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A B S T R A C T

Electrocoagulation (EC) is widely applied to treat wastewaters. Vinasse is a bioethanol waste containing high
Chemical Oxygen Demand (COD) and having low power Hydrogen (pH) level. Application of EC for treating
vinasse has been studied by other authors, but development of mechanistic models has not been conducted yet.
Because of the complex reactions in EC, building a mechanistic model is very interesting. The effect of initial pH
in EC on COD removal of the vinasse was investigated and then the measured data was modeled. In the model,
reactions in EC process consisted of adsorption, flocculation, entrapment, sedimentation and flotation. Measured
data obtained through experiment included COD, total dissolved Fe, scum and sludge per real time during EC
process. Increase in initial pH from 4.35 to 6.00 increased the kinetic constants of k1 (adsorption), ke (entrap-
ment) and ksc (flotation). Furthermore, some mathematical equations between the initial pH and the kinetic
constants were successfully founded so that the EC performance for other initial pH (in range of 4.35–6.00) could
be predicted. Meanwhile, ratio between removed COD to total operating cost for initial pH of 4.35, 5.00 and 6.00
after EC process for 60min was 0.0570, 0.0506 and 0.0636 g-COD IDR−1 respectively.

1. Introduction

At the moment, bioethanol production in Indonesia is as much as
450 million liter per year [1]. Because the government has a target to
replace fossil fuels need from 8 % (the year of 2013) to 31 % (the year
of 2050) with renewable energy [2], the bioethanol production will
increase significantly in the future. Unfortunately, to produce 1 L
bioethanol, the industries generate 8−15 L vinasse waste [3]. The
waste is a bottom product of distillation unit. It has very acidic level
(pH of 3.75–4.5, [4,5]), contains high organic compound (Chemical
Oxygen Demand (COD) more than 100,000mg L−1, [3,6]) and has high
COD to Nitrogen (COD/N) ratio (approximately 205 [3]). According to
Budiyono et al. [7], vinasse has to be treated to decrease the COD
content before it is discharged to the water bodies. Nowadays, many
methods can be utilized to decrease pollutants in wastewaters such as
biological, physical, chemical and physicochemical treatments.

In biological treatments, Sepehri and Sarrafzadeh [8] proposed a
nitrifying-enriched activated sludge (NAS) to improve filterability in
membrane bioreactors in term of removing pollutants in synthetic
wastewater. This concept was effective to be applied to wastewaters
having low ratio of carbon to nitrogen (C/N). At low C/N ratio, ni-
trifying bacteria grew well which was 10 times more than that at high

C/N ratio. It resulted high nitrification efficiency. Furthermore, Sapehri
et al. [9] proposed collaboration between Chlorella vulgaris and NAS to
remove pollutants in wastewaters. It increased nutrient removal and
dissolved carbon capture. However, it was effective to be applied at low
COD/N ratio because the growth rate of algae decreased at high COD/N
ratio. Because vinasse contains high COD/N ratio (or C/N), the methods
of NAS or algae-NAS are not suitable to be applied to treat the vinasse.
In addition, the very high COD concentration, the biological treatment
was not effective.

In chemical treatments, the catalytic degradation can be utilized to
decrease pollutant concentration in wastewaters. Some metal and metal
oxide nanoparticles (silver, platinum, gold, palladium, bimetallic
composites) can be applied as nano-catalyst. However, in solution, they
have a tendency to aggregate because of interparticle interactions via
van der Waals forces and high surface energies [10]. That phenomenon
will decrease the catalytic efficiency and stability. Hence, other com-
ponents are needed to support the nanoparticles [10]. Zeng et al. [11]
has successfully fabricated the novel MoS2-PDA-Ag nanocomposites via
mussel-inspired chemistry and then applied them as heterogeneous
catalyst to remove 4-nitrophenol through microwave irradiation.
However, catalytic degradation method is not more effective than ad-
sorption method. The latter has easier operation and lower cost [12].
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In physical treatments, some authors found that modified materials,
as adsorbent, are effective to adsorb the specific pollutants. The mussel-
inspired chemistry has been widely utilized for the fabrication of
functional composites for catalytic degradation [10], environmental
adsorption [10] and drug delivery application [13]. The mussel ad-
hesive protein in mussel mucus corresponds to the strong adhesion of
the mussel. The key component of it is the 3,4-dihydroxy-L-phenylala-
nine (DOPA). Furthermore, dopamine (DA) is one of DOPA derivative
and polydopamine (PDA) is self-polymerization of DA [10]. The PDA
nanoparticles could be used as an adsorbent for Copper (II) (Cu2+)
[12]. To increase an adsorption capacity, the PDA and DOPA with other
components are used to make the novel composites that are used as
adsorbents. The polyacrylamide immobilized molybdenum disulfide
(MoS2@PDA@PAM composites) [14], the carbon nanotubes based
carboxymethyl chitosan nanocomposites (CNT-PDA-CS nanocompo-
sites) [15], the functionalized carbon nanotubes with polydopamine
and polyethylene polyamine (CNTs-PDA-PP) [16] showed satisfied re-
sults in Cu2+ removal by adsorption method. Furthermore, the func-
tionalized SiO2 nanoparticles with cationic polymers poly-((3-Acryla-
midopropyl)trimethylammonium chloride) (SiO2-PDA-PAPTCl) [17]
and the functionalized Molybdenum disulfide with self-polymerization
of levodopa (MoS2-PDOPA polymer) [18] could remove organic dye.

The other materials such as the polyethylene polyamine@tannic
acid encapsulated MgAl-layered double hydroxide (LDH-PP@TA) [19],

the polyacrylamide immobilized molybdenum disulfide (GO-Fe3O4

composites) [20] and the polyethylenimine-tannins coated SiO2 (SiO2@
PEI-TA) hybrid materials [21] also could adsorb Cu2+. Meanwhile, the
functionalized carbon nanotubes with tannins (CNT-TA) [22] and the
sulfonic groups functionalized Mxenes (Ti3C2–SO3H) [23] could remove
methylene blue. Adsorption is effective for low pollutant concentration
not for high pollutant concentration because it needs so many ad-
sorbents for high pollutant concentration.

In physicochemical treatment, one of potential methods to treat
vinasse is electrocoagulation (EC). Many authors reported that the COD
in vinasse was successfully decreased through EC [24–29]. Application
of EC for treating wastewaters is very attracting because of its ad-
vantages i,e simple equipment, easy operation, rapid sedimentation
rate, low capital and operating cost, shortened retention period and
very efficient in COD removal [30–34]. The main process for COD re-
moval in EC is adsorption by coagulants of Fe(OH)2 and Fe(OH)3. The
EC may be more efficient than adsorption by using adsorbents (previous
paragraph), because the coagulants (such as Fe(OH)2 and Fe(OH)3) are
continuously produced due to electrical force during EC process.

EC uses metals as electrodes. Anode and cathode are electrodes
connected to positive and negative poles of power Direct Current (DC)
supply. The electrodes are immersed in wastewaters. Iron (Fe) is a
common metal used as electrode in this method. Meanwhile, con-
taminant removal efficiency was obtained higher by using Fe electrode

Nomenclatures

+Fe[ ]2 Concentration of +Fe2 (g L−1)
COD[ ] Concentration of COD (g L−1)
Scum[ ] Concentration of scum (g L−1)
Sludge[ ] Concentration of sludge (g L−1)
A[ ] Concentration of small aggregate (g L−1)
A[ ]2 Concentration of big aggregate (g L−1)

d Distance of electrodes (cm)
−e Electron

I Current (Ampere)
J Current density (Ampere cm−2)
As Active surface of electrode (cm2)
t Electrolysis time (sec)
ν Volume of wastewater (L)

Mw Molar mass of Fe (56 g mol−1)
z Number of electron transfer (2 or 3)
F Faraday’s constant (96,500 C mol−1)
k1 Reaction rate constant for adsorption (L g−1 sec−1)
k2 Reaction rate constant for flocculation (L g−1 sec−1)
ka Reaction rate constant for oxidation at anode (sec−1)
kc Reaction rate constant for reduction at cathode (sec−1)
ke Reaction rate constant for entrapment (sec−1)
ksc Reaction rate constant for flotation (sec−1)
ksl Reaction rate constant for sedimentation (sec−1)
EnC Energy consumption (Ws L−1)
ElC Electrode consumption (g L−1)
ChC Chemical consumption (kg L−1)
V Voltage (Volt)
κ Conductivity (μS cm−1)

Fig. 1. Mechanism process during EC.
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than by using Al electrode [35,36]. When a current is flowing, sacrifi-
cial anode (Fe) is dissolved to be Fe2+ ion. Meanwhile, the H2O is to be
H2 gas and OH− ion. Furthermore, Fe2+ is hydrolyzed to be coagulant
of Fe(OH)2 and Fe(OH)3. The coagulants will adsorb the pollutants,
hence favoring the formation of aggregates. The aggregates react each
other to make the bigger aggregate via flocculation. The aggregates can
be removed by sedimentation as sludge and by flotation as scum by
evolved H2 [37,38].

Degradation of pollutants during EC can be modeled by using ad-
sorption kinetic models (empirical models) such as pseudo first order
model, pseudo second order model, Langmuir model, Elovich model
and fractional power model [39,40]. These models are used with as-
suming that the adsorption is limiting step in EC. However, it is very
interesting to see the complex mechanism processes during EC. Thus, a
mechanistic model has to be built to describe step by step of reactions in
EC process. Based on our study of literatures, however, at the moment,
there is no mechanistic model for EC, especially in term of vinasse
treatment. Hence, this study proposed a novel mechanistic model that is
new and original. For kinetic analysis using the mechanistic model, the
experimental data was obtained from EC of vinasse at variation of in-
itial pH.

Initial pH is one of the most factors affecting the pollutant removal.
It is more important than current density [41]. According to Demirbas
and Kobya [30], by using Fe electrode, initial pH of 6–7 resulted the
more COD removal efficiency than the others with range of 3-8. Fur-
thermore, Olya and Pirkarami [42] reported that the optimum initial
pH in organic contaminant removal by using Fe-Fe electrode was 6. In
this study, vinasse has low pH level (pH of 4.35, see point of 4.1).
Therefore, this study varied the initial pH of vinasse to be 4.35, 5.00
and 6.00 by using NaOH. The neutral condition (pH of 7) was not
conducted because it might result the almost same COD removal effi-
ciency with pH of 6. Alkaline condition (pH of 8–14) was not conducted
because it needs much more NaOH addition but the COD removal is
low.

The mechanistic model contains some kinetic constants presenting
the phenomena during EC process. For fitting between measured and
predicted data, the kinetic constants have to be searched until the fit-
ting error value is low. Furthermore, the mathematical correlation be-
tween the initial pH (4.35, 5.00, 6.00) and the kinetic constants would
be built, so that the EC performance for other initial pH with range
4.35–6.00 could be predicted.

2. Mechanism of EC process

As illustration, Fig. 1 shows the mechanisms during EC. In this
study, all processes are assumed to be irreversible process. Further-
more, decrease in wastewater volume during EC is ignored, so the vo-
lume is assumed to be constant. When iron is used as sacrificial anode in
EC, Fe2+ ion is dissolved in the wastewater by the oxidation reaction at
the anode (Eq. (1), [37]).

→ ++ −Fe Fe 2e
k 2a (1)

Meanwhile, OH− ion and H2 gas are resulted by water reduction
reaction at the cathode (Eq. (2), [37]).

+ → +− −2H O 2e H 2OH2
k

2
c

(2)

Accumulation of OH− ion increases the solution pH. Because of the
pH level, Fe2+ ion is hydrolyzed to be insoluble coagulants of Fe(OH)2
(Eq. 3a). It also can be oxidized to be +Fe3 and then hydrolyzed to be Fe
(OH)3 (Eq. 3b) [43]. Besides that, the Fe2+ and Fe3+ is also hydrolyzed
to be Fe(OH)+, Fe(OH)2+ and Fe(OH)2+ that can be acting as coagu-
lant too but they presents poor coagulative activity [37].

→+Fe Fe(OH)2 hydrolysis
2 (3a)

→ →+ +Fe Fe Fe(OH)2 oxidation 3 hydrolysis
3 (3b)

The coagulants adsorb the pollutants (COD) to make small ag-
gregate as shown in Eq. (4).

+ →Coagulant COD A
k1

(4)

Because of spontaneous oxidation and hydrolysis of +Fe2 to be the
coagulants, the rate-determining step is generation ion +Fe2 electro-
lytically [44]. Eq. (4) could be rewritten to be:

+ →+Fe COD A2 k1 (5)

After that, the flocculation occurs when the small aggregate (A)
reacts each other to make the big aggregates (Eq. (6)).

+ →A A A
k

2
2

(6)

In A2 formation, the pollutant (COD) might be entrapped in it (Eq.
(7)).

→COD A
k

2
e

(7)

The aggregates can be separated by sedimentation as sludge on the
base (Eq. (8)). However, a part of sludge can go up as scum due to
flotation by evolved H2 during EC process (Eq. (9)).

→A Sludge2
ksl

(8)

→Sludge Scum
ksc

(9)

Therefore, the mechanism of EC could be summarized in Table 1.

3. Modeling

3.1. Net rate of Fe2+ production

Rate of Fe2+ ion production per second time by anode oxidation can
be predicted through Faraday’s law [44,45].

=
+d Fe

dt
IM
zFv

[ ] w
2

(10)

Since I is JAs, Eq. (10) is modified to be Eq. (11)

=
+d Fe

dt
JM A

zFv
[ ] w s

2

(11)

Rate of Fe2+ ion consumption for adsorbing COD is expressed by:

= −
+

+d Fe
dt

k Fe COD[ ] [ ][ ]
2

1
2

Hence, the net rate of Fe2+ production is shown in Eq. (12).

= −
+

+d Fe
dt

JM A
zFv

k Fe COD[ ] [ ][ ]w s
2

1
2

(12)

3.2. Net rate of A production

Rate of A production from adsorption of COD on coagulant is

Table 1
The step by step of EC mechanism.

Reaction Description

+ →+Fe COD A2 k1 Adsorption

+ →A A A
k2

2
Flocculation

→COD A
ke

2
Entrapment

→A Sludge2
ksl Sedimentation

→Sludge Scum
ksc Flotation
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expressed by:

= +d A
dt

k Fe COD[ ] [ ][ ]1
2

Rate of A consumption for producing A2 is expressed by:

= −d A
dt

k A[ ] [ ]2
2

Hence, the net rate of A production is shown in Eq. (13).

= −+d A
dt

k Fe COD k A[ ] [ ][ ] [ ]1
2

2
2

(13)

The A is assumed that it is formed and spontaneously decomposed
into A2, so net rate of A production is equal to zero, = 0d A

dt
[ ] .

= −+k Fe COD k A0 [ ][ ] [ ]1
2

2
2

= +A k
k

Fe COD[ ] [ ][ ]2 1

2

2
(14)

3.3. Net rate of A2 production

Rate of A2 production from flocculation and entrapment is ex-
pressed by:

= +d A
dt

k A k COD[ ] 1
2

[ ] [ ]e
2

2

2

Rate of decrease in A2 to be sludge (sedimentation) is expressed by:

= −d A
dt

k A[ ] [ ]sl
2

2

Hence, the net rate of A2 production is shown in Eq. (15).

= + −d A
dt

k A k COD k A[ ] 1
2

[ ] [ ] [ ]e sl
2

2

2
2 (15)

The A2 is also assumed that it is formed and spontaneously de-
composed into sludge, so net rate of A2 production is equal to zero,

= 0d A
dt
[ ]2 .

= + −k A k COD k A0 1
2

[ ] [ ] [ ]e sl
2

2
2

=
+

A
k A k COD

k
[ ]

[ ] [ ]e

sl
2

1
2 2

2

(16)

3.4. Net rate of scum and sludge production

Rate of scum and sludge production is expressed by:

= −
d Sludge

dt
k A k Sludge

[ ]
[ ] [ ]sl sc2 (17)

=d Scum
dt

k Sludge[ ] [ ]sc (18)

Substituting Eq. (14) and (16) to Eq. (17) to get Eq. (19)

= + −+d Sludge
dt

k Fe COD k COD k Sludge
[ ] 1

2
[ ][ ] [ ] [ ]e sc

1

2
(19)

3.5. Net rate of decrease in COD through adsorption and entrapment

= − −+d COD
dt

k Fe COD k COD[ ] [ ][ ] [ ]e1
2

(20)

Therefore, the net rate for all components is shown in Table 2.

4. Methods

4.1. Vinasse

Vinasse was collected from PT. Madukismo located in Yogyakarta,
Indonesia. It contained COD, total dissolved Fe and power of Hydrogen
(pH) of 100.16 ± 0.29 g L−1, 38.79 ± 0.09mg L−1 and 4.35 ± 0.05
respectively.

4.2. Experimental set up

Beaker glass with volume of 1 L was used as EC batch reactor.
Volume of vinasse treated in this study was 1 L. The iron plats with
dimension of length, width and thickness of 20 cm, 3 cm and 3mm were
used as electrodes. The dimension of the plats immersed in vinasse was
9.5 cm, 3 cm and 3mm (active surface (As) of 28.5 cm2). Therefore, the
ratio of A

v
s was 28.5 cm2

L
−1. The distance of electrodes was 5.5 cm.

Power DC supply (Long Wei, Series of LW-K3010D, 0−30 V, 0–10 A)
was used as electrical current source. The agitation speed was main-
tained to be 200 rpm. Fig. 2 shows the experimental set up in this study.

4.3. Experimental design and procedures

Before used, the electrodes were soaked in HCl 5 %v/v solution for
15min. After that, the electrodes were rinsed using distilled water and
then weighted [25]. The initial pH of vinasse was varied to be
4.35 ± 0.05, 5.00 ± 0.00 and 6.00 ± 0.00 by using NaOH (technical
grade). Voltage was maintained on 10 V. The EC process was carried
out for 60min (3600 s) with duplicate of experiments (experiment a
and b). During process, the current (I, Ampere) was recorded per
10min (600 s). Since the As was assumed to be constant (28.5 cm2), the
current density (J, Ampere cm−2) was calculated with formula of I/
28.5. The change of J during process was discussed in point of Results
and Discussions. Every 600 s, the scum produced on the surface of vi-
nasse was taken. Furthermore, it was dried under temperature of
105−110 °C and weighted. Then, the pH was monitored using a digital
pH meter (model ATC 2011) every 600 s. The solution temperature was
measured by using a mercury thermometer. Furthermore, the solution
sample was taken as much as 10−20mL and then placed in reaction
tube for settling as long as 24 h. After settling, the supernatants were
taken for COD and total dissolved Fe analysis. The COD analysis was
conducted through Open Reflux and Titration Method of SNI
06–6989.15-2004. The total dissolved Fe in solution was determined in
Badan Tenaga Nuklir Nasional (BATAN) by using Atomic Absorption
Spectroscopy (AAS). Before the analysis of dissolved Fe, the sample was
filtered by using the Whatman 42. The measured total dissolved Fe was
assumed that it represented the amount of Fe2+ ions in solution. After
the EC process, the sacrificial electrode (anode) was rinsed using dis-
tilled water and weighted. The sludge mass produced during EC was
calculated by using Eq. (21). Meanwhile, the conductivy of solution
during process was determined using Eq. (22) [46].

+ =

+

Sludge mass t Scum mass t removed COD mass t

removed total dissolved Fe mass t

( ) ( ) ( )

( ) (21)

Table 2
Total mass balance for modeling.

Rate Equation

d COD
dt

[ ] − −+k Fe COD k COD[ ][ ] [ ]e1 2

+d Fe
dt

[ 2 ] − +k Fe COD[ ][ ]JMw As
zFv 1 2

d Sludge
dt

[ ] + −+k Fe COD k COD k Sludge[ ][ ] [ ] [ ]e sc
1
2 1

2

d Scum
dt

[ ] k Sludge[ ]sc
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Fig. 2. Experimental set up.

Table 3
Experimental data during EC process at variation of initial pH.

pH of 4.35 ± 0.05

Time (second) Current (A) pH Temperature (oC) Scum (g L−1) Weight loss of
anode (g)

COD (g L−1) Conductivity (μS cm−1) Total dissolved Fe
(mg L−1)

0 2.38 ± 0.00a,b 4.35 ± 0.05 a,b 28.45 ± 0.45 a,b 0.00 ± 0.00 a,b 0.00 ± 0.00 a,b 100.16 ± 0.29 a,b 45833.33 ± 96.49 a,b 38.79 ± 0.09b

600 2.52 ± 0.04 a,b 4.45 ± 0.05 a,b 30.75 ± 0.75 a,b 0.21 ± 0.18 a,b Na 98.88 a 48631.58 ± 771.93 a,b Na
1200 2.62 ± 0.04 a,b 4.50 ± 0.00 a,b 33.75 ± 0.75 a,b 0.37 ± 0.33 a,b Na 97.65 ± 0.67 a,b 50561.40 ± 771.93 a,b 312.87 ± 3.93b

1800 2.65 ± 0.10 a,b 4.60 ± 0.00 a,b 35.65 ± 1.15 a,b 0.56 ± 0.48 a,b Na 96.95 ± 1.93 a,b 51140.35 ± 1929.82 a,b Na
2400 2.68 ± 0.13 a,b 4.65 ± 0.05 a,b 37.90 ± 0.90 a,b 0.74 ± 0.62 a,b Na 96.66 ± 2.22 a,b 51719.30 ± 2508.77 a,b 642.83 ± 8.59b

3000 2.72 ± 0.12 a,b 4.80 ± 0.00 a,b 39.20 ± 1.20 a,b 0.83 ± 0.68 a,b Na 96.87 ± 0.10 a,b 52394.74 ± 2219.30 a,b Na
3600 2.72 ± 0.11 a,b 4.90 ± 0.00 a,b 40.45 ± 1.45 a,b 0.92 ± 0.74 a,b −2.89 ± 0.02

a,b
95.33 ± 1.65 a,b 52491.23 ± 2122.81 a,b 1147.95 ± 2.02b

pH of 5.00 ± 0.00
Time (second) Current (A) pH Temperature (oC) Scum (g L−1) Weight loss of

anode (g)
COD (g L−1) Conductivity (μS cm−1) Total dissolved Fe

(mg L−1)
0 2.66 ± 0.23a,b 5.00 ± 0.00 a,b 29.00 ± 0.00 a,b 0.00 ± 0.00 a,b 0.00 ± 0.00 a,b 100.16 ± 0.29 a,b 51236.84 ± 4342.11 a,b 38.79 ± 0.09b

600 2.80 ± 0.22 a,b 5.10 ± 0.10 a,b 32.00 ± 0.00 a,b 0.41 ± 0.19 a,b Na 96.31 ± 1.09 a,b 54035.09 ± 4245.61 a,b Na
1200 2.90 ± 0.28 a,b 5.20 ± 0.10 a,b 34.75 ± 0.25 a,b 0.80 ± 0.25 a,b Na 93.79 ± 1.43 a,b 55868.42 ± 5307.02 a,b 296.26 ± 0.56b

1800 2.94 ± 0.29 a,b 5.30 ± 0.10 a,b 36.90 ± 0.10 a,b 1.29 ± 0.54 a,b Na 92.86 ± 0.50 a,b 56640.35 ± 5500.00 a,b Na
2400 2.94 ± 0.29 a,b 5.45 ± 0.15 a,b 38.75 ± 0.25 a,b 2.08 ± 1.11 a,b Na 92.63 ± 0.27 a,b 56640.35 ± 5500.00 a,b 631.86 ± 2.83b

3000 2.91 ± 0.26 a,b 5.60 ± 0.20 a,b 40.00 ± 0.00 a,b 3.19 ± 1.76 a,b Na 91.79 ± 1.11 a,b 56061.40 ± 4921.05 a,b Na
3600 2.85 ± 0.26 a,b 5.85 ± 0.25 a,b 41.25 ± 0.25 a,b 4.54 ± 2.15 a,b −3.00 ± 0.19

a,b
91.56 ± 0.88 a,b 54903.51 ± 4921.05 a,b 1018.80 ± 2.03b

pH of 6.00 ± 0.00
Time (second) Current (A) pH Temperature (oC) Scum (g L−1) Weight loss of

anode (g)
COD (g L−1) Conductivity (μS cm−1) Total dissolved Fe

(mg L−1)
0 2.98 ± 0.18a,b 6.00 ± 0.00 a,b 29.75 ± 0.75 a,b 0.00 ± 0.00 a,b 0.00 ± 0.00 a,b 100.16 ± 0.29 a,b 57412.28 ± 3377.19 a,b 38.79 ± 0.09b

600 2.91 ± 0.28 a,b 6.15 ± 0.05 a,b 33.00 ± 1.00 a,b 1.59 ± 0.72 a,b Na 96.19 a 56157.89 ± 5403.51 a,b Na
1200 2.81 ± 0.34 a,b 6.55 ± 0.05 a,b 35.55 ± 0.55 a,b 3.55 ± 0.98 a,b Na 91.46 a 54228.07 ± 6561.40 a,b 229.50 ± 3.24b

1800 2.76 ± 0.41 a,b 7.05 ± 0.25 a,b 37.25 ± 1.25 a,b 5.41 ± 1.04 a,b Na 91.46 a 53166.67 ± 7815.79 a,b Na
2400 2.62 ± 0.44 a,b 7.25 ± 0.35 a,b 38.50 ± 1.50 a,b 7.19 ± 1.26 a,b Na 90.71 a 50561.40 ± 8491.23 a,b 546.36 ± 0.83b

3000 2.32 ± 0.37 a,b 7.40 ± 0.30 a,b 39.50 ± 1.50 a,b 9.09 ± 1.52 a,b Na 88.46 ± 3.00 a 44771.93 ± 7140.35 a,b Na
3600 2.02 ± 0.25 a,b 7.50 ± 0.20 a,b 40.00 ± 2.00 a,b 10.92 ± 1.89 a,b −2.83 ± 0.44

a,b
86.21 ± 2.25 a 38885.96 ± 4921.05 a,b 864.09 ± 0.46b

Remarks: Na, not analyzed; superscript a = data obtained from experiment a; superscript b = data obtained from experiment b; superscript a,b = data obtained from
experiment a,b.
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10
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4.4. Kinetic analysis

In this study, the measured data obtained during EC process were
COD, total dissolved Fe in solution, scum and sludge. Furthermore, the
data was used to build a mechanistic model. Furthermore, the error was
calculated by using Eq. (23).

∑= ⎛
⎝

− ⎞
⎠=

Error
measured data predicted data

measured datai

n

1

2

(23)

4.5. Operating cost

The operating cost is an important term in EC process. According to
Ozyonar and Karagozoglu [47], the operating cost consisted of energy,
electrode, and chemical cost. Hence, calculation of operating cost (IDR
L−1) was expressed in Eq. (24).

= + +
d OperatingCost

dt
a d EnC

dt
b d ElC

dt
c ChC

[ ] [ ] [ ]
(24)

Unit prices of a, b and c are as follows prices of electrical energy,
electrode materials and chemicals. The electrical energy price for
middle scale industrial use was estimated as 1115 IDR kWh−1 (kilowatt
hour) or 30.97×10-5 IDR Ws−1 (watt second). The iron material price
was estimated as 20,000 IDR kg−1 or 20 IDR g−1. The chemical price
for technical grade NaOH (flake) was estimated as 16,000 IDR kg−1.
The EnC (Energy Consumption) and ElC (Electrode Consumption) were
calculated using Eq. (25) [48] and Eq. (26) [49] respectively.

=d EnC
dt

VI
ν

[ ]
(25)

=d ElC
dt

JM A
zFv

[ ] w s

(26)

5. Results and discussions

5.1. Current density profile during EC

The current was monitored and presented in Table 3. Furthermore,
the current density (J, Ampere cm−2) was calculated with formula of I/
As in which the As was assumed to be constant (28.5 cm2). The change
of J during process was shown in Fig. 3. In this study, the voltage was
maintained to be constant (10 V). Thus, the change of current density
was caused by the change of solution conductivity in which the higher
the conductivity caused the higher the current density. The solution
conductivity was also shown in Table 3.

Electrodissolution of Fe2+ increased the conductivity. Meanwhile
when the coagulants adsorbed the pollutants and they were removed by
sedimentation or flotation, the conductivity of solution decreased. At
initial pH of 4.35, the current density increased slowly from beginning
to the end of process. That means, the electrodissolution rate of Fe2+

and removal rate of COD were slow but the latter was slower. At initial
pH of 5.00, current density increased from beginning until second 1800,
after that it decreased. At range of second 0–1800, the electrodissolu-
tion rate of Fe2+ was higher than removal rate of COD. Meanwhile at
range of second 1800–3600, the electrodissolution rate of Fe2+ was
lower than removal rate of COD. At initial pH of 6.00, current density
decreased until the end of process. Thus, commonly, the electro-
dissolution rate of Fe2+ was lower than removal rate of COD at initial
pH of 6.00. During EC process, the solution temperature changed be-
cause of the current supplied to the solution and electrolysis time [50].
The temperature profile was same for all variables (Table 3) in which
initial temperature of 28.45–29.75 °C was to be final temperature of

40.00–41.25 °C.

5.2. Comparison between measured and predicted electrode consumption

During EC process, the anode (Fe) is oxidized to be +Fez ion. The z
can be 2 ( +Fe2 , ferrous) or 3 ( +Fe3 , ferric). Some authors believed that
the +Fe2 is produced from electrolysis of anode [51,52], however the
others believed that +Fe3 ion is produced directly during EC [53,54].
The value of z is important to be determined because it is directly
connected to the proposed mechanistic model and operating cost cal-
culation.

To find the appropriate z value, the electrode (anode) consumption
during EC was predicted by using Eq. (26) with z =2 and z =3. Fur-
thermore, the predicted electrode consumption was compared with the
measured data. Comparison between measured and predicted electrode
consumption is shown in Fig. 4. Based on the Fig. 4, the calculation
using z =2 gave much better prediction than z =3. That means elec-
trodissolution of anode in this study resulted Fe2+ ion. Thus, z =2 was
used in the mechanistic model and operating cost calculation. Laksh-
manan et al. [43] also reported the same conclusion that +Fe2 was
generated at iron anode during EC, not +Fe3 . The +Fe3 ion might be
formatted from oxidation of +Fe2 because of the presence of dissolved
oxygen and increasing in pH [43]. Therefore, Eq. (1) to (5) could be
accepted.

5.3. pH, COD and total dissolved Fe profile during EC

The profile of pH and COD during EC process is shown in Table 3.
During the process, the H2O was reduced to be OH− ion and H2 gas.
Accumulation of OH− increased the pH of solution. For initial pH of
4.35 ± 0.05, 5.00 ± 0.00, 6.00 ± 0.00, the final pH was to be
4.90 ± 0.00, 5.85 ± 0.25, 7.50 ± 0.20 respectively. The pH level
influences the iron species in solution. The higher the pH level, the
more the dose of main coagulants of (Fe(OH)2 and Fe(OH)3) presenting
in the solution. At initial pH of 4.35, solution pH changed in range of
4.35–4.90 during process. At that range, iron was in form of Fe2+, Fe
(OH)2, Fe(OH)2+ and Fe(OH)3 [37]. The Fe(OH)2 and Fe(OH)3 was
coagulants responding in COD removal. The value of COD removal at
initial pH of 4.35 was very low (4.83 %) because the main coagulant
presented in low concentration.

For initial pH of 5.00 ± 0.00, the pH increased from 5.00 to 5.85.
At that range, the amount of Fe2+ decreased, while the amount of Fe
(OH)2+, Fe(OH)3 and Fe(OH)2 increased [37]. As consequence, the
COD removal at initial pH of 5.00 ± 0.00 was higher (8.59 %) than
that at initial pH of 4.35 ± 0.05 (4.83 %). The highest COD removal
(13.93 %) was obtained at initial pH of 6.00 ± 0.00. At that variable,
pH increased from 6.00 to 7.50, so that the amount of Fe2+ ion de-
creased and the main coagulants of Fe(OH)3 and Fe(OH)2 were domi-
nant in the solution [37]. The coagulants adsorbed the pollutants easily

Fig. 3. Current density profile at variation of initial pH during EC.

I. Syaichurrozi, et al. Journal of Environmental Chemical Engineering 8 (2020) 103756

6



so the COD removal was higher than the others. Demirbas and Kobya
[30] also reported the same results with this study. For Fe electrode,
increasing initial pH from 3 to 7 could increase COD removal from 60 to
90 %. At neutral pH, gelatinous metal coagulant was released in large
amount in solution [25,55].

During EC process, the solution pH changed. Thus, correlation be-
tween the mechanism of pH and COD removal efficiency was inter-
esting to be studied. The COD removal efficiency was calculated by Eq.
(27). The correlation is shown in Fig. 5.

= − ×COD removal efficiency t initial COD COD t
initial COD

( )(%) ( ) 100%
(27)

Based on Fig. 5, increase in solution pH caused increase in COD
removal efficiency. It had correlation with iron species in solution. The

higher the solution pH, the more the coagulants (Fe(OH)2 and Fe(OH)3)
were formed [37]. Then, they adsorbed the pollutant so the COD re-
moval efficiency was obtained in higher solution pH. However, the COD
removal efficiency will decrease when the solution pH more than 8.00
[30,42]. In this study, initial pH of 6.00 showed the good phenomena of
pH change where it changed from 6.00 to 7.50. The pH range was good
for formation of coagulants. If initial pH of neutral is conducted, the
solution pH range might be from 7.00 to more than 8.00. That range is
still good for formation of the coagulants so initial pH of 7.00 will give
the same result of COD removal efficiency with initial pH of 6.00.
Furthermore, if initial pH of alkaline (pH of 8.00–14.00) is conducted,
the COD removal efficiency decreases because the main coagulants will
be dissolved again to be species of Fe(OH)+, Fe(OH)3− and Fe(OH)4−.

The pH level affected the form of Fe species in solution. Coagulants
(Fe(OH)3 and Fe(OH)2) were assumed to be sludge and scum com-
pletely. Furthermore, the Fe3+ ion that might be formed because of
oxidation and hydrolysis of Fe2+ was completely become Fe(OH)3.
Hence, Fe2+ remained dominantly in solution. In assumption, the re-
maining total dissolved Fe concentration measured by AAS was equal to
the remaining Fe2+ concentration in solution. The remaining total
dissolved Fe in solution is measured and shown in Table 3.

As explanation above, the higher the pH level, the more the Fe2+

ion was to be coagulants; consequently the more the COD was removed.
There is good correlation between COD and total dissolved Fe profile
during EC where the higher the remaining COD level, the higher the
remaining total dissolved Fe. Based on Table 3, anode weight was de-
creased as much as -2.89 ± 0.02, -3.00 ± 0.19 and -2.83 ± 0.44 g for
initial pH of 4.35, 5.00 and 6.00. That means the lost weight of anode
was dissolved in solution. Because the raw vinasse contained total
dissolved Fe of 38.79 ± 0.09mg L−1, the total dissolved Fe in vinasse
was to be 2928.79, 3038.79 and 2868.79mg L-1 for initial pH of 4.35,
5.00 and 6.00 respectively. After EC for 3600 s, the remaining total
dissolved Fe at initial pH of 4.35, 5.00 and 6.00 was 1147.95 ± 2.02,
1018.80 ± 2.03 and 864.09 ± 0.46mg L-1 respectively (Table 3). In
other words, the removed total dissolved Fe in solution, which became
coagulants adsorbing pollutants to form sludge and scum, at initial pH
of 6.00 (2004.70mg L−1 or 69.88 %) was higher than that at initial pH
of 4.35 (1780.84mg L−1 or 60.80 % and pH 5.00 (2019.99mg L−1 or
66.47 %).

Alkalinity could be measured by Eq. (28) [56]. In this study, pH of
raw vinasse was 4.35. The NaOH was added to adjust pH of vinasse to
be 5.00 and 6.00. During EC process, the OH− ion was produced by
reduction at cathode. Hence, in this study, the alkalinity change in vi-
nasse mainly depended on OH− concentration. Therefore, Eq. (28) was
rearranged to be Eq. (29). The OH− concentration was predicted by

−exp pH( 14).

= + + −− − − +Alkalinity HCO CO OH H[ ] 2[ ] [ ] [ ]3 3
2 (28)

= −Alkalinity OH[ ] (29)

During EC process, the pH of vinasse increased (see Table 3). It
showed the alkalinity of vinasse increased where the higher the pH of
vinasse, the higher the alkalinity of vinasse would be. The Fe2+ ion,
that was produced by oxidation at anode, consumed the OH to form
coagulant of Fe(OH)2. Hence, the higher OH− concentration, the more
Fe(OH)2 produced would be. Therefore, initial pH of 6 resulted more Fe
(OH)2 amount than the ones of the two others with lower initial pH.

5.4. Scum and sludge profile during EC

The pollutants adsorbed by coagulants either go to base as sludge or
go to surface as scum due to evolved H2. The scum production during
EC is presented in Table 3. The production rate of scum at initial pH of
6.00 was higher than that at initial pH of 4.35 and 5.00. Initial pH of 6
produced more coagulants than the others, so aggregates were easy to
be formed. Furthermore, the aggregates were to be the bigger due to the

Fig. 4. Weight loss of anode after EC for 3600 s.

Fig. 5. The mechanism of solution pH on the COD removal efficiency.

Fig. 6. Sludge production at variation of initial pH during EC.
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flocculation. Because of its big size, they were easy to go to surface as
scum.

The sludge during EC was predicted by using Eq. (21) and then
shown in Fig. 6. Furthermore, Fig. 7 showed the how much (%) the
aggregates separated by sedimentation or by flotation. Commonly, the
%sludge decreased and %scum increased during EC for all variation of
initial pH. The solution pH increased during EC (Table 3). The higher
the pH, the more the coagulants were formed. The coagulants adsorbed
the pollutants. In conclusion, the longer the electrolysis time, the more
and the bigger the aggregates in solution. Because of the big size (or the
large contact area), the aggregates are easier to be separated by flota-
tion. After EC for 3600 s, the %scum on initial pH of 4.35, 5.00 and 6.00
was 14.23, 42.78 and 68.86 % respectively. It showed that initial pH of

Fig. 7. Percentage of sludge and scum during EC process at various initial pH.

Fig. 8. Plotting between measured and predicted data using the mechanistic model (A) COD concentration, (B) total dissolved Fe concentration, (C) scum con-
centration, (D) sludge concentration.

Table 4
Kinetic constants obtained from simulation for EC process at various initial pH
with ratio of As/v=28.5 cm2 L−1, working volume of 1 L and electrode dis-
tance of 5.5 cm.

Kinetic constants Initial pH

4.35 5.00 6.00

k1 (L g−1 sec−1) 1.42× 10−5 1.83× 10−5 2.65× 10−5

ksc (sec−1) 1.19× 10−4 3.02× 10−4 1.10× 10−3

ke (sec−1) 1.79× 10−5 3.30× 10−5 5.14× 10−5

Error 1.8442 1.1271 1.3696
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6.00 produced more big aggregates than the others.

5.5. Modeling

The mechanistic model was successfully applied in this study.
Plotting between measured and predicted data is shown in Fig. 8 and
the kinetic constant values are presented in Table 4. The value of k1
represented the reaction rate constant of adsorption of pollutants (COD)
on coagulants. The k1 value of initial pH of 6.00 (2.65× 10−5 L g-1 sec-
1) was higher than the others (1.42×10-5 and 1.83× 10-5 L g-1 sec-1).
As explanation above, initial pH of 6.00 resulted more coagulants than
initial pH of 4.35 and 5.00, so the adsorption rate was faster.

Furthermore, the ke value at initial pH of 6.00 was also higher than
the others (Table 4). Kinetic constant of ke represented the rate of en-
trapment when the bigger aggregate was formed. Thus, the more the
aggregate in system, the easier the big aggregate was formed, so the
easier the pollutant was entrapped. The rate of entrapment of pollutants
at initial pH of 6.00 was the fastest because it produced the most coa-
gulants of all variables.

Increasing initial pH from 4.35 to 6.00 increased the ksc value. That
phenomena showed that the higher the pH condition, the more the
pollutants would be removed through flotation. Scum were easily
produced at initial pH of 6 because aggregates were easy to be formed.

5.6. Development of mathematical equations to predict the EC performance
in the other initial pH

The NaOH (technical grade) was added to adjust initial pH of vi-
nasse to be 5.00 and 6.00 from the origin pH of 4.35. The addition of
NaOH caused the increasing of electrolyte in vinasse. Hence, the initial
current density was difference for all initial pH although the voltage
was kept constant in 10 V. Current density profile during EC is shown in
Fig. 3. The profile was figured through polynomial with degree of 2
with common formula = + +J at bt c2 . The constant value of a, b and c
is shown in Fig. 3. Hence, it is important to predict correlation between

initial pH with value of a, b and c. After that, the profile of current
density during EC for other initial pH with range 4.35–6.00 can be
predicted. The plotting between constants of a, b, c and initial pH is
presented in Fig. 9. The EC process in this study was influenced by
initial pH. Furthermore, the mathematical equation expressing the
correlation between initial pH on kinetic constants of k1, ksc, ke was built
(see Fig. 9). By using equations in Fig. 9, EC performance with another
initial pH with range 4.35–6.00 could be predicted.

5.7. Operating cost

Operating cost in EC process mainly depends on electrode, energy
and chemical cost. Electrode cost was predicted successfully and shown
in Table 5. Variable of initial pH of 5.00 needed higher electrode cost
than initial pH of 4.35 and 6.00. The higher the current in EC, the more
the electrode was to be Fe2+ion in solution, so that the more the weight
of electrode was needed. As consequence, the electrode cost was high.
The high current in EC process also resulted the high energy cost.
Furthermore, the chemical cost for all variables depended on using of
NaOH for adjusting initial pH. The chemical cost for initial pH of 4.35,
5.00, 6.00 is shown in Table 5. Therefore, the total operating cost for
initial pH of 4.35, 5.00 and 6.00 was 84.84, 169.98 and 219.39 IDR L−1

respectively. Ratio between removed COD to total cost after 3600 s for
initial pH of 4.35, 5.00 and 6.00 was 0.0570, 0.0506 and 0.0636 g
IDR−1 respectively (Table 5). Hence, initial pH of 6.00 was more ef-
fective and efficient to remove pollutants than initial pH of 4.35 and
5.00.

5.8. Comparison this study with other studies on COD removal

Comparison this study with other studies on COD removal is shown
in Table 6. The COD removal efficiency in this study (13.90 %) was
lower than that in study of Khandegar and Saroha [57], Asaithambi
et al. [58], Aziz et al. [59], Asaithambi et al. [28] with value of 62–92.5
%. The difference was caused by that this study used very high initial

Fig. 9. Correlation between initial pH and kinetic constants of (A) k1, (B) ke, (C) ksc, (D) a, (E) b, (F) c.

Table 5
Operational cost EC process after 3600 s.

Initial pH Electrode cost (IDR L−1) Energy cost (IDR L−1) Chemical cost (IDR L−1) Total cost (IDR L−1) Removed COD (g L−1) Removed COD/Total cost (g IDR−1)

4.35 55.32 29.52 0 84.84 4.83 0.0570
5.00 60.01 32.02 77.95 169.98 8.60 0.0506
6.00 54.83 29.26 135.29 219.39 13.95 0.0636
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COD concentration (103,180mg L−1) and short operation time
(60min), while the others used low initial COD concentration
(2,000–3,360mg L−1) and long operation time (120−240min). That
was in line with report of Fayad [46] where removal efficiency de-
creases with the increase in initial pollutant concentration. Further-
more, according to Garcia-Segura et al. [37], the longer the operation
time, the more the pollutants can be removed from the wastes. In other
side, like this study, study of Yavuz [26] showed the low COD removal
efficiency (14.3 %) although Yavuz [26] used low initial COD con-
centration 4,750mg L-1) and long operation time of 180min. It might
be caused by that the electrode distance was too close (0.3 cm). Very
close of electrode distance is not good because the movement of ions is
very quick so that will prevent the formation of flocs which are required
to adsorb the pollutants [27].

6. Conclusion

Initial pH of 4.35, 5.00, 6.00 showed the difference of EC perfor-
mance on COD, total dissolved Fe, scum, sludge and pH profile during
process. The COD removal at initial pH of 6.00 (13.93 %) was higher
than that at the others (4.83–8.59 %). The remaining total dissolved Fe
at initial pH of 6.00 was lower than the others. Scum and sludge pro-
duction increased with increasing initial pH from 4.35 to 6.00.
Furthermore, a mechanistic model was successfully built and applied in
EC for vinasse waste. In the model, reactions in EC were assumed that
they were adsorption, flocculation, entrapment, flotation and sedi-
mentation. Reaction rate constants of k1 (adsorption), ksc (flotation) and
ke (entrapment) increased with increasing of initial pH from 4.35 to
6.00. Mathematical equations presenting correlation between initial pH
with kinetic constants were successfully built. In operating cost calcu-
lation, ratio between removed COD to total operating cost for initial pH
of 4.35, 5.00 and 6.00 was 0.0570, 0.0506 and 0.0636 g IDR−1 re-
spectively.
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