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A B S T R A C T

Vinasse is bioethanol liquid waste with high Chemical Oxygen Demand (COD) content, which is harmful to the
environment. It therefore requires treatment and one of the potential methods to treat is electrocoagulation (EC).
This process involved some mechanisms such as electrode dissolution, adsorption, entrapment, sedimentation
and flotation. Furthermore, the working volume during the process, in reality, was not constant as it reduced.
Hence, mechanistic models of EC were employed to have the detailed COD removal process. In this study, four
mechanistic models were proposed and applied to simulate the COD removal process at voltage of 7.5 and 12.5
V. The results showed that Model 2 gave better prediction than the others due to its low Sum of Squares Error
(SSE) which was 0.1189-0.2289 while the others showed SSE of 0.1884-0.5792. The model assumed that settled
sludge was formed from the adsorption and entrapment of COD on the coagulants, while the floated sludge was
formed from flotation of the settled sludge. Furthermore the model recorded higher kinetic constant values such
as adsorption rate (ka), entrapment rate (ke) and flotation rate (kf ) at 12.5 V compared with those at 7.5 V. In
conclusion, the proposed model successfully figured out the details of COD removal mechanisms during the EC of
vinasse and the kinetic constant values increased with increase in voltage. It is expected that this model could be
useful to predict the behavior of EC process with different conditions as well as to design EC system for industrial
scales.

1. Introduction

Vinasse is a dark-brown final byproduct of bioethanol distillation
with very low potential hydrogen (pH) level, within a range of 3.75–4.5
[1,2] and very high Chemical Oxygen Demand (COD) level, which is
above 100 kg/m3 [3,4]. This substance has a negative impact on the
environment, especially photosynthesis in water plants due to decrease
in the penetration rate of sun light. Also, the strong acidic nature of this
substance results in remobilization of heavy metals in soil and its high
COD content reduces the dissolved oxygen in water bodies, thereby
affecting the respiration of biota, which leads to death [5]. The high
ratio between bioethanol, which is the main product, and vinasse is 1 :
8–15 (v/v), this makes it constitute a serious problem for most in-
dustries [4]. Thus, there is need to treat it before being discharged into
the water bodies.

There are various methods for treating vinasse such as anaerobic
digestion [6,7], aerobic treatment [8], fungal treatment [9], Fenton
[10], ozone [8,11] and electrocoagulation [12]. Chemical treatments,
like the use of Fenton and ozone, are not efficient due to the high

operating cost. Similarly, biological treatments, like anaerobic diges-
tion, aerobic and fungal treatment, are not effective due to the high
COD concentration of vinasse, which is toxic for biological activity.
However, electrocoagulation (EC) has several advantages over the other
methods, which include; (1) the use of simple equipments, (2) low
operating cost, (3) short retention time, (4) easy to operate, (5) for-
mation of less sludge compared with chemical coagulation [13–17].
Additionally, it does not need chemical additives, hence, highly ap-
plicable in green technologies [16,18,19].

Currently in Indonesia, the bioethanol industries are treating vi-
nasse through anaerobic digestion (AD). A previous study [6] reported
that AD is an effective method for treating vinasse with COD level of
approximately 75 kg/m3. One of the processes involved in this method
is dilution, but it is not an efficient way of decreasing the COD level due
to the high resultant waste volume. The EC, on the other hand, has the
potential of additionally employing AD in treating vinasse with very
high level of pollutants. Hence, a major concern of this study is to
employ EC in reducing the COD of vinasse to approximately 75 kg/m3.

The EC method is similar to chemical coagulation but the former
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utilizes an electrical current to produce coagulants, while the latter uses
chemical agents such as FeCl2, FeCl3, Fe2(SO4)3, FeSO4, etc. [16,19]. In
addition, EC needs metals as anode and cathode which are immersed in
the vinasse. One of the metals commonly used as electrodes is iron (Fe).
Due to the applied current during this process, anode (Fe) is oxidized to
Fez+ ion, a process known as electrode dissolution, while water is re-
duced to OH− ion and H2 gas at cathode [20]. Thus, the Fez+ reacts
with OH− to form insoluble coagulant of Fe(OH)z. The coagulant and
H2 gas formed are responsible for removing pollutants in the form of
COD in the wastewater [16,21]. The coagulants have the capacity of
adsorbing the pollutants and then entrap the other pollutants, while the
H2 gas allows the pollutants to float on the solution surface [16,18,21].
Based on these, EC utilizes three traditional treatments which are
electrochemistry, coagulation and flotation [16].

The route of removing pollutants through the coordination between
the coagulant and H2 gas during EC process has not been clearly re-
ported prior to this research. These are the four configuration steps for
removing pollutants, as proposed in this study.

Configuration 1:
The coagulant (Fe(OH)z) adsorbs COD to form aggregates and

through agitation entrap the other COD to form bigger aggregates.
These eventually go down as settled sludge. Also, the H2 gas formed by
water reduction coagulates and brings the other COD to the surface as
floated sludge. This phenomenon is called as flotation.

Configuration 2:
In a similar to configuration 1, the aggregates formed through ad-

sorption and entrapment of COD on coagulant go down as settled
sludge. Since the attractive force among settled sludge is low, H2 gas
breaks parts of it, which are then brought to the surface as floated
sludge.

Configuration 3:
This is in contrast to configuration 2. The aggregates formed

through adsorption and entrapment of COD on coagulant go up as
floated sludge, and due to its size, parts of it go down as settled sludge.

Configuration 4:
In this configuration, the aggregates formed through adsorption and

entrapment of COD on coagulant are removed in a way in which parts
of it go up as floated sludge, while the other parts settle go down.

It is assumed by many authors that the working volume is constant,

but in reality, it decreases due to the reduction process of water. In
addition, increase in temperature due to high current could increase the
volume reduction process through evaporation. Hence, the decrease in
volume could not be ignored.

Also, different authors have used empirical models such as the first
order, second order, Langmuir, Elovich and fractional power models to
predict pollutant removal by EC [22–24]. However, these models are
not mathematically developed based on the mechanisms of the process.
Thus, the need for the development of mechanistic models useful in
describing the mechanisms in various configuration steps for removing
pollutants. In the other water treatment, Fern ´a ndez et al. [25] de-
veloped the kinetic model of soil bioremediation process. However, the
new mechanistic models were proposed in this study, which involved
some complex mechanisms in EC which could be quantitatively figured.

Therefore, the aim of this study was to develop the mechanistic
models based on different important configurations with the capacity of
figuring out the detailed COD removal mechanisms during EC of vi-
nasse at different voltage. The complex models involved the decrease in
COD concentration, production of coagulant mass, production of
floated and settled sludge mass and the reduction in working volume.
Meanwhile, in empirical models, the production of floated and settled
sludge mass was not considered and then the working volume was as-
sumed constant. It is hoped that the proposed mechanistic models
would describe the COD removal process during the EC of the other
wastewaters, especially for those with high level of pollutants.
Additionally, the comparison between the mechanistic and popular
empirical models, specifically, first and second order kinetics, was
presented in this study. Also, due to the variation of voltage, the applied
current was different and this helped in predicting the correlation be-
tween the charge loading and COD removal efficiency.

Moreover, this study presented some important information which
could increase the knowledge in EC process of vinasse. Hence, the no-
velty of this study could be summarized as follows:

• Investigation of COD removal in vinasse during EC at different
voltage.

• Study of the decrease in working volume and production of floated
and settled sludge mass.

• Development and application of the new mechanistic models which

Nomenclature

AR Base area of EC reactor (m2)
Ae Active surface area of electrode (m2)
b Rate constant of increase in x (m/s)
CCOD Concentration of COD (kg/m3)
CFe Concentration of +Fez (kg/m3)
F Faraday’s constant (96,500 C/mol)
I Current (A)
J Current density (A/m2)
ko Reaction rate constant for oxidation (/s)
kr Reaction rate constant for reduction (/s)
ka Reaction rate constant for adsorption (m3/(kg.s))
ke Reaction rate constant for entrapment (/s)
kf Reaction rate constant for flotation (/s)
ks Reaction rate constant for sedimentation (/s)
α Fraction of settled sludge per total sludge (kg/kg)
α-1 Fraction of floated sludge per total sludge (kg/kg)
k1 Reaction rate constant in first order kinetic (/s)
k2 Reaction rate constant in second order kinetic (m3/(kg.s))
mCOD Mass of COD (kg)

Mass of +Fez (kg)
mfloated sludge Mass of floated sludge (kg)

msettled sludge Mass of settled sludge (kg)
Mw Molar mass of Fe (0.056 kg/mol)
t Retention time (s)

Volume of vinasse (m3)
x Difference between vinasse height level at t and at t0 (m)
z Number of electron transfer (2 or 3)

Conductivity (S/m)
le Length of electrode (m)
we Width of electrode (m)
te Thickness of electrode (m)
G Conductance (S)
K Cell constant (/m)
V Voltage (V)
R Resistance (Ohm)
d Distance between electrodes (m)

Resistivity (Ohm m)
Q Energy (J)

T Increase in temperature (K)
Cp Caloric capacity of solution (J/K)
nH2 Hydrogen amount (mol)
H Number of hydrogen molecules generated per electron (½)
q Charge loading (C/kg COD)
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explain the COD removal mechanisms.
• Study of the comparison between the mechanistic and empirical

models.
• Prediction of the correlation between charge loading and COD re-

moval efficiency in EC of vinasse.

2. Mechanism of electrocoagulation process

The configurations proposed were then explained in more detail in
this section. There were four configuration types with different as-
sumptions for each configuration.

Configuration 1
Mechanism of EC process based on configuration 1 is shown in

Fig. 1. All the processes were assumed to be irreversible. Also, the
working volume was not constant. Forced by electrical current, the
anode (Fe) was dissolved to form Fez+ ion, as shown in Eq. (1). Then at
the cathode, water was reduced to OH− ion and H2 gas, as shown in Eq.
(2) [21].

++Fe Fe ze
k zo (1)

+ +zH O ze z
2

H zOH2
k

2
r

(2)

Fez+ ion later reacted with OH− to form insoluble coagulants of Fe
(OH)z as depicted in Eq. (3).

++Fe z OH Fe(OH)z hydrolysis
z (3)

The coagulants neutralized and adsorbed the pollutants (COD) to
form aggregates which went down as settled sludge, as shown in Eq.
(4).

+Coagulant COD settled sludge
ka

(4)

Due to the spontaneous hydrolysis of +Fez to form the coagulants,
the rate-determining step was generation of +Fez ion electrolytically
[26]. Thus, Eq. (4) could be rewritten as:

++Fe COD settled sludgez ka
(5)

During the formation of the settled sludge, the aggregates dragged
the other pollutants, a phenomenon known as entrapment, as shown in
Eq. (6).

COD settled sludge
ke

(6)

Furthermore, COD was removed by flotation in which H2 gas pu-
shed the pollutant to the surface as floated sludge, as shown in Eq. (7).

COD floated sludge
kf (7)

Therefore, the main processes in this configuration are shown by
Eqs. (5)–(7).

Configuration 2
Mechanism of EC process based on configuration 2 is depicted in

Fig. 2. Processes are expressed in Eqs. (5) and (6), also occur in con-
figuration 2. However, Eq. (7) is modified to Eq. (8).

settled sludge floated sludge
kf (8)

Configuration 3
Mechanism of EC process based on configuration 3 is depicted in

Fig. 3. Processes expressed in Eqs. (5)–(7) are modified to Eqs. (9)–(11)
respectively.

++Fe COD floated sludgez ka
(9)

COD floated sludge
ke

(10)

floated sludge settled sludge
ks

(11)

Configuration 4
Mechanism of EC process based on configuration 4 is depicted in

Fig. 4. Three main processes expressed in Eqs. (5)–(7) are modified to
become two main processes expressed by Eqs. (12) and (13).

+ ++Fe COD floated sludge settled sludgez ka
(12)

+COD floated sludge settled sludge
ke

(13)

3. Modeling

Based on the configurations described in Section 2, the mathema-
tical descriptions of the process were presented in this section. The
setting up of the mathematical equations was basically the applications
of material balances.

Fig. 1. Mechanism of COD removal during EC of vinasse based on configuration 1.
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3.1. Model 1 (based on Configuration 1)

3.1.1. Electrode consumption
In EC process, electrode (anode) was oxidized to Fez+ ion. The rate

of the electrode consumption could be predicted through Faraday’s law,
as shown in Eq. (14) [26,27].

=dm
dt

IM
zF

anode w
(14)

During the process, volume of vinasse decreased due to the reduc-
tion and evaporation processes. Since the base surface of EC reactor was
constant, the vinasse surface level was observed to change during
process. Hence, based on Fig. 1, the value of x increased during the EC
process. As a consequent, the active surface of electrode decreased.
Since =I JAe and = + +A l x w l x t w t2( ) 2( )e e e e e e e, Eq. (14) is
modified to Eq. (15).

= + +dm
dt

JM l x w l x t w t
zF

(2( ) 2( ) )anode w e e e e e e
(15)

The rate of increase in x value (or decrease in surface level of
working volume) could be expressed with a simple Eq. (16a).

=dx
dt

b (16a)

Integration of Eq. (16a) produces Eq. (16b):

=

=

dx b dt

x bt

x t

0 0
(16b)

The value of b was obtained based on the observation of the surface
levels at various times. It was discussed in Section 5.2.

Therefore, substitution of Eq. (16b) to Eq. (15) produces Eq. (17)

Fig. 2. Mechanism of COD removal during EC of vinasse based on configuration 2.

Fig. 3. Mechanism of COD removal during EC of vinasse based on configuration 3.
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= + +dm
dt

JM l bt w l bt t w t
zF

(2( ) 2( ) )anode w e e e e e e
(17)

3.1.2. Net rate of Fez+ mass
Fez+ mass was produced through the oxidation of anode, while it

was consumed through the adsorption process. Net rate of Fez+ mass is
the difference between the production and consumption rates of Fez+

mass. Thus, net rate of Fez+ mass during EC is shown in Eq. (18).

= + +dm
dt

JM l bt w l bt t w t
zF

k C C v(2( ) 2( ) )Fe w e e e e e e
a Fe COD (18)

Since =m C vFe Fe , =v v A xR0 and =x bt , Eq. (18) is modified to
Eq. (19).

= + +

+ = + +

+ = + +

+ = + +

=
++ +

d C v
dt

JM l bt w l bt t w t
zF

k C C v A bt

C dv
dt

v dC
dt

JM l bt w l bt t w t
zF

k C C v A bt

C d v A bt
dt

v A bt dC
dt

JM l bt w l bt t w t
zF

k C C v A bt

C A b v A bt dC
dt

JM l bt w l bt t w t
zF

k C C v A bt

dC
dt

k C C v A bt C A b
v A bt

( ) (2( ) 2( ) ) ( )

(2( ) 2( ) )

( )
( ) ( ) (2( ) 2( ) )

( )

( ) (2( ) 2( ) )

( )
( )

( )

Fe w e e e e e e
a Fe COD R

Fe
Fe w e e e e e e

a Fe COD R

Fe
R

R
Fe w e e e e e e

a Fe COD R

Fe R R
Fe w e e e e e e

a Fe COD R

Fe
JMw le bt we le bt te we te

zF a Fe COD R Fe R

R

0

0

0
0

0

0

0
(2( ) 2( ) )

0

0

(19)

3.1.3. Net rate of COD mass
Decrease in COD mass was caused by the adsorption, entrapment

and flotation, as shown in Eq. (20).

=

=

dm
dt

k C C v k C v k C v

d C v
dt

k C C v k C v k C v( )

COD
a Fe COD e COD f COD

COD
a Fe COD e COD f COD (20)

Since =m C vCOD COD , =v v A xR0 and =x bt , Eq. (20) is modified
to Eq. (21).

+ =

+

=

=
+

C dv
dt

v dC
dt

C v k C k k

C A b v A bt dC
dt

C v A bt k C k k
dC

dt
C v A bt k C k k C A b

v A bt

( )

( ) ( )

( ) ( )
( ) ( ) ( )

( )

COD
COD

COD a Fe e f

COD R R
COD

COD R a Fe e f

COD COD R a Fe e f COD R

R

0

0

0

0 (21)

3.1.4. Net rate of settled sludge mass
Increase in settled sludge mass was caused by adsorption and en-

trapment, as shown in Eq. (22).

= +

= +

dm
dt

k C C v k C v

dm
dt

C v k C k( )

settled sludge
a Fe COD e COD

settled sludge
COD a Fe e (22)

Since =v v A xR0 and =x bt , Eq. (22) is modified to Eq. (23).

= +
dm

dt
C v A bt k C k( ) ( )settled sludge

COD R a Fe e0 (23)

3.1.5. Net rate of floated sludge mass
Increase in floated sludge mass was caused by flotation, as shown in

Eq. (24).

=
dm

dt
k C vfloated sludge

f COD (24)

Since =v v A xR0 and =x bt , Eq. (24) is modified to Eq. (25).

=
dm

dt
k C v A bt( )floated sludge

f COD R0 (25)

Table 1 shows the mathematical equations for Model 1 in detail.

3.2. Model 2 (based on Configuration 2)

Model 2 was built based on configuration 2. Hence, by modifying
the mathematical equations in Model 1, the ones in Model 2 could be
obtained and presented as in Table 2.

Fig. 4. Mechanism of COD removal during EC of vinasse based on configuration 4.
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3.3. Model 3 (based on Configuration 3)

Model 3 was built based on configuration 3. Hence, by modifying
the mathematical equations in Model 1, the ones in Model 3 could be
obtained and presented in Table 3.

3.4. Model 4 (based on Configuration 4)

Model 4 was built based on configuration 4. Hence, by modifying
the mathematical equations in Model 1, the ones in Model 4 could be
obtained and presented in Table 4.

3.5. Empirical models

As comparison with the proposed mechanistic models, some popular
empirical models were also tried to quantitatively describe the mea-
sured data of COD concentration. The empirical models assume that the
working volume is constant. Kinetic of decrease in COD concentration
during EC batch process was simulated through the first and second
order kinetic models, which are expressed in Eqs. (26) and (27) re-
spectively [24,28,29].

First order kinetic

=

=
=

dC
dt

k C

C C k t
C C k t
ln ln

exp( ln )

COD
COD

COD t COD

COD t COD

1

( ) (0) 1

( ) (0) 1 (26)

Second order kinetic

=

= +

=
+

dC
dt

k C

C C
k t

C
C
C k t

1 1

1

COD
COD

COD t COD

COD t
COD

COD

2
2

( ) (0)
2

( )
(0)

(0) 2 (27)

4. Materials and methods

4.1. Vinasse

The raw form of vinasse was collected from a bioethanol industry in
Indonesia. It was the same as the raw vinasse used by a previous study
[12]. It had a pH value of 4.35 (acidic), contained COD of 100.16 kg/m3

and total dissolved Fe of 0.039 kg/m3.

4.2. Experimental set-up

This study used the same experimental set-up as a previous study
[12]. The electrocoagulation reactor was made with 1 L glass beaker
cylindrical in shape. It had a diameter of 0.11 m and height of 0.155 m
with a working volume of 1000 mL (1 × 10−3 m3). The length, width
and thickness of electrodes used were 0.2, 0.03 and 0.003 m respec-
tively. However, the active dimension of both the anode and cathode
was length, width and thickness of 0.095, 0.03 and 0.003 m respec-
tively, with active surface area (Ae0) of 0.00636 m2. Also, the distance
(d) between the electrodes was kept constant at 0.055 m [30]. The
current was supplied through a Power DC supply (Long Wei, Series of
LW-K3010D, 0–30 V, 0–10 A) and agitation speed was kept constant at
200 rpm.

4.3. Experimental design and procedures

Before used, the electrodes were soaked in HCl 5%v/v solution for
15 min and rinsed using aquadest and then weighted [12,31]. The in-
itial pH of vinasse was adjusted 6.0 through the addition of NaOH
(technical grade). The voltage was set at 7.5 and 12.5 V. The EC process
was conducted in batch mode for 60 min (3600 s). In addition, re-
plication of the experiment was not conducted. During process, the
current was recorded every 10 min (600 s). The floated sludge on
surface of vinasse was carefully and precisely taken using a plastic
spoon. This was then dried at temperature range of 105–110 °C after
which it was weighted. The temperature of vinasse was then measured
using a mercury thermometer (with 0–100 °C range) while its pH was
measured using a digital pH meter (model ATC 2011). Furthermore, 10
mL of the sample solution was placed in a reaction tube and allowed to
settle down for 24 h [12]. The sampling of 10 mL every 600 s during EC
process was considered to have no effect on the COD removal

Table 1
Mathematical equations for Model 1 in EC of vinasse waste.

Rate Equation

dCFe
dt

+ + +JMw le bt we le bt te we te
zF

kaCFeCCOD v AR bt CFe AR b

v ARbt

(2( ) 2( ) ) ( 0 )

( 0 )
dCCOD

dt
+CCOD v AR bt kaCFe ke kf CCODARb

v ARbt
( 0 )( ) ( )

( 0 )
dmsettled sludge

dt
+C v A bt k C k( )( )COD R a Fe e0

dmfloated sludge
dt

k C v A bt( )f COD R0

Table 2
Mathematical equations for Model 2 in EC of vinasse waste.

Rate Equation

dCFe
dt

+ + +JMw le bt we le bt te we te
zF

kaCFeCCOD v AR bt CFe AR b

v ARbt

(2( ) 2( ) ) ( 0 )

( 0 )
dCCOD

dt
+CCOD v ARbt kaCFe ke CCODAR b

v ARbt
( 0 )( ) ( )

( 0 )
dmsettled sludge

dt
+C v A bt k C k k m( )( )COD R a Fe e f settled sludge0

dmfloated sludge
dt

k mf settled sludge

Table 4
Mathematical equations for Model 4 in EC of vinasse waste.

Rate Equation

dCFe
dt

+ + +JMw le bt we le bt te we te
zF

kaCFeCCOD v AR bt CFe AR b

v ARbt

(2( ) 2( ) ) ( 0 )

( 0 )
dCCOD

dt
+CCOD v ARbt kaCFe ke CCODAR b

v ARbt
( 0 )( ) ( )

( 0 )
dmsettled sludge

dt
+C v A bt k C k( )( )COD R a Fe e0

dmfloated sludge
dt

+C v A bt k C k( 1) ( )( )COD R a Fe e0

Table 3
Mathematical equations for Model 3 in EC of vinasse waste.

Rate Equation

dCFe
dt

+ + +JMw le bt we le bt te we te
zF

kaCFeCCOD v AR bt CFe AR b

v ARbt

(2( ) 2( ) ) ( 0 )

( 0 )
dCCOD

dt
+CCOD v ARbt kaCFe ke CCODAR b

v ARbt
( 0 )( ) ( )

( 0 )
dmsettled sludge

dt
k ms floated sludge

dmfloated sludge
dt

+C v A bt k C k k m( )( )COD R a Fe e s floated sludge0
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mechanisms and volume reduction. In other words, the decrease in
volume was assumed due to evaporation and reduction processes of
water.

4.4. Analysis

4.4.1. The COD and total dissolved Fe concentration analysis
Upon settling, 5 mL of the supernatants were taken and diluted to

50 mL with aquadest (dilution factor of 10) for the COD and total
dissolved Fe analysis. The COD analysis was conducted through open
reflux and titration method of SNI 06-6989.15-2004, a method with
capacity of measuring COD values in the range of 0.050 – 0.9 kg/m3.
Hence, there was need to dilute it again until the total dilution factor of
250. The chemicals used included potassium dichromate (K2Cr2O7)
0.25 N, sulfuric acid reagent, ferrous ammonium sulfate (FAS) 0.1 N
and ferroin indicator. The sulfuric acid reagent was prepared by dis-
solving 10.12 g Ag2SO4 in 1000 mL concentrated H2SO4. The FAS 0.1 N
was prepared by dissolving 39.2 g Fe(NH4)2(SO4)2.6H2O in aquadest,
after which 20 mL concentrated H2SO4 was added to the solution and
allowed to cool at room temperature. Then, aquadest was added till the
total volume was 1000 mL. The procedure of COD analysis was as
follows: (1) 10 mL of the sample was put into a 250-mL Erlenmeyer
flask, (2) 0.2 g HgSO4, 5 mL K2Cr2O7 0.25 N, and 15 mL sulfuric acid
reagent were added to it, (3) the Erlenmeyer flask was connected to a
condenser after which it was heated on hot plate for 2 h, (4) the sample
was allowed to cool at room temperature and then the inside of the
condenser was washed using approximately 50 mL aquadest, (5) two to
three drops of ferroin indicator were added to the sample, (6) the
sample was titrated using FAS 0.1 N until the color changes to reddish
brown and the volume of FAS used was recorded. Step 1 until 6 were
also conducted for aquadest as the blank sample and the COD con-
centration was calculated using Eq. (28a). In addition, The FAS has to
be standardized daily against K2Cr2O7 0.25 N. The FAS standardization
procedure was as follows: (1) 5 mL K2Cr2O7 0.25 N was put into a 250-
mL Erlenmeyer flask, (2) it was diluted to about 50 mL with aquadest,
(3) 15 mL concentrated H2SO4 was added, (4) two to three drops of

ferroin indicator were added, (5) it was titrated using FAS 0.1 N until
the color changes to reddish brown and the volume of FAS used was
recorded. The normality of FAS was calculated by using Eq. (28b).

=

COD
V V N total dilution factor

V
( ). ( ). 8000.FAS for blank titration FAS sample titration FAS

sample

(28a)

=Normality of FAS
V N

V
.
FAS

potassium dichromate potassium dichromate

(28b)

The total dissolved Fe in the solution was measured through the
analysis service in Badan Tenaga Nuklir Nasional (BATAN) using
Atomic Absorption Spectroscopy (AAS). For preparation before AAS
analysis, the sample was filtered using the Whatman grade 42 filter
paper [32]. The total dissolved Fe data from BATAN was multiplied
with dilution factor of 10. The measured total dissolved Fe was assumed
that it represented the amount of total Fez+ ions in the solution. The
appropriate z value was discussed in Section 5.2.

4.4.2. The weight loss in anode and mass measurement of floated sludge
Upon completing the EC process, anode, the sacrificial electrode,

was rinsed using distilled water and then dried within a temperature
range of 105–110 °C, after which it was weighted. Similar to the ex-
planation provided in Section 4.3, the floated sludge was carefully and
precisely taken using a plastic spoon from the surface of vinasse. This
was dried at a temperature range of 105–110 °C and weighted.

4.4.3. Mass estimation of settled sludge
The settled sludge mass was estimated using material balance as

shown in Eq. (29a) and the Fe in total sludge (sum of floated and settled
sludge) was estimated through Eq. (29b) while the Fe electrolytically
produced was estimated with Eq. (29c). In the vinasse, the ratio of COD
to total solid (TS) is close to one [4,33]. Since the TS is equal to sum of
total dissolved solid (TDS) and total suspended solid (TSS), in other

Table 5
Summary of experimental data during EC of vinasse waste at voltage of 7.5 and 12.5 V.

7.5 V
t
(s)

I
(A)

T
(K)

pH x
(×10−2 m)

Volume
(×10−6

m3)

Floated
sludge
(×10−3

kg)

COD Total dissolved Fe Anode
weight loss
(×10−3

kg)

J (A/m2) R
(Ohm)

ρ
(Ohm m) (S/m)

kg/m3 ×10−3 kg Mass
removal
(%)

kg/m3 ×10−3 kg

0 2.15 302.65 6.0 0.00 1000.00 0.00 100.16 100.16 0.00 0.039 0.039 0 338.05 3.49 0.403 2.479
600 2.16 304.15 6.1 0.20 981.00 0.28 97.36 95.51 4.64 Na Na Na 346.82 3.47 0.393 2.543
1200 2.20 306.65 6.1 0.45 957.26 1.42 92.87 88.91 11.24 0.398 0.381 Na 362.86 3.41 0.376 2.661
1800 2.22 307.35 6.4 0.65 938.26 2.78 92.65 86.93 13.21 Na Na Na 374.30 3.38 0.364 2.745
2400 2.18 308.65 6.6 0.85 919.26 4.05 92.65 85.17 14.97 0.923 0.849 Na 375.93 3.44 0.363 2.757
3000 2.10 309.65 6.8 1.05 900.27 5.30 91.08 81.99 18.14 Na Na Na 370.57 3.57 0.368 2.717
3600 2.05 310.15 7.2 1.25 881.27 6.90 91.08 80.26 19.87 0.886 0.781 −2.241 370.37 3.66 0.368 2.716

12.5 V
t
(s)

I
(A)

T
(K)

pH x
(×10−2 m)

Volume
(×10−6

m3)

Floated
sludge
(×10−3

kg)

COD Total dissolved Fe Anode
weight loss
(×10−3

kg)

J (A/m2) R
(Ohm)

ρ
(Ohm m) (S/m)

kg/m3 ×10−3 kg Mass
removal
(%)

kg/m3 ×10−3 kg

0 3.76 302.15 6.0 0.00 1000.00 0.00 100.16 100.16 0.00 0.039 0.039 0 591.19 3.32 0.384 2.601
600 4.17 308.65 6.3 0.90 914.51 1.54 95.79 87.60 12.54 Na Na Na 723.20 3.00 0.314 3.182
1200 4.25 314.65 6.8 1.60 848.02 5.32 92.65 78.57 21.56 0.560 0.475 Na 801.28 2.94 0.284 3.526
1800 4.26 319.85 7.5 2.15 795.78 9.47 91.08 72.48 27.64 Na Na Na 862.17 2.93 0.264 3.794
2400 4.08 324.35 7.7 2.75 738.79 14.44 87.94 64.97 35.14 0.529 0.391 Na 897.69 3.06 0.253 3.950
3000 3.88 328.15 7.7 3.75 643.81 19.35 84.80 54.59 45.50 Na Na Na 998.71 3.22 0.228 4.394
3600 3.53 330.65 7.3 4.40 582.07 26.78 83.17 48.41 51.67 0.490 0.285 −4.328 1021.41 3.54 0.223 4.494

Remarks = I, current; T, temperature; x , decrease in surface level of vinasse; COD, chemical oxygen demand; J, current density; R, resistance; ρ, resistivity; ,
conductivity; Na, not analyzed.
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words, the COD value was almost same with sum of total suspended
solid (TSS) and total dissolved solid (TDS). It means that the vinasse
dominantly contained organic pollutants. The other pollutants, which
were inorganic materials, not measured as COD, were in little amount
[5], hence this study assumed that the settled and floated sludge were
formed mainly by the COD removal in vinasse and Fe in total sludge.

=
+

Settled sludge mass removed COD mass floated sludge mass
Fe mass in total sludge (29a)

=
+

Fe mass in total sludge initial Fe mass
Fe mass produced electrolytically
remaining Fe mass in solution (29b)

= + +dm
dt

JM l bt w l bt t w t
zF

(2( ) 2( ) )Fe produced electrolytically w e e e e e e

(29c)

4.4.4. The conductivity and resistivity estimation
The solution conductivity could be estimated using Eq. (30) [34].

Since =G R
1 , =R V

I and =K d
Ae

, Eq. (30) is modified to Eq. (31).
Meanwhile, resistivity was estimated using Eq. (32)

= G K. (30)

=
R

d
A

1 .
e (31)

= 1
(32)

4.5. Kinetic analysis

The measured data during EC process were COD, total dissolved Fe
in solution, floated sludge and settled sludge at various times. The
adjustable parameters in Model 1 and 2 were ka, ke, kf , the ones in
Model 3 were ka, ke, ks while the ones in Model 4 were ka, ke, α. The
values of these parameters were obtained through the minimization of
Sum of Squares Error (SSE). The simultaneous ordinary differential
equations were solved through ode15s and minimization of SSE was
through fminsearch with help of MATLAB software. The SSE was pre-
sented in Eq. (33).

=
=

measured data predicted data
measured data

SSE
i

n
i i

i1

2

(33)

Furthermore, curve fitting between the experimental data and cal-
culated results was also conducted.

5. Results and discussions

The EC was successfully conducted at voltage of 7.5 and 12.5 V. This
voltage difference had effects on the measured data such as current
density, pH, temperature, COD, total dissolved Fe and floated sludge
during EC, as presented in Table 5. Also, the four proposed mechanistic
models were applied to fit the measured data and the best one, having
the lowest SSE value, was compared with the empirical models, mainly
the first and second order kinetic models in fitting of the COD con-
centration during EC of vinasse. Furthermore, the effect of charge
loading on the COD removal efficiency was estimated. The detailed
results and discussions were presented in the Section of 5.1–5.8.

J = -6E-06t2 + 0.029t + 335.6
R² = 0.958

J = -2E-05t2 + 0.172t+ 605.8
R² = 0.985
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Fig. 5. (A) current density profile, (B) decrease in vinasse surface level in EC reactor, (C) prediction of hydrogen gas production, (D) settled sludge mass profile
during EC of vinasse waste.
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5.1. Current density profile

The change in current (I) during EC process of vinasse at voltage of
7.5 V and 12.5 V was recorded and shown in Table 5. Also, the decrease
in vinasse surface level (x) in EC reactor was measured and presented in
Table 5. The active surface of electrodes decreased due to the increase
in x , which was calculated per real time using the formula,

= + +A l x w l x t w t2( ) 2( )e e e e e e e. Additionally, the current density
(J ) was calculated using the formula, I A/ e, as shown in Table 5, and the
change in J as a function of time (t) is presented in Fig. 5(A).

Based on the results, the current density increased drastically at
voltage of 12.5 V. Thus, the higher the voltage, the higher the current
was supplied to solution, thereby causing the production of Fez+ ion in
large amount. The presence of these ions subsequently increased the
solution conductivity thereby allowing the current to flow with ease.
However, the current density increased slowly at 7.5 V leading to the
generation of Fez+ ion in low quantities. Also considering Table 5, the
solution conductivity at 12.5 V was higher than that at 7.5 V, but the
solution resistivity at 12.5 V was lower than that at 7.5 V.

5.2. Determining the z value

During EC, the anode (Fe) was oxidized to be +Fez ion. Based on the
works of some authors [35–38], z was assigned 2, hence, +Fe2 (ferrous)
was produced from oxidation of Fe. Other authors [39,40], however,
assigned 3 to it, resulting in +Fe3 (ferric).

To find the suitable z value, the anode weight was measured before
and after the process. The weight after the process was also predicted
using Eq. (17) with z = 2 and 3. The value of b was obtained by making
a plot between x (m) and t (s) as shown in Fig. 5(B) where it at 7.5 and
12.5 V was 0.351 × 10−5 and 1.221 × 10−5 m/s respectively. Then,
the anode weights after the process were 2.241 × 10-3 kg and 4.328 ×
10-3 kg at 7.5 and 12.5 V respectively, as shown in Table 5. The error
between measured and predicted anode weight loss at 7.5 and 12.5 V is
shown in Table 6 and also shows that z = 2 was much better in pre-
dicting the anode weight loss than z = 3, with error between
0.156–3.859% and 33.231–35.905% respectively. Therefore, the +Fe2

(ferrous) was generated through oxidation of iron during EC process
and z = 2 was used in the mechanistic model. Similarly, Lakshmanan
et al. [41] and Sasson et al. [42] arrived at the same conclusion that

+Fe2 was generated at the iron anode during EC, not +Fe3 . The anode
consumption at 12.5 V was 4.328 × 10-3 kg, which was more than the
2.241 × 10-3 kg at 7.5 V. This was due to the fact that higher voltage
resulted in higher current density.

5.3. Temperature profile

Temperature of vinasse was measured per real time and profiled in
Table 5. It increased till the end which was caused by the continuous
supply of current during process. In addition, the effect of increasing
the temperature at 12.5 V was faster than that at 7.5 V. Energy was

supplied in solution could be estimated through Eq. (34).

=Q VIt (34)

Therefore, the higher the I and t , the higher the Q would be. Based
on Table 5, current value at 12.5 V was higher than that at 7.5 V. Re-
lationship between Q and ΔT is presented in Eq. (35) [43,44].

=T Q
Cp (35)

Hence, the higher the value of Q, the higher the increasing of
temperature would be. Based on that, increasing rate of temperature at
12.5 V was higher than that at 7.5 V.

5.4. pH, COD, total dissolved Fe profile

Based on the discussion in Section 5.2, the appropriate value for z
was 2, which resulted in the oxidation of iron into Fe2+ at the anode.
Then, the Fe2+ reacted with OH− ion to form insoluble coagulant of Fe
(OH)2 which adsorbed COD. Also, the Fe2+ could be oxidized to Fe3+

and then hydrolyzed to be Fe(OH)3 [45,46]. However, according to
Donneys-Victoria et al. [47], the formation of Fe3+ and Fe(OH)3 occurs
in pH range of 7.6-14. Besides that, the dissolved oxygen in solution
could affect the oxidation of Fe2+ to Fe3+, as shown in Eq. (36) [47].

+ + ++Fe O H O OH Fe OH4 2 8 4 ( )2
2 2 3 (36)

However, in this study, the pH range was 6.0–7.7, as shown in
Table 5 and dissolved oxygen in the vinasse is very low [48]. Based on
these conditions, the dominant iron species in system during EC process
might be Fe2+ and Fe(OH)2. Furthermore, the Fe(OH)2 formed was
assumed to be settled and floated sludge completely. Hence, total dis-
solved Fe measured through AAS was assumed as remaining total Fe2+

in solution.
During the EC, the reduction of H2O resulted in the formation of

OH− ion and H2 gas at cathode. However, the OH− was not completely
involved in the formation of Fe(OH)2 and the excessive presence of
OH− increased the solution pH. In this case, the production of OH− was
higher than its consumption to produce coagulants. Based on the pH
profile shown in Table 5, the pH increased from 6.0 to 7.2 from the
beginning to the end of the EC process at 7.5 V. Meanwhile, at 12.5 V,
the pH increased from 6.0 to 7.7 at 0 to 2400 s. Then, it was stable still
at 7.7 from 2400 to 3000 s and finally decreased to 7.3 at 3600 s. This
decrease in pH is caused by two ways: (1) the consumption rate of OH−

to produce hydroxo-iron species (Fe(OH)2) is higher than its production
rate [46,49] and (2) the OH− is consumed by the hydroxo-iron species
to produce anionic hydroxo-iron species (Fe(OH)3− and Fe(OH)4−)
[45,46,50,51]. The latter occurs at an alkaline pH because the Fe
(OH)3− and Fe(OH)4− is formed at solution pH above 9.0 [21]. In this
study, the solution pH, however, decreased from 7.7 to 7.3, which was
in the neutral range, hence, the decrease in pH was only as a result of
the former. This was consistent with the study of Soeprijanto et al. [49]
in which the solution pH increased to7.43 and then decreased to 7.08.

The amount of Fe2+ formed was a function of the current supplied
to the solution. Hence, voltage of 12.5 V produced larger amount of
Fe2+, thereby producing more Fe(OH)2 and the COD mass removal was
also higher than at voltage of 7.5 V, as shown in Table 5. Thus, the
remaining total dissolved Fe in solution at 12.5 V was lower than at 7.5
V, as also shown in Table 5. This means that more Fe2+ became coa-
gulant at 12.5 V than at 7.5 V. Then, in terms of pH, the increasing rate
of solution pH at 12.5 V was higher than at 7.5 V and the higher the pH,
the more Fe2+ became Fe(OH)2. At neutral pH, gelatinous metal coa-
gulant was released in large amount in solution [31,52].

5.5. Floated and settled sludge profile

The floated sludge generated during the EC process is shown in
Table 5 and its appearance is shown in Fig. 6(A). The production of

Table 6
Measured and predicted electrode consumption after EC of vinasse waste at
voltage of 7.5 and 12.5 V.

Voltage (V) Measured
data

Predicted data

Anode weight
loss
(×10−3 kg)

Anode weight loss
(×10−3 kg)

Error value on comparison
with measured data
(%)*

At z = 2 At z = 3 At z = 2 At z = 3

7.5 2.241 2.245 1.496 0.156 33.231
12.5 4.328 4.161 2.774 3.859 35.905

Note: * =Error (%) 100%Measured data Predicted data
Measured data

| | .
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floated sludge at 12.5 V was higher than at 7.5 V. Based on the ex-
planation in Section 5.4, H2 gas was produced by reduction of water at
cathode and the amount produced depended on the current supplied to
the system. Based on Fig. 5(A), higher current density was supplied at
12.5 V than at 7.5 V. Therefore, more H2 gas was produced at 12.5 V
thereby allowing the pollutants to be easily separated by flotation at
this higher voltage compared with 7.5 V. The amount of hydrogen
production was predicted using Faraday’s law as shown in Eq. (37),
[53].

= = = + +dn
dt

I
F

H JA
F

H J l bt w l bt t w t
F

H((2( ) 2( ) ) )H e e e e e e e2

(37)

The predicted production of H2 during EC of vinasse is shown in
Fig. 5(C). Based on this, more H2 gas was produced at 12.5 V than at 7.5
V.

The settled sludge produced was predicted using Eq. (29a) and
shown in Fig. 5(D). Then, its appearance is shown in Fig. 6(B), in-
dicating more of settled sludge at 12.5 V than at 7.5 V. As explanation
in Section 5.4, voltage of 12.5 resulted more coagulant of Fe(OH)2 than

voltage 7.5 V. The coagulant had correspondence to remove pollutants
and then produced settled sludge.

5.6. Modeling

The proposed mechanistic models were successfully applied to fit
the measured data. The fitting between the measured and predicted
data obtained from the Model 1, Model 2, Model 3 and Model 4 is
shown in Figs. 7–10 respectively. The adjustable parameters in Model 1
and Model 2 are ka, ke, kf , the ones in Model 3 are ka, ke, ks, while the
ones in Model 4 are ka, ke, . Furthermore, the kinetic parameters ob-
tained from the four mechanistic models are presented in Table 7.
Comparing the calculated results with the experimental data, it was
obvious that all the proposed models were suitable for describing the
phenomena, however, Model 2 mathematically and visually gave the
best prediction. This was due to its lower SSE (0.1189-0.2289) com-
pared with the others (0.1884-0.5792). These results showed that the
mechanisms involved in pollutant removal in vinasse during EC process
followed Model 2 as shown in Fig. 2.

The kinetic constant of b was obtained from Fig. 5(B), representing

Fig. 6. Appearance of (A) floated sludge and (B) settled sludge production during EC of vinasse waste.

Fig. 7. Fitting between measured data and predicted data obtained from the Mechanistic Model 1 at voltage of 7.5 and 12.5 V during EC of vinasse waste.
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Fig. 8. Fitting between measured data and predicted data obtained from the Mechanistic Model 2 at voltage of 7.5 and 12.5 V during EC of vinasse waste.

Fig. 9. Fitting between measured data and predicted data obtained from the Mechanistic Model 3 at voltage of 7.5 and 12.5 V during EC of vinasse waste.
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the decreasing rate of vinasse surface level. In other words, the higher
the b value, the more the volume was removed. Voltage of 12.5 V
(1.221 × 10−5 m/s) resulted the more value of b than voltage of 7.5 V
(0.351 × 10−5 m/s). This was due to the high current density as well as
the high temperature at 12.5 V.

In Model 2, the ka presented the reaction rate of adsorption of COD
on coagulants. Its value at 12.5 V was 3.64 × 10−5 m3/(kg.s) but was
8.77 × 10-6 m3/(kg.s) at 7.5 V. As explanation in Section 5.4, amount
of coagulants (Fe(OH)2) produced at the higher voltage was more
leading to faster adsorption rate of COD compared with the lower
voltage.

In addition, the ke in this model presented the entrapment rate of
COD in forming settled sludge. It had a value of 1.84 × 10−4 /s at 12.5
V but was 7.00 × 10-5 /s at 7.5 V. The Fe2+ reacted with OH- to form
coagulants which adsorbed the COD to form aggregates. These in turn
dragged the other COD to settle at the base together as settled sludge.
Hence, the more the aggregates in the system, the easier the COD was
entrapped. More aggregates were formed at 12.5 V thereby resulting
more settled sludge compared with 7.5 V.

Finally, the kf in this model presented the flotation rate during EC
process with a value of 3.70 × 10−4 /s at 12.5 V compared with 2.26 ×
10−4 /s at 7.5 V. This was also caused by the higher current density at
12.5 V aiding the rapid formation of H2, which broke the settled sludge
and pushed it to the surface as floated sludge.

5.7. Comparison between the mechanistic model 2 and the empirical models

The first and second order kinetics, which are the two most popular
empirical models, were also used to predict the COD concentration
profile during EC. The predicted COD data from the empirical models
and the Model 2 are shown in Table 8. The plotting between the
measured COD and predicted COD by these models is shown in Fig. 11.

Based on the results, the first and second order kinetics gave good
prediction with the almost same of Mean Absolute Percentage Error
(MAPE) value which was 0.58–1.28 %. The Mechanistic Model 2, on the
other hand, had a MAPE value of 0.82–1.85% (this value just obtained
from COD concentration data). The formula for calculating MAPE is
shown in Eq. (38). Despite the fact the COD profile predicted by the

Fig. 10. Fitting between measured data and predicted data obtained from the Mechanistic Model 4 at voltage of 7.5 and 12.5 V during EC of vinasse waste.

Table 7
Kinetic parameter values for all mechanistic models at voltage 7.5 and 12.5 V in
EC of vinasse waste.

Paramaters Voltage

7.5 V 12.5 V

Model 1
b (m/s) 0.351 × 10−5 1.221 × 10−5

ka (m3/(kg.s) 8.70 × 10−6 3.78 × 10−5

ke (/s) 5.08 × 10−5 1.11 × 10−4

kf (/s) 2.00 × 10−5 8.59 × 10−5

SSE 0.3361 0.1937
Model 2
b (m/s) 0.351 × 10−5 1.221 × 10−5

ka (m3/(kg.s) 8.77 × 10−6 3.64 × 10−5

ke (/s) 7.00 × 10−5 1.84 × 10−4

kf (/s) 2.26 × 10−4 3.70 × 10−4

SSE 0.2289 0.1189
Model 3
b (m/s) 0.351 × 10−5 1.221 × 10−5

ka (m3/(kg.s) 8.77 × 10−6 3.73 × 10−5

ke (/s) 6.86 × 10−5 1.90 × 10−4

ks (/s) 1.30 × 10−3 7.36 × 10−4

SSE 0.5792 0.5267
Model 4
b (m/s) 0.351 × 10−5 1.221 × 10−5

ka (m3/(kg.s) 8.75 × 10−6 3.77 × 10−5

ke (/s) 7.03 × 10−5 1.96 × 10−4

(kg/kg) 0.7322 0.5941
SSE 0.3305 0.1884
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empirical models was more precise compared with that of Mechanistic
Model 2, the latter was very acceptable due to its low MAPE which was
still below 2%. The maximum MAPE value in any modeling should not
be more than 20% [54]. Furthermore, it could figure out detailed EC
process with complete measured parameters including COD, total Fe,
floated sludge and settled sludge profile during EC process, but the
empirical models could not do that.

=
=

MAPE
n

Measured COD Predicted COD
Measured COD

1 ( | | ) 100%
i

n
i i

i1 (38)

5.8. Estimation of the effect of charge loading on COD removal efficiency in
EC of vinasse

The COD removal efficiency is mainly affected by the value of
charge loading. Generally, the charge loading shows the charges
transferred in electrochemical reactions for a given amount of waste-
water treated. Commonly, it is calculated by Eq. (39) [55].

= =q It
v

JA t
vinitial

e

initial (39)

In this section, the results of many studies about EC of vinasse (also
is known as distillery spent wash), including previous studies and this
study, were summarized to see the effect of the charge loading on the
COD removal efficiency. Because of the difference of initial COD con-
centration in their experiment, the Eq. (39) is modified to Eq. (40) by
considering the initial COD concentration.

= =q It
v C

JA t
v Cinitial COD initial

e

initial COD initial (40)

Table 9 shows the summary of experimental data from EC of vinasse
from previous studies [56–62] and this study. For the purpose of sim-
plifying the calculation, an average current of 2.15 and 3.99 A was used
for variable of 7.5 V and 12.5 V respectively. The correlation between
charge loading and COD removal efficiency is shown in Fig. 12. This
showed that the increasing of charge loading from 0 to 18 × 105 C/kg
COD required increase in the COD removal efficiency from 0 to 92.5%.

Table 8
Results of predicted COD concentration by the Mechanistic Model 2, first order kinetic and second order kinetic in EC of vinasse waste.

Time
(s)

7.5 V 12.5 V

Measured COD data
(kg/m3)

Predicted COD data (kg/m3) Measured COD data
(kg/m3)

Predicted COD data (kg/m3)

Mechanistic Model
2

First order
kinetic

Second order
kinetic

Mechanistic Model
2

First order
kinetic

Second order
kinetic

0 100.16 100.16 100.16 100.16 100.16 100.16 100.16 100.16
600 97.36 97.89 98.27 98.14 95.79 96.03 96.95 96.89
1200 92.87 95.59 96.42 96.19 92.65 92.29 93.85 93.82
1800 92.65 93.31 94.61 94.32 91.08 89.13 90.85 90.95
2400 92.65 91.08 92.82 92.52 87.94 86.66 87.94 88.24
3000 91.08 88.90 91.08 90.79 84.80 84.97 85.12 85.69
3600 91.08 86.80 89.36 89.13 83.17 84.22 82.40 83.28
Kinetic constants
k1 (/s) – – 3.2 × 10−5 – – – 5.4 × 10−5 –
k2(m3/(kg.s)) – – – 3.4 × 10−7 – – – 5.6 × 10−7

MAPE (%) – 1.85 1.28 1.25 – 0.82 0.58 0.59

Note: = =MAPE ( ) 100%n i
n Measured CODi Predicted CODi

Measured CODi
1

1
| | .

Fig. 11. Comparison among Mechanistic Model 2, first order kinetic and second
order kinetic on fitting COD concentration profile during EC of vinasse waste.

Table 9
Summary of experimental data in EC of vinasse waste from previous studies and this study with anode-cathode of Fe-Fe.

Initial COD
(kg/m3)

Initial pH Initial
volume
(m3)

Anode-
Cathode

I
(A)

Ae
(m2)

Voltage
(V)

J
(A/m2)

agitation speed
(rpm)

d
(m)

t
(s)

Charge
loading
(×105 C/kg
COD)

COD removal
efficiency (%)

References

52 7.2 0.0003 Fe-Fe 0.41 – – 147 500 0.03 10800 2.84 76.9 [56]
128 3 0.001 Fe-Fe – 0.00275 – 320 500 0.03 9000 0.62 73.17 [57]
2.5 7 0.002 Fe-Fe – 0.01 – 13 100 0.03 14400 3.74 72 [58]
2.5 6 0.0005 Fe-Fe – 0.0045 – 300 – 0.01 14400 155.52 62 [59]
2 6 0.002 Fe-Fe – 0.01 – 10 – 0.02 14400 3.60 25.75 [60]
2 6 0.002 Fe-Fe – 0.01 – 50 – 0.02 14400 18.00 92.5 [60]
3.36 7.5 0.0005 Fe-Fe – 0.00128 3 718 500 0.03 7200 39.39 88 [61]
120 3 0.0003 Fe-Fe – 0.0016 – 1875 500 0.03 7200 6.00 52.4 [62]
100.16 6 0.001 Fe-Fe 2.15* – 7.5 – 200 0.055 3600 0.77 19.87 This study
100.16 6 0.001 Fe-Fe 3.99* – 12.5 – 200 0.055 3600 1.43 51.67 This study

Note = *average value during process (this study).
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However, further increase in the charge loading reduced the COD re-
moval efficiency. It was noted that applying too high current was not
good considering the fact it aided that excessive formation of hydrogen
bubbles. The coagulants (Fe(OH)2) formed could easily be pushed to the
surface of solution by the hydrogen bubbles before they adsorbed and
entrapped the pollutants. Too high current could also increase the so-
lution temperature thereby causing the re-dissolution of the aggregates
[63]. The COD concentration of vinasse in this study could be reduced
from 100.16 to 83.17 kg/m3, but still higher than the target con-
centration suitable as a biogas feedstock which is around 75 kg/m3.
Hence, there is need to conduct research on the other parameters af-
fecting the EC process so as to achieve the target COD concentration.

6. Conclusion

This experiment research on EC of vinasse waste provided some
information on the effect of voltage on current density, temperature,
pH, COD, total dissolved Fe, floated and settled sludge during the
process. In addition, the decrease in the working volume due to eva-
poration and reduction of water during EC was informed. The four
mechanistic models were proposed to simulate the EC process with the
assumption that some mechanisms such as electrode dissolution, ad-
sorption, entrapment, sedimentation and flotation occurred in the
system. These proposed mechanistic models were successfully applied
to fit the measured data with different SSE values. However, Model 2
had the lowest SSE which means that COD removal mechanisms of this
EC process for treating vinasse followed the Model 2. In addition, the
kinetic constants in the model such as b (decreasing rate of vinasse
height level), ka (rate of adsorption), ke (rate of entrapment) and kf
(rate of flotation) at 12.5 V was higher than that at 7.5 V. Furthermore,
the Model 2 was compared with the first and second order kinetic
models and the predicted COD from these three models was almost
similar with very low MAPE value below 2%. However, the Model 2
was able to illustrate the COD removal mechanism in more details
compared with the two empirical models. The correlation between the
charge loading and COD removal efficiency in EC of vinasse was also
successfully predicted. Moreover, there is need to conduct research on
the other parameters affecting the COD removal from vinasse and then
simulated using the Model 2 so as to find the kinetic constant values
important in designing the EC systems for industrial use.
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