparent anode), how-
ever, when 60% of the DR electric field was applied to the
sample during EOD, the mass increments of the drainage dis-
charged from both electrode plates were same. Figures 11
(B), (C) and (D) imply that the effective current decreased
with increasing time within the positive half cycle, except for
the first perfect positive half cycle. However, the effective
current increased with increasing time during the negative
half cycle except for the first negative half cycle, indicating
that the total electrical resistance of the sample should
decrease with increasing time in the negative half cycle for
the following reason. The moisture content of the sample near
the piston (the right electrode plate) was lower than that of
the sample near the dead end (the left electrode plate) in the
PD course. When the sample was exposed to a DR electric
field at a constant mechanical pressure, the distribution of the
water in the sample would change due to electro-osmosis.
During the positive half cycle, the moisture content of the
sample near the right electrode decreased quickly. The com-
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Fig. 11. Drainage mass increment as well as current change with time and DR at 0.002 Hz

Table 2. Effect of duty ratio on drainage solids

content
Duty ratio

%) 90 80 70 60
Solids 500 498 498  5.06

content (%)

bination of pressure and the electro-osmosis increased the
contact resistance between the sample and the right electrode,
resulting in a decrease in the effective current. In contrast,
during the negative half cycle, some of the water would move
to the piston, causing the moisture content of the portion sam-
ple near the right electrode plate to increase and the contact
resistance to decrease because the effect of electro-osmosis
on water movement within the sample was opposite that of
the pressure. Therefore, the effective current gradually
increased with time during the negative half cycles.

Figure 12 plots the energy efficiency ratio change with
time at the different DR voltages. The change in the energy
efficiency ratio with time at different DRs was similar to that
at different frequencies; however, the energy efficiency ratio
decreased with decreasing DR of the voltage. Therefore, a
higher DR should be used in practice from an energy-conser-
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Fig. 12. Effect of DR on energy efficiency ratio at

different duty ratios

vation point of view.

The solids content of the drainage at different DR voltages
and 0.002 Hz is listed in Table 2. The results indicate that the
DR did not significantly affect the solids content of the
drainage.
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