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Abstract: The present work focused on the development and evaluation of a compact electrocoagula-
tion (EC) reactor, combined between EC and clarifier processes in continuous modes for decolorization
and turbidity removal, named the integrated electrocoagulation-sedimentation reactor (IECS). The
experiments were firstly conducted in the four-liter batch column in order to optimize the EC configu-
ration and operation condition. The removal kinetics were also investigated and predicted for kinetic
correlations. After various optimization steps, the IECS reactor was conducted, consisting of EC and
clarifier compartments. Liquid flow pattern in EC compartment was examined through resident
time distribution technique for defining the number of EC units and divided baffles. In summary,
four units of EC were placed in the EC compartment of the IECS reactor with 90% in the width of
three baffles. Each EC unit had two pairs of aluminum electrode plats in monopolar arrangement
with a 1.5 cm gap and required a current density of 13.5 mA/cm?. For the clarifier compartment, it
was mainly designed based on the batch settling test for separating the precipitated particles. The
treatment performance of the IECS reactor was tested at different liquid flows in order to reduce the
pollutant to a certain level. For the individual condition, liquid flow rates of 3 and 1 L/min were
defined for turbidity and color, respectively. If both pollutants are presented simultaneously, a liquid
flow rate of 1-2 L/min can be used for decreasing turbidity from 250 to <20 NTU and color from 6000
to <300 ADML

Keywords: electrocoagulation; decolorization; sedimentation; turbidity

1. Introduction

Industry is one of the key development sectors for a country’s economic growth. At
the same time, it also discharges pollution into the environment. Consequently, envi-
ronmental pollution has been considered one of the major current problems being faced
worldwide [1]. Most of the industrial wastewater effluence contains a high amount of color
and turbidity as the contaminants. Discharged untreated wastewater from industries, i.e.,
textile and dyeing operation, pulp and paper production, food processing, mining and
coal processing operation, refinery, and slaughterhouse operation, is the main source of
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substantial coloration to water. Recent studies reported that color-causing substances are
micro-toxic to aquatic biota [2]. Strong colored wastewater from dyeing operations has
not only unfavorable aesthetic effects but is also carcinogenic, mutagenic, and generally
detrimental to the environment [3]. Thus, a highly colored body of water cannot sustain
aquatic life, which could lead to the long-term impairment of the ecosystem. Therefore,
removal of turbidity and color from wastewater is occasionally required.

Various technologies have been employed for dye effluent treatment, including con-
ventional biological processes (aerobic and anaerobic), coagulation with aluminum, ferric
chloride, and magnesium chloride, and adsorption [4]. Since the effluence contains toxic
dyes in nature, it may also impact the development of bacteria in the biological process.
Furthermore, chemical coagulation requires the addition of chemicals, which leads to a
huge quantity of sludge. In recent years, the electrocoagulation (EC) process has been of
interest in regards to studying different types of effluents from industries. EC involves
electrolytic reactions at the surface of the electrodes by applying direct current (DC) to the
system and then the dissolution of the anode sides to the in-situ formation of coagulants in
the aqueous phase. The soluble and colloid contaminants are adsorbed on the coagulant
and can then be removed by sedimentation. The flotation process was occurred at the same
time in the system on the cathode’s side after generating a gas bubble to carry the light
particles to the surface of the reactor [5,6].

Even EC has been applied on the industrial scale for over a century, the limitation on
the fundamental mechanistic level is still the main challenge. In addition, the development
of a compact system of EC and sedimentation still remains to date [7]. Therefore, the
objective of this present study is to develop and evaluate the new electrocoagulation
reactor, combining EC and sedimentation units in terms of design criteria and operating
conditions in both batch and continuous modes for decolorization and turbidity removal.
The new reactor is named integrated electrocoagulation-sedimentation reactor (IECS).

2. Materials and Methods
2.1. Experimental Set-Up

The batch column was constructed from clear acrylic material in a cylinder shape with
a 3 cm diameter in order to contain 4 L of water, as illustrated in Figure 1. At the bottom, it
was connected to the drainage port for discharging the sludge and the water sample after
conducting the experiments.
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Figure 1. Experimental set-up in the batch column reactor: (1) column test, (2) gas collection pipe,
(3) soap film meter, (4) electrode plates, (5) electrical wire, (6) DC generator, (7) sampling port, and
(8) waste drainage port.
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The electrode plates (20 cm X 5 cm X 0.2 cm) were installed in the reactor and
connected to the DC generator for supplying the current. Four aluminum electrode plates
installed in a monopolar arrangement were used in this study. At the top, an acrylic cap
was covered for collecting the generated gas from the system to the soap film meter. Tap
water was firstly used in the liquid phase at room temperature (25 + 3 °C) to study the
optimized EC configuration and operating conditions.

2.2. Synthetic Wastewater

To synthesize turbidity and color wastewater, bentonite and reactive dye were pre-
pared with tap water. For synthetic turbidity, bentonite was rapidly mixed with water
at 300 rpm for 5 min, followed by slow mixing at 40 rpm for 30 min, and then we let it
settle down for 35 min (see Figure 2a) [8]. Moreover, synthetically colored wastewater was
prepared by dissolving the reactive dye in tap water for 5 min at 300 rpm (see Figure 2b) [8].
pH and TDS were measured using a pH meter (model Hanna HI 991300) and conductivity
meter (model Lutron CD-4317SD), respectively. Chemical oxygen demand (COD) and total
suspended solids (TSS) were analyzed following the Standard Methods of Examination of
Water and Wastewater [9]. Table 1 shows the main parameters of the synthetic wastewater
used in this study.

(b)

Figure 2. Image of synthetic wastewater: (a) turbidity using bentonite and (b) color using dye.

Table 1. Characteristics of synthetic wastewater used in the present work.

Parameters Unit Bentonite Reactive Dye Analytical
(50-500 NTU)  (2500-15,000 ADMI) Method
pH - 71-7.7 71-74 pH meter
COD mg/L 12-80 32-184 5220D
DS mg/L 95-240 182-214 Conductivity
meter
TSS mg/L 280-550 188224 2540D

2.3. Electrode Optimization

Configuration and operation conditions of electrodes were initially investigated to
define the optimum conditions for the batch column experiment in terms of the generated
gas flow and electrode corrosive loss ratio (Qg/Ejss). Generated gas flow (Qg) was directly
measured using the soap film meter captured from the reactor cap covering (see Figure 1),
as detailed by Nawadol et al. (2017) [10]. It can be estimated using Equation (1), where
Qg is the gas flow rate (mL/s), AV = V, — V is the different volume of gas (mL), and
At = tp — t; is the different time of gas moved (sec.). Electrode loss (Ejuss), presented
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as a percentage, was defined by the different weights of the electrode before and af-
ter the experimental work, as expressed in Equation (2). Electrode configuration and
operation condition parameters included electrode gap (1-2 cm) and current density
(1.5-2.5 mA/cm?). The initial turbidity and color concentration in this part were 250 NTU
and 6000 ADMI, respectively.

AV
% = A
initial weight — final weight

Eioss = . 2
loss initial weight @

M

2.4. Kinetic of Turbidity and Color Removal

After defining the optimum conditions of the electrode used in terms of Qg/Ejyss value,
the removal kinetics of turbidity and color under optimum conditions were examined with
different initial concentrations (turbidity: 50-500 NTU and color: 2500-15,000 ADMI) in the
batch column test. The turbidity and color values were measured by turbidity and color
meters. A five-minute time step was designed for sampling the water samples.

Tstable
n= 1 + e—k(t—tso) ®)
The kinetic models were constructed in simple expression and s-curve models. Simple
kinetic models, including zero, first, and second orders, were employed to describe the
removal rate of each pollutant [11]. Moreover, the treatment efficiency of the s-curve can
be derived by Equation (3), where 1 is the removal efficiency and ts is the time for 50%
removal efficiency.

2.5. Settling Column Test

The setting test was examined in the batch column to determine the over flow rate
(OFR) as the design criteria of settling performance in order to design the sedimentation
tank for the separation process after the EC treatment. This sedimentation experiment was
conducted within 100 min with 4 ports, i.e., 13, 18, 23 and 28 cm from the water surface for
water sampling. The initial concentration of turbidity and color prepared for this part were
250 NTU and 6000 ADMI, respectively. A detailed description of the settling test can be
found in Reynolds et al. (1995) [12].

2.6. Liquid Flow Pattern Analysis

After optimizing the electrode configuration and operation condition, defining the
treatment kinetics, and obtaining the settling over flow, the new reactor integrated between
EC and sedimentation operated in continuous condition was therefore constructed. Hence,
the liquid flow pattern was analyzed in order to understand the internal flow characteristics
using the pulse injection method of residence time distribution (RTD) concept [13]. NaCl
was used as a tracer and detected by conductivity meter model Lutron® CD-4317SD,
while the inlet and outlet flows were controlled by flow meters. Age distribution (E(t))
was estimated from the tracer concentration, as expressed by Equation (4) [14], where
C is the concentration of salt tracer. It should be noted that tap water was used for this
experimental analysis.

C(t)

E® :f0°°C(t) dt

4)
2.7. Treatment Performance of Integrated Reactor

The treatment performance of the newly developed reactor was therefore evaluated in
three different cases, including turbidity, color, and both turbidity and color removals with
a varying liquid flow rate (1-3 L/min). The initial concentration of turbidity and color in
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this part were 250 NTU and 6000 ADM]I, respectively. The experiments were conducted in
continuous flow with flow rate control at the feeding and effluent using flow rate meters.
Feeding was flowed to the EC tank and continuously flowed to the sedimentation tank
before flowing out as the effluent. Turbidity and color concentration were analyzed for
assessing treatment performance.

3. Results and Discussion

In this work, the results are mainly separated into two parts: the batch column and
newly developed reactors. In the batch column, the optimization of EC configuration
and operation condition was investigated, followed by studying the treatment kinetic and
settling performance of turbidity and color. The flow pattern and treatment performance in
the continuous IECS reactor were therefore analyzed as a compact treatment system for
industrial wastewater.

3.1. Batch Column Test
3.1.1. Optimize Electrode Gap and Current Density

To optimize EC performance, the electrode configuration and operation conditions,
including electrode gap and current density, were studied at different electrolyze times. The
system performance was evaluated in terms of the Qg/Ej.¢s ratio value as it could optimize
the system by maximizing the amount of gas production and minimizing the number
of corrosive electrodes since higher electrode plate corrosion required the replacement
frequently. Notice that the generated gases from the system are hydrogen and a certain
amount of oxygen released from the cathode and anode sides, respectively. The electrode
gap is expected to exhibit a strong influent on the power consumption of the system since
the voltage will require more after the inner gap is enlarged. On the other hand, as the inter-
electrode distance increases, the dye’s interaction with the hydroxyl polymers decreases,
resulting in lower local concentrations and electrostatic attraction, as well as lower dye
removal efficiency [15]. Therefore, the inner gaps of electrodes between 1.0 to 2.0 cm with
current densities between 1.5 and 2.5 mA /cm? were selected to investigate the effect of EC.

Figure 3 showed the Qg/E|.s value at different electrode gaps, current densities,
and electrolyze times. Overall, Qg/Ejs value increased with electrolyze time, regardless
of electrode gap and current. It is possibly because a partial amount of current was
initially consumed for heating the electrodes, and only the remaining amount was used for
electrolysis, which resulted in a limited amount of hydrogen gas generated. At a longer
operation time, electrodes were better heated, and a higher amount of hydrogen and oxygen
gas were generated into the solution [16]. Furthermore, among the examined ranges, a
1.5 mA/cm? current density with a 1.5 cm electrode gap provided the highest Qg/Ejos
ratio. This condition provided ratio values up to 2.42, 2.65 and 2.88 mL/g.s at 4, 9, and
14 min of electrolyzing time, respectively. Hence, in terms of Qg/Ejss, the inner gap of
1.5 cm with a current density of 1.5 mA/cm? was selected as the optimum condition.

Current density plays an important role in the EC process. The cell current defines
the rate of coagulant generation, bubble production rate and size, and distribution in the
reactor with different electrode configurations [17]. The amount of coagulant is commonly
increased when the current density is increased [18,19]. In this study, it was varied in five
conditions, i.e., 1.5, 2.5, 3.5, 4.5 and 5.5 mA /cm?, for turbidity and color removal from
wastewater for depth optimization. To evaluate the treatment performance in various EC
operation conditions, the initial concentrations of turbidity and color were prepared for
250 NTU and 6000 ADMI, respectively. The results of turbidity and color removals with
different current densities are shown in Figure 4. At the first stage, the greatest removal
efficiency was achieved at a higher current density, 5.5 mA/cm?, for both turbidity and
color removals, which is comparable with the study of Aoudj et al. (2010) [20]. How-
ever, at >20 min, the removal efficiencies are indistinguishable under current densities
>2.5mA/cm? for turbidity and current densities >4.5 mA/ cm? for color removals. There-
fore, the current density of 4.5 mA /cm? was selected as the optimum condition for turbidity
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and color removal, while the steady stage operation time is about 20-30 min. Since this
optimization was conducted under the constant initial condition, a kinetic study was then
required in order to define the range of electrolyzing time at different initial concentrations.

B1cm, 1.5 mAfcm?2

E1cm, 2.5 mAfcm?2

E1.5cm, 1.5 mAfcm?2
1.5cm, 2.5 mAfcm?2
2cm, 1.5 mAfcm?2
2 cm, 2.5 mAfcm?2

—0O— 1.5 mAfom2
—— 2.5 mAfcm2

3
3
o]
8 2
|
E
1]
8
w
o 1
a]
0
4min 8min 14min
Electrolyze time
Figure 3. Qg/Ejs value at different electrolyze times (4-14 min), electrode gaps (1-2 cm), and
current densities (1.5-2.5 mA/cm?).
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Figure 4. Effect of current density on removal efficiency of (a) turbidity and (b) color.

After examining each condition, it can be summarized that installing aluminum
electrodes in a monopolar arrangement with an electrode gap of 1.5 cm, a current density
of 4.5 mA/cm?, and 30 min of electrolyzing time are the optimum conditions for turbidity
and color removal with initial concentrations of 250 NTU and 6000 ADMI, respectively.
These findings will be used for the next section of removal kinetics and IECS reactor design.

3.1.2. Turbidity and Color Removal Kinetics

In order to achieve the targeted removal condition, kinetic studies of treatment pro-
cedures are required to determine removal performance in the operation of any reactor
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system. Moreover, it is important to understand the types of reaction rates in order to
design a treatment unit. The change of reactant concentration per unit time is known as
the reaction rate [21]. The initial concentrations of turbidity and color were varied from 50
to 500 NTU and 2500 to 15,000 ADMI, respectively. The results of turbidity removal are
shown in Figure 5a,b. It should be noted that aquatic pH is another significant factor for this
coagulation process [22]. The pH value in the cell increased with time from approximately
7.1-7.7 to 8.0-8.2 due to the hydrogen ion production during electrolysis. These pH values
are in an effective range of the sweep floc coagulation mechanism, which is beneficial
for the electrochemical process [23]. According to the results, after 30 min electrolysis,
the residual turbidity was decreased to <20 NTU for all three conditions and <10 NTU
if it was allowed to settle down for another 30 min. Furthermore, the lag stage for the
low concentration (50 NTU) was longer than that of higher concentrations (>250 NTU)
(see Figure 5a). The 50 NTU needed about 25 min of electrolyzing time to dissolve the
aluminum ion into a cell and reach a stable stage, which provided a removal efficiency of
around 75%. For higher turbid conditions, 250 NTU and 500 NTU required about 20 min to
achieve 96% and 98% removal efficiency, respectively. In addition, 15 min are required to
remove turbidity from 50 and 250 NTU to lower than 20 NTU and 20 min for 500 NTU (see
Figure 5b).

100 1,000
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> z
g > 100
3 60 - 2
5 3
© | ®
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£ 5 10 4
Q @ ]
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Electrolyze time [min] Electrolyze time [min]
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Figure 5. Kinetic removal at different initial concentrations: (a) turbidity removal efficiency,
(b) residual turbidity, (c) color removal efficiency, and (d) residual color (current density 4.5 mA/ cm?).
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For color, it required more electrolyze and treatment time for the molecule or colloid
to attach to a coagulant to precipitate, which is followed by the sweep flocculation mech-
anism [11]. After precipitation, it will be captured by AI(OH); or polymeric aluminum
hydroxide flocs before floating to a gel state [24]. Figure 5¢,d shows the color removal kinet-
ics. At 20 min, a 95% removal efficiency was achieved for the investigated color conditions.
However, under the highest color level (15,000 ADMI), the reactive stage period required a
longer time by about 5 min compared to the lower color level (2500-6000 ADMI), ranging
from 15 to 20 min of electrolyzing time. This condition might require more aluminum coag-
ulant and, consequently, need a longer time for dissolving ions and the reaction. However,
there is no significant effect on the decolorization performance after reaching the steady
state at 20 min (see Figure 5c). A similar trend was also found by Kobya et al., 2011 [25]. In
terms of residual color, 56, 34, and 435 ADMI were measured after 30 min of EC operation
for initial color levels of 2500, 6000, and 15,000 ADMLI, respectively. However, in order to
remove the highest initial color level (15,000 ADMI) until it was lower than 300 ADMI,
Thailand’s effluent standard of color, a treatment time of up to 60 min is required (data
not shown). Based on the aquatic pH level of the wastewater, it changed from 7.1-7.3
to 8.1-8.5 before and after conducting the experiments, which is a proper condition for
destabilization mechanisms, as reported in a previous study [26]. Overall, it can be noted
that a faster removal efficiency was obtained for a higher initial concentration for turbidity,
which is in contrast to color, where a faster removal efficiency was achieved for a lower
initial concentration.

3.1.3. Kinetic Models

In this section, the kinetic models of color and turbidity were investigated in a batch
reactor. Initial color and turbidity concentrations of about 6000 ADMI and 250 NTU were
selected for the experiment, respectively. The kinetic study of the removal of each pollutant
was considered with different current densities of 1.5, 2.5, 3.5, 4.5 and 5.5 mA /cm?. In this
work, the expressions of simple removal kinetics, i.e., zero, first, and second orders, and
sigmoid curve correlations were constructed for both turbidity and color removal. The
most fitted models were selected as the kinetic models. Comparing among the investigated
expressions, sigmoid curve and second-order correlations were found as the most accurate
ones for turbidity and color, respectively.

For turbidity removal, the sigmoid curve correlation was fitted as expressed in
Figure 3, where 1 and t are removal efficiency (%) and electrolyze time (min), respec-
tively. After fitting the experimental results, the variables achieved are Ngple = 97%,
k 22 0.085 CD + 0.075, and tsy ~ —2.081 CD + 18.168, where k is sigmoid steepness (min~!)
and CD is current density (mA/ cm?). In addition, the second-order correlation of decol-
orization, (1/[Color]) = kt + (1/[Color]y) was fitted from the experimental results, where
[Color] and t are the level of color (ADMI) and electrolyze time (min), respectively. The
kinetic constant, k (as ADMI~! min~!), was empirically constructed in terms of current
density (CD as mA/ cm?), k ~ (1.1CD + 1.95) 10~2. In order to evaluate the prediction per-
formance of the constructed correlations, the experimental and predicted results of turbidity
and color removal under 4.5 mA /cm?, the optimum condition previously found, were
plotted in Figure 6. It can be observed that the predicted values were in good agreement
with the experimental results. The constructed correlations for turbidity and color under
the operation of 4.5 mA /cm? current density are also shown in Figure 6a,b, respectively.

3.1.4. Settling Performance

In order to design the IECS clarifier compartment, the settling test was studied in a
batch column containing a 4-L sample with a 33 cm height. Four sampling ports 13, 18, 23,
and 28 cm from the water surface were used for collecting the samples. It was investigated
after operating EC under the optimum condition previously found with 250 NTU and
6000 ADMI as initial concentrations. The sample was measured every 3 min. The results
of the settling test of turbidity and color after EC were shown in Figure 7. Overall, it can
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be noted that the precipitated color particles required lower OFR than turbidity due to
the smaller size and lower density of color particles. In order to achieve 90% separation
performance of turbidity and color, 1.89 and 1.54 m/hr of OFR are, respectively, required.
It can be summarized that the fraction removal of color should be used as a design criterion
for IECS for the simultaneous presence of both pollutants.
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Figure 6. Removal efficiency from experimental and predicted values under 4.5 mA/cm? of
(a) turbidity and (b) color.
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Figure 7. Fraction removal with OFR after EC process for (a) turbidity and (b) color.

3.2. Characteristics of IECS Reactor
3.2.1. Design Configurations

Again, the integrated electrocoagulation-sedimentation (IECS) reactor was investi-
gated as a combination of the electrocoagulation and the sedimentation compartments
for continuous operation in order to remove turbidity and color from synthetic textile
wastewater. Based on the previous study in the batch column test, the design parameters
for both EC and clarifier compartments were summarized in Table 2. The laboratory-scale
IECS reactor was constructed by clear acrylic material and consisted of two compartments,
as illustrated in Figure 8. Various design criteria of the sedimentation tank were the same
as in Kawamura (2000) [27]. Therefore, the EC compartment has the dimension of 26 cm
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in width, 100 cm in length, and 40 cm in height in order to contain 90 L of wastewater.
For the clarifier compartment (34 L), its width, length, and height are 16, 70, and 33-40 cm
(sludge collection slop, as shown in point 5 of Figure 8), respectively. The mentioned
height included a 5 cm freeboard. A small compartment, 17 L, between EC and clarifier
compartments was considered flocculation (see point 4 of Figure 8) before flowing to the
clarifier tank.

Table 2. Summary the design criteria for each compartment used to design IECS reactor.

Optimum Level for

Terms Remark
Turbidity Color
EC compartment:
Electrode type Aluminum Review previous studies
Number of electrodes 2 pairs Review previous studies
Electrode arrangement Monopolar Review previous studies
Electrode gap 1.5 cm Studied range: 1-2 cm
Current density 45mA/cm? Studied range: 1.5-5.5 mA /cm?
Electrolyze time 15-20 min 15-60 min Studied range: 0-60 min
Clarifier compartment:
Settling overflow 1.89 m/h 1.54m/h For 90% fraction removal

IECS from EC compartment view

4)

~ -’

W

©)

IECS from clarifier compartment view

Figure 8. Three-dimensional drawing of IECS: (1) inlet port, (2) electrode set, (3) compartment baffle,
(4) de-sludge port, (5) bottom slop of clarifier compartment, and (6) outlet port.
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3.2.2. Flow Pattern Analysis

Varying from 1 to 4 EC units were installed in the EC compartment. Consequently, 0
to 3 vertical baffles had been added to improve the liquid flow pattern. Therefore, different
conditions of baffles were examined in terms of hydrodynamic behaviors. E(t) function and
mean time (T) parameters of the resident time distribution (RTD) technique were used to
define their flow patterns. The number of baffles (0-3 baffles) and length of baffles (50-90%
of compartment width, which is equivalent to 13-23.4 cm) were investigated under the
same conditions, i.e., tap water with a liquid flow rate of 6 L/min. The results for each
condition are illustrated in Figure 9 compared to the condition without baffle addition.
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Figure 9. E (t) curve under a flow rate of 6 L/min measured at the outlet port of IECS using different
compartment baffle conditions: (a) one baffle, (b) two baffles, (c) three baffles with different length
percentages compared to EC width, and (d) their mean time distributions comparison.

For every condition, E(t) curves showed a trend similar to a plug flow reactor model.
The E(t) function (see Figure 9a) indicated that when even a single baffle was added with
different lengths, the performance was not much different from the non-additional case.
There is also no significant difference for 50% and 70% widths for two baffles added, while
a 90% condition provided a longer retention time (see Figure 9b). In the case of three
baffles used, 90% width showed the longest hydraulic retention time, followed by 50%
and 70%, compared to no added baffles (see Figure 9c). Figure 9d illustrates the mean
time distribution of different conditions compared to the non-additional and theoretical
conditions. Adding baffles(s) showed an improvement in the mean time, regardless of the
baffle’s length. Moreover, a comparable performance was observed after installing 50%
and 70% baffles. However, the 90% case provided a significantly longer retention time
compared to 50-70% and no baffle addition. In conclusion, three baffles with 90% width
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resulted in better mixing by reducing the bypass mechanism. This condition was then
selected for the IECS reactor in order to reduce the bypass and dead zone in the system.

3.3. Treatment Performance of IECS Reactor

Based on the literature review [28] and results found (Section 3.1.2), the turbidity
can be easily precipitated and clarified by EC, followed by gravity separation processes
compared to color. Therefore, the treatment performance under continued operation was
first applied for decolorization and expected to remove turbidity successfully. Validated
experiments will be conducted for individual turbidity and both pollutants.

3.3.1. Decolorization Performance

In continuous operation, the liquid flow rate is important to examine. Therefore, the
color removal using the IECS reactor under the optimum condition found was tested by
varying the liquid flow from 1 to 3 L/min. The results are plotted in Figure 10, where
two zones, reactive and steady stages, were clearly separated. Based on the removal
efficiency trends, liquid flows of 1, 2 and 3 L/min reached the steady stage at different
times, i.e., approximately 100, 70 and 45 min, respectively. The reactive stage observed in
this continuous mode is due to the reactor’s first start-up before operating. However, the
treatment performance at the steady stage was evaluated and analyzed. On average, 1,
2 and 3 L/min resulted in color removal efficiencies of 73 + 1%, 68 + 1%, and 52 =+ 2%,
respectively (see Figure 10) [15]. From this result, the treatment performance of IECS is
lower than that of a batch reactor by about 20—40%. In terms of electrolyzing time, it should
be sufficiently compared to the batch results. A low dissolution rate and slow mixing
might be the reasons for the limited precipitation rate as well as the lower decolorization
efficiency. A batch column has a smaller cross-sectional area than each EC unit in the IECS
reactor, providing better mixing characteristics and benefitting the coagulation reaction
more than an integrated reactor. To enhance the removal efficiency reaching the target
level, the current density should be increased to provide higher coagulants and a higher
precipitation rate.

100

Current density: 4.5 mAfcm?

80 1 : 68% (+1%) ; 73% (+1%)
o

=
-
=
& 60 - o o ° 50% (+2%)
2 o A / \
@ éémﬂ{ 8
= o
S 401 29 Y
5 ox” ¢
é@ooo ©2 L/imin
O<> A3 L/min
0 ﬁﬁ 1 1 1 1
0 30 60 90 120 150

Operation time [min]

Figure 10. Decolorization efficiency using IECS reactor at different liquid flow rates.

Figure 11 illustrates the color removal efficiency after increasing the current density
with a 1 L/min flow rate by two and three times. It can be observed that the treatment
performance using 9.0 and 13.5 mA /cm? were significantly increased compared to the
4.5 mA /cm? case. Using 4.5 mA /cm? could remove around 73% of color after 100 min,
whereas the current density of 9.0 and 13.5 mA /cm? could remove color more than 95% (see
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Figure 11a). The decolorization performance was significantly enhanced. Under 9 mA /cm?,
the color level decreased to less than 300 ADMI within 100 min, while it required only
70 min after increasing the current density to 13.5 mA/cm? (see Figure 11b). Noted that
the aquatic pH increased from 7.4-7.6 to 7.7-7.9 after treatment, which is in the effective
range for the destabilization mechanism.
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; = —0— 13.5 mA/em?2
o a
T 60 - < 4000 A
8 S
= °
L] 5]
E 40 A =
o 3 2000 -
£ —a— 4.5 mAfem?2 w
20 4 2
o —0— 9.0 mA/em?2 o
—0—13.5 mA/em?2
0 “ ! T T T T 0 Y
0 30 80 90 120 150 0 30 60 90 120 150
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(a) (b)
Figure 11. Color removal at different current densities: (a) removal efficiency, and (b) residual color.
3.3.2. Turbidity Removal Validation
This part aimed to validate the treatment conditions of decolorization for turbidity
removal, e.g., a current density of 13.5 mA/ cm? and a liquid flow rate of 1 L/min. However,
it is also investigated under higher flow rates of 2 and 3 L/min to evaluate the removal
efficiency. The removal performance and residual turbidity results are plotted in Figure 12.
It can be observed that the removal efficiency is comparable, regardless of operating flows,
as shown in Figure 12a. Therefore, the dissolved aluminum coagulant and operation time
should be sufficient for coagulation-flocculation and clarification. To reduce turbidity to
less than 20 NTU, only 45 min was required for every condition (see Figure 12b), which is
much faster than color. As a result, it can be concluded that the treatment condition found
for decolorization is sufficient for turbidity removal even earlier.
100 250 %
—o— 1 L/min
= —_ —O0—2 L/min
= 80 1 > 200 4 ——3 L/min
o =
: s
© 60 - = 130
E T
@ 2
T 2
> 40 4 = 100
= =
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20 1 —o—2 L/min e S0
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Operation time [min] Operation time [min]
(a) (b)

Figure 12. Turbidity removal at different liquid flows: (a) removal efficiency and (b) residual turbidity.
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3.3.3. Simultaneous Removal of Turbidity and Color

The condition of a liquid flow rate of 1 L/min with a current density of 13 mA/ cm?
was applied for treating the synthetic wastewater containing both turbidity and color.
However, the result is not significantly different from the individual pollutant conditions
of turbidity and color. The required treatment time to reach the steady stage with turbidity
< 20 NTU and color < 300 ADMI is 70 min (data not shown). Moreover, the treatment
efficiency was also observed at a higher liquid flow rate of 2 L/min under the simultaneous
removal condition. As expected, the treatment time required to reach the steady stage with
the residual target levels for both pollutants is 140 min. Table 3 presents the liquid flow
rate conditions for different synthetic wastewater characteristics, i.e., individual turbidity
and color, and both. The required treatment time to decrease the pollutant(s) to the target
level (turbidity < 20 NTU and color < 300 ADMI) was also summarized.

Table 3. Summary the treatment condition requirement to reduce to the target levels.

Condition Liquid Flow Rate Required Time for Steady Stage
Turbidity (250 NTU) 3 L/min 45 min
Color (6000 ADMI) 1L/min 70 min
1L/min 70 min

Simultaneous presence 2 L/min 140 min

4. Conclusions

This study aimed to optimize the electrocoagulation and clarification processes for
developing an integrated electrocoagulation-sedimentation (IECS) reactor in order to re-
move turbidity and color from synthetic textile wastewater as a compact system. The
experiments were mainly divided into three main parts, including the optimization of the
EC process, followed by the estimation of settling parameters for the clarifier tank design.
Based on the result, the optimum conditions of the EC process, i.e., electrode gap, current
density, and electrolyze time, have been obtained together with the kinetic study and
models. Secondly, the IECS reactor on a laboratory scale was constructed with the proper
internal configuration in terms of liquid flow analysis. As a result, four units of EC were
placed in the EC compartment of the IECS reactor with 90% in width of three baffles. Each
unit of EC has two pairs of aluminum electrode plats in a monopolar arrangement with a
1.5 cm gap and required a current density of 13.5 mA/cm?. Another part of the IECS reactor
was designed for precipitated separation, following the batch settling test result. Under
the continuous mode, the liquid flow rate was defined for treating turbidity and color to
the target levels. It can be summarized that in the case of the individual turbidity and
color, the liquid flow rates are 3 and 1 L/min, respectively. In the case of the simultaneous
presence of both pollutants, a liquid flow rate of 1-2 L/min provided a treatment capacity
that reached the desired levels. Moreover, the start-up period required to reach a steady
stage was also defined as an operation guideline.
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