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Electrocoagulation was investigated for the removal of copper, silicon, manganese, aluminum, iron and
zinc as well as sulfate from real mine water. Batch experiments with monopolar iron anode and stainless
steel cathode as well as monopolar aluminum anode and stainless steel cathode were conducted sepa-
rately to identify the best electrocoagulation conditions. The removal efficiency in mine water increased
with increasing reaction time and increasing current density and the type of electrodes affected the met-
als and sulfate removal as could be shown by the adsorption isotherms. Copper and silicon were obeying
a Langmuir isotherm with an iron anode, whereas they were following a Freundlich isotherm when an
aluminum anode was applied. The aluminum electrode resulted in a higher Langmuir constant qmax for
all metals, while the iron electrode showed a better efficiency for removing the metals. This might be
a result of the higher kinetic rate of iron compared to aluminum. Sulfate removal was better with alu-
minum electrodes resulting in removal rates of up to 41%, removing up to 5700 mg/L sulfate from the ini-
tial sulfate concentrations, whereas iron could only remove 3833 mg/L of sulfate from the real mine
water. Furthermore, sulfate removal by aluminum electrode was faster compared to iron electrode.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Metals discharging into water are considered a major problem
for the smelting, electroplating and mining industries. For exam-
ple, zinc, manganese and copper are considered toxic at elevated
concentrations [1–3]. Silica in the form of silicic acid in mine water
can produce severe scaling problems [4]. The most important
parameters which can influence metal removal are redox potential
(Eh) and pH [5,6]. Increasing the pH value is usually the most rele-
vant removal step in metal laden waters, as this causes most met-
als to precipitate [7]. Different methods have been used for metal
removal including chemical precipitation, biosorption, coagula-
tion/flocculation, membrane filtration, biological, ion exchange,
ozone oxidation and electrocoagulation [1,3,8,9]. Another high-
lighted environmental problem in mines are high concentrations
of sulfate, which can reach up to several thousand milligrams per
liter [10] and might severely affect receiving water courses, as it
is usually connected to acid mine drainage. Discharge limits for
sulfate are getting more restricted [11], as sulfate in water can
deduce its taste and might cause health problems at high concen-
trations [12]. Current methods for removing sulfate are precipitat-
ing with lime [10], reverse osmosis, electrodialysis, adsorption
[12], ion exchange [13] and electrocoagulation [14]. Electrocoagu-
lation involves applying electricity to the electrodes for removing
contaminants and it is used for treating water that, among others,
contains COD, oil wastes or metals [1].

Removing metals from mine water with electrocoagulation is
promising as it would generate sludge in the pH range of 6–7
and metal oxides which will not be discharged into receiving water
courses [15,16]. In the electrocoagulation process, the pH of the
solution will be adjusted to neutral during the reaction time, which
is one of the benefits of this method. The pH near the cathode is
alkaline as hydrogen is released and near the anode it is acidic as
H+ is produced [17]. Other benefits of using electrocoagulation
are that it is easy to operate, it produces treated water with a high
quality and it is already implemented as an effective method for
precipitating contaminants [8]. Furthermore, electrocoagulation
can produce more compact sludge compared to conventional coag-
ulation [18]. Electrocoagulation can be summarized as consisting
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of the following processes (Fig. 1): (1) corroding of the anode and
producing coagulant particles, (2) contaminants are destabilized
and (3) eventually agglomeration of the destabilized phases pro-
duces flocs [18].

Different anodes can be used for the electrocoagulation process:
magnesium, barium, zinc, chromium, calcium, silicon, cadmium or
sodium have already been studied as electrodes. However, iron and
aluminum have the superiority of producing multivalent ions
which favor the electrocoagulation processes [19,20]. Nowadays,
iron or aluminum are mostly used as sacrificial electrodes in elec-
trocoagulation [16,21,22]. These different anodes have also differ-
ent capacities for removing metals. For example, arsenic can
better be removed by iron than by aluminum electrodes because
ferric oxides have a higher adsorption capacity than hydrous alu-
minum oxides for As(III) removal [21].

In the electrocoagulation process (Fig. 1), iron and aluminum
are released in the forms of poly-oxyhydroxide complexes and oxi-
des as coagulants [23,24] for which metals are competing to react
with them [25]. Conversion of iron(II) to iron(III) enhances the effi-
ciency of electrocoagulation [26]. Ambulating aluminum atoms on
the metal interface can be summarized as follows: Al+ is produced
and will change to Al3+; then Al3+ will be transferred by a diffusion
mechanism which is affected by the concentration gradient and
anions in the electrolyte [27]. The electrocoagulation process is
influenced by various parameters such as the type of electrodes,
time of reaction and the current density [28–30].

Passivation of the electrodes is one of the struggles which elec-
trocoagulation is dealing with. For ameliorating this issue, there
are suggestions such as using chloride anions [24,26,31], changing
the polarity of the electrodes, optimization of the electrocoagula-
tion reactor [26] and, finally, using sonication [32]. It is recom-
mended to use stainless steel as a cathode when the water
contains calcium and magnesium for avoiding anode passivation
[16,17,27].
Fig. 1. Scheme of typical reactions encountered during electrocoagulation (mod-
ified after [18]).
In order to optimize the electrocoagulation process, different
experiments were conducted in this study to identify the optimal
current density, time and kind of electrode for removing metals
and sulfate. Current density will define the amount of coagulant
released into the water (Fe2+ or Al3+). Thus, the current density will
have an effect on the increasing of the flocs [33], and with increas-
ing time, the removal efficiency will increase, too [34]. Moreover,
with increasing time, the amount of released aluminum or iron
from the sacrificial electrodes will increase in the solution and
therefore, augmentation in coagulation and complexation will
occur [8,35]. Also, the hydroxide concentration will be enhanced,
which will result in a higher efficiency in metal precipitation as
hydroxides [35]. Electrocoagulation can be used for removing met-
als and sulfate. In the electrocoagulation process, sulfate is consid-
ered to be adsorbed on metal hydroxide/oxides [36,37] and
removing sulfate at lower pH ranges has a better efficiency than
at higher pH values. Using aluminum and iron electrodes, sulfate
removal by electrocoagulation is influenced by physical interac-
tions with coagulants [36]. In electrocoagulation, metal removal
can be affected by the affinity between the metals and the coagu-
lant and their initial concentration [38]. Sulfate is getting a major
problem in mining and mining companies are struggling to deal
with the high concentration of sulfate. So far, the removal of metals
and especially sulfate from real mine water by electrocoagulation
was not studied in much detail.

The purpose of the present work is to assess electrocoagulation
for removing aluminum, iron, manganese, copper, zinc, silicon and
sulfate from real mine water of the Pyhäsalmi Mine, Finland by
aluminum and iron electrodes in a batch system. It should be
shown to which degree the metals and sulfate can be removed
simultaneously. The Pyhäsalmi mine is 1444 m deep, making it
currently the deepest base metal underground mine in Europe
[39]. Metal and sulfate removal was varied depending on the elec-
trode used. Specifically, the effect of current density, time and var-
ious electrodes on removing aluminum, iron, manganese, copper,
zinc, silicon and sulfate from real mine water were studied. As sul-
fate removal by electrocoagulation was little investigated so far,
this paper will identify possibilities of sulfate removal from real
mine water as an alternative method to existing processes.
2. Materials and methods

2.1. Experimental procedure

Both aluminum and iron were used as sacrificial electrodes and
stainless steel was used as the cathode in a monopolar configura-
tion with plates having dimensions of 70 � 50 mm. Before each
experiment, the electrodes were washed in 0.2 M HCl and there-
after rubbed with sand filter paper. Direct current (DC) power sup-
ply (GW INSTEK psp-405) with a voltage and an electrical current
range of 0–40 V and 0–5 A was connected to the electrodes. In the
experiments, the solutions were stirred constantly with a magnetic
stirrer and a rotational speed of 200 rpm (rotations per minute).
Furthermore, the distance between the electrodes was set to
0.5 cm to decrease the IR-drop [28].

The water was collected from the +500 m level in the Pyhäsalmi
mine and stored in a cold room at �20 �C. A filtered aliquot was
used and its chemical water quality parameters are given in
Table 1.

All beakers were filled with 500 mL of mine water while the DC
supply was adjusted to give the desired current. The samples were
filtered with a 25 mm syringe filter (0.2 lm cellulose acetate mem-
brane) for ICP-OES analysis. Both, pH and redox potential were
measured with an intelliCALTM pHC101 pH probe and intelliCALTM

MTC101 redox probe connected to a Hach HQ40d. The pH elec-



Table 1
Analysis of mine water obtained from the Pyhäsalmi Mine, Oulu Province, Finland
(sampling date 2015–01–12). Calculation of TDS based on site specific EC to TDS ratio
of 1.86. Charge balance error: �1.47.

Parameter Unit Value Moles

pH (field) – 2.68 2.089 � 10�3

Cd mg/L 2.1 1.901 � 10�5

U mg/L 0.620 0.270 � 10�3

Zn mg/L 960 1.494 � 10�2

Si mg/L 33 5.588 � 10�4

Cu mg/L 88 1.409 � 10�3

Mn mg/L 49 9.075 � 10�4

Ca mg/L 290 7.362 � 10�3

Mg mg/L 1200 5.022 � 10�2

Fe mg/L 770 1.403 � 10�2

Al mg/L 700 2.640 � 10�2

As mg/L 0.023 3.124 � 10�7

SO4
2� mg/L 13000 1.377 � 10�1

Electrical conductivity j (field) lS/cm 10657 –
Redox (field, corrected) mV 467 –
Temperature (field) �C 16.70 –
Color (laboratory) – Yellow-brownish –
TDS (calculated) mg/L 19790 –
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trode was calibrated according to the operating manual. Metals
were measured by ICP-OES (iCAP 6300, Thermo Electron Corpora-
tion) and sulfate was measured by a discrete analyzer (Ramboll
Analytics method RA2087). All experiments were conducted at
ambient temperature.

The removal efficiency is defined as follows:

Removal efficiency; % ¼ ðC0 � CtÞ
C0

� 100 ð1Þ

where C0 and Ct are concentrations at time 0 and t, respectively.
Water analyzes were interpreted with PHREEQC 3.2 (WATEQ4F

database) to determine the different species in the mine water
with their molarities and the controlling phases for the mine water
chemistry (Table 2). It is noteworthy to indicate that mine water
has a complicated matrix which could burden changes during time.
3. Result and discussion

3.1. Effect of current density and time on metal removal by iron-
stainless steel electrodes

The current density effect was investigated in various current
density ranges of 10, 40 and 70 mA/cm2 with an electrode pair of
iron–stainless steel anode/cathodes. These current densities were
chosen as they might be considered possible in a real mine water
treatment plant, where an excess use of energy might be indis-
putable. It could be shown that increasing current densities
increases the metal removal rates (Fig. 2). When iron stainless steel
electrodes were utilized, 21.7, 65.5 and 100% aluminum removal
was achieved after 60 min of electrocoagulation at current densi-
ties of 10, 40, 70 mA/cm2, respectively. Moreover, with passing
time, the removal efficiency increased, too. The increasing of
removal efficiency with increasing reaction time and increasing
current density is based on Faraday’s law. Increasing reaction time
and time would result in more Fe3+ species releasing in water as
coagulant [40]. Copper had a removal efficiency of 41.9, 57.2 and
100% at current densities of 10, 40 and 70 mA/cm2 after 60 min
reaction time. Subsequently, silicon had a removal efficiency of
19.7, 42.8 and 87.7% at current densities of 10, 40 and 70 mA/
cm2, while zinc showed a removal efficiency of 15.6, 1.4 and
78.2% at 10, 40 and 70 mA/cm2 after 120 min experimental time.
As manganese removal in the form of Mn(OH)2 will only be
achieved above a pH 10 [41], there was a very small amount of
manganese removed since the pH of the mine water did not
increase that high. Manganese removal after 60 min was 10.7, 5.8
and 23.4% with 10, 40 and 70 mA/cm2 current density. Finally, in
regards to sulfate removal, there was no removal during the first
60 min of the reaction at current densities of 10 and 40 mA/cm2.
Yet, a removal rate of 7.9% was achieved with 70 mA/cm2 after
60 min of electrocoagulation. Rising the current density from 10
to 70 mA/cm2 resulted in an enhanced metal and sulfate removal
with an aluminum, copper, silicon, zinc, manganese and sulfate
removal of 40.5, 65.7, 33.6, 24.5, 12.5 and 0% to 100, 99.8, 89.2,
97.5, 26.9 and 28.9% (Fig. 2a–f). Specifically, the iron electrode
removed 3500 mg/L of sulfate in the solution at optimal working
conditions.
3.2. Effect of current density and time on metal removal by aluminum
stainless steel electrodes

As could be shown, with increasing current density, the effi-
ciency of the metal removal with aluminum–stainless steel
anode/cathode electrodes increases, too (Fig. 3). Explicitly, with
aluminum–stainless steel electrodes, iron was removed at 28.2,
51 and 67.9% after 60 min and current densities of 10, 40, 70 mA/
cm2, respectively.

Iron removal could be enhanced by increasing the time and cur-
rent density. The improving iron removal can be attributed to an
increase of soluble aluminum hydroxide acting as a coagulant
[42]. Furthermore, with increasing time, the removal efficiency
increases too. During 60 min coagulation time, pollutants removal
rates reached to their maximum amount in the 70 mA/cm2 current
density. The highest removal is attributed to the silicon and iron,
whereas the lowest is for manganese, sulfate and zinc. Manganese
removal was neglectable with an aluminum–stainless steel
anode/cathode configuration. This can be explained by the pH
value of the solution being below 10, which would be the mini-
mum pH needed for sustainable manganese precipitation [41,43].
Sulfate removal was not achieved at low current densities, but
increased to 13.9% at 70 mA/cm2 and 60 min reaction time.
Increasing the current density from 10 to 70 mA/cm2 results in
an improvement in the removal efficiencies of metals and sulfate.
Specifically, iron was removed 48.6% at a current density of
10 mA/cm2, whereas its removal increased to 74.7% at a current
density of 70 mA/cm2. This trend is the same for other metals
and sulfate (Fig. 3a–f).
3.3. Effect of electrode material on the metal removal

The electrode material has a substantial effect on the electroco-
agulation process, as has been observed by various studies [24].
Based on the results presented here, the metal removal with iron
electrodes is higher compared to that of aluminum electrodes
(Figs. 2 and 3). Zinc removal is much higher with iron electrodes
(97.5%) compared to an aluminum electrode, which is 37.6% after
120 min of electrocoagulation. Copper and manganese removal
are also slightly higher by using iron compared to aluminum elec-
trodes. This can be explained such that the aluminum electrodes
release smaller particles than iron and consequently the efficiency
of the iron electrode for metal removal will be higher than alu-
minum [16]. Furthermore, from the Eh-pH diagram, it becomes
obvious why the removal efficiency of metals is higher with iron
electrodes than aluminum electrodes (Fig. 4). Specifically, in vari-
ous current densities, the iron electrodes increase the pH and
decrease the Eh more than the aluminum electrodes, explaining
why the metal removal with an iron electrode is higher compared
to an aluminum electrode. The experiments also showed that the
pH increase as well as the Eh decrease, and consequently the



Table 2
Summary of the controlling phases and relevant species resulting from the PHREEQC calculation.

Species Molality % Controlling phases Formula of controlling phases

AlSO4
+ 1.584 � 10�2 60 Quartz SiO2

Al(SO4)2� 7.279 � 10�3 28 Jurbanite AlOHSO4

Al3+ 2.187 � 10�3 8 Cristobalite SiO2

H3AsO3 5.146 � 10�16 100 Chalcedony SiO2

H2AsO4
� 2.476 � 10�7 79 Barite BaSO4

H3AsO4 6.471 � 10�8 21 Maghemite Fe2O3

BaSO4 8.538 � 10�8 68 Silica gel SiO2

Ba2+ 4.056 � 10�8 32 Gypsum CaSO4�2H2O
Ca2+ 4.027 � 10�3 55 Jarosite-Na NaFe3(SO4)2(OH)6
CaSO4 3.285 � 10�3 45 Anhydrite CaSO4

CdSO4 7.706 � 10�6 41 JarositeH (H3O)Fe3(SO4)2(OH)6
Cd2+ 6.422 � 10�6 34 SiO2(a) SiO2

Cd(SO4)22� 4.813 � 10�6 25
Cl� 3.989 � 10�4 99
Cu+ 5.269 � 10�13 98
Cu2+ 7.531 � 10�4 53
CuSO4 6.558 � 10�4 47
AlF2+ 1.060 � 10�3 94
Fe2+ 4.856 � 10�3 60
FeSO4 3.214 � 10�3 39
FeSO4

+ 4.165 � 10�3 71
Fe(SO4)2� 1.314 � 10�3 22
Fe3+ 1.885 � 10�4 3
K+ 1.129 � 10�4 92
KSO4

� 9.360 � 10�6 8
Mg2+ 2.730 � 10�2 54
MgSO4 2.293 � 10�2 46
Mn2+ 5.491 � 10�4 61
MnSO4 3.581 � 10�4 39
Mn3+ 2.217 � 10�18 100
NO3

� 1.816 � 10�5 100
Na+ 1.776 � 10�3 93
NaSO4

� 1.267 � 10�4 7
Ni2+ 2.034 � 10�5 56
NiSO4 1.600 � 10�5 44
PbSO4 2.932 � 10�8 60
Pb2+ 1.162 � 10�8 24
Pb(SO4)22� 8.126 � 10�9 17
SO4

2� 5.464 � 10�2 40
MgSO4 2.293 � 10�2 17
AlSO4

+ 1.584 � 10�2 12
Al(SO4)2� 7.279 � 10�3 5
ZnSO4 6.019 � 10�3 4
FeSO4

+ 4.165 � 10�3 3
HSeO3

� 3.311 � 10�8 55
H2SeO3 2.745 � 10�8 45
SeO4

2� 1.537 � 10�15 97
H4SiO4 5.588 � 10�4 100
U(SO4)2 1.068 � 10�24 96
USO4

2+ 4.330 � 10�26 4
UO2

+ 1.828 � 10�17 100
UO2SO4 1.637 � 10�6 62
UO2(SO4)22� 6.516 � 10�7 25
UO2

2+ 3.591 � 10�7 14
Zn2+ 6.080 � 10�3 41
ZnSO4 6.019 � 10�3 40
Zn(SO4)22� 2.842 � 10�3 19
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removal efficiency of metals increases with increasing current
densities.

Yet, silicon removal is slightly higher when using an aluminum
electrode compared to an iron electrode. It is noteworthy that sul-
fate removal is better with an aluminum electrode compared to an
iron electrode. The aluminum electrode removed 40.5% sulfate
after 120 min, whereas the iron electrode removed 28.9% sulfate
after 120 min of reaction. No sulfate removal was achieved in the
lower current densities of 10 and 40 mA/cm2.
3.4. Electrode consumptions

Electrode consumption is one of the key factors in the electroco-
agulation process [8]. The amount of dissolved metals can be calcu-
lated by Faraday’s law (Eq. (2)) in which m is the quantity of
dissolved metals from the electrode (g), I is the current density
(A/cm2), t the time (s), Mw is the molecular weight of the electrode
(g/mol), n is the oxidation reaction number and F is 96,485 C/mol
as Faraday’s constant [8,18,24].

m ¼ I � t �Mw

n� F
ð2Þ
3.5. Kinetics and isotherms

In order to understand the electrocoagulation mechanisms,
kinetic and isotherm constants were calculated (Tables 3–6). Dur-
ing the study, the sample volume (500 mL) and temperature were
kept constant, while current densities were modified in the batch
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Fig. 2. Metal and sulfate removal efficiency at various current densities in electrocoagulation (iron–stainless steel anode/cathode configuration, pH: 2.68, j: 10657 lS/cm) (a)
Al; (b) Cu; (c) Si; (d) Zn;(e) Mn; (f) SO4
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system. The following Eqs. (3–5) for the first order, second order
and pseudo first order kinetics were applied [8]:

CðtÞ ¼ C0e�k1t ð3Þ
1
CðtÞ ¼

1
C0

þ k2t ð4Þ

CðtÞ ¼ Ce þ ðC0 � CeÞe�kappt ð5Þ
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Fig. 3. Metal and sulfate removal efficiency at various current densities in electrocoagulation (aluminum–stainless steel anode/cathode configuration, pH: 2.68, j: 10657 lS/
cm) (a) Fe; (b) Cu; (c) Si; (d) Zn; (e) Mn; (f) SO4
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where k1, k2 and kapp are the first order, second order and pseudo
first-order rate constants in min�1, (mg/L)�1 min�1 and min�1 [8].

As can be seen, for the iron anodes, copper, zinc and aluminum
obey first order kinetics, suggesting that their adsorption is influ-
enced by physical reactions [44]. Silicon obeys pseudo second
orders kinetics, which indicates that the removal is affected by
chemical reaction of Si4+ and the coagulant, specifically, by chang-
ing electrons [44]. k1 and kapp, as expected, increase when the cur-
rent density increases too [8]. The data shows that the rate of
copper removal increased almost 1.5 times while the current den-
sity increased from 10 to 70 mA/cm2 and the rate of aluminum
removal increased 72 times when the current density increased
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Fig. 4. Eh-pH diagram of (a) iron stainless steel electrodes and (b) aluminum stainless steel electrodes at various current densities during electrocoagulation.

Table 3
Calculated parameters for first-order, second order and pseudo second order removal rates of metal ions and sulfate at different current densities (CD) for iron–stainless steel
anode/cathode combinations (solution volume: 500 mL, pH: 2.68 and j: 10657 lS/cm) [8].

Parameter CD (mA/cm2) First-order Second order Pseudo-second order

k1 min�1 R2 k2 (mg/L)�1 �min�1 R2 kapp min�1 R2

Cu2+ 10 0.0089 0.8900 0.0004 0.9422 0.0173 0.9622
40 0.0502 0.8808 0.0542 0.5795 0.0612 0.7255
70 0.0134 0.9971 0.5201 0.5243 0.1101 0.6594

Si4+ 10 0.0010 0.4900 0.0002 0.4723 0.0026 0.7242
40 0.0114 0.8834 0.0054 0.8487 0.0487 0.7910
70 0.0139 0.6350 0.0056 0.5340 0.0239 0.9511

Zn2+ 10 0.0005 0.6522 2 � 10�6 0.6574 0.0115 0.7680
40 0.0102 0.6055 0.0001 0.5607 0.0179 0.6131
70 0.0205 0.8788 0.0003 0.7414 0.0354 0.8369

Al3+ 10 0.0011 0.6674 9 � 10�5 0.7665 0.0031 0.2515
40 0.0422 0.8295 0.1189 0.6279 0.0121 0.2033
70 0.0801 0.8320 1.9854 0.6850 0.0530 0.1421

Mn2+ 10 0.0013 0.0603 5 � 10�5 0.1738 0.0155 0.3814
40 0.0008 1 � 10�5 0.0292 0.0041
70 0.0034 3 � 10�5 0.0259 0.0201 0.2134

SO4
2� 10 3 � 10�5 0.0010 1 � 10�8 0.0152 0.0027 0.0510

40 0.0004 0.4367 3 � 10�8 0.4294 0.0493
70 0.0024 0.6836 3 � 10�7 0.7478 0.0082 0.1802
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similarly. One of the possible explanations for this is the Ksp of alu-
minum hydroxide and copper hydroxide as it plays a key role in
the removal efficiency [25]. While Ksp of Cu(OH)2 is 2.2 � 10�20,
Ksp of Al(OH)3 is 1.3 � 10�33 which might be one of the reasons,
why k1 for copper is considerably smaller than k1 for aluminum,
despite the fact that the initial concentration of aluminum was
much higher than that for copper. Manganese obeys pseudo second
orders kinetics and kapp increases with increasing current density.
Sulfate obeys second order kinetic and it showed the same trend in
increasing k2 with increasing of current density. Manganese and
sulfate show a small correlation coefficient (R2) at low current den-
sities which is due to a negligible removal rate.

Data for the first, second and pseudo-second order kinetic mod-
els for aluminum–stainless steel electrodes shows that copper, sil-
icon and zinc obey a first order kinetic model (Table 4) and iron
obeys pseudo-second order kinetics. Manganese and sulfate are
following second order kinetics. As described above, all aforemen-
tioned metals that follow first order kinetics are adsorbed on the
aluminum due to physical interaction [44]. Iron shows a different
behavior and follows a pseudo second order kinetic model as it
chemically adsorbs on the aluminum particles which are released
from the anode [44].

It is noteworthy that both manganese and sulfate obey second
order kinetics for aluminum anodes. Their kinetic rate (k2)
increases with increasing current density from 10 to 70 mA/cm2.
They show a small correlation coefficient (R2) at low current den-
sities which is due to a negligible removal rate.

The small removal rate for sulfate is due to its high initial con-
centration on one hand and the fact that non-optimal conditions
for sulfate removal persisted during the experiments. Furthermore,
as expected, k1, k2, and kapp are increasing with increasing current
density. Zinc has a smaller k1 than copper due to its initial concen-
tration which is higher than copper. Specifically, the initial concen-
tration of copper is 88 mg/L and zinc has the initial concentration
of 960 mg/L. Furthermore, the ksp of Zn(OH)2 is higher than that
of Cu(OH)2 (1.2 � 10�17 vs. 2.2 � 10�20) (Table 4).



Table 4
Calculated parameters for first-order, second order and pseudo second order removal rates of metal ions and sulfate at different current densities(CD) for aluminum–stainless
steel anode/cathode combinations (solution volume: 500 mL, pH: 2.68 and j: 10657 lS/cm) [8].

Parameter CD (mA/cm2) First-order Second order Pseudo-second order

k1 min�1 R2 k2 (mg/L)�1 �min�1 R2 kapp min�1 R2

Cu2+ 10 0.0040 0.5293 0.0003 0.5545 0.0093 0.2993
40 0.0190 0.7797 0.0068 0.5588 0.0165 0.7725
70 0.0465 0.7561 0.1003 0.5635 0.0142 0.7757

Si4+ 10 0.0036 0.1470 0.0014 0.1925 0.0047 0.2850
40 0.0268 0.6636 0.1730 0.4904 0.0162 0.2351
70 0.0280 0.7657 0.0290 0.7771 0.0016 0.1400

Zn2+ 10 0.0012 0.1570 10�6 0.0129 0.0054 0.2475
40 0.0036 0.9388 10�5 0.9596 0.0117 0.1065
70 0.0037 0.9669 2 � 10�5 0.9589 0.0097 0.2128

Fe2+ 10 0.0038 0.4687 4 � 10�5 0.5318 0.0229 0.4022
40 0.0098 0.4702 0.0001 0.5944 0.0603 0.8597
70 0.0057 0.5470 2 � 10�5 0.0640 0.0321 0.6597

Mn2+ 10 0.0002 0.1300 �7 � 10�5 0.1089 0.0011 0.1720
40 0.0016 0.1581 6 � 10�5 0.4152 0.0095 0.2050
70 0.0018 0.8772 0.0001 0.8882 0.0092 0.1982

SO4
2� 10 0.0002 0.0428 4 � 10�8 0.0965 0.0330 0.0454

40 0.0009 0.7286 8 � 10�8 0.7395 0.0840 0.3333
70 0.0034 0.7923 4 � 10�7 0.8470 0.1402 0.5753

Table 5
Parameters and correlation coefficients for different adsorption isotherm models for metals and sulfate at various current densities of 10–70 mA/cm2 for iron as anode and
stainless steel as cathode.

Parameter Langmuir isotherm Freundlich isotherm Dubinin-Radushkevich Isotherm

qmax (mg/g) 1/qmaxKL R2 ln(KF) bF R2 �BDR
2T2 ln(qD) R2

Cu2+ 10.41 0.0040 0.9999 1.6557 0.2012 0.6766 �0.3877 �0.1324 0.9972
Si4+ 1.3138 0.7045 0.9968 �0.4439 0.4132 0.9878 �0.7417 0.0536 0.9742
Zn2+ 48.309 0.1269 0.9993 3.2141 0.0979 0.9644 �18.891 3.7469 0.5256
Al3+ 10.82 0.0040 1.0000 2.0344 0.1122 0.9925 �0.0518 2.2974 0.9054
Mn2+ 0.174 �53.618 0.0098 9.9491 �3.7765 0.2386 581.84 �2.6973 0.2946
SO4

2� 1428.57 18.516 0.0050 72.984 �7.3961 0.3618 4 � 108 0.4754 0.3435

Table 6
Parameters and correlation coefficients for different adsorption isotherm models for metals and sulfate at various current densities of 10–70 mA/cm2 for aluminum as anode and
stainless steel as cathode.

Parameter Langmuir isotherm Freundlich isotherm Dubinin-Radushkevich Isotherm

qmax (mg/g) 1/qmaxKL R2 ln(KF) bF R2 �BDR
2T2 ln(qD) R2

Cu2+ 32.15 0.024 0.9881 2.602 0.391 0.9998 �0.1817 3.0255 0.8523
Si4+ 2.05 0.0221 0.9945 0.7525 0.3065 0.9999 �0.048 0.5255 0.9407
Zn2+ 0.723 �214.83 0.8349 120.82 �22.982 0.5878 300690 �7.5455 0.5580
Fe2+ 52.08 1.2763 0.0106 2.284 0.406 0.0081 270.04 3.8164 0.0020
Mn2+ 0.147 69.186 0.7145 20.841 �8.1718 0.9989 553.48 �3.0671 0.9975
SO4

2� 909.09 14.133 0.9364 77.805 �7.7956 0.1159 4 � 108 1.9473 0.1159
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3.6. Isotherms

Langmuir, Freundlich and the Dubininin-Radushkevich iso-
therms were applied to the experiments’ results. The linear Lang-
muir isotherm is illustrated below (Eq. (6)) and models
homogenous sorption [45]:

Ce

qe
¼ 1

KLqmax
þ Ce

qmax
ð6Þ

qmax (mg/g) and KL (L/mg) are the Langmuir constants, which are
corresponding to the capacity of sorption and energy of adsorption,
respectively. Ce (mg/L) and qe (mg/g) are the equilibrium concentra-
tion and equilibrium adsorption capacity, respectively [45]. Metal
adsorbed per gram of medium is qt (mg/g), V is the solution volume
(L), M is the electrode’s dissolved weight (g), C0 and Ct are the con-
centration of metal at any time t and the initial concentration (mg/
L), respectively [46]. By plotting Ce/qe vs. Ce, KL and qmax can be
extracted [45].

qt ¼
VðC0 � CtÞ

M
ð7Þ

The Freundlich isotherm indicates one of heterogeneous
adsorption, not monolayer and non-ideal adsorption (Eq. (8)) [45]:

lnqe ¼ lnKF þ bFlnCe ð8Þ
where the concentration at equilibrium is defined by Ce (mg/L). bF
(dimensionless) and KF (L/mg) are constants, which are influenced
by the adsorption intensity and capacity, respectively [44,47–49].

Finally, the Dubinin-Radushkevich Isotherm is expressed as fol-
lows (Eq. (9)) [49]:



Table 7
Comparison of some removal efficiencies of metals and sulfate from industrial/synthetic water using electrocoagulation (–: not used in experiment).

Treatment method Current or
voltage

C0 (mg/L) R (%) References

Cu Si Fe Al Mn Zn SO4 Cu Si Fe Al Mn Zn SO4

Electrocoagulation 4 mA/cm2 45 – – – – – – 100 – – – – – – [8]
6 Fe (carbon steel) electrodes 4 mA/cm2 33.3 – – – – 20.4 – 99 – – – – 99 [8]
Iron stainless steel electrode 70 mA/

cm2
88 33 770 700 49 960 13000 100 89.17 – 99.96 26.85 97.52 28.89 This study

Aluminum stainless steel
electrodes

70 mA/
cm2

88 33 770 700 49 960 13000 99.82 99.48 74.69 – 21.26 37.59 40.51 This study

Iron electrodes 3 A 18.71 – – – – 8.20 – 78.57 – – – – 75.48 – [54]
Aluminum electrodes 3 A 18.71 – – – – 8.20 – 48.08 – – – – 98.71 – [54]
2 Fe electrodes 0.04 A/cm2 14.91 – – – – 16.39 – 97 – – – – 93 – [55]
6 pairs of Al electrodes 30 A/m2 50 – – 13 6 – – 99.9 – – 95.6 84 – – [56]
Iron electrode 10 mA/

cm2
– – 2.3 – – 3.2 – – – – – – 98.2 – [35]

6 plate aluminum electrodes,
monopolar, parallel

30 V – – – – – – 700 – – – – – – 60 [57]

Iron as anode 62 mA/
cm2

– – – – – – 500 – – – – – – 30 [36]
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qe ¼ qDexp �BD RTln 1þ 1
Ce

� �� �2 !
ð9Þ

where qD (mg/g) is the isotherm constant [50] and BD (mol2 J�2) is
the corresponding average free Energy sorption per mole of sorbate
and can be calculated according to Eq. (10) [49,50]. In addition, T is
the temperature (K) and R is the universal gas constant
(8.314 J mol�1 K�1) [50].

E ¼ 1ffiffiffiffiffiffiffiffiffi
2BD

p ð10Þ

The Dubinin-Radushkevich isotherm constants can be obtained
by a linear transformation of the x- and y-values to (ln (1 + 1/Ce))2

and ln(qe), respectively. The slope is then �BDR
2T2 and the inter-

cept ln(qD) [49]. As can be seen for the iron–stainless steel anode/
cathode combination (Table 5), all of the pollutants except man-
ganese and sulfate are obeying a Langmuir isotherm. Furthermore,
it can be concluded from the Dubinin-Radushkevich isotherms that
copper, silicon, zinc and aluminum have free sorption energies of 2.8,
2, 0.4 and 7.8 kJ/mol (the free energy can be calculated from
Eq. (10)), which indicates that their removal is based on physical
reactions [51], which is in good correlation with the aforemen-
tioned kinetic observations. As can be seen, the highest qmax is
related to sulfate, as 3800 mg/L of its initial concentration was
reduced by the iron–stainless steel anode/cathode, while man-
ganese shows the smallest qmax as its removal was negligible.

As can be seen for aluminum–stainless steel electrodes
(Table 6), zinc, iron and sulfate are obeying a Langmuir isotherm.
However, copper, silicon and manganese obey a Freundlich
isotherm.

In addition, using the Dubinin-Radushkevich isotherm, it can be
deduced that copper and silicon have a mean free sorption energy
of 4 and 7.9 kJ/mol respectively, which are indicative of physical
adsorption [52,53]. These findings are also in good correlation with
the kinetic studies. Finally, sulfate and manganese show the most
and least qmax, due to the aforementioned reason for an iron–stain-
less steel anode/cathode combination, with a qmax of 909.1 and
2.55 mg/g, respectively. Due to the pH- and Eh-conditions of the
experiments, manganese removal was negligible, as it is only
removed at pH > �10 in most systems.

Metals and sulfate obey different isotherms with different
anode material of iron and aluminum. Specifically, all of metals
except manganese obey Langmuir isotherm, whereas this trend
changed when aluminum anode was used. For instance, copper
and silicon changed their adsorption from monolayer to non-
monolayer and heterogeneous, when iron and aluminum anode
were applied, respectively. Also, sulfate adsorption was changed
when iron anode changed to aluminum anode. When iron was
used the non-monolayer and heterogeneous adsorption was dom-
inant, while it has changed to monolayer adsorption when alu-
minum anode was used.

Further research with real mine water needs to identify the
mechanisms with which sulfate can be removed at much higher
removal rates and interferences with the metals in solution could
be suppressed. Different studies for metals and sulfate removal
with electrocoagulation process have been done. Comparison of
current study with other studies is shown (Table 7).
4. Conclusions

Electrocoagulation was found to be a prosperous technique for
the removal of metals and sulfate in real mine water.

Removal efficiencies for various metals with different elec-
trodes showed that metals are better removed by an iron electrode.
The removal behavior of the metals can be explained by the Eh-pH
and the metal’s stability diagram. Yet, sulfate is better removed by
an aluminum electrode.

The initial concentration seems to have a major effect on the
removal rate and the kinetics of the reaction. As can be seen, zinc
and copper have initial concentrations of 960 and 88 mg/L, respec-
tively, and the rate of reaction for copper at the beginning (0–
20 min, 70 mA/cm2, iron–stainless steel and aluminum–stainless
steel) is almost 2.5 times higher than that for zinc. However, the
reduction of the redox potential with copper is higher than with
zinc amounting to +0.337 and �0.763 V, respectively.

Based on the kinetic modeling, the aluminum electrode is more
efficient for metal removal than the iron electrode. Both, the free
sorption energy calculation from the Dubinin-Radushkevich Iso-
therm and the k-parameter for the kinetics show that copper and
silicon are influenced by physical interaction for removing by
two electrodes, while zinc is merely being influenced by physical
interaction by the iron electrode in the electrocoagulation process.
All of the contaminants, except manganese and sulfate, obey a
Langmuir isotherm when an iron electrode is applied. However,
when an aluminum anode was utilized, the metals prevail a differ-
ent behavior compared to the iron electrodes. Specifically, silicon,
copper and manganese were obeying a Freundlich isotherm,
whereas zinc and sulfate were obeying a Langmuir isotherm. Sul-
fate was better removed by an aluminum electrode compared to
the iron electrodes with a maximum removal rate of 28.9 and
40.5%, respectively.
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