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Abstract
Electrocoagulation (EC) is one of potential methods in wastewater treatments. In treating
vinasse waste through EC, complex phenomena occur during EC process. Hence, previous authors
have developed mechanistic models, but the models have not illustrated the phenomena completely.
Therefore, the goal of this study is to build the new model of EC and apply the model to simulate the
EC phenomena in treating vinasse. Many parameters (current, pH, temperature, volume, anode weight
loss, dissolved Fe concentration, chemical oxygen demand (COD) concentration, sludge mass and scum
mass) are considered in developing this model. The adjustable kinetic constants in this model are kcg,
α, β, ke, Af, Ef. The results show that this model can fit the measured data of EC of vinasse at various
voltages (7.5 and 12.5 V) with low Sum of Squares of Errors (SSE) value (0.0784-0.2758). The voltage
of 12.5 V results higher kcg, ke, Af and lower Ef values than 7.5 V.

Keywords: electrocoagulation, complex, mechanistic model, vinasse

Introduction
Electrocoagulation (EC) is one of treatment methods
that are widely used to treat various wastewaters [1].
This method is successfully applied to remove organic
pollutants. Compared with other methods, EC has
many advantages because it needs low operating cost,
produces hydrogen gas used as an alternative energy
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and results in sludge easily separated by sedimentation
and flotation [2-7].
Basically, EC consists of three conventional
methods i.e. electrolysis, coagulation and flotation. In
electrolysis: oxidation process occurs at anode where
anode (Fe) is dissolved to be Fez+ ion and reduction
process occurs at cathode where the H2O is to be H2
gas and OH- ion [8]. In coagulation: chemical reaction
between Fez+ and OH- resulted coagulant of Fe(OH)z
adsorbing the pollutants to become the aggregates and
then the sludge [4]. In flotation: the H2 gas pushes the
sludge on the surface as scum [9].
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For a better understanding of the EC process,
currently, Syaichurrozi et al. [4] have proposed a
mechanistic model of EC to illustrate the COD removal
mechanism. The parameters included in the model are
total COD concentration (g/L), remaining dissolved
Fe concentration (g/L), sludge mass (g), scum mass
(g) and current value (A). In the model, the working
volume is assumed to be constant and changes of
temperature and pH during process are not considered.
The model is successfully applied to simulate the
measured data from EC process at voltage of 10 V
with retention time of 1 h. Furthermore, at higher
voltage, the working volume decreases drastically, so
it is not constant. Thus, Syaichurrozi et al. [9] have
built new models to consider the change of the working
volume. Besides that, they have proposed four routes
for organic pollutant (expressed as chemical oxygen
demand (COD)) using four mechanistic models.
The results show that, the Electrocoagulation
Mechanistic Model No. 2 (EMM2) results in the most
precision all of the proposed models. The important
points obtained by the EMM2 are that the volume is not
constant, the sludge is formed by reaction between Fe
and COD and then the scum is resulted by degradation
of sludge. However, the EMM2 did not consider
the change of pH and temperature during process.
Factually, pH and temperature of solution increases
during EC. Therefore, the new mechanistic model
needs to be developed to simulate the complex process
of EC.
The complex phenomena in EC appear when it
is applied to treat waste having very high organic
pollutant such as vinasse. It is a waste resulted from
distillation unit as bottom product. It contains very
high organic pollutant (COD) and low pH value. Some
authors have reported studies about EC of vinasse
[10-14]. The origin vinasse in the study of Yavuz [10] and
Khandegar and Saroha [11] contains COD concentration
of 4,750 and 3,360 mg/L respectively. Meanwhile, it in the
study of Aziz et al. [14] contains COD concentration of
8,500 mg/L but in their experiment, it has been diluted
to be 2,000 mg/L. The extreme dilution occurred in
study of Asaithambi et al. [12-13] in which the vinasse
has been diluted from 80,000-90,000 to become
2,500 mg/L. The dilution way is not suggested because
it will make the total volume of the waste to be very
much more.
In this study, the Indonesian vinasse contains very
high COD concentration (more than 100,000 mg/L).
This waste is very dangerous if it discharged to the
water body without treatment. Currently, the focus of
this study is development of the new mechanistic model
and validation of the model with experimental data
of EC of vinasse at various voltages obtained from a
previous study [9].
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Methods
Development of Kinetic Model
Anode weight loss
The first reaction in EC is electrolysis. In this
reaction, anode experiences oxidation, so it is sacrificed
to result Fez+ (Eq. 1). Meanwhile, reduction occurs in
cathode in which the water is converted to OH- ion and
H2 gas (Eq. 2) [15]. The rate of anode weight loss could
be estimated based on Faraday’s law (Eq. 3) [4]. The z
value can be 2 or 3 but the appropriate z value is 2. It
means that ferrous (Fe2+) is a product of oxidation when
iron is used as anode [4, 9].
(1)
(2)
(3)
Net Rate of Dissolved Fe Mol Production
Based on Eq. 1, oxidation occurs in anode and the
product of the reaction is Fe2+. Furthermore, the Fe2+ will
undergo hydrolysis reaction to be Fe(OH)+, Fe(OH)20,
Fe(OH)2(s), Fe(OH)3- [8]. Therefore, for simplification of
the model, in assumption, there are only the two species
exist in the solution which are Fe2+ and Fe(OH)2(s).
Equilibrium between the two iron species is shown in
Eq. 4.
(4)
The solubility of Fe(OH)2 (based on Eq. 4) is
expressed by Eq. 5.
(5)
Because of

, Eq. 5 is

rearranged to Eq. 6.
(6)
(7)
(8)
Production of dissolved Fe mol by electrodissolution
in anode during EC could be predicted by Faraday’s law
(Eq. 9).
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Therefore, the net rate of coagulant mass production
is written by Eq. 16.

Furthermore, after saturation, Fe(OH)2(s) is formed
and acts as coagulant to remove pollutant to make
sludge. The production rate of Fe(OH)2(s) mol is predicted
by Eq. 10 (adapted from [16]).

(16)

(10)

In assumption, the coagulant (precipitate of Fe(OH)2)
does not remain in solution because it is to become
sludge and scum completely, so
.

Therefore, the net rate of Fe2+ mol production could
be written through Eq. 11.

(11)
Because of inconstant working volume during EC,
the Eq. 11 is modified to Eq. 12.

(17)
Net Rate of COD Mass Consumption
Based on Eq. 14, the consumption rate of COD mass
could be written by Eq. 18.
(18)
Entrapment reaction also occurs in sludge formation
[4, 9]. Thus, Eq. 18 is extended to Eq. 19.

(12)
(19)

Net Rate of Fe(OH)2 Mass Production
The production rate of Fe(OH)2 mol is shown in
Eq. 10. Furthermore, it is rearranged in mass unit
(Eq. 13).

Substitute Eq. 17 to Eq. 19 to build Eq. 20.

(13)

(20)

Furthermore, the coagulant will adsorb the COD to
make sludge [4, 9]. The adsorption reaction is assumed
as Eq. 14.

Because of inconstant working volume, Eq. 20 is
rearranged to Eq. 21.

(14)
This model assumes that adsorption reaction occurs
between coagulant and COD in mass unit, not in mol
unit. Based on Eq. 14, the consumption rate of coagulant
mass could be written by Eq. 15.
(15)

(21)
Net Rate of Sludge Mass Production
The sludge mass is resulted from reactions of
adsorption and entrapment. Meanwhile, the sludge mass
consumption rate is caused by scum formation (Eq. 22)
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[4, 9]. Therefore, the net rate of sludge mass production
is expressed by Eq. 23.

By the same way with Ks, the Kw is modified to
Eq. 28.

(22)

(28)
Therefore,

(23)
Net Rate of Scum Mass Production
Based on Eq. 22, the scum is formed by flotation.
Therefore, the net rate of scum mass production is
expressed by Eq. 24.

(29)

with:

(30)

(24)

(31)

Mechanistic model with temperature Dependence
For assumption of no temperature dependence,
the mathematic equations included in the model are
Eqs. 3, 12, 21, 23, 24. However, in the fact, solution
temperature changes as function of time. Therefore,
mathematic equations (in Eqs 3, 12, 21, 23, 24) have
to be modified by considering the temperature change
during EC process. The kinetic constants are kcg, Ks,
Kw, ke and k f. Chemical process is much more affected
by temperature than physical process. The kinetic
constants contributing in chemical processes are Ks, Kw
and k f and those in physical processes are kcg and ke.
Hence, the Ks, Kw and k f are modified with consideration
of temperatur change and kcg and ke are assumed not
affected by temperature change.
The equilibrium constants (Ks and Kw) are modified
through Van’t Hoff equation. The Van’t Hoff equation
as function of temperature for Ks is shown by Eq. 25
[17].
(25)
Furthermore, Eq. 25 is rearranged to Eq. 26.

Furthermore, the k f is modified through Arrhenius
equation (Eq. 32) [18].
(32)
Substitution Eqs 29 and 32 to Eqs 3, 12, 21, 23 and
24 to get new mathematical equations and then shown
in Table 1.
The summary of the final mathematic equations is
shown in Table 1. The change of current density, pH and
temperature profile is approached by using an empirical
curve (see section 5.1). The change of working volume
during EC is identified by the change of vinasse surface
(x) in reactor. Also, the value of x is approached by
using an empirical curve (see section 5.1). Furthermore,
the values of Ae, v and v' is calculated by using formulas
shown in Table 1 [9].

Simulation
The adjustable kinetic constants in this model
are kcg, α, β, ke, Af, Ef. The values of the constants are
obtained by minimization of SSE (Sum of Squared
Error) (Eq. 33). The model (simultaneous ordinary
differential equations, Table 1) is solved using
MATLAB program with ode15s solver and minimizing
SSE with fminsearch [9].

(26)
(33)
Assuming that
modified to Eq. 27.

, so Eq. 26 is

(27)

Experimental Data
The experimental data used to validate the model
are obtained from a previous study [9]. The data is
obtained from EC experiment using a lab-scale-batch
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Table 1. Summary of mathematic equations for the mechanistic model with temperature dependence.
Rate

Mathematic Equation

reactor with cylindrical shape having diameter 1.1
dm and height of 1.55 dm. Iron is used as anode and
cathode with active dimension of length, width,
thickness of 0.95, 0.3, 0.03 dm respectively. The value
of inter-electrode is maintained to be constant in
0.55 dm. The voltage is varied to be 7.5 V and 12.5 V.
The measured parameters were total COD concentration
(g/dm3), remaining dissolved Fe (g/dm3), sludge mass
(g), scum mass (g), current (A), x (dm), temperature
(K), anode weight (g). The complete data is shown in
Table 2. Because the unit of dissolved Fe in the model is
mol/dm3, the dissolved Fe (g/dm3) in Table 2 is
converted to unit of mol/dm3 by divided it with BM of
Fe (56 g/mol).

Results and Discussions

From Fig. 1a), mathematic equations between pH and
electrolysis time at 7.5 and 12.5 V are obtained as:

(34)

(35)
Similar with solution pH, the solution temperature
increases until the end of process. It has a correlation
with current. The energy supplied from electrolysis can
be estimated using formula in Eq.36. Furthermore, the
energy received by the solution can be estimated using
Eq. 37.

Empirical equation for pH, T, x, J

(36)

The solution pH changes during EC process
(Table 2) because of OH- accumulation in solution. It
is resulted from reduction at cathode (Eq.2). The pH
solution in vinasse increases faster at voltage of 12.5 V
than at 7.5 V because the current value at the former is
higher than that at the later (Table 2). The mol amount
of OH- ion is directly proportional with current value.

(37)
Clearly, the increase in temperature is caused by
supply of current continuously in solution during
process. From Fig. 1b), mathematic equations between
temperature and electrolysis time at 7.5 and 12.5 V are
obtained as:
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Table 2. Experimental data during EC of vinasse waste at various voltages [9].
7.5 V
t
(s)

I
(A)

T
(K)

pH

x
(dm)

Scum
(g)

COD
(g/dm3)

Dissolved Fe
(g/dm3)

Dissolved Fe
(mol/dm3)

Anode weight
loss (g)

J (A/dm2)

0

2.15

302.65

6.0

0.000

0.00

100.16

0.039

0.000693

0

3.38

600

2.16

304.15

6.1

0.020

0.28

97.36

Na

Na

Na

3.47

1200

2.20

306.65

6.1

0.045

1.42

92.87

0.398

0.007112

Na

3.63

1800

2.22

307.35

6.4

0.065

2.78

92.65

Na

Na

Na

3.74

2400

2.18

308.65

6.6

0.085

4.05

92.65

0.923

0.016483

Na

3.76

3000

2.10

309.65

6.8

0.105

5.30

91.08

Na

Na

Na

3.71

3600

2.05

310.15

7.2

0.125

6.90

91.08

0.886

0.015817

-2.241

3.70

12.5 V
t
(s)

I
(A)

T
(K)

pH

x
(dm)

Scum
(g)

COD
(g/dm3)

Dissolved Fe
(g/dm3)

Dissolved Fe
(mol/dm3)

Anode weight
loss (g)

J (A/dm2)

0

3.76

302.15

6.0

0.000

0.00

100.16

0.039

0.000693

0

5.91

600

4.17

308.65

6.3

0.090

1.54

95.79

Na

Na

Na

7.23

1200

4.25

314.65

6.8

0.160

5.32

92.65

0.560

0.009997

Na

8.01

1800

4.26

319.85

7.5

0.215

9.47

91.08

Na

Na

Na

8.62

2400

4.08

324.35

7.7

0.275

14.44

87.94

0.529

0.009447

Na

8.98

3000

3.88

328.15

7.7

0.375

19.35

84.80

Na

Na

Na

9.99

3600

3.53

330.65

7.3

0.440

26.78

83.17

0.490

0.008748

-4.328

10.21

(38)

(39)
The surface of vinasse in reactor decreases because
reduction reaction of water, evaporation of water and
scum formation [9]. Fig. 1c) shows the mathematic
equation between x and electrolysis time with detailed
equations for 7.5 and 12.5 V as:
(40)
(41)
Furthermore, current density profile during process
is function electrolysis time shown by Fig. 1d) with
detailed equations as:

(42)

(43)

All the empirical equations (Eqs 34-35 and 38-43)
are used in the mechanistic model having mathematic
equations shown on Table 1. The equations show that
complex phenomena occur during EC process because
pH, T, x and J change as function of time. Furthermore,
the changes of anode weight, COD concentration,
dissolved Fe concentration, scum mass and sludge
mass are predicted using the mechanistic model and the
results are discussed in section 5.2.

Application of the New Model
The new mechanistic model successfully simulates
the behavior of COD removal during EC of vinasse
with very low SSE value (0.0784-0.2758, Table 3).
The visualization between experiment and predicted
data is depicted in Fig. 2(a-e). Also, the kinetic constants
are shown in Table 3 in detail.
Anode Weight Loss and Dissolved Fe
Anode weight loss is successfully predicted by
Faraday’s law with z = 2 (Fig. 2a). This value confirms
that the product of oxidation is Fe2+. Furthermore,
Fig. 2b) shows the remaining dissolved Fe in solution.
It in vinasse during EC at 12.5 V is less than at 7.5 V.
It is related to solution pH where the higher the pH,
the low solubility of Fe. Hence, the solubility of Fe at
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Fig. 1. The empirical equation for changes of a) solution pH, b) solution temperature, c) surface vinasse in reactor and d) current density

12.5 V is lower than at 7.5 V because the former
increases the pH more rapidly. The solubility is also
affected by solution temperature. In theory, higher
temperature will result higher solubility. In the fact,
voltage of 12.5 V results lower solubility of Fe although
it results solution temperature higher than 7.5 V. Hence,
the solubility of Fe in vinasse is mainly affected by pH,
not temperature.
The kcg presents the rate of coagulant formation. This
kinetic constant is affected by the solubility of Fe and
current value. The current value at 12.5 V is higher than
that at 7.5 V (Table 2). The higher the current value, the
more the Fe2+ mol is resulted from oxidation reaction.
Hence, total Fe2+ mol at 12.5 V is higher than that at
7.5 V. Meanwhile, the solubility of Fe at 12.5 V is
lower, so much more coagulant is formed at this voltage
than the lower voltage. The kcg in 12.5 V (3.20×10 -3 /s) is
higher than that in 7.5 V (8.06×10 -4 /s).
The constants of α and β for 7.5 V is almost same
with those for 12.5 V. This shows that enthalpy process

is not affected significantly by temperature change.
This is in line with Van’t Hoff assumption in which the
enthalpy process is no temperature dependence.
COD Concentration
The profile of decrease in COD concentration
is also successfully predicted by the new model
(Fig. 2c). Based on explanation in section 5.2.1, voltage
of 12.5 V results more coagulant than 7.5 V, so the
former can remove the COD in larger amount than the
later. Furthermore 12.5 V also results higher ke value
than 7.5 V. It means, the entrapment reaction is easier
to hold when the coagulant is resulted in larger amount.
Sludge and Scum Mass
The evolution of sludge and scum mass during
EC is predicted and shown in Fig. 2(d,e). Voltage of
12.5 V results more sludge and scum mass than 7.5 V.
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Fig. 2. Fitting between experimental and predicted data from the new kinetic model for a) anode weight loss, b) concentration of Fe, c)
concentration of COD, d) mass of sludge, e) mass of scum; and then f) prediction of Hydrogen gas based on Faraday’s Law.

The sludge is formed from adsorption of COD on
coagulant and settles on the bottom of EC reactor.
Furthermore the sludge is broken and goes to surface of
vinasse as scum by evolution of H2. The production of
H2 in mol unit could be predicted through Faraday’s law

showed in Eq. 44 [9]. The unit of H2 could be converted
in L unit by using Eq. 45.
(44)
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Table 3. Kinetic constant values in simulation of the experimental
data from EC of vinasse.
Kinetic constants

unit

7.5 V

kcg

12.5 V

/s

-4

8.06×10

3.20×10-3

α

dm3/mol

9.02×103

10.5×103

β

J/mol

8.91×101

9.23×101

ke

/s

5.97×10-5

1.59×10-4

Af

-

2.35×10-4

3.92×10-4

Ef

J/mol

9.54×10-5

2.01×10-7

SSE

-

0.2758

0.0784

(45)
The predicted H2 gas is presented in Fig. 2f). From
the figure, voltage 12.5 V results 1.93 dm3 and 7.5 V
results 1.01 dm3. It causes that the scum production
at 12.5 V is more than at 7.5 V. Table 3 shows the
constants of Af and Ef in which they depends on solution
temperature. The frequency factor (Af ) increases
and activation energy (Ef) decreases with increasing
of voltage from 7.5 to 12.5 V. The less the activation
energy, the easier the reaction occurs. Furthermore, the
frequency factor shows the collision where the higher
the frequency factor, the more often the H 2 and sludge
collides to form scum. The high temperature forces the
dissolved hydrogen to become H2 gas easily. Also, it
affects the big bubble size of H2 gas. Therefore, flotation
process occurs easier at 12.5 V than at 7.5 V because
solution temperature at 12.5 V is higher.

Operating Cost
In EC process, the operating cost is to become one
of important terms. The main components in operating
cost are electrode, energy and chemical costs [4].
Furthermore, the common formula used to estimate the
operating cost is shown in Eq. 46-48 [4].

(46)
(47)
(48)
The a is electrical energy cost with value of
30.97×10 -5 IDR/Ws (IDR per watt second), b is iron
material with value of 20 IDR/g and c is chemical
cost with value of 16 IDR/g for technical grade NaOH
(flake) [4]. Results of calculation for operating cost are
presented in Table 4. In this study, the initial pH of
vinasse is adjusted from 4.35 to 6.0. It needed amount
of 8.4558 g NaOH with price of 135.29 IDR/dm3 [4].
Furthermore electrode and energy costs needed by
voltage of 12.5 V are higher than 7.5 V. Finally, the
total operating cost for 7.5 and 12.5 V is 204.14 and
262.91 IDR/dm3 respectively. Meanwhile, voltages of
7.5 and 12.5 V result the COD mass removal efficiency
of 19.87 and 51.67% respectively (Table 4). Therefore,
voltage of 12.5 V is more effective than 7.5 V because
the former results higher ratio of COD mass removal
efficiency (%) to total operating cost (IDR/dm3)
(Table 4).

Conclusion
The new kinetic model of EC is successfully
developed with considering of many measured
parameters which are current, pH, temperature,
volume, anode weight loss, dissolved Fe concentration,
COD concentration, sludge mass and scum mass. The
adjustable kinetic constants in this model are kcg, α, β,
ke, Af, Ef. This model can fit the measured data of EC
of vinasse at various voltages with low SSE value
(0.0784-0.2758). Based on simulation, voltage of 12.5
V resulted higher kcg, ke, Af and lower Ef values than
7.5 V.

Table 4. Operating cost of EC process in treating 1 dm3 vinasse after 3600 sec.
Ratio of COD mass
COD mass
Total operating cost
removal efficiency/ total
removal efficiency
(IDR/dm3)
operating cost
[9] (%)
(%/IDR/dm3)

Voltage

Electrode cost
(IDR/dm3)

Energy cost
(IDR/dm3)

Chemical cost [4]
(IDR/dm3)

7.5 V

44.89

23.96

135.29

204.14

19.87

0.0973

12.5 V

83.21

44.41

135.29

262.91

51.67

0.1965

Note = COD removal efficiency =

100%
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Nomenclatures
Ae – active surface area of electrode (dm2)
Af – frequency factor for flotation
AR – base area of EC reactor (dm2)
BMFe – molecular weight of Fe (56 g/mol)
BMFe (OH) – molecular weight of Fe(OH)2 (90 g/mol)
2
CCOD – concentration of COD (g/dm3)
CFe (OH) – concentration of Fe(OH)2 (g/dm3)
2
Cp – caloric capacity of solution (J/K)
d – distance between electrodes (dm)
Ef – activation energy for flotation (J/mol)
F – Faraday’s constant (96,500 C/mol)
H – number of Hydrogen molecules per electron (½)
I – current (A)
J – current density (A/dm2)
ka – reaction rate constant for adsorption (/(g.s)
kcg – rate constant for Fe(OH)2 formation (/s)
ke – reaction rate constant for entrapment (/s)
k f – reaction rate constant for flotation (/s)
KS – equilibrium constant of Fe(OH)2 (mol3/dm9) at T
Ks0 – equilibrium constant of Fe(OH)2 (mol3/dm9) at T0
Kw – equilibrium constant of water (mol2/dm6) at T
Kw0 – equilibrium constant of water (mol2/dm6) at T0
le – length of electrode (dm)
manode – weight of anode (g)
mCOD – mass of COD (g)
mFe (OH) – mass of Fe(OH)2 (g)
2
mscum – mass of scum (g)
msludge – mass of sludge (g)
nFesat – mol of Fe2+ at saturation (mol)
nFe (OH)2 – mol of Fe (OH)2 (mol)
nFed – mol of total dissolved Fe2+ (mol)
nH – Hydrogen amount (mol)
2
P – Pressure (atm)
Q – energy (J)
R – ideal gas constant (8.314 J/K.mol or 0.08206
L.atm/K.mol)
t – retention time (s)
te – thickness of electrode (dm)
T – solution temperature (K)
V – voltage (V)
VH – Hydrogen volume (dm3)
2
v – volume of vinasse (dm3)
vi – initial volume of vinasse (dm3)
v' –

we – width of electrode (dm)
x – Decrease of liquid level (dm)
z – number of electron transfer for Fe (2)
α – kinetic constant (dm3/mol)
β – kinetic constant (J/mol)
∆Hs – enthalpy of Fe(OH)2 ionization (J/mol)
∆Hw – enthalpy of water ionization (J/mol)
∆T – increase in temperature (K)
[Fe]sat – molar of Fe2+ at saturation (mol/dm3)
[Fe2+] – molar of Fe2+ (mol/dm3)
[H +] – molar of H + (mol/dm3)
[OH –] – molar of OH – (mol/dm3)
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