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Abstract: The distillery spent wash (DSW) from bioethanol industries has a very high chemical
oxygen demand (COD). Hence, the goal of this study is to investigate the effect of currents (2.5, 3 and
3.5 A) and initial pHs (4.4, 5.0 and 7.0) on electrocoagulation (EC) to decrease the COD in DSW.
The results showed that the EC at the current of 3.5 A enabled a higher COD removal efficiency
(74.9%) than those at the currents of 2.5 (35.4%) and 3 A (60.9%). Furthermore, the initial pH of
7.0 resulted in a higher COD removal efficiency than the initial pHs of 4.4 and 5.0. The solution pH
and temperature increased throughout the process. The working volume was not constant due to
the reactions of water reduction, evaporation and flotation. Scum and sludge productions were also
monitored during the process. Then, the measured data (COD, sludge and scum) were used in the
modeling. The simple mechanistic models were successfully built and applied to simulate the data in
mass units with two different routes of process. Route 1 assumed that the COD was converted to
sludge and then the latter was converted to scum. Route 2 assumed that the COD was converted to
the sludge and scum at the same time. When the EC was operated at the initial pH of 4.4, the COD
removal process followed route 1, but that at the initial pHs of 5.0 and 7.0, the COD removal process
followed route 2. The higher the current applied in the EC, the higher the kinetic constants of ka and
kb. Additionally, the higher the initial pH set, the higher the kinetic constants were. This showed that
the formation rates of sludge and scum at the higher currents or initial pHs were faster than those at
the lower values.

Keywords: current; distillery spent wash; electrocoagulation; initial pH; kinetic; high pollutant con-
tent

1. Introduction

Distillery spent wash (DSW), also known as vinasse, is a bottom product of distillation
units in bioethanol industries. Because of its extreme characteristics (high chemical oxygen
demand (COD)), DSW cannot be released into water bodies [1–3]. The main organic
compounds that exist in DSW are carbohydrates, ethanol, glycerol, acetic acid, lactic acid
and other compounds [4]. Therefore, it has to be treated before being discharged into
the environment. In many countries, a biological treatment such as anaerobic digestion
(AD) is applied to treat it [5]. However, this is not effective if DSW has a very high COD
concentration (more than 75,000 mgL−1, approximately) because it is toxic for anaerobic
bacteria [6]. Besides this, it is energy intensive [5]. In physical treatments, adsorption is
one of physical methods used widely to treat wastewaters [7]. However, it is not effective
for wastewaters with high COD concentrations because it will need excess chemicals [7,8].
In chemical treatments, ozone could be applied to treat DSW but it has high operating
costs [7]. Furthermore, in physicochemical treatments, some authors have recommended
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treating DSW using an electrocoagulation (EC) method [1–3,9,10]. It is attractive enough
in treating wastewaters because of its low operating cost, short retention time, simple
equipment, rapid sedimentation and easy operation [8]. Furthermore, hydrogen gas, an
alternative energy, could also be obtained during the EC process [8]. Moreover, the sludge
obtained after the EC process could be utilized in making building blocks [11]. Based on
this, EC is the most promising method in treating DSW.

In EC, the coagulants result with the help of electrical force. The three basic methods
included in EC are electrolysis, coagulation and flotation [12]. Aluminum (Al) and iron
(Fe) are common materials applied as electrodes in EC. When the electrical current flows,
the anode (Al or Fe) is dissolved to form Al3+ or Fez+ ions (called an oxidation process)
and the H2O is reduced to become OH− ions and H2 gas (called a reduction process) [13].
Furthermore, the reaction between the Al3+ or Fez+ and the OH− ions resulted in coagulants
(Al(OH)3 or Fe(OH)2). The coagulants will adsorb the COD to produce the sludge [8].
In addition, the H2 gas floats the pollutants to the surface of wastewaters as the scum [8,14].
According to Darmadi et al. [15], EC with electrodes of Al-Al and Fe-Fe could result in COD
removal with values of 89.9 and 95.0%, respectively. Furthermore, an Fe electrode is much
cheaper than an Al electrode. Because of this, the Fe electrode was chosen in this study.

Studies on EC for treating DSW have been reported by some authors [1–3,9,10].
Yavuz [1] studied the effect of current density (10, 15 and 20 mA cm−2) and electrolyte
addition (0.1, 0.2 and 0.3 M Na2SO4). After process for 3 h, a COD removal of 14.3% was
obtained at a current density of 20 mA cm−2 and with 0.2 M Na2SO4 addition. Khan-
degar and Saroha [2] varied the initial pH to 4, 5, 6 and 7.5 and the current density to
35.9, 53.8 and 71.8 mA cm−2. The most effective COD removal (88%) was obtained at
an initial pH of 7.5 and current density of 71.8 mA cm−2 with electrodes of Fe-Fe and
electrolysis time of 2 h. To increase the capability of EC in removing COD, the EC could be
combined with advanced oxidation processes such as ozonation, peroxi-electrocoagulation,
photo-electrocoagulation and peroxi-photo-electrocoagulation [3,9,10]. The combinations
successfully decreased the COD in the DSW, but the operating cost was more expensive.
The initial COD of DSW, which is treated in these studies, is low enough. In the study
of [1,2], the COD concentration in the raw DSW is 3360–4750 mgL−1. The study of [10]
has reported that the raw DSW contains COD of 8500 mgL−1 but the COD is diluted to
be 2000 mgL−1 before the EC treatment. Furthermore, Asaithambi et al. [3,9] have found
that the raw DSW contains higher a COD concentration which is 80,000–90,000 mgL−1,
but in their EC experiment, the DSW is diluted to decrease its COD to be 2500 mgL–1.
Dilution prior to the EC treatment is not attractive because it will make the total volume of
DSW higher.

In present study, the local DSW contains a very high COD concentration (more than
110,000 mg/L) (Table 1). It was treated by using the EC without dilution. Previously,
the authors investigated the effect of the initial pH (origin pH, 5, 6) [8] and the voltage
(7.5 and 12.5 V) [14] in the EC of the local DSW with an electrolysis time of 1 h. After 1 h,
the COD concentration in the DSW was still high. It could be concluded that a longer
time was needed to remove the COD content completely. In the previous studies, the
voltage was kept constant, so the current changed during the process. Because the current
is very important in the EC, it has to be kept constant. Therefore, in this study, the authors
modified the Direct Current (DC) power supply so that the electrical current could be kept
constant. There are many factors affecting COD removal in the EC, but the most important
factors are the current and initial pH [8,14]. Hence, in this study, the electrical current was
varied to become 2.5, 3 and 3.5 A and the initial pH of DSW was adjusted to become 4.4,
5.0 and 7.0 with an electrolysis time of 8 h.
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Table 1. Chemical characteristics of the distillery spent wash (DSW).

Parameters Value Unit Methods

Color Dark brown - Organoleptic method
COD 112,948.5 mgL−1 SNI 06-6989.15-2004
pH 4.4 - A digital pH meter

Volatile fatty acid 19,291.24 mg-Acetic acid L−1 Steam distillation
Total nitrogen 420 mgL−1 Total Kjeldahl Nitrogen

Total solid 92,624.25 mgL−1 APHA 22nd 2012
Potassium 985 mgL−1 SNI 06-6989.25-2005
Chloride 1108.6 mgL−1 APHA 22nd 2012

Conductivity 27,287.68 µScm−1 An electrical conductivity meter

To better understand the EC process in treating the DSW, the simple mechanistic
models were also developed in this study. Other authors have used some empirical
models (first order, second order, Langmuir, Elovic models) to analysis the EC process
at various parameter conditions [16–18]. However, the empirical models just predict the
decrease rate of COD concentration. In fact, the EC products, such as those of scum
and sludge productions, were not included in the models. In previous studies [8,14], the
mechanistic models were successfully developed but they are very complex. Simpler
mechanistic models are needed so that they could be used widely and easily by many
researchers. Therefore, the simple mechanistic models were developed to investigate the
EC phenomena, including the profiles of COD, sludge and scum.

Based on the explanation above, the aims of this study are (1) to investigate the potency
of EC to treat the local DSW with a very high COD concentration and (2) to develop the
simple mechanistic models in the EC process in treating the DSW. The experiment of the
EC was conducted with variations of the electrical current and the initial pH at room
temperature under a batch system. The parameters monitored during the EC process are
COD, pH, temperature, voltage, scum and sludge.

2. Materials and Methods
2.1. Distillery Spent Wash

The distillery spent wash (DSW) was collected from a bioethanol industry located
in Indonesia. The chemical characteristics of the DSW are shown in Table 1. The DSW
contained a very high COD concentration of 112,948.5 mgL−1. This value was much higher
than that in the other studies [1–3,9,10]. If the DSW is released directly into the water
bodies, the water biota can die due to the high COD values in the water [19]. The pH
level of the DSW was very low—4.4. This correlates with its high volatile fatty acid
concentration (19,291.24 mg-Acetic acid L−1). Naspolini et al. [20] reported that DSW
containing 13,100 mg-Acetic acid L−1 has a pH level of 4.1. The low pH of DSW causes
a remobilization of heavy metals in the soil if it is released directly into the soil [21].
Furthermore, the alkalinity of DSW in this study was assumed to be same as that in the
study of Naspolini et al. [20]. Naspolini et al. [20] reported that the alkalinity of DSW
(having a pH level of 4.1) was not detected. The pH level of DSW in this study (4.4)
was almost the same as the study of [20] (4.1). The salinity of DSW was also very high.
This could be seen through the potassium and chloride concentrations in the DSW. Because
of its high salinity, the DSW cannot be used as a fertilizer because the soil structure will
be poor (not fertility) [22]. The plants growing in the soil are poisoned and die due to
excessive of uptake of the ions (particularly chloride). The conductivity level in the DSW is
high (27,287.68 µScm−1). It showed that the DSW can potentially be treated by the EC.

2.2. Experimental Set-Up

A batch EC reactor was made from a 1000 mL glass beaker. Electrodes (iron plats),
with dimensions of length, width and thickness of 20, 3 and 3 mm, were used as the
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anode–cathodes with initial active dimensions of 9.5, 3 and 3 mm (immersed in the DSW,
the active surface was 63.6 cm2). The interelectrode distance was kept constant at 5.5 cm.
This experimental set-up was the same used in the previous studies [8,14]. The electrical
current was supplied by the DC power supply (Long Wei, Series of LW-K3010D, 0–30 V,
0–10 A). The agitation speed was kept constant at 500 rpm.

2.3. Experimental Design and Procedures

Before use, the electrodes were soaked in HCl 5%v/v solution for 15 min to remove
contaminants; after that, they were rinsed using the distilled water and then weighted [23].
The electrical current was varied to 2.5, 3 and 3.5 A (or the current densities of 39.31,
47.17 and 55.03 mA cm−2, respectively) and the initial pH was adjusted to be 4.4, 5.0 and
7.0 through NaOH addition (technical grade). The EC was operated under a batch system
for 8 h. During the process, the change of the voltage, temperature, pH and liquid level of
the DSW in the reactor was recorded per 1 h. The scum produced on the surface of DSW
was taken and then dried under temperature of 105–110 ◦C and weighted. Meanwhile,
the solution sample was taken as much as 10–15 mL and then placed in reaction tubes for
settling as long as 24 h. After settling, the volume of supernatant and sludge were recorded
and then the former was taken for the COD analysis.

2.4. Analysis

The solution temperature and pH were measured by using a mercury temperature
(range of 0–100 ◦C) and a digital pH meter, respectively. The analysis of COD was con-
ducted through the open reflux and titration method of SNI 06-6989.15-2004 [14]. The COD
removal efficiency was calculated using Equation (1).

COD removal e f f iciency (%) =
Initial COD (g) − COD a f ter EC(g)

Initial COD (g)
× 100% (1)

According to Syaichurrozi et al. [14], the sludge and scum are formed from flocs which
result from adsorption of COD on coagulants (Fe(OH)2). The coagulant resulted from
electrolysis process. Therefore, the correlation between COD, coagulant, sludge and scum
could be written using Equation (2) [14].

Sludge mass (g) + Scum mass (g) = removed COD mass (g) + removed Fe mass (g) (2)

Because of the removed COD mass >>> removed Fe mass, for simplification, Equation
(2) is rearranged to become Equations (3a,b).

Sludge mass (g) + Scum mass (g) = removed COD mass (g) (3a)

Sludge mass (g) = removed COD mass (g) − Scum mass (g) (3b)

3. Development of Simple Mechanistic Models

The simple mechanistic models were proposed with two different routes. Route 1:
the sludge is formed by an adsorption process of pollutant on the coagulant and the scum
is formed by the part of sludge which floats to the liquid surface [8]. Route 2: the sludge
and scum are formed at the same time from an adsorption process of pollutant on the
coagulant [14]. Therefore, the COD removal mechanism during the EC process following
routes 1 and 2 is presented in Equations (4)–(7), respectively.

Route 1:
COD ka→ Sludge (4)

Sludge
kb→ Scum (5)

Route 2:
COD ka→ Sludge (6)
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COD
kb→ Scum (7)

The study of [14] reported that the working volume is not constant during the EC
process. Therefore, for simplification, the unit of COD, sludge and scum in this model was
mass unit (g). Furthermore, mathematical equations were arranged based on the routes.

3.1. Route 1

Based on Equation (4), the COD mass decreases while the sludge mass increases. The
decrease rate of the COD mass could be written as Equation (8). Therefore, the increase
rate of the sludge mass is estimated by Equation (9).

dmCOD
dt

= −kamCOD (8)

dmsludge

dt
= kamCOD (9)

Based on Equation (5), the sludge mass becomes the scum since the H2 gas is formed
and pushes the sludge up to the liquid surface. The decrease rate of sludge mass could
be estimated through Equation (10). Therefore, the increase rate of the scum could be
predicted by Equation (11).

dmsludge

dt
= −kbmsludge (10)

dmscum

dt
= kbmsludge (11)

Comprehensively, the net rate of the sludge mass during the EC process based on
route 1 is shown in Equation (12a,b). It is also consistent with Equation (3b).

dmsludge

dt
= −dmCOD

dt
− dmscum

dt
(12a)

dmsludge

dt
= kamCOD − kbmsludge (12b)

Equations (8), (11) and (12b) are used in the mechanistic model based on route 1.

3.2. Route 2

Based on Equation (6), the COD decreases while the sludge increases. The decrease
rate of the COD mass could be written as Equation (13). Therefore, the increase rate of the
sludge is estimated by Equation (14).

dmCOD
dt

= −kamCOD (13)

dmsludge

dt
= kamCOD (14)

Based on Equation (7), the COD is also converted to scum through a flotation process.
The decrease rate of the COD mass could be estimated through Equation (15). Therefore,
the increase rate of the scum could be predicted by Equation (16).

dmCOD
dt

= −kbmCOD (15)

dmscum

dt
= kbmCOD (16)
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Comprehensively, the net rate of the COD mass during the EC process based on route
2 is shown in Equation (17a,b). It is also consistent with Equation (3a).

− dmCOD
dt

=
dmsludge

dt
+

dmscum

dt
(17a)

dmCOD
dt

= −kamCOD − kbmCOD (17b)

Equations (14), (16) and (17b) are used in the mechanistic model based on route 2.
Summary of the mathematic equations used in the mechanistic models based on routes

1 and 2 is presented in Table 2. The curve fitting between the measured and predicted data
is formed. The deviation of these two is represented in a Sum of Squared Error (SSE) value
(Equation (18)). The values of the kinetic constants (ka and kb) are obtained by minimization
of the SSE. Furthermore, the coefficient determination of the models is estimated through
Equation (19a–d).

SSE = ∑n
i=1

(
yi − ŷi

yi

)2
(18)

R2 f or the model =
R2 f or COD + R2 f or sludge + R2 f or scum

3
(19a)

R2 f or COD = 1−
∑n

i=1

(
CODi − ĈODi

)2

∑n
i=1

(
CODi − COD

)2 (19b)

R2 f or sludge = 1−
∑n

i=1

(
sludgei − ŝludgei

)2

∑n
i=1

(
sludgei − sludge

)2 (19c)

R2 f or scum = 1− ∑n
i=1

(
scumi − ŝcumi

)2

∑n
i=1(scumi − scum)2 (19d)

Table 2. Summary of the mathematic equations used in the mechanistic models based on routes
1 and 2.

Rate Based on Route 1 (Model 1) Based on Route 2 (Model 2)
dmCOD

dt −kamCOD −kamCOD − kbmCOD
dmsludge

dt
kamCOD − kbmsludge kamCOD

dmscum
dt kbmsludge kbmCOD

4. Results and Discussions
4.1. Section 1: Effect of Electrical Current
4.1.1. Experiment

In this section, the EC was carried out at the various currents (2.5, 3.0, 3.5 A) with
the origin DSW having an initial pH of 4.4. During the EC process, the current was kept
constant at 2.5, 3 and 3.5 A; as a consequence, the voltage changed. The voltage profiles
are shown in Figure 1A. The evolution of the voltage during the process was caused by
the change of the solution conductivity [24]. The change of the solution conductivity is
caused by the amount of Fez+ generated electrically and the formation of flocs. In the first
four hours of electrolysis time, the voltage decreased due to the increase in the solution
conductivity caused by the increase in the amount of Fez+ ions in the solution. Meanwhile,
in the second four hours, the voltage increased because the solution conductivity decreased.
This was because the Fez+ consumed the OH− to form the coagulants and then adsorbed the
pollutants to produce the flocs. The more flocs formed in solution, the higher the solution
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resistivity is, so the conductivity decreased. Thus, the necessary voltage for obtaining the
constant current decreased. From Figure 1A, the EC at 3.5 A needed a higher voltage than
the EC at the other two currents in the second four hours of processing time. This means
that it resulted in a larger number of flocs than the two others, so the production of sludge
and scum is higher (Figure 2B,C).
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Figure 2. Effect of the current on (A) COD removal, (B) scum production and (C) sludge production during the EC process.
Initial COD of 112,948.5 mgL−1; initial pH of 4.4; initial temperature of 27 ◦C.

The appropriate z value is 2, resulting in Fe2+ ions at the anode through an oxidation
reaction [8]. Meanwhile, the OH− ions and H2 gas were formed from the reduction reaction
of water at the cathode. Therefore, the OH− ion accumulation could increase the solution
pH [25]. Its profiles during the process are presented in Figure 1B. At the currents of 2.5,
3 and 3.5 A, the solution pH increased from 4.4 to 7.0, 7.3 and 7.3, respectively. These
results were in line with some studies [26,27] where the solution pH usually increases
during the EC process. Kobya et al. [26] reported that the final pH is always higher than
the initial pH (3, 5, 7, 9, 11) in EC using iron electrode in treating textile wastewaters.
Meanwhile, Kim et al. [27] also came to the same conclusion—they found that the solution
pH increased at the end of the process with initial pHs of 3, 5, 7 and 9 in the EC when
treating the groundwater.

Furthermore, the changes in solution temperature during the process are presented in
Figure 1C. This was caused by the current being supplied to the solution continuously [28].
At the currents of 2.5, 3 and 3.5 A, the solution temperature increased from 27 to 47, 60.5 and
81 ◦C after the EC for 8 h, respectively. The high temperature allowed the formation of
larger hydrogen bubbles increasing the flotation speed and reducing the adhesion of
suspended particles [29]. Therefore, the scum would be produced in larger amounts
(Figure 2B).

During the EC process, the working volume of DSW decreased. That can be caused
by (1) the reduction process of water at the cathode side [13], (2) the evaporation process at
the high temperature [30] and (3) the flotation process in which the scum goes to the liquid
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surface and carries the water [14]. In this study, the decrease in the working volume was
determined and is presented in Figure 1(D). Based on Faraday’s law, the higher the current
applied, the faster the reduction process of water will be [14]. Furthermore, based on the
previous paragraph, at the current of 3.5 A, the rate of the increase in solution temperature
was faster than that of the two others. At a higher temperature, the hydrogen bubble size
was bigger, so the flotation rate was faster [29]. As a consequence, more water was carried
away during scum formation. Therefore, the rate of the decrease in working volume at the
current of 3.5 A was higher than that at the currents of 2.5 and 3 A. Many authors believe
that the working volume is constant [16–18]. This assumption can be accepted in the case
of treating the wastes containing low pollutant concentrations. In fact, in this study, in
treating the DSW containing a high pollutant concentration, the working volume cannot
be assumed to be constant.

The profile of the COD concentration during the EC process is shown in Figure 1E.
Meanwhile, the COD mass profile during the EC is presented in Figure 1F. Furthermore,
the COD mass removal efficiency value is shown in Figure 2A. The higher the electrical
current supplied, the more Fe2+ generated, which becomes the coagulant of Fe(OH)2.
The coagulant adsorbs the pollutants to form the flocs, and then the sludge and scum are
formed. Therefore, the COD mass removal at the current of 3.5 A (74.9%) was higher than
that at the currents of 2.5 (35.4%) and 3 A (60.9%).

The scum formation during the process is shown in Figure 2B. The rate of scum
formation at the current of 3.5 A was faster than at the currents of 2.5 and 3 A. This showed
that the scum was more easily formed at the higher current. H2 gas was produced by the
reduction of water at the cathode. The amount of the H2 depended on the current supplied
in the system. Thus, the current of 3.5 A produced more H2 gas than the two others,
so that the pollutants were more easily separated by the flotation. There was an interesting
correlation between the solution pH (Figure 1B) and the scum production (Figure 2B).
When the solution pH was below 6.0, the scum was produced in a small amount. However,
when the solution pH was about above 6.0, the scum was produced in a large amount. The
scum was generated in a large amount from hours 6, 4 and 4 at currents of 2.5, 3 and 3.5 A,
respectively. At these times, the solution pHs were 6.6, 6.6 and 6.8, respectively. This means
that, besides the current, the amount of scum was affected by the solution pH. Furthermore,
the sludge mass was predicted using Equation (3a,b). The sludge formation is shown in
Figure 2C. The currents of 3 and 3.5 A resulted in more coagulants of Fe(OH)2 than the
current of 2.5 A. The coagulants had correspondence to remove pollutants to form the flocs
and then the sludge and scum were formed.

4.1.2. Modeling

The two mechanistic models were successfully applied to simulate the changes of
COD, sludge and scum masses with different SSE and R2 values (Table 3). A plotting
between measured and predicted data is shown in Figure 3. Furthermore, the kinetic
constants are presented in Table 3. Based on the values of SSE and R2, the changes of COD,
sludge and scum in this section followed route 1. In route 1, the kinetic constant of ka
presented the formation rate of the sludge from the reduction of COD which, at the current
of 3.5 A (0.1270 h−1), was higher than those at the currents of 2.5 (0.0490 h−1) and 3 A
(0.0908 h−1). It correlated with the amount of Fe2+ supplied electrically. The higher the
current applied, the more Fe2+ ions supplied. Therefore, the current of 3.5 A produced
more coagulants than the others. Furthermore, the kinetic constant of kb presented the
formation rate of scum (flotation process). The higher the current applied, the higher the
kb value would be because when the current was adjusted to the higher value, more H2
bubbles were produced. Thus, it was easier to form the scum at the higher current.
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Table 3. Kinetic constants for the EC at various currents.

2.5 A 3 A 3.5 A

Model 1 (based on route 1)

ka · (h−1) 0.0490 0.0908 0.1270
kb · (h−1) 0.0249 0.1497 0.2002

SSE 2.03 × 10−4 3.4×10−3 8.8×10−3

R2 0.93 0.85 0.82

Model 2 (based on route 2)

ka · (h−1) 0.0452 0.0571 0.0701
kb · (h−1) 0.0043 0.0374 0.0660

SSE 2.60×10−4 4.6×10−3 1.32×10−2

R2 0.80 0.79 0.76Water 2020, 12, x FOR PEER REVIEW  10 of 
22 
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Figure 3. Comparison between experimental data and predicted data obtained by the mechanistic models: (A) COD,
(B) sludge and (C) scum. (♦, 2.5 A experimental data; �, 3 A experimental data; ∆, 3.5 A experimental data), (black
line-square dot, 2.5 A model 1; black line-solid, 3 A model 1; black line-long dash, 3.5 A model 1) and (red line-square dot,
2.5 A model 2; red line-solid, 3 A model 2; red line-long dash, 3.5 A model 2).
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4.2. Section 2: Effect of Initial pH
4.2.1. Experiment

EC was carried out at various initial pHs (4.4, 5.0, 7.0) with a constant current of 3 A.
The voltage profile during the EC process in Section 2 is presented in Figure 4A. The EC
process for the initial pHs of 4.4 and 5.0 could be carried out for up to 8 h but, for the initial
pH of 7.0, it could only be run for up to 7.5 h because at that time the electrical voltage
value was 30 V. This study used a DC power supply with the voltage with a range of 0–30 V.
A drastic increase in voltage at the end of the process was caused by a very low solution
conductivity (or a very high resistance). A decrease in working volume would decrease
the surface of the active electrode, thereby increasing the electrical resistance. In addition,
the large number of flocs in the system could increase the electrical resistance. The solution
temperature was also too high (Figure 4C). Therefore, the experiment had to be stopped.
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Figure 4. Effect of the initial pH on changes of (A) voltage, (B) pH, (C) temperature, (D) volume, (E) COD concentration
and (F) COD mass during the EC process. Initial COD of 112,948.5 mgL−1; constant current of 3 A; initial temperature of
26–30 ◦C.
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The same as Section 1, Section 2 (effect of initial pH) shows the same phenomena
for pH and temperature profiles. At the initial pHs of 4.4, 5.0 and 7.0, the solution pH
increased from 4.4 to 7.3, 5.0 to 8.0 and 7.0 to 9.7, respectively (Figure 4B). This increase in
pH was caused by the accumulation of OH− ions resulting from the reduction process of
water. Furthermore, the increase in solution temperature during the process is shown in
Figure 4C. At initial pHs of 4.4, 5.0 and 7.0, the temperature increased from 26–30 to 60.5,
82 and 83 ◦C, respectively.

The profile of decrease in working volume is shown in Figure 4D. As explained above,
this could be caused by (1) the reduction process of water, (2) the evaporation process
and (3) the flotation process. The rates of decrease in volume at the initial pHs of 5.0 and
7.0 were higher than that at the initial pH of 4.4. At initial pHs of 5.0 and 7.0, the increases
in solution temperature were very rapid. At high temperatures, the evaporation rate of
water was high. In addition, it caused the big size of hydrogen bubbles so that the flotation
process was easy conduct. Furthermore, the water was also provided by the scum after
being removed during the EC process.

The scum formation during the process is shown in Figure 5B. The formation rate of
scum at the initial pH of 7.0 was faster than those at the initial pHs of 4.4 and 5.0. This
shows that the aggregate was more easily formed at neutral pH conditions. After settling
for 24 h, the sludge formation is shown in Figures 6 and 7. The boundary between the
supernatant and the sludge is shown with a yellow arrow (Figures 6 and 7). Based on
Figures 6 and 7, the percentage of sludge volume increased until the end of the process
(Table 4). Remarkably, at the initial pH of 7.0, above hour 5, the sludge was dominant in
samples (no supernatant). Due to this phenomenon (no supernatant above 5 h), the COD
data were only obtained at hours 0–5 for the initial pH of 7.0. Furthermore, the mass of
sludge is shown in Figure 5C.
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Table 4. The sludge formation at the initial pHs of 5.0 and 7.0.

Time (h) Sludge at the Initial pH of 5.0
(%)

Sludge at the Initial pH of 7.0
(%)

0 0 0
1 10 10
2 10 86.4
3 25 92.3
4 63 92.3
5 74.6 95.7
6 79.2 96
7 84.7 100

7.5 - 100
8 88.9 -

The profile of COD concentration during EC is shown in Figure 4E. Meanwhile, the
COD mass profile during EC is presented in Figure 4F. Furthermore, the COD mass removal
efficiency is shown in Figure 5A. The COD concentration data for the initial pH of 7.0 are
only showed from hours 0 to 5 because the supernatant at hours 6–7.5 was absent (see
Figure 7). In detail, the EC reduced the COD concentration from 112.95 to 72.77 gL−1 at
the initial pH of 5.0 after 8 h and 71.62 gL−1 at the initial pH of 7.0 after 5 h. The rate of
COD removal at the initial pH of 7.0 was faster than that at the initial pH of 5.0 (Figure 5A).
At hour 5, the COD removal efficiencies at the initial pHs of 5.0 and 7.0 were 54.6 and
66.7%, respectively. As explained above, the solution pH increased from 5.0 to 8.0 and
7.0 to 9.7 in EC with initial pHs of 5.0 and 7.0, respectively. The Fe(OH)2 precipitate formed
at pH > 5.5 [8]. Furthermore, Fe(OH)3 precipitate was dominant in solution at the pH range
of 6.2–9.6 [8]. Therefore, the amount of coagulants of (Fe(OH)2 and Fe(OH)3) was more at
the initial pH of 7.0 than at the initial pH of 5.0, so that the COD removal efficiency was
higher at the initial pH of 7.0.

4.2.2. Modeling

The two mechanistic models were also successfully applied to simulate the data
obtained in Section 2. Plotting between measured and predicted data is presented in
Figure 8. Meanwhile, the obtained kinetic constants can be seen in Table 5. Based on the
SSE and R2 values, the appropriate model for the initial pH of 4.4 was model 1 (route
1), but for the initial pHs of 5.0 and 7.0, model 2 (route 2) gave better predictions than
model 1. Meanwhile, in Section 1 (variation of currents), model 1 gave better predictions
than model 2 for all currents with a range of 2.5–3.5 A. This phenomenon showed that the
route of changes of COD, sludge and scum depended on the initial pH as opposed to the
electrical current.

Table 5. Kinetic constants for EC at various initial pHs.

pH 4.4 pH 5.0 pH 7.0

Model 1 (based on route 1)

ka · (h−1) 0.0908 0.1575 0.1629
kb · (h−1) 0.1497 0.2089 0.4558

SSE 3.4×10−3 3×10−3 0.5869
R2 0.85 0.90 0.86

Model 2 (based on route 2)

ka · (h−1) 0.0571 0.0843 0.0844
kb · (h−1) 0.0374 0.0793 0.1292

SSE 4.6×10−3 4.7×10−3 2.43×10−2

R2 0.79 0.92 0.98
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Figure 8. Comparison between experimental data and predicted data obtained by the mechanistic models: (A) COD,
(B) sludge and (C) scum. (♦, initial pH 4.4 experimental data; �, initial pH 5 experimental data; ∆, initial pH 7 experimental
data), (black line-square dot, initial pH 4.4 model 1; black line-solid, initial pH 5 model 1; black line-long dash, initial pH
7 model 1) and (red line-square dot, initial pH 4.4 model 2; red line-solid, initial pH 5 model 2; red line-long dash, initial pH
7 model 2).

In model 2, the kinetic constant of ka presented the formation rate of sludge from the
reduction of COD, while kb presented the formation rate of scum from the reduction of
COD too. The higher the initial pH in the EC, the higher the ka and kb values obtained. The
higher the pH condition was, the more Fe2+ changed to become coagulants of Fe(OH)2 and
Fe(OH)3. Therefore, the initial pH of 7.0 resulted in higher amounts of sludge and scum
compared to 4.4 and 5.0.

An interesting phenomenon was that the EC process with the initial pH of 4.4 followed
model 1 but the processes with initial pHs of 5.0 and 7.0 followed model 2. At the initial
pH of 4.4, the scum formation was very low at hours 0–3. The solution pH at hours 0–3 was
below 6.0. Furthermore, from hour 4 (solution pH of 6.6, Figure 4B), the scum was formed
in the significant amount (Figure 5B). Meanwhile, the scum formed in the significant
amount from hours 2 and 1 for the initial pHs of 5.0 (solution pH of 7.0) and 7.0 (solution
pH of 8.1). This means that at a solution pH above 6.0, a large amount of scum was formed.
On the other hand, the sludge formation was almost the same at the beginning as it was at
the end of the process. The DSW contained the insoluble and soluble COD [20]. Meanwhile,
the Fe species in the solution could be Fe2+ ions, precipitates of Fe(OH)2 or Fe(OH)3, which
are functions of pH values. Fe(OH)2 is present in solution at pH > 5.5 [13]. Furthermore,
Fe(OH)3 is dominant at pH> 6.2 [13]. According to Moreno-Casillas et al. [31], insoluble
COD (such as carbohydrate) could react with Fe2+ to form insoluble flocs. On the other
side, the soluble COD (such as acetic acid, lactic acid, glycerol) reacting with Fe2+ will
result in the soluble compound staying in the solution. Therefore, the insoluble COD could
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be removed at various pH conditions. At a low solution pH (below 5.5), the removal of
the insoluble COD followed Equation (20), while at pHs above 5.5, it was adsorbed by
coagulants following Equation (22). Meanwhile, the soluble COD could only be removed at
a pH above 5.5 and its reaction was predicted through Equation (23). Furthermore, at a pH
below 5.5, the reaction between Fe2+ and soluble COD just resulted insoluble compounds.
The characteristic of the insoluble flocs from coagulants and Fe2+ ions might be different.
The coagulants are gelatinous. Therefore, the flocs formed by coagulants were more easily
brought, by H2 gas, to the liquid surface as scum compared to those formed by Fe2+ ions.
Based on the explanation above, the pollutant removal in EC with a neutral initial pH will
follow route 2 (model 2). In conclusion, based on Tables 3 and 5, except for the case of
initial pH of 7.0 with model 2, all other R2 values were lower than 0.98. This shows that
there was a considerable deviation in the other cases.

Fe2+ + insoluble COD → insoluble f locs (20)

Fe2+ + soluble COD → soluble compound (21)

Coagulants (Fe(OH)2 or Fe(OH)2) + insoluble COD → insoluble f locs (22)

Coagulants (Fe(OH)2 or Fe(OH)2) + soluble COD → insoluble f locs (23)

4.3. Summary of the EC for Treating the DSW

Some other authors [2,9,10,14,32,33] have reported the effects of various conditions on
EC in treating DSW. A summary of a report of the studies about EC of DSW is shown in
Table 6. Charge loading is an important parameter in the EC process. It shows the charges
transferred in electrochemical reactions for a given amount of wastewater treated [14].
Based on a previous study [14], it could be estimated using Equation (24). Furthermore,
the ratio of COD removal efficiency to charge loading is calculated using Equation (25).

q =
It

vinitialCCOD initial
=

JAet
vinitialCCOD initial

(24)

Ratio COD removal per charge loading =
COD removal (%)

Charge loading (C gCOD−1)
(25)
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Table 6. Summary of the results in the EC of DSW.

Initial
COD

(mg L−1)

Initial
Volume

(mL)

Initial
pH

Temperature
(◦C)

Current
(A)

Agitation
Speed
(rpm)

Current
Density

(mA cm−2)
Electrodes

Electrode
Active
Surface
(cm2)

d
(cm)

t
(h)

Charge
Loading

(C g-
COD−1)

COD
Removal
Efficiency

(%)

COD
Removal
(%) per
Charge

Loading (C
g-COD−1)

References

112,948.5 1000 4.4 27 3.5 500 55.03 Fe-Fe 63.6 5.5 8 892.42 74.9 0.0839 This study
112,948.5 1000 7 30 3 500 47.17 Fe-Fe 63.6 5.5 5 478.10 66.7 0.1395 This study
120,000 300 3 - - 500 187.5 Fe-Fe 16 3 2 600.00 52.4 0.0873 [32]
100,160 1000 6 Room 2.15 200 - Fe-Fe 63.6 5.5 1 77.28 19.9 0.2571 [14]
100,160 1000 6 Room 3.99 200 - Fe-Fe 63.6 5.5 1 143.41 51.7 0.3603 [14]
52,000 300 7.2 - 0.41 500 14.7 Fe-Fe - 3 3 283.85 76.9 0.2709 [33]
52,000 300 7.2 - 0.41 500 17.9 Fe-Fe - 3 3 283.85 84.5 0.2977 [33]
3360 500 7.5 - - 500 35.9 Fe-Fe 12.8 3 2 1969.37 50 0.0254 [2]
3360 500 7.5 - - 500 71.8 Fe-Fe 12.8 3 2 3938.74 88 0.0223 [2]

2500 500 6 30 ± 2
(constant) - - 30 Fe-Fe 45 1 4 15552.00 62 0.0040 [9]

2000 2000 2 Room - - 3 Fe-Fe 100 2 4 1080.00 20.5 0.0190 [10]
2000 2000 6 Room - - 3 Fe-Fe 100 2 4 1080.00 81.3 0.0753 [10]
2000 2000 10 Room - - 3 Fe-Fe 100 2 4 1080.00 75.5 0.0699 [10]
2000 2000 6 Room - - 1 Fe-Fe 100 2 4 360.00 25.8 0.0715 [10]
2000 2000 6 Room - - 5 Fe-Fe 100 2 4 1800.00 92.5 0.0514 [10]
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Table 6 shows the summary of experimental data from the EC of DSW from various
previous studies [2,9,10,14,32,33] and this study. The correlation between the initial pH
and ratio of COD removal per charge loading is depicted in Figure 9. The figure presented
that the increase in initial pH from 2.0 to 6.0 could increase the ratio of COD removal per
charge loading from 0.0190 to 0.3606% per C gCOD−1. Furthermore, a further increase
in the initial pH from 6.0 to 10 could reduce the ratio of COD removal per charge load-
ing from 0.3606 to 0.0699% per C gCOD−1.The coagulants (Fe(OH)2 and Fe(OH)3) are
formed in the neutral pH condition [13]. At very low pH conditions, the Fe2+ ions are still
dominant in the solution [13], so the EC process can just remove the insoluble COD [31].
Meanwhile, in very high pH conditions, Fe(OH)2 and Fe(OH)3 are hydrolyzed to become
Fe(OH)3

− and Fe(OH)4
− [13]. They have poor coagulant properties. However, at the

neutral pH, the coagulants present dominantly in the solution, so that the COD could be
removed maximally.
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5. Conclusions

The EC method to treat the local DSW with a high COD content was successfully
conducted in this study. The results showed that the EC at the current of 3.5 A resulted
in a higher COD mass removal efficiency (74.9%) than the currents of 2.5 (35.4%) and 3 A
(60.9%). Furthermore, the EC with an initial pH of 7 could remove more COD mass than
the ECs with initial pHs of 4.4 and 5.0. For all variables, the solution pH increased during
the process because of the accumulation of OH− ions resulting from the water reduction
process at the cathode. Additionally, the solution temperature increased throughout the
process because of supplying the electrical current continuously in the solution. During the
EC process, the working volume was not constant since it was reduced because of the water
reduction process at the cathode and the evaporation and flotation reactions. The scum
was produced during the EC process and its mass increased until end of the process. When
an initial pH of 7.0 was used, for the times higher than 5 h, the supernatant was not
observed—only the sludge was obtained. As a consequence, the COD data obtained for the
initial pH of 7.0 are only for hours 0–5. The EC could decrease the COD concentration from
112.95 to 72.77 (hour 8) and 71.62 gL−1 (hour 5) at the initial pHs of 5.0 and 7.0, respectively.
Then, the measured data (COD, sludge and scum) were used in the modeling. The simple
mechanistic models were successfully applied to simulate the data in mass units with the
two different routes of the EC process. Route 1 assumed that the COD was converted to
sludge and then the sludge was converted to scum. Route 2 assumed that the COD was
converted to sludge and scum at the same time. Based on the SSE and R2 values, the EC
at the initial pH of the origin DSW (4.4) followed model 1 (based on route 1) but, at the
initial pHs of 5.0 and 7.0, followed model 2 (based on route 2). The kinetic constants in



Water 2021, 13, 11 19 of 20

the models were ka and kb. ka expressed the rate of sludge production and kb expressed
the rate of scum production. Increasing the current from 2.5 to 3.5 A increased the kinetic
constants of ka and kb. Additionally, the higher the initial pH was, the higher the kinetic
constants are.
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Nomenclatures
mCOD = mass of COD (g)
mscum = mass of scum (g)
msludge = mass of sludge (g)

ka = the kinetic constant for sludge formation (h−1)
kb = the kinetic constant for scum formation (h−1)
yi = measured data (g)
ŷi = predicted data (g)
y = average of measured data (g)

SSE = Sum of Squared Error
R2 = the coefficient of determination of the model
I = current (A)
t = electrolysis time (s)

Ae = active surface of electrode (cm2)
J = current density (A cm−2)
q = charge loading (C g-COD−1)
d = inter-electrode distance (cm)
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