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A B S T R A C T   

The electrocoagulation (EC) process was conducted to treat the vinasse waste with a variation of agitation speeds 
of 0, 250, and 500 rpm which can be expressed in Reynolds (Re) numbers of 0, 5.47 × 104, and 1.09 × 105, 
respectively. The goal of this study was to investigate the effect of agitation speed on the EC process, build a 
novel mechanistic model, and analyze the effect of agitation speed through the proposed mechanistic model. The 
measured parameters during the EC process were the changes in anode weight, electrical voltage, liquid tem-
perature, liquid pH, liquid volume, COD concentration, Fe concentration, scum mass, and sludge mass. The 
results showed that the agitation of 250 rpm (Re of 5.47 × 104) resulted in a higher COD mass removal (67.62 %) 
than the two others. A detailed mechanistic model was successfully built with nine kinetic constants of ka, N, kv, 
kf, kpH, kRi, kRd, kht, kc. Based on simulation results, various agitation speeds affected the values of N, kv, kf but not 
for the other kinetic constants. Furthermore, the equations expressing the values of N, kv, kf as a function of Re 
number were built. Finally, the optimization was conducted to find the optimum Re number resulting in the 
maximum COD mass removal. The predicted optimum Re number was 3.82 × 104 with COD mass removal of 
70.01 % by the EC process for 8 h.   

Nomenclatures 

Ab base area of EC reactor (dm2) 
Ae active surface area of electrode (dm2) 
Cp caloric capacity of solution (J/K) 
da diameter of agitator (dm) 
F Faraday’s constant = 96,500C/mol 
I electrical current (A) 
ka rate constant for adsorption (L/(mol.s) 
kc rate constant for Newton’s law of cooling (/s) 
kf rate constant for flotation (/s) 
kh rate constant for hydrolysis (L/(mol.s) 
kht rate constant for the increase in liquid temperature (L.K/ 

(watt.s)) 
ko rate constant for oxidation (/s) 
kpH rate constant for the changes in liquid pH (/s) 
kr rate constant for reduction (/s) 
kRd rate constant for the decrease in resistance (dm.Ohm/(g.s)) 
kRi rate constant for the increase in resistance (L.Ohm/(g.s)) 
kv constant rate for the changes in liquid volume (L/(g.s)) 

m liquid mass (g) 
mCOD mass of COD (g) 
mFe2+ mass of Fe2+ (g) 
mscum mass of scum (g) 
msludge mass of sludge (g) 
MwCOD molecular weight of COD (g/mol) 
MwFe molecular weight of Fe = 56 g/mol 
MwH2O molecular weight of H2O = 18 g/mol 
Mws molecular weight of sludge (g/mol) 
N amount of COD mol adsorbed by per mol Fe 
nCOD mol of COD (mol) 
nFe2+ mol of Fe2+ (mol) 
nOH− mol of OH− (mol) 
Ns speed of agitator (rad/s) 
nscum mol of scum (mol) 
nsludge mol of sludge (mol) 
pH liquid pH 
Q energy (J) 
R electrical resistance (Ohm) 
Re Reynolds number 
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t electrolysis time (s) 
T liquid temperature (K) 
To surrounding temperature (K) 
V electrical voltage (V) 
ν volume of the waste (L) 
νo initial volume of vinasse (L) 
we width of the electrode (dm) 
z number of electron transfer for Fe = 2 or 3 
ρ liquid density (g/L) 
ρH2O density of H2O (g/L) 
μ liquid viscosity (g/(dm.s)) 
[COD] molar of COD (mol/L) 
[Fe2+] molar of Fe2+ (mol/L) 
[OH− ] molar of OH− (mol/L) 

1. Introduction 

Electrocoagulation (EC), which is one of the wastewater treatments, 
can be applied to treat various wastewater [1–6]. EC utilizes the elec-
trical current to do an electrolysis reaction. The anode and cathode are 
needed to connect the Direct Current (DC) or Alternating Current (AC) 
Power Supply to the liquid wastes, therefore, they have to be immersed 
in the wastes [2,4,7]. Anode and cathode are connected to the positive 
and negative poles of the DC power supply. One type of metal commonly 
used in EC as the anode and the cathode is iron (Fe) [2,8]. When the 
electrical current flows, the oxidation and reduction reactions occur at 
the anode and the cathode, respectively. In the oxidation reaction, the 
anode (Fe) is oxidized to either Fe2+ or Fe3+ ions, while in the reduction 
reaction, the water is reduced to OH− ions and H2 gas. Then, a chemical 
reaction between Fe2+ or Fe3+ ions and OH− ions results in coagulants of 
Fe(OH)2 or Fe(OH)3 [2,9]. The coagulants adsorb pollutants to form 
flocs. The flocs are reacted to each other to form bigger flocs. Further, 
the bigger flocs will settle as sludge or be pushed by H2 gas to the surface 
of the liquid as scum [4,10]. 

Based on the information above, the EC can change the concentra-
tion of pollutants and electrode-metal ions in wastewater and produce 
sludge and scum [3–5]. Commonly, the concentration of organic 

pollutants in wastewater is measured as the concentration of Chemical 
Oxygen Demand (COD) [11]. However, in detail, the EC also changes the 
liquid pH, liquid temperature, and liquid volume [12]. Therefore, the EC 
mechanism process is very complex. It is very interesting to model the 
EC process based on its mechanism process. Through modeling, the ef-
fect of affecting factors in the EC process can be studied clearly and 
deeply. The mechanistic models were successfully built by some previ-
ous studies. Syaichurrozi et al. [12] built a simple mechanistic model 
involving the changes in COD mass, sludge mass, and scum mass. 
Furthermore, a more detailed mechanistic model was built by Syai-
churrozi et al. [13] by considering the changes in COD concentration, Fe 
concentration, sludge mass, and scum mass, but the liquid volume was 
assumed to be constant. Furthermore, Syaichurrozi et al. [14] modified 
the mechanistic model by considering the change in liquid volume, and 
then Syaichurrozi et al. [15] improved the mechanistic model by 
considering not only the change in liquid volume but also the changes in 
liquid pH and temperature. However, the profile of liquid volume, pH, 
and temperature during the EC process was approximated with the 
quadratic line as a function of time in those studies [14,15]. In order 
words, the kinetics of changes in the volume, pH and temperature of 
liquid were not built through the theoretical EC process mechanism. The 
summary of the mechanistic models from the previous studies is shown 
in Table 1. Therefore, the mechanistic model has to be improved in this 
study with the target shown in Table 1. 

Vinasse is a liquid waste with a very high COD content [12,16]. 
Bioethanol industries release 8–20 L vinasse when producing 1 L bio-
ethanol [16]. Due to its big volume and high COD content, vinasse is to 
be a serious liquid waste. Prior discharged to the environment, it has to 
be treated. One of the treatment methods, that can be utilized to treat 
the vinasse, is EC [13,14]. In Indonesia, the local vinasse contains a very 
high COD content (>100 g/L) [12]. Utilization of EC to treat the local 
vinasse has been conducted by our team. The application of EC to treat 
the local vinasse has been studied with variation of initial pHs (4.35, 5, 
6) [13], variation of electrical voltages (7.5, 10, 12.5 V) [14], variation 
of electrical currents (2.5, 3, 3.5 A) [12]. Another factor, that is 
important in EC, is agitation speed [17–19]. Therefore, this study will 
investigate the effect of agitation speed on the EC process in treating the 

Table 1 
The mechanistic models developed by the previous studies and the target of this study. 

Rate equation 

refers to:

[12] [13] [14] [15] The target of this 

study

No Yes Yes Yes Yes

Yes Yes Yes Yes Yes

Yes Yes Yes Yes Yes

Yes Yes Yes Yes Yes

No No Quadratic line

= ( )

Quadratic line

= ( )

Yes

No No No Quadratic line

= ( )

Yes

No No No Quadratic line Yes

Notes: 
“Yes” means that the rate equation for the component is included in the mechanistic model. 
“No” means that the rate equation for the component is not included in the mechanistic model. 
“Quadratic line” means that the rate equation for the component is included in the mechanistic model, which 
is built using a quadratic line, not built based on the reaction mechanism. 
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local vinasse. This study was new in experiment and modeling in 
treating the vinasse by EC method at various agitation speeds. The aims 
of this study are (1) to study the effect of agitation speed on the EC 
process, (2) to build a detailed mechanistic model, and (3) to investigate 
the effect of agitation speed on the EC process quantitatively with the 
mechanistic model developed. 

2. Mechanism of the EC process 

All the reactions that occur during the EC process are assumed as 
chemical reactions with irreversible processes. During the EC process, 
the oxidation and reduction reactions occur at the anode and cathode, 
respectively [1,2]. In the oxidation reaction, the iron (Fe) is oxidized to 
Fe2+ ion (Eq. (1)). Many studies [13,14,20,21] proved that the product 
of the oxidation reaction at the iron anode is Fe2+ ion, not Fe3+ ion. 

Fe (s)→ko Fe2+(aq)+ 2 e− (1) 

In the reduction reaction, the water is reduced to OH− ion and H2 gas 
(Eq. (2)). 

2 H2O (l)+ 2 e− →kr H2(g)+ 2 OH − (aq) (2) 

Furthermore, the Fe2+ ions react with OH− ions to form coagulants of 
Fe(OH)2 [1,2] (Eq. (3), hydrolysis reaction). The Fe(OH)3 can also be 
produced from the Fe2+ ion when the liquid contains high dissolved 
oxygen [1], but the vinasse contains a very low dissolved oxygen [22]. 
Therefore, this study assumed that the type of coagulant produced in the 
liquid during the EC process was Fe(OH)2. 

Fe2+(aq)+ 2 OH− (aq)→
kh Fe(OH)2 (s) (3) 

Furthermore, the Fe(OH)2 adsorbs pollutants. Assuming that every 
mol Fe(OH)2 can adsorb “N” mol of COD to form flocs, then the flocs 
react with each other to form bigger flocs which then settle to sludge as 
shown in Eq. (4a). 

Fe(OH)2 (s)+N COD (aq)→ka sludge (s) (4a) 

It is assumed that ka is a second-order reaction rate constant that is 
not affected by the total mol of Fe(OH)2 and COD in the reaction shown 
in Eq. (4a). Because of spontaneous hydrolysis of Fe2+ to the coagulants, 
the rate-determining step is the generation of Fe2+ electrolytically [23], 
for simplifying, Eq. (4a) can be modified to Eq. (4b). 

Fe2+ (aq)+N COD (aq)→
ka sludge (s) (4b) 

The sludge can be separated by sedimentation. However, a part of 
sludge can go up as scum due to flotation by evolved H2 during the EC 
process (Eq. (5)) [13]. 

Sludge (s)→
kf

Scum (s) (5)  

3. Modeling 

The mechanistic model is built based on the chemical process given 
in Eqs. (1)–(5). 

3.1. Net production rate of Fe2+ mass 

The production rate of Fe2+ mol by oxidation reaction follows the 
Faraday’s law [14] (Eq. (6)). 

dnFe2+

dt
=

I
zF

(6) 

Table 2 
All equations included in the mechanistic model  

Components Equations 

dmFe2+

dt 
MwFeI

zF
− ka

mFe2+ mCOD

v MwCOD 
dmCOD

dt 
− N

kamFe2+ mCOD

v MwFe 
dmsludge

dt 
(MwFe + N MwCOD)

kamFe2+ mCOD

v MwFe MwCOD
− kf msludge 

dmscum

dt 
kfmsludge 

dv
dt −

2
I

zF
BMH2O

ρH2O
− kvmscum 

d[OH− ]

dt 2
( I

zF
− ka

mFe2+ mCOD

v MwFe MwCOD

)

− [OH− ]

(

−
2

I
zF

BMH2O

ρH2O
− kvmscum

)

v 
dpH
dt 

kpH(14 − (− log ([OH− ]))) 

dV
dt 

I

⎛

⎝kRi
msludge

v
− kRd

pH mFe2+

(
le −

(v0 − v
Ab

))

we

v

⎞

⎠

dT
dt 

kht
VI
v

− kc(T − To)

DC power supply

Anode and Cathode

Motor of agitator

EC reactor

Vinasse

Thermometer

Glass 
agitator

Display of agita�on 
speed

Display of:
electrical voltage
electrical current

Fig. 1. Experimental set-up of laboratory-scale EC process.  
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The consumption rate of Fe2+ mol by adsorbing the COD is written in 
Eq. (7). 

dnFe2+

dt
= − ka

[
Fe2+][COD]v (7) 

Hence, the net production rate of Fe2+ mol is shown in Eq. (8). 

dnFe2+

dt
=

I
zF

− ka
[
Fe2+][COD]v  

dnFe2+

dt
=

I
zF

− ka
nFe2+ nCOD

v
(8) 

Therefore, the production rate of Fe2+ mass is shown in Eq. (9_. 

dmFe2+

dt
=

MwFeI
zF

− ka
mFe2+ mCOD

v MwCOD
(9)  

3.2. Net consumption rate of COD mass 

The net consumption rate of COD mol is shown in Eq. (10). 

dnCOD

dt
= − N

kanFe2+ nCOD

v
(10) 

Therefore, the net consumption rate of COD mass is shown in Eq. 
(11). 

dmCOD

dt
= − N

kamFe2+ mCOD

v MwFe
(11)  

3.3. Net production rate of sludge mass 

The production rate of sludge mass can be expressed through Eq. 
(12). 

dnsludge

dt
=

kanFe2+ nCOD

v  

dnsludge

dt
=

kamFe2+ mCOD

v MwFe MwCOD
(12) 

Based on Eq. (4b), the sludge can be expressed as Fe-(COD)N. 
Therefore, the molecular weight of sludge can be written in Eq. (13). 

Mws = MwFe +N MwCOD (13) 

Hence, Eq. (12) is modified to Eq. (14). 

dmsludge

dt
= (MwFe +N MwCOD)

kamFe2+mCOD

v MwFe MwCOD
(14) 

The consumption rate of sludge mass due to flotation can be written 
in Eq. (15). 

dmsludge

dt
= − kf msludge (15) 

The net production rate of sludge mass can be written in Eq. (16). 

dmsludge

dt
= (MwFe +N MwCOD)

kamFe2+mCOD

v MwFe MwCOD
− kf msludge (16)  

3.4. Net production rate of scum mass 

The net production rate of scum mass is expressed in Eq. (17). 

dmscum

dt
= kf msludge (17)  

Table 3 
Experimental data.  

Time (s) Anode weight loss (g) Voltage (V) T (K) pH Volume (mL) COD Fe Scum (g) Sludge (g) 

g/L g g/L g 

Agitation speed of 0 rpm 
0 0  12.6  301.65  4.1  1000.00  113.70  113.70 0.11 0.11  0.00 0.00 
3600 –  8.8  314.15  4.5  985.75  105.19  103.69 – –  0.23 – 
7200 –  8.1  318.65  4.7  966.76  108.37  104.77 1.90 1.84  0.59 12.89 
10,800 –  7.9  320.15  5  938.26  105.19  98.69 – –  1.29 – 
14,400 –  8.2  321.65  5.4  905.02  104.82  94.86 3.37 3.05  3.96 24.48 
18,000 –  8.7  322.65  5.9  824.28  106.80  88.04 – –  10.70 – 
21,600 –  9.4  325.15  6.4  724.54  106.80  77.38 3.77 2.73  19.22 33.27 
25,200 –  11  330.15  6.4  582.07  93.05  54.16 – –  34.14 – 
28,800 24.94  12.4  333.65  6.2  468.08  88.82  41.57 5.88 2.75  51.94 42.62  

Agitation speed of 250 rpm 
0 0  12.3  300.65  4.1  1000.00  113.70  113.70 0.11 0.11  0.00 0.00 
3600 –  9.1  316.65  4.5  995.25  106.60  106.09 – –  0.32 – 
7200 –  8.5  320.15  4.8  976.25  110.15  107.53 3.06 2.99  0.48 9.08 
10,800 –  8.5  321.15  5.2  947.76  105.71  100.19 – –  0.97 – 
14,400 –  8.6  323.15  5.7  886.02  108.37  96.02 4.27 3.78  4.12 22.42 
18,000 –  9  324.65  6.3  791.03  108.37  85.73 – –  13.35 – 
21,600 –  10  327.15  6.7  705.55  102.16  72.08 3.03 2.14  24.23 34.17 
25,200 –  11.8  332.15  6.7  563.07  94.16  53.02 – –  39.51 – 
28,800 24.60  13.6  338.65  6.7  406.34  90.61  36.82 5.18 2.10  61.09 38.87  

Agitation speed of 500 rpm 
0 0  12.4  300.65  4.1  1000.00  113.70  113.70 0.11 0.11  0.00 0.00 
3600 –  9.2  316.15  4.5  995.67  104.82  104.37 – –  0.21 – 
7200 –  8.3  320.15  4.7  982.69  110.15  108.24 2.51 2.47  0.34 9.02 
10,800 –  8.3  321.15  5.1  961.05  108.37  104.15 – –  0.51 – 
14,400 –  8.1  321.65  5.4  926.44  108.37  100.40 2.95 2.73  0.75 22.46 
18,000 –  8.5  322.15  5.8  887.49  109.26  96.97 – –  1.95 – 
21,600 –  8.7  323.65  6.4  839.89  108.37  91.02 3.50 2.94  5.36 33.30 
25,200 –  9.6  325.15  6.9  774.98  108.37  83.99 – –  10.32 – 
28,800 24.71  10.2  328.65  7  697.09  94.16  65.64 4.60 3.20  18.56 51.48  
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3.5. Reduction rate of liquid volume 

During the EC process, the liquid volume decreases as a function of 
time. A decrease in liquid volume can be caused by (1) reduction reac-
tion Eq. (2) and (2) scum production [14]. 

The decrease in liquid volume due to the reduction reaction can be 
written in Eq. (18). 

dv
dt

= −
2 I

zFMwH2O

ρH2O
(18) 

The decrease in liquid volume due to the scum production is written 
in Eq. (19). 

dv
dt

= − kvmscum (19) 

Hence, the complete equation for the reduction rate of liquid volume 
is shown in Eq. (20). 

dv
dt

= −
2 I

zFMwH2O

ρH2O
− kvmscum (20)  

3.6. The changes in pH 

Based on Eqs. (1)–(3), the net production rate of OH− ion mol is twice 
as much as the net production rate of Fe2+ ion mol. Therefore, the net 
production rate of OH− ion mol is shown in Eq. (21). 

dnOH−

dt
= 2

dnFe2+

dt  

dnOH−

dt
= 2

(
I

zF
− ka

nFe2+ nCOD

v

)

dnOH−

dt
= 2

(
I

zF
− ka

mFe2+ mCOD

v MwFe MwCOD

)

(21) 

Furthermore, Eq. (21) is modified to Eq. (22). 

d[OH− ]v
dt

= 2
(

I
zF

− ka
mFe2+ mCOD

v MwFe MwCOD

)

v
d[OH− ]

dt
+ [OH− ]

dv
dt

= 2
(

I
zF

− ka
mFe2+ mCOD

v MwFe MwCOD

)

d[OH− ]

dt
=

2
(

I
zF − ka

mFe2+ mCOD
v MwFe MwCOD

)
− [OH− ] dv

dt

v
(22) 

Furthermore, the liquid pH can be calculated through Eq. (23). 

dpH
dt

= kpH(14 − ( − log([OH− ]) ) ) (23)  

3.7. The changes in voltage 

A correlation between electrical voltage, current, and resistance is 
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Fig. 2. Profiles of scum and sludge productions at (A) 0 rpm, (B) 250 rpm, (C) 500 rpm.  
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shown in Eq. (24) [14]. 

V = IR (24) 

For I = constant, Eq. (24) is modified to Eq. (25). 

dV
dt

= I
dR
dt

(25) 

The electrical resistance has a straight relationship with the sludge 
concentration. Furthermore, it has a reverse relationship with the Fe2+

concentration, pH, and surface area of the electrode. Hence, it can be 
written through Eq. (26). 

dR
dt

= kRi

(msludge

v

)
− kRd

(
pH

(mFe2+

v

)
Ae

)
(26) 

Hence, 

dV
dt

= I
(

kRi
msludge

v
− kRd

pH mFe2+ Ae

v

)

dV
dt

= I

⎛

⎜
⎜
⎝kRi

msludge

v
− kRd

pH mFe2+

(
le −

(
v0 − v

Ab

))
we

v

⎞

⎟
⎟
⎠ (27)  

3.8. The changes in liquid temperature 

During the EC process, the energy supplied to the liquid can be 
predicted by Eq. (28) [14]. 

dQ
dt

= VI (28) 

Thus, the energy supplied to the liquid increases the liquid temper-
ature (Eq. (29)) [24,25]. 

dQ
dt

= m cp
dT
dt

(29) 

Substituting Eq. (28) to Eq. (29) to get Eq. (30). 

0

20

40

60

80

100

120

0 10000 20000 30000

CO
D 

m
as

s (
g)

Time (s)

COD experiment
COD model

0

1

2

3

4

5

6

0 10000 20000 30000

Fe
 m

as
s (

g)

Time (s)

Fe experiment
Fe model

0

10

20

30

40

50

60

0 10000 20000 30000

Sc
um

 m
as

s (
g)

Time (s)

Scum experiment
Scum model

0

10

20

30

40

50

0 10000 20000 30000

Sl
ud

ge
 m

as
s 

(g
)

Time (s)

Sludge experiment
Sludge model

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0 10000 20000 30000

liq
ui

d 
vo

lu
m

e 
(L

)

Time (s)

Volume experiment
Volume model

0

2

4

6

8

0 10000 20000 30000

liq
ui

d 
pH

Time (s)

pH experiment
pH model

0

5

10

15

20

25

30

0 10000 20000 30000

Vo
lta

ge
 (V

)

Time (s)

Volt experiment
Volt model

300
305
310
315
320
325
330
335
340

0 10000 20000 30000

liq
ui

d 
te

m
pe

ra
tu

re
 (K

)

Time (s)

T experiment
T model

Fig. 3. Simulation results for agitation speed of 0 rpm (Re 0).  
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dT
dt

=
VI

m cp
(30) 

The energy loss to the surroundings is assumed to follow the New-
ton’s law of cooling [26] written in Eq. (31). 

dT
dt

= − kc(T − To) (31) 

The total net energy supplied to the liquid can be written in Eq. (32). 

dT
dt

=
VI

m cp
− kc(T − To)

dT
dt

=
VI

v ρ cp
− kc(T − To) (32) 

For simplifying, the ρ and cp are assumed to be constant during the 
EC process, so Eq. (32) is modified to Eq. (33) with kht = 1

ρ cp
.

dT
dt

= kht
VI
v

− kc(T − To) (33) 

All equations included in the mechanistic model are presented in 
Table 2. 

4. Materials and methods 

4.1. Local vinasse 

Local vinasse was obtained from one of the bioethanol industries in 
Indonesia. The waste has COD of 113.70 g/L, total Fe of 0.11 g/L, and 
pH of 4.1. The density and viscosity of the vinasse are 1036.34 g/L and 
0.1392 g/(dm.s), respectively. 

4.2. Experimental set-up 

EC reactor was built from 1 L-beaker glass (cylinder shape) with 
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Fig. 4. Simulation results for agitation speed of 250 rpm (Re 7.35 × 104).  
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outer diameter, inner diameter, and height of 1.1 dm, 1.05 dm, and 
1.52 dm, respectively. The experimental set-up of this study followed the 
previous studies of [13,14]. The irons (Fe) were used as electrodes 
having length, width, and thickness of 2 dm, 0.3 dm, and 0.03 dm, 
respectively. The anode and cathode were placed vertically at a distance 
of 0.55 dm. The vinasse volume in the EC reactor was 1 L. The active 
electrode dimension of length, width, and thickness was 0.95 dm, 
0.3 dm, and 0.03 dm, respectively. The glass agitator with impeller 
length and width of 0.53 dm and 0.06 dm, respectively. A DC power 
supply (Long Wei, Series of LW-K3010D, 0–30 V, 0–10 A) was used as an 
electrical source. The experimental set-up of the laboratory-scale EC 
process is shown in Fig. 1. 

4.3. Experimental design and procedures 

Before used in the EC process, the anode and cathode were immersed 
in HCl 5%v/v for 15 min, then they were rinsed using the distilled water. 
After that, they were dried using the oven at a mercury temperature of 
105–110 ◦C for 2 h and then weighed. The clean anode and cathode were 

placed vertically at a distance of 0.55 dm in the EC reactor containing 1 L 
of vinasse. The anode and cathode were connected to the positive and 
negative poles of the DC power supply. The EC process was run under 
the batch system for 8 h with a constant electrical current of 3A. The 
agitation speed was varied to be 0, 250, and 500 rpm. During the pro-
cess, per 1 h, the changes in electrical voltage, liquid temperature, liquid 
pH, and surface liquid height were measured. The liquid temperature 
and pH were measured by using a mercury temperature and a digital pH 
meter. The scum produced on the liquid surface was taken by using a 
plastic spoon, and then dried in the oven with a temperature of 
105–110 ◦C for at least 2 h and weighed. Meanwhile, the liquid sample 
of ±10 mL was taken and placed in reaction tubes for settling for 24 h. 
The supernatants formed in the tubes were taken for the COD and total 
Fe analyses. The COD analysis was conducted through the open reflux 
and titration method of SNI 06-6989.15-2004. The total Fe in the solu-
tion was measured using Atomic Absorption Spectroscopy (AAS). After 
the EC process, the anode was rinsed using distilled water, dried in the 
oven, and weighed. The sludge mass was measured using a method 
proposed in a previous study of [14]. The experiments in this study were 
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conducted without replication. The process control was EC process 
without agitation (agitation speed 0 rpm). 

This study studied the effect of the agitation speeds of 0, 250, and 
500 rpm. For generalization, the agitation speed (rpm) was changed to 
be the Reynolds (Re) number with Eq. (34) [27]. For simplification, the 
density and viscosity of the vinasse are assumed constant during the EC 
process. 

Re =
ρNsda

2

μ (34) 

By using Eq. (34), the agitation speed of 0, 250, and 500 rpm was 
equal to Re of 0, 5.47 × 104, and 1.09 × 105, respectively. 

4.4. Kinetic analysis 

The measured data obtained during the experiment were COD con-
centration, total Fe concentration, scum mass, sludge mass, electrical 
voltage, liquid temperature, liquid pH, and liquid volume per 1 h. A 
curve fitting between experimental data and modeled data was graphed. 
The deviation of those two was calculated using a Sum of Squares of 
Errors (SSE) (Eq. (35)). 

(SSE) =
∑n

i=1
(experimental data − modeled data)2 (35) 

The adjustable kinetic constants in the mechanistic model are ka, N, 
kv, kf, kpH, kRi, kRd, kht, kc. The values of the kinetic constants are obtained 
by minimizing the SSE value with help of Ms. Excel. 
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Fig. 6. Correlation between the experimental data and the modeled data at (A) 0 rpm, (B) 250 rpm, and (C) 500 rpm.  

Table 4 
Kinetic constant results  

Constants Unit Agitation speed Mean SD RSD (%) Judgment 

0 rpm 
(Re 0) 

250 rpm 
(Re 5.47 × 104) 

500 rpm 
(Re 1.09 × 105) 

ka L/(mol.s) 1.09 × 10− 4 1.10 × 10− 4 1.06 × 10− 4 1.08 × 10− 4 2.33 × 10− 6  2 Not affected by Re 
N – 6.00 6.28 3.90 5.39 1.30  24 Affected by Re 
kv L/(g.s) 1.22 × 10− 6 1.27 × 10− 6 1.98 × 10− 6 1.49 × 10− 6 4.24 × 10− 7  28 Affected by Re 
kf /s 8.22 × 10− 5 8.62 × 10− 5 3.17 × 10− 5 6.67 × 10− 5 3.04 × 10− 5  46 Affected by Re 
kpH /s 7.71 × 10− 6 9.12 × 10− 6 8.92 × 10− 6 8.58 × 10− 6 7.62 × 10− 7  9 Not affected by Re 
kRi L.Ohm/(g.s) 1.44 × 10− 5 1.33 × 10− 5 9.54 × 10− 6 1.24 × 10− 5 2.53 × 10− 6  20 Not affected by Re 
kRd dm.Ohm/(g.s) 1.02 × 10− 4 9.06 × 10− 5 6.93 × 10− 5 8.74 × 10− 5 1.67 × 10− 5  19 Not affected by Re 
kht L.K/(watt.s) 5.02 × 10− 5 5.44 × 10− 5 5.32 × 10− 5 5.26 × 10− 5 2.16 × 10− 6  4 Not affected by Re 
kc /s 5.00 × 10− 5 5.28 × 10− 5 5.63 × 10− 5 5.30 × 10− 5 3.15 × 10− 6  6 Not affected by Re  
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5. Results and discussion 

5.1. Experimental data 

The EC process at various agitation speeds was successfully con-
ducted and the experimental data were shown in Table 3. The experi-
mental data in this study included anode weight loss (g), electrical 
voltage (V), liquid temperature (K), liquid pH, liquid volume (mL), COD 
concentration (g/L), total Fe concentration (g/L), scum mass (g), and 
sludge mass (g). 

5.1.1. Anode, Fe, COD mass profiles 
The anode weight decreased due to the oxidation of anode (iron) to 

Fe2+. In this study, the electrical current was maintained constant at a 
value of 3 A. The anode weight loss can be predicted through Eq. (36). 

anode weight loss (g) =
MwFeIt

zF
(36)  

where MwFe = 56 g/mol; I = 3 A; z = 2; F = 96,500C/mol; t = time in 
second. 

By using Eq. (36), the value of anode weight loss was predicted to be 
25.07 g. Experimentally, the anode weight loss in this study was almost 
the same as the prediction which was 24.60–24.94 g (Table 3). If the z =
3, the value of anode weight loss was predicted to be 16.71 g. Therefore, 
it confirmed that the correct z value was 2 and the product of the 
oxidation reaction of Fe was Fe2+, not Fe3+. The agitation speed (Re 
number) did not affect the anode weight loss because based on Eq. (36), 
the anode weight loss was just affected by electrical current and elec-
trolysis time. 

The remaining Fe mass in liquid is shown in Table 3. The remaining 
Fe mass in the liquid was around 8.51–12.91 % or the Fe mass involved 
in coagulant formation was around 87.09–91.49 %. The COD mass in the 
solution is also shown in Table 3. The COD mass decreased from the 
beginning until the end of the process. The coagulants adsorbed the COD 
to form sludge. The COD mass removal for 0, 250, and 500 rpm was 
63.44, 67.62, and 42.27 %, respectively. Based on these values, an 

agitation speed of 250 rpm (Re of 5.47 × 104) resulted in a better COD 
mass removal than the others. A lower and a higher than the agitation 
speed of 250 rpm, the EC process was not effective. 

A previous study reported that electrooxidation of organic pollutants 
in wastewater occurs when the wastewater contains a high chloride 
concentration (about 40 g/L) [28]. The oxidation process occurs because 
chloride (Cl− ) in liquid turns into chlorine (Cl2) at the anode. Further-
more, the Cl2 reacts with H2O to form hypochlorous acid (HOCl) and 
hypochlorite ion (OCl− ). Under acidic conditions, the concentration of 
hypochlorous acid is more dominant than the hypochlorite ion. 
Furthermore, the hypochlorous acid has a stronger oxidizing power than 
the hypochlorite ion, so organic pollutants are easily oxidized at acidic 
pH. However, this study used the local vinasse with a very low chloride 
concentration (about 1.1 g/L) [12]. Therefore, the decrease in COD 
concentration in this study was caused by the adsorption by the coag-
ulant, not by the oxidation by hypochlorous acid. 

5.1.2. Sludge and scum mass profiles 
Sludge and scum production at various agitation speeds during the 

EC process are shown in Table 3 and Fig. 2. After the EC process for 8 h, 
the total mass of sludge and scum produced at agitation speeds of 0, 250, 
500 rpm was 94.56, 99.96, and 70.04 g, respectively (Fig. 2). The 
agitation speed of 250 rpm resulted in a more total mass of sludge and 
scum than the others. It means that the adsorption process of COD on the 
coagulants at 250 rpm was more effective than the other agitation 
speeds. In more detail, the percentage of scum mass increased while the 
percentage of sludge mass decreased during the EC process at all various 
agitation speeds (Fig. 2). The final percentage ratios (after 8 h) of scum: 
sludge at 0, 250, and 500 rpm was 54.93:45.07, 61.11:38.89, and 
26.50:73.50, respectively. The percentage of scum mass (54.93 %) at 
0 rpm was lower than that at 250 rpm (61.11 %) because the adsorption 
process occurred effectively and resulted in much more flocs at 250 rpm 
than that at 0 rpm, so the flocs at 250 rpm were easier to be pushed on 
the liquid surface by H2 gas than another. Meanwhile, the scum mass at 
500 rpm (26.50 %) was lower than that at 250 rpm (61.11 %) because 
too high agitation speed caused the contact time between coagulants 
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and pollutants too short, so the adsorption process was not effective and 
the floc mass was produced in a little amount. Meanwhile, too high 
agitation speed broke the H2 bubbles so the flotation process was low 
and the scum mass were produced in a little amount. 

5.1.3. The liquid volume profiles 
The liquid volume decreased during the EC process. A decrease in 

volume can be caused by (2) the reduction reaction of water and (2) 
scum production [14]. The rate of the decrease in liquid volume at 
250 rpm was faster than that at 0 and 500 rpm (Table 3). Because of the 
electrical current of 3A applied for all various agitation speeds, the 
decrease in liquid volume by reduction reaction of water is almost the 
same for all variables. Therefore, the decrease in liquid volume by the 
scum production was more dominant than that by the reduction reaction 
of water. The agitation speed of 250 rpm resulted in more scum mass 

than the other agitation speeds (Fig. 2), so the rate of the decrease in 
liquid volume at 250 rpm was higher than that at 0 and 500 rpm. 

5.1.4. The liquid pH and temperature profiles 
The liquid pH during the EC process is shown in Table 3. The liquid 

pH increased from the beginning to the end of the process. An increase in 
liquid pH was caused by the OH− accumulation in the liquid [13]. At the 
cathode, the water is reduced to OH− ion and H2 gas. The OH− reacts 
with Fe2+ to form Fe(OH)2. The remaining OH− in solution was accu-
mulated and then increased the liquid pH [12]. The liquid temperature 
increased from the beginning to the end of the process (Table 3). The 
increase in liquid temperature was caused by energy supplied from the 
electrical current continuously input to the liquid [14]. 
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Fig. 8. Prediction of EC process at optimum Re number of 3.82 × 104  
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5.1.5. The electrical voltage profiles 
In this study, the electrical current was kept constant at 3 A. Hence, 

the electrical voltage changed during the EC process because the elec-
trical resistance changed. A correlation between electrical current (I), 
voltage (V), and resistance (R) is presented in Eq. (37) [14]. 

V = IR (37) 

Based on Eq. (37), an increase in the R value increased the V value. 
From the beginning to the middle of the process, the voltage decreased 
due to the decrease in the electrical resistance. The ions (Fe2+ and OH− ) 
in the high amounts at beginning of the process can decrease the elec-
trical resistance. Furthermore, from the middle to the end of the process, 
the voltage increased. At the time range, the number of ions (Fe2+ and 
OH− ) decreased, but the sludge increased, so the electrical resistance 
increased and the voltage increased too. 

5.2. Modeling 

The mechanistic model (Table 2) successfully predicted the EC pro-
cess. The fitting between the experimental data and modeled data were 
shown in Figs. 3–5. Based on Fig. 6, the mechanistic model can work 
well with a very high R2 which was 0.9977–0.9988. Meanwhile, the 
kinetic constant values (ka, N, kv, kf, kpH, kRi, kRd, kht, kc) were presented 
in Table 4. Furthermore, an analysis was conducted to judge which ki-
netic constants were affected or not affected by the agitation speed (or 
Re number). 

The relative standard deviation (RSD) is usually used in analytical 
chemistry to express the precision of an assay. The RSD formula is 
written in Eq. (38). 

RSD(%) =
Standard Deviation (SD)

Mean
× 100% (38) 

The less the RSD value, the smaller the spread of the data and the 
higher the precision level. The acceptable value of the RSD value is not 
>20 % [29,30]. 

In this study, the RSD is used to judge which kinetic constants are 
affected or not affected by the agitation speed (or Re number). If the RSD 
is below 20 %, the kinetic constants are not affected by the agitation 
speed (or Re number). Table 4 shows the RSD for all kinetic constants. 
Based on the RSD value, kinetic constants of N, kv, kf were affected by Re 
number because their RSD values are above 20 % in which the value of 
the kinetic constants spread widely. In other words, the value of the 
kinetic constants was the function of the Re number. On the opposite 
side, the RSD value for ka, kpH, kRi, kRd, kht, kc was below or equal to 
20 %. It means the kinetic values were not affected by the Re number. 

5.3. Kinetic analysis 

5.3.1. The kinetic constants of ka and N 
Based on Table 4, the kinetic constant of ka was not affected by the Re 

number. This kinetic constant presented the adsorption reaction be-
tween the coagulant and the COD. The higher the ka value, the more the 
Fe2+ ions were to be coagulant and contributed to the adsorption re-
action. Variation of agitation speeds in the range of 0 to 500 rpm or Re 
number in the range of 0 to 1.09 × 105 resulted in the not significant ka 
values which were 1.06 × 10− 4-1.10 × 10− 4 L/(mol.s). It means the 
amount of Fe2+ contributing to the adsorption reaction was almost the 
same for all various Re numbers. Based on experimental data, the Fe2+

contributing in coagulant and then in flocs formation was around 
87.09–91.49 % for all various agitation speeds (Re number). 

Furthermore, the value of N increased from 6.00 to 6.28 with 
increasing the Re number from 0 to 5.47 × 104 (Table 4). The kinetic 
constant of N presented the amount of COD that can be adsorbed by each 
Fe2+ (coagulant). Therefore, increasing the Re number from 0 to 
5.47 × 104 successfully increased the ability of each coagulant to adsorb 
the COD. However, a further increase in the Re number from 5.47 × 104 

to 1.09 × 105 decreased the value of N (Table 4). It means that the ability 
of the coagulant decreased along with an increase in the Re number from 
5.47 × 104 to 1.09 × 105. Too high the Re number was not recom-
mended because the adsorption of COD on coagulants was not effective, 
so the rate of COD mass removal at the Re of 1.09 × 105 was lower than 
that at the Re of 5.47 × 104. The highest value of N of 6.28 was obtained 
at Re of 5.47 × 104. Hence, the Re number of 5.47 × 104 (250 rpm) was 
more effective than the two others. 

5.3.2. The kinetic constant of kf 
The sludge resulted from the reaction between the coagulant and the 

COD. Hence, the higher the N value, the more the flocs can be resulted. 
Due to the Re of 5.47 × 104 having a higher N value, a higher amount of 
flocs was resulted at the Re number. Furthermore, the kinetic constant of 
kf showed the rate of flotation reaction. It means the higher the kf value, 
the faster the flotation reaction occurred. Re number of 5.47 × 104 

resulted in a higher kf value (8.62 × 10− 5/s) than the other Re numbers 
(3.17 × 10− 5 - 8.22 × 10− 5/s) (Table 4). The Re number of 5.47 × 104 

resulted in a higher amount of flocs than the two others because it had a 
higher N value than the two others. The more the flocs mass, the easier 
the scum was formed. 

5.3.3. The kinetic constant of kv 
Based on Table 4, the increase in Re number from 0 to 1.09 × 105 

increased the kv value from 1.22 × 10− 6 to 1.98 × 10− 6 L/(g.s) (Table 4). 
The kinetic constant of kv represent the amount of the liquid volume that 
can be included in the scum formation. Scum was formed from flocs that 
were pushed by hydrogen gas bubbles to the surface of the liquid. The 
high agitation speed can break the big hydrogen bubbles into small 
hydrogen bubbles. The smaller the hydrogen bubble size, the wider the 
contact area of the bubbles on the liquid. Therefore, more liquid can be 
brought by the smaller bubbles. Finally, the liquid included in the scum 
formation was more at a faster agitation speed (Re number). 

5.3.4. The kinetic constant of kpH, kRi, kRd, kht, kc 
The kinetic constant of kpH presented the rate of increase in liquid pH 

during the EC process. The kpH values were not affected by the Re 
numbers because the values were almost the same 
(7.71 × 10− 6–9.12 × 10− 6/s) (Table 4). Furthermore, the kinetic con-
stant of kRi and kRd presented the rate of increase and decrease in elec-
trical resistance, respectively. These kinetic constants were not affected 
by the Re number based on the RSD value of 19–20 %. Moreover, the 
kinetic constant of kht and kc presented the rate of increase and decrease 
in liquid temperature, respectively. These kinetic constants were also 
not affected by the Re number based on the RSD value of 4–6 %. 

5.4. Advanced mechanistic model as a function of Re number 

Based on Table 4, the agitation speed (Re number) affected the ki-
netic constant values of N, kv, kf, but not values of ka, kpH, kRi, kRd, kht, kc. 
Hence, it was important to build correlations between the Re number 
and the value of N, kv, kf and Fig. 7 shows those correlations. The 
equations of the correlation are shown in Eqs. (39)–(41). 

N = − 4× 10− 10Re2 + 3× 10− 5Re+ 6 (39)  

kv = 1× 10− 16Re2 − 5× 10− 12Re+ 1× 10− 6 (40)  

kf = − 1× 10− 14Re2 + 6× 10− 10Re+ 8× 10− 5 (41) 

Furthermore, the mean values of ka, kpH, kRi, kRd, kht, kc (Table 4) can 
be used as the universal values that can predict the EC process with the 
Re range of 0–1.09 × 105. 

The mechanistic model in Table 2 with the kinetic constant values of 
N, kv, kf as a function of Re number (Eqs. (39)–(41)) and the mean value 
of kinetic constants of ka, kpH, kRi, kRd, kht, kc can be used to predict the 
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EC process at various Re numbers with a range from 0 to 1.09 × 105. The 
optimization can be conducted to find the optimum Re number which 
results in the maximum COD mass removal value. Based on an optimi-
zation, the best Re number was 3.82 × 104 with a COD mass removal of 
70.01 %. The EC process at Re of 3.82 × 104 can be predicted and is 
shown in Fig. 8. 

6. Conclusion 

The agitation speed in the EC process was varied to 0, 250, and 
500 rpm which can be converted to the Re number of 0, 5.47 × 104, and 
1.09 × 105, respectively. After 8 h, the EC process at the Re of 0, 
5.47 × 104, and 1.09 × 105 resulted in the COD mass removal of 63.44, 
67.62, and 42.27 %, respectively. Meanwhile, the Re of 0, 5.47 × 104, 
and 1.09 × 105 resulted in a total mass of sludge and scum of 94.56, 
99.96, and 70.04 g, respectively. Furthermore, a detailed mechanistic 
model was successfully built with nine kinetic constants of ka, N, kv, kf, 
kpH, kRi, kRd, kht, kc. The mechanistic model was successfully used to 
simulate the EC process at the agitation speeds with a very high R2 of 
0.9977–0.9988. Based on simulation results, the Re number affected the 
value of N, kv, kf, but not the value of ka, kpH, kRi, kRd, kht, kc. Further-
more, the equations expressing the values of N, kv, kf as a function of Re 
number were built. Finally, the optimization was conducted to find the 
optimum Re number to result in the maximum COD mass removal. The 
predicted optimum Re was 3.82 × 104 with maximum COD mass 
removal of 70.01 % or maximum COD concentration removal of 44 %. 
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