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The role of gas bubbles in electrocoagulation is significant as it will determine the efficient mass
transfer of the coagulant ions and help in the flocculation-flotation process. However, the
drawbacks on the accumulation and adherence of gas bubbles on the electrode surface during the
treatment have not been thoroughly studied and the particles distribution behaviour have not
been the main focused in research on the enhancement and modification made on the
electrocoagulation. This study assessed the plate resistance, zeta potential, kinetics of
coagulation-flocculation and particle distribution behaviour of a new batch-electrocoagulation
treatment with vibration-induced electrodes. It was determined that treatment using the
electrocoagulation with vibration-induced plate showed 4 — 20% reduction on the plate resistance
compared to electrocoagulation with stationary plates. In addition, the electrocoagulation with
vibration-induced plates approached a faster rate of coagulation-flocculation with the Brownian
diffusion kinetic data followed the second order reaction and a rate constant of 0.0001 L.mg"
'min. From the particle distribution behaviour, the coagulation-flocculation mechanism of the
electrocoagulation was dominantly achieved through charge neutralization. The vibration of
electrodes able to improve the performance of electrocoagulation by reducing the bubbles
adherence and accumulation surrounding the electrode plates leading to enhanced plate
resistance compared to stationary plates.
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Electrocoagulation can be defined as the destabilization
of a colloidal suspension or solution through dissolution
of anode electrode, where the destabilized particles are
propagated to gather and agglomerate into larger flocs,
and then removed by flotation [1, 2]. This technique
is different from the coagulation-flocculation
method as the electric current is applied to the
connecting aluminium (Al) or iron (Fe) electrodes
which are immersed in the wastewater. Theoretically,
the release of cations during the electrocoagulation
process is expected to reduce the repulsive energy
(energy barrier) between the particles. With less
repulsive forces between them, the particles can then
be destabilized to form agglomerates that allow for
easier separation of the sludge from the treated water

2.

In electrocoagulation, mixing is necessary to
help coagulant to disturb stability in the colloidal system.
The opportunity for the destabilized particles to collide
requires some form of fluid motion, which can be
achieved either by mechanical stirring or flow, or
both. Most of the previous studies that used electro-
coagulation were based on the conventional reactor
composed of static electrode plates and magnetic stirrer

or overhand stirrer to agitate the solution [3-5].
Without any agitation mechanism, the biggest
disadvantage of utilizing static electrode in batch
electrocoagulation is that it produces almost stagnant
flow in the reactor which require a long reaction
time for an efficient treatment of metal ions and salt
removal [6]. Inefficient solution mixing also reduces
mass transfer during the process because of poor
molecular diffusion, leading to the formation of a
passive film on the electrode surface which then
increased the resistance and energy consumption of
the process [7].

Electrocoagulation can be categorized as a gas-
evolving system because the hydrogen and oxygen are
produced in parallel with the coagulants generation at
the anode. These gases produce bubbles on the surface
of the electrodes, dispersed to the bulk solution which
then help in the flocculation (attachment with the colloid
particles which produce sludge) and subsequently the
sludge is separated to the top by flotation. With static
electrodes or at low current density, gas bubbles provide
self-circulation in the solution which promote directional
growth, causing flow mix and fresh solution incoming
without extra power required [8]. However, the self-
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circulation only produces slow mix which not able to
avoid the ohmic overpotential caused by the undesired
blockage by gas bubbles surrounding the electrode
plates.

The ohmic potential arises from the resistance
to flow of current between the electrodes. This resistance
contains both an ionic component from the flow of
charge chemical species through the electrolyte and an
electronic component from the flow if electrons through
the external [9]. The ohmic overpotential
dynamically evolves as bubbles nucleate, grow and
detach form the electrode surface which periodically
affect the overall resistance of the electrolyte. The
oxygen (Oz) and hydrogen (Hz) gas bubbles that are
generated during the process will accumulate at the
surface of the electrodes and increase the electrical
resistance between the electrodes, thereby resulting in a
less than optimum ionic transfer. As such, an uneven
formation of gas bubbles on the electrode surface
can lead to a concentration of gas bubbles in the
specific zone of flotation. Consequently, a high
electrolytic flow is required to minimize accumulation
and detach bubbles from the surface of the electrode
plates.

Several techniques are available for the removal
of accumulated bubbles which can be grouped into
passive or active methods. In the passive method, no
additional energy source is needed to promote a change
in bubble-evolution behavior while in the active method
some external source for actuation is employed [9].
Example of passive methods can be either by geometrical
approach, control on the nucleation bubble site or
improve the electrolyte formulation. In a previous study
on the control of nucleation bubble site, a novel design
of a ring microelectrode encircling a hydrophobic micro-
cavity under alkaline water electrolysis condition was
effective in avoiding bubble coverage [10]. The
chrono-potentiometric fluctuations of the cell were
found to be weaker than in conventional
microelectrodes. Numerical transport modeling
helped to explain how bubbles forming at the cavity
reduce concentration overpotential by lowering the
surrounding concentration of dissolved gas. However, it
was found that this design can aggravate the ohmic
overpotential by blocking ion- conduction pathways.

On the other hand, the active methods make use
of external forces to prevent bubble nucleation or
induce early attachment, mitigating the impact of bubbles
in the overpotential of the system °. Examples of this
technique include use of shear flow, magnetic and
acoustic field. Introducing shear flow in electro-
coagulation by using magnetic stirrer bar or any other
type of mechanical force is the example of flow
technique. Effective shear flow rate over bubbles can
induce early detachment and smaller detachment radii.
It has been demonstrated that nucleation rate and the
volume of detaching bubbles show a non-linear
dependence on the shear rate, in particular, high flow
rates lead to detachment of smaller bubbles and
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generate improved particle collision rate during
flocculation [11, 12]. It was also observed that with
increased applied voltage, the bubbles detach at smaller
radii, attributed to the influence of convection induced
by detaching bubbles and electrostatic repulsions
between the bubbles and the electrodes.

Previous study on the application of electro-
coagulation with vibration-induced electrode plates
showed good performance in reducing the colour,
COD and ammoniacal nitrogen in landfill leachate
(Muhammad Niza et al., 2021; Muhammad Niza et al.,
2020). Without requiring any external force to supply
gas bubbles, vibrations were applied to the electrode
plates using motor vibrators to help intensity in-situ
microbubble generation. The gas bubble’s action helped
enhance the parallel flotation-flocculation process in
electrocoagulation (Muhammad Niza et al., 2020). In
this study, to further determine the performance
difference, the assessment of plate resistance, zeta
potential, coagulation-flocculation kinetics and particle
distribution behaviour on electrocoagulation with
vibrating electrodes were investigated. Results obtained
from electrocoagulation with stationary plates were
used for comparison in terms of the performance.

EXPERIMENTAL
Leachate Sampling and Preservation

The raw materials used for the electrocoagulation was
the landfill leachate sampled at the retention pond at
Pulau Burung Sanitary Landfill, Southern Penang,
Malaysia (geographic coordinates of 5° 12’ N Latitude,
100° 25" E Longitude). The samples were collected
into 20 L clean PTFE carboys, which were completely
filled with leachate to leave no space for aeration. The
samples were collected via grab sampling within the
consistent sampling points at the retention pond. Prior
to further analysis in the laboratory, the samples were
stored and preserved at 4 °C to avoid change in
samples. The Standard Method for the Examination of
Water and Wastewater ¢ was referred for all the
sampling, collection, storage and preservation methods.

Effect of Plate Resistance on Electrocoagulation

Figure 1 shows the electrocoagulation reactor used for
the investigation of plate resistance. The electro-
coagulation reactor with the working volume of 2 L
consists of a pair of aluminium electrode plates (200
mm (L) x 50 mm (W), 1 mm thickness), each attached
with a motor vibrator to induce vibration during the
treatment. The aluminium plates have a total active
surface area of 120 cm? immersed in the solution. Both
electrode plates as well as the motor vibrators were
connected with a digital DC power supply (of model
QJE PS3005, China) which has the capability to
supply between 0-10 A and 0-30 V of power. The
determination of plate resistance during the electro-
coagulation treatment of leachate for both vibration-
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Figure 1. Schematic diagram of the batch electrocoagulation with vibration-induced electrode plates

induced and stationary electrode plates were made
at a constant initial pH of 5 and at time intervals of
10 minutes (total treatment time of 60 minutes) with
varied current intensities from 0.5 to 4.5 A and at
constant vibration intensity of 2.8 V (the optimum
vibration intensity as obtained in (Muhammad Niza et
al., 2020). During the treatment, the electrode plates
distance was fixed to 2 cm gap throughout the
treatment.

The distance between electrodes can be related
to the internal resistance measured by the Ohmic or IR
drop, which is referred to the difference in potential
required to transfer the ions through the solution. The
internal resistance (Rm) can be calculated by the
following equations 7

1D
Ry = Ak 1)

where Rn, is referred to the internal resistance of the
medium between electrodes (medium), | is the electric
current (A), D is the distance between the electrode (m),
A is the active surface area of the anode (m?) and k is
the specific conductivity (mS/m). The resistance is also
related with the Ohm’s law as shown in Equation 2,
where V is the voltage (volt) of the system and R is the
total resistance of the medium, Ry, and the plate
resistance, Ry as shown in Equation 3. From these
equations, it can be seen that as the electrode distance

increases, this would indirectly increase the IR drop or
the resistance of the solution. For this reason, the
applied voltage should be increased to keep a constant
current input to the system.

V =IR; )
Zeta Potential Analysis for Colloidal Stability

The zeta potential analysis was performed to determine
the colloidal stability performance between vibration-
induced and stationary electrode plates. The stability of
leachate was analyzed by means of a Zetasizer Nano
Series (Malvern Instrument, UK). Measurement for
zeta potential analysis were taken for raw leachate
samples and treated leachate samples with adjusted pH.
The electrocoagulation with both vibration-induced and
stationary electrode plates were subjected to 60 minutes
of treatment at initial pH 5, current intensity of 3.5 A
and vibration intensity of 2.8 V. Along the experimental
run about 5 ml of sample was taken at 10, 23, 35, 48 and
60 minutes following the operating time used in this
study. About 1 ml of sample was transferred into
disposable folded capillary cuvette (DTS1070, Malvern,
UK) and the zeta potential measurement was performed
at temperature of 25 °C with distilled water as the
dispersal medium.
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Table 1. Degree of colloid stability as a function of zeta potential (Wang. et al., 2005).

Colloid stability

Zeta potential (mV)

Rapid coagulation or flocculation

from 0 to £5

Incipient stability

from +10 to +30

Moderate stability

from +30 to +40

Good stability

from +40 to +60

Excellent stability

more than +61

Table 2. Degree of coagulation as a function of zeta potential (Shammas, 2005).

Degree of coagulation Zeta potential (mV)
Maximum +3to0
Excellent -1t0-4

Fair -5t0-10
Poor -11to-20
Virtually none -21t0-30

Table 1 and Table 2 were referred to assess
the degree of colloidal stability and degree of coagulation
as a function of zeta potential, respectively (Wang. et
al., 2005; Shammas, 2005). The magnitude of the
zeta potential is determined from electrophoretic
measurement of particle mobility in an electric field
(Wang. et al., 2005). From Table 1 and 2, it can be
summarized that the lower the value of the zeta
potential, the lower is the magnitude of the repulsive
power between the particles, hence the less stable is
the colloidal system. At this state of destabilization,
effective coagulations can be achieved which would
allow the particles to coming together and to form
agglomerates. When zeta potential approaches 0 mV,
the optimum destabilization would occur 2.

Coagulation-flocculation Kinetics using Brownian
Diffusion

Colloids exhibit Brownian diffusion (perikinetic agglo-
meration), fluid motion (orthokinetic agglomeration)
and differential sedimentation. Particle’s thermal
energy causes particles to have random motion in
water; this motion is called Brownian motion and
causes perikinetic aggregation 2°. The Brownian
movement comprises colloids exhibiting a continuous
random movement caused due to bombardment by
water molecules in the dispersion medium 2. This
movement imparts kinetic energy to the particles
causing an increase in the collision frequency and
promoting coagulation and flocculation. Hence, the
kinetics of electrocoagulation controlled by the
Brownian diffusion was investigated for colour
removal in leachate. The Kinetic models were studied
at optimum vibration intensity of 2.8 V vibration-
induced plates, with the current intensity was varied
accordingly from 0.5 — 4.5 A, constant initial pH of 5,
and the sample volume of 2 L and initial temperature
were kept constant. The total testing time was 60
minutes and the samples were taken at 10-minute
intervals.

For Brownian coagulation of monodispersed
particles at the early coagulation and flocculation
stages, the rate of successful collision between particle
sizes is described by the following equation modelled
by Von Smoluchowski %17 and Menkiti et al. ?019;

dstn = %Zi+j=n kl]ClC] - CN ?11 kinCi .......... (4)

where ki; is the rate constant that controls the coagulation
rate between an i-fold and j-fold cluster, t is the time,
and Chy is the time-dependent number concentration
of n-fold clusters. The authors further described the
early Brownian kinetic coagulation of individual
scattered particles by the rate expressed in Equation 5 *:

ac
—1, = — % = kCE )

where -r, is the rate of decrease in the concentration of
particles, Ctis the total particle concentration at time t,
k is the rate constant, « is the reaction order of
coagulation.

The experimental data for both electro-
coagulation with vibration-induced and stationary
electrode plates was fitted into the linearized form and
was inspected the line of best-fitting when a = 1 (first
- order reaction) and a = 2 (second - order reaction).
For the first order reaction, integration of Equation 5
gives the following equation:

In[C], = —kyt + In[C], (6)

where C; and C, denote the colour concentration at
time t and initial concentration in mg/L, respectively,
and first-order rate constant k; in minL. Similarly, the
linearized form of the second-order reaction can be
described by Equation 7:

1 1
C_t_ k2t+a (7)
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where k; is the second-order rate constant in L/mg.min.

A linear trend of the plot for Equations 6 and 7
indicates the reaction rate constant, i.e., the slope of
the trend line indicates the rate constant k, based on
each integrated rate law equation given for each
reaction order. The best-fit kinetic model representing
electrocoagulation with vibration-induced and stationary
plates was selected based on the squared correlation
coefficient, R,

Particle Distribution Behaviour Analysis

The particle distribution behaviour of the coagulation
process can be presented graphically as concentration
versus time. The particle distribution is denoted by C;,
where C is the concentration and subscripts i indicate
monomer, doublet, and triplet for 1, 2, and 3,
respectively. The particle distribution plots principally
show the pattern and distribution of ion/particle
aggregation as they flow into the visible droplet.

For Brownian aggregation, a generic expression
for the time evolution of particles of the n-th order can
solve the Von Smoluchowski equation for collision
opportunities. The general form of the particle of the
n-th order is shown by Equation 8 (Menkiti et al.,
2011; Menkiti & Ejimofor, 2016; Ugonabo et al.,
2012; Ugonabo et al., 2016):

n-1
t

TR1/2

Gl =T ]n+1 (8)

C
0 [1+ t
TR1/2

Hence, the time evolution for singlets (C1),
doublets (C,) and triplets (C3) can be solved by
Equation 9-11: For monomer particles (singlets), when
n =1, Equation 8 yields:

1

C=0C [
[
TR1/2

9)
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For doublets (dimers), when n = 2, Equation 8

yields:
_t
CZ = CO “R1/2 3 (10)
[
TR1/2
For triplets (trimers), when n = 3, Equation 11
holds.
2
t
3 =G TRl—/z4 (11)
[1+ £
TR1/2

The rapid coagulation time (tz) and rapid
coagulation half-life (g, ;) can be estimated using the
following equations:

1

TR =— (12)

TR1/2 = 0.5Cok (13)

RESULTS AND DISCUSSION
Effect of Plate Resistance on Electrocoagulation

The total resistance (Rt) encountered during electro-
coagulation is the summation of plate resistance (Rp)
and internal resistance in the solution (Ry). Table 3
shows the Ry which was calculated using Equation 2
and Ry which was calculated using Equation 1. It can
be seen from Table 3 that the resistance during the
electrocoagulation was dominantly governed by the
Ry since the value of Ry is higher than the Rp.

As seen in Equation 1, the Rm was proportionally
dependent on the electrical current and distance of the
electrode. Therefore, when the distance and effective
surface area of the electrode remained constant during
the stationary and vibrated-plate experiments, the Rp
increased as the current intensity increased from 0.5 A

Table 3. The calculated resistance of electrocoagulation.

Current Total resistance, Rt Internal Plate Resistance, Rp
Intensity (ohm) Resistance, Rm (ohm)
(A) (ohm)
Stationary Vibration- Stationary Vibration-
plate induced plate plate induced
plate
0.5 411 3.77 0.0030 411 3.77
15 3.07 2.79 0.0090 3.06 2.78
2.5 2.75 2.21 0.0150 2.74 2.19
35 2.44 2.34 0.0212 2.42 2.32
4.5 2.24 2.14 0.0273 2.21 2.11
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to 4.5 A. Nevertheless, the Ry, of the solution was not
as significant as the R,. As seen in the same Table 3,
the values of Rpand Rrwas higher than the Ry, for both
in electrocoagulation with vibration-induced and
stationary plates. The Rt and Ry was found to reduce
when the current intensity increased from 0.5 A to 4.5
A. The resistance increased at low current intensity
due to the accumulation of gas bubbles surrounding
the electrode plates. The amount of bubbles on the
surface of an electrode will increase as the current
intensity increases 8. This is true since by observation
it can be seen that at the highest current intensity of
4.5, the plate and total resistance were found to be the
lowest. An increase in current intensity to 4.5 A could
also lead to greater upward momentum flux that carries
pollutants to the top of the solution where it will cluster
for easy collection and removal. A similar phenomenon
is expected if the current intensity is increased to more
than 4.5 A. Conversely, while low-current intensities
at 0.5 A will produce relatively fewer bubbles, it results
in lesser upward momentum flux and only a gentle
agitation 2°. Therefore, low currents facilitate the
accumulation and adherence of gas bubbles that raise
the Ry, thereby, preventing the effective transfer of
ions between plates.

In comparing the R, between the electro-
coagulation with vibration-induced and stationary plates
as depicted in Figure 2, it was determined that when
utilizing the vibration-induced plates the R, was found
to be 4% - 20% lower than the one obtained by

4.50
4.00
3.50
3.00
2.50

2.00

Plate Resistance, Rp (Ohm)

1.50

0.5 15 2.5
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stationary plates. The reduction in R, when vibration-
induced electrode plates were utilised indicated possible
gas bubbles detachment as well as low bubble
accumulation and adherence to the plates during
vibration (Muhammad Niza , et al., 2020).

Flocculation Behaviour in Electrocoagulation with
Vibration-induced Electrode Plates

Zeta Potential Analysis

Zeta potential can be used to further illustrate the
efficient mechanism of pollutant removal using
vibration-induced electrocoagulation in comparison to
stationary plates. The zeta potential of raw leachate
with no pH adjustment was -15.9 mV. The colloidal
particles of the raw leachate were in incipient stability
phase and coagulation activity was poor according to
Tables 1 and 2 for the degree of stability and degree of
coagulation, respectively. Figure 3 depicts the zeta
potential of electrocoagulation at initial pH of 5 as a
function of time. During electrocoagulation, the
magnitude of the zeta potential when using both
stationary and vibration-induced plates reduced. Based
on the degree of stability and degree of coagulation,
this low magnitude indicated that the repulsive forces
between the particles reduced, thereby, allowing the
electrostatic forces between the particles to increase
and form agglomerations. At this stage, the solution
rapidly flocculates resulting in better pollutant removal
efficiency.

3.5 4.5 55

Current Intensity (A)

—8—STAT. PLATE

VIB-IND. PLATE

Figure 2. Effect of current intensity on plate resistance (Rp) in stationary vs. vibration-induced electrode plates
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Figure 3. Effect of zeta potential on electrocoagulation using stationary vs. vibration-induced plates

In comparison to stationary plates, the synergistic
effect of utilising vibration-induced plates in electro-
coagulation is evident from the rapid coagulation-
flocculation mechanism. As seen in the plots, the zeta
potential of electrocoagulation using vibration-induced
plates approached rapid coagulation or flocculation at
approximately -6 mV within 20 to 30 minutes while it
required 50 minutes to approach maximum coagulation-
flocculation when using stationary plates. Although both
stationary and vibration-induced plates only produced a
fair degree of coagulation, the intensification of gas
bubble action by the vibration-induced plates contributed
to better pollutant removal efficiency, as explained by
the faster rate of coagulation-flocculation through zeta
potential. After it achieved the rapid coagulation or
flocculation, both plots showed a reduced in the value
of the zeta potential after optimum time, indicating
that the flocculation occurred during this period.

The faster rate of coagulation-flocculation in
electrocoagulation with vibration-induced plates can
be explained by the efficient mixing which distributed
coagulants and generated rapid collisions of bubbles-

particles to form agglomeration or flocs. In electro-
coagulation using stationary plates, a natural mixing
force was created by the circulation of bubbles produced
on the electrode surface. Nevertheless, the mixing was
not intense thus requires a longer period of time for the
destabilisation of particles.

Coagulation-flocculation Kinetic Study

The kinetics of electrocoagulation with vibration-
induced and stationary plates were studied to investigate
whether kinetics parameters and data follow the
Brownian diffusion theory of coagulation-flocculation
suggested by Von Smoluchowski (*°17), Electro-
coagulation kinetics for vibration-induced and stationary
plates at each current density are provided in Tables 4
and 5, respectively. The reaction rate constants, k; and
ko, and the regression coefficients (R?) were determined
for first- and second-order models. Reaction order
plots are depicted in Figures 4 and 5. The curve is a
better fit as R? approaches 1 %; this was used as the
criterion to monitor whether electrocoagulation aligns
with Brownian diffusion Kinetics.

Table 4. Kinetic rate constants and R? in batch electrocoagulation with vibration-induced plates

Current First order Second order

densit dc dc

(mA/c>r/nz) T kqC Tp=—gr = k,C?

k, R? k, R?

(min™?) (L.mg*min™?)

4.2 0.0117 0.9448 4 x 10 0.9405

125 0.0477 0.9668 6 x 10° 0.9577

20.8 0.0516 0.9067 8 x10° 0.9535

29.2 0.0552 0.8935 9x10° 0.9814

37.5 0.0556 0.8540 0.0001 0.9890
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Table 5. Kinetic rate constants and R? in batch electrocoagulation with stationary plates

Current First order Second order

densit ac dc

(mA/c:,nz) rp=—E=k1C sz—d—zkzcz

kq R? k, R?

(min) (L.mg'min?)

4.2 0.0087 0.866 3x10°® 0.8392

12.5 0.0496 0.9812 6x10° 0.9084

20.8 0.0541 0.9615 8x10° 0.9502

29.2 0.0551 0.9445 9x10° 0.9541

37.5 0.0530 0.9352 8x10° 0.9174

As seen in Tables 4 and 5, electrocoagulation
R2 values for vibration-induced plates showed that the
process data best fits with the theory of flocculation as
proposed by Von Smoluchowski (1917), where it is
considered a second-order reaction, corresponding to
R? of 0.9890 at 37.5 mA/cm?, and 0.0001 L.mg*min
reaction rate constant. Meanwhile, the first-order

reaction best fits with electrocoagulation with
stationary plates at a reaction rate constant of 0.0496
min-t. The rate constant k; is higher at the highest
current density for electrocoagulation with vibration-
induced plates suggesting that the particle aggregation
rate was higher when vibration-induced plates were
applied and lower when the plates were static.
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Analysis of Particle Distribution Behaviour

The particle distribution behaviour was analysed
regarding the concentration of colour removal using
the rate constant k», as obtained from the previous
kinetic study. The general trend of particle aggregation
during electrocoagulation-flocculation is depicted
in Figure 6. It is seen that there is a significant

reduction of the singlet particles over a short period,
referred to the rapid coagulation. During this period,
particles are predominantly attracted to opposite
charges until they stabilise fully, increasing the
number of doublet and triplet particles. Once
stabilised, the particles aggregating in this region
comprise flocculation; hence, a more extended
period is observed.
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Figure 6. Particles aggregation as a function of the number of particles and time

Figures 7 and 8 show the results of the particle
distribution of Cy, C; and Cs for electrocoagulation with
vibration-induced and stationary plates, respectively.
Considering that the rate constant k in electrocoagulation
with vibration-induced plates is higher than that for
stationary plates, the number of particles observed over
time is lower in electrocoagulation with vibration-
induced plates. Nevertheless, both figures showed
similar trend concerning the time evolution of particles.
The number of mono particles (C1) decreased more
rapidly as the doublets (C,) and triplets (Cs) increased. It
was attributed to the formation of doublets and triplets for
rapid destabilisation of monomers, facilitating
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coagulation. These observations align with Ugonabo et
al. %19 and Igwegbe et al. ?%2Y), According to Menkiti et
al. @1, this distribution profile can be associated with
moderately rapid destabilisation of charged particles
which was depicted by the moderately hyper slope with
time. It can also be shown that Brownian coagulation is
dominant for primary (or tiny) particles (Ugonabo et al.,
2012). Therefore, electrocoagulation with vibration-
induced plates produced gas bubbles and particles
with Brownian movement following the induced flow,
with charge neutralisation being depicted as the
dominant coagulation-flocculation mechanism in this
distribution.
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Figure 7. Particle distribution in electrocoagulation with vibration-induced plates
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Figure 8. Particle distribution in electrocoagulation with stationary plates

CONCLUSION

This study assessed the performance of electro-
coagulation with vibration-induced plates in terms of
the assessment on the plate resistance, colloidal
stability, coagulation-flocculation Kkinetics and particle
distribution behaviour. In the study on the effect of
resistance on electrocoagulation, it can be concluded
that the plate resistance, Ry that occurred on the
electrode surface was due to the accumulation of gas
bubbles surrounding the plate. Without any enforced
agitation as in electrocoagulation with stationary plates,
the accumulation and adherence of gas bubbles is
dominant, preventing effective ions transport between
plates. At constant vibration intensity of 2.8 V and at
initial pH of 5, the electrocoagulation using vibration-
induced plates was able to lower 4% - 20% of the
overall resistance as compared to electrocoagulation
with stationary plates.

Analysis on the zeta potential found that the
vibration-induced electrocoagulation achieved
coagulation-flocculation in a faster rate within 20 — 30
minutes of time as compared to electrocoagulation
with stationary plates which was achieved within 50
minutes of time. The kinetics of electrocoagulation
with vibration-induced plate showed that the data fit
with the second-order reaction model with the highest
R?value of 0.9890 and the rate constants of 0.0001
L.mg*mint. This rate constant is higher than that
achieved by electrocoagulation using stationary plates,
which is 8 x 10 L.mg'min! of the same reaction
order and can be described to fit the theory of
Brownian diffusion proposed by Von Smoluchowski
(1917). The particle distribution profile showed that
the number of particles reduced over time and was
associated with the rapid destabilisation of charged
particles. It is further concluded that the induced flow
created by plate vibration enhanced the flotation rate,

suggesting that charge neutralisation was the dominant
electrocoagulation mechanism.

For future studies, other than using stationary
plates, another comparison study can be expanded which
vary the agitation mechanism in electrocoagulation
such as using the magnetic stirring or other type of
mechanical stirring in the electrocoagulation cell.
Performance can be distinguished with the vibration-
induced plates in terms of the determination of overall
resistance, removal efficiency as well as gas characteristics
and flow behaviour using these agitators.
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