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Abstract
This work aimed to remove sulfate and acidity frommine-impacted water (MIW) via electrocoagulation (EC), a technique which
stands as an advanced alternative to chemical coagulation in pollutant removal from wastewaters. The multiple electrochemical
reactions occurring in the aluminum anode and the stainless steel cathode surfaces can form unstable flakes of metal hydroxy-
sulfate complexes, causing coagulation, flocculation, and floatation; or, adsorption of sulfate on sorbents originated from the
electrochemical process can occur, depending on pH value. Batch experiments in the continuous mode of exposition using
different current densities (35, 50, and 65 A m−2) were tested, and a statistical difference between their sulfate removals was
detected. Furthermore, the intermittent mode of exposure was also tested by performing a 22-factorial design to verify the
combination with different current densities, concluding that better efficiencies of sulfate removal were obtained in the contin-
uous mode of exposition, even with lower current densities. After 5 h of electrocoagulation, sulfate could be removed fromMIW
with a mean efficiency of 70.95% (in continuous mode of exposition and 65 A m−2 current density), and this sulfate removal
follows probable third-order decay kinetics in accordance with the quick drop in sulfate concentration until 3 h of exposure time,
remaining virtually constant at longer times.
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Abbreviations
AMD acid mine drainage
ANOVA analysis of variance method
EC electrocoagulation

MAV maximum allowed value
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Introduction

Mining industry is an essential contributor to the world’s
economy, as it is in Brazil. The process of extraction and
beneficiation in coal mining is one of the main economic
activities in the Carboniferous basin of southern Santa
Catarina State, Brazil (Macan et al. 2012). During the periods
of intense drought, in which the hydroelectric power plants
cannot work, coal (among other thermoelectric sources) pre-
vents the risk of electrical blackout in Brazil (Brazil 2007). As
a part of the Brazilian energy matrix, with over 130 years of
mining activity (Silva et al. 2013), the social and environmen-
tal impacts of the mines are substantial; almost one thousand
abandoned mines exist throughout the Carboniferous basin
(Brazil 2018). The active mines are not currently a significant
environmental concern because, in theory, the mining compa-
nies properly treat their effluents. However, the abandoned
and inactive mines produce acid mine drainage (AMD), a
heavy metal and rich sulfuric acid effluent, which is a global
environmental concern (Demers et al. 2015; Kefeni et al.
2017; Peiravi et al. 2017; Moodley et al. 2018). AMD is pro-
duced when sulfidic minerals, like pyrite (FeS2), are exposed
to oxygen and water to form sulfuric acid. Therefore, its high-
ly toxic and corrosive characteristics are due to its acidic pH
values (between 2 and 4), with high concentrations of sulfate
(SO4

2−) and dissolved metallic ions (e.g., Fe, Al, Mn, Zn, Cu,
and Pb).

The AMD formation constitutes the primary source of pol-
lution of fresh surface waters worldwide (Mesa et al. 2017),
known asmine-impacted water (MIW). AMD as well asMIW
remediation is a complex process that typically involves acid
neutralization and sulfate and dissolved metallic ion removal
(Al-Abed et al. 2017). Several physicochemical technologies
have been applied to treat this type of effluent, such as reverse
osmosis (Masindi et al. 2017); sorption technologies (adsorp-
tion and ion exchange) (Silva et al. 2012; Guimarães and Leão
2014); and chemical precipitation as gypsum, barium sulfate,
ettringite, jarosite, or ferrite (Tait et al. 2009; Kefeni et al.
2015; Tolonen et al. 2016; Masindi et al. 2017). These tech-
nologies can be efficient, and moreover, some have the possi-
bility of metal recovery. However, some disadvantages can be
mentioned, like the production of large brine volumes and
fouling formation on the membrane due to the gypsum forma-
tion (leading to the need of a membrane downstream pretreat-
ment); lowered efficiency of limestone as an adsorbent and
precipitant agent in acid conditions; and large volume of
sludge and its subsequent treatment, considering that sludges
containing barium are of greater concern than those containing
sulfate (Silva et al. 2012; Barbosa et al. 2014; Masindi et al.
2017).

Previous studies in our research group (Rodrigues et al.
2019, 2020) have evaluated the biological treatment of MIW
biostimulating sulfate-reducing bacteria (SRB), obtaining

excellent removals of sulfate (85 and 99.75%) and metallic
ions (Fe (≥ 99.04%), Al (≥ 98.47%), and Mn (100%)), and
neutralizing pH; however, the sulfide formation increases the
toxicity. Additionally, the physical-chemical treatment of
MIW and AMD with shrimp shells as a sorption agent has
been studied extensively (Núñez-Gómez et al. 2016, 2017a, b,
2018, 2019), and substantial metallic ions (Fe, Al, and Mn)
removal and pH neutralization were obtained, although the
sulfate anion remained as a challenge in the treatment of these
effluents. Due its high solubility and stability in aqueous so-
lutions, sulfate is not easily removed from water (Mamelkina
et al. 2017). The adverse effects include (i) increased dis-
solved solids of the receiving waterbody, affecting its useful-
ness downstream for drinking, irrigation, or industry (Moosa
et al. 2005); (ii) can cause problems of odor and corrosion to
concrete buildings (Mamelkina et al. 2017); and (iii) the in-
gestion of water containing above 500 mg L−1 can cause di-
arrhea (Najib et al. 2017).

Therefore, a new technology for sulfate removal was test-
ed: electrocoagulation (EC). Several recent studies
(Mamelkina et al. 2017, 2019; Nariyan et al. 2017, 2018) have
addressed this type of treatment in MIW. The EC treating
MIW stands as a promising technology, providing better effi-
ciencies for sulfate removal at low pH (characteristic of MIW)
than at higher pH values, because in acidic conditions, the
numerous cationic species can interact electrostatically with
the anions (Mamelkina et al. 2017), forming precipitates,
while at neutral and alkaline pH, the mechanism is different:
the primary coagulant species are amorphous metal hydroxide
precipitates that according to the surface charge can adsorb
ions in its surface (Mamelkina et al. 2017). Additionally, these
precipitates can be positively or negatively charged (because
of the adsorption of hydroxometallic ions on the surface), with
a large number of possibilities for the fixation of sulfate ions
(Mamelkina et al. 2017). The sulfate ions are attracted to the
charged precipitates and form metallic hydroxysulfates with
high adsorption properties. These hydroxysulfates form larger
structures and sweep through the water (coagulation) (Singh
and Ramesh 2014). Furthermore, the process can generate a
more neutral pH (range of 6–7) and compact sludge, when
compared with conventional coagulation (Nariyan et al.
2017). In the EC process, considered to be efficient and
environment-friendly method (Wu et al. 2019), various an-
odes can be used, but Al and Fe are superior metals for pro-
ducing multivalent ions, favoring the processes. Not coinci-
dentally, these are the most common anodes used as elec-
trodes in EC (An et al. 2017; Nariyan et al. 2017); generally,
the Al electrode in acidic medium (pH < 6) is used, and in
neutral and alkaline medium, the Fe electrode is more suitable
(Bener et al. 2019).

In the EC technology (summarized in Fig. 1), oxidation and
reduction occur simultaneously. On the anode surface (framed
in red), the oxidation reaction occurs, causing the dissolution
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and hydrolysis of the Al0, releasing Al3+ into the medium,
which binds with the hydroxide ions (OH−) produced from
the cathode surface reduction (framed in black), as well as
with the sulfates in solution, thus giving rise to aluminum
sulfate complexes that form colloidal particles (Vepsäläinen
and Sillanpää 2020). Colloids are stable in water due to the net
interactions between electrostatic repulsions and attractive van
der Waals interactions between the particles (Shamaei et al.
2018; Vepsäläinen and Sillanpää 2020). In the coagulation
process, these colloidal particles are destabilized because the
repulsive energy between them is reduced by the presence of a
coagulant, being more easily agglomerated. Flocculation oc-
curs when these agglomerated particles attach to each other
with the formation of a weak bond (van derWaals forces) with
force inversely proportional to the distance from particle sur-
face, as described by the DLVO (Derjaguin, Landau, Verwey,
and Overbeek) theory (Adair et al. 2001; Shamaei et al. 2018).
Once formed, these flocs will be floated (adhered to bubbles)
by the hydrogen produced at the cathode (Vepsäläinen et al.
2011, 2012). Furthermore, the removal also may occur as
sedimentation (for higher density particles). At pH ≥ 5.5, for-
mation of insoluble aluminum hydroxides occurs (Sánchez-

España 2007), and sulfate removal can also be effected via an
adsorption process (Nippatla and Philip 2019; Follmann et al.
2020).The rate of electrochemical reactions is proportional to
the current density (Shamaei et al. 2018), and at alkaline pH, it
can be lower than the value calculated by Faraday’s law, in-
dicating that other reactions at the anode may be occurring
(Vepsäläinen 2012).

When handling a series of experiments, statistical methods
can be used in order to establish its dependence on the vari-
ables involved in the process. Therefore, the factorial design
stands as a technique that allows the combination of all vari-
ables at all levels, obtaining the simultaneous effect of each
variable over the response. The 2k factorial design is the sim-
plest type of factorial design, which involves two or more
independent variables (named factors (k)) in two levels (+1
and −1), being very useful during the initial stages of the study
when there are many variables to investigate, providing the
lowest number of runs in a complete factorial design (Calado
and Montgomery 2003).

In this sense, this work aimed to evaluate the EC processes
for the MIW sulfate removal, under different current densities
(35, 50, and 65 A m-2). As EC involves electric energy,

Fig. 1 EC scheme: the numerous unstable species formed start to aggregate, initiating the coagulation, flocculation, and floatation. Adapted from
(Sánchez-España 2007; Vepsäläinen 2012; Nariyan et al. 2017)
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different modes of exposure (continuous and intermittent)
were tested. The relation between the independent variables
(exposure mode and current density) was evaluated by means
of a 22-factorial design. Moreover, a kinetics study for the
assay with the highest removal of sulfate was performed.

Material and methods

MIW collection and analytical methods

MIW from the Sangão River (inside the Carboniferous basin
of southern Santa Catarina State, Brazil) was used for the
treatment tests. The samples were collected, filtered under
vacuum through a 0.45-μm pore membrane, as described in
the references (Núñez-Gómez et al. 2016, 2017a; APHA
2017; Rodrigues et al. 2019, 2020), and characterized. The
sulfate concentration was determined before and after the
EC tests, by photocolorimetry on a HACH 5000
Spectrophotometer using colorimetric kits Sulfaver HACH,
compatible with the Standard Methods for the Examination
of Water and Wastewater procedure (APHA 2017). Likewise,
for the metallic ions (Fe, Al, and Mn) initial characterization,
the HACH colorimetric kits were also used (ferrover,
aluminon, and periodate oxidation, respectively). These
metals were selected since they are the most commonly found
in AMD from abandoned coal mines (Seo et al. 2017). The
total organic carbon was measured as non-purgeable organic
carbon (NPOC) in the high-temperature combustion method
(APHA 2017) (Shimadzu TOC-LCSH), and the pH was mon-
itored with a Thermo Fisher Scientific pHmeter.

Experimental setup for electrocoagulation

An electrochemical system was mounted for bench-scale test-
ing, adapted from Mamelkina et al. (2017). The system
consisted of replicates of the EC reactors in parallel to execute
experiments in duplicate and triplicate. Each EC reactor
consisted of a 1-L plastic beaker, in which flat plate electrodes
of Al (anode) and stainless steel (cathode) were immersed,
spaced 5 cm from each other. The electrodes had the dimen-
sions of 5.65 × 13.9 cm, with a useful area of 28.76 cm2

(anode). A magnetic stirrer was used to homogenize the sam-
ples because a chemical species concentration gradient natu-
rally occurs. The passage of electric current from the power
supply (PS-A305D) to the reactors was regulated by a control
panel, providing continuous or intermittent current exposure
that went into the reactors with the same electric current in-
tensity (Fig. 2).

Three experiments were carried out in triplicate with three
different current intensities under the continuous mode of ex-
posure: 0.101, 0.144, and 0.187 A, yielding current densities
of 35, 50, and 65 Am−2, respectively. For all experiments, 1 L

of MIW per beaker was used, the temperature was controlled
at 23 ± 1 °C, and the total time of electric current passage was
5 h under agitation. Samples were taken hourly and filtered
under vacuum (0.45-μm pore membrane filter), and the pH
and sulfate concentration were then measured. The data ob-
tained was then used for statistical study and to determine the
appropriate kinetics.

Statistical study

Sulfate removal data for current densities 35, 50, and 65 A
m−2 and EC times of 3, 4, and 5 h were evaluated by the
analysis of variance method (ANOVA), and the difference
between the means was evaluated using the Tukey test, at a
95% confidence level (p ≤ 0.05). These analyses were per-
formed using the R software (v3.6.3, 2020).

Kinetics studies

The order (n) of a reaction is defined as the exponent of the
species concentration in the rate equation and generally is
expressed in empirical quantities, deduced from observed be-
havior (Helfferich 2004). The rate equation is expressed in Eq.
(1) and is valid for irreversible reactions in a homogenous
reactor (Fogler 1999). When the mechanism is not known, a
trial-and-error solution is often attempted to fit the data with
empirical rate equations of nth order obtained from the integral
method (Levenspiel 1999). In the integral method of analysis,
the rate equation after appropriate integration and mathemat-
ical manipulation generates Eq. (2), where C is the sulfate
concentration at time t, C0 is the initial concentration, n is
the kinetics order, and kn is the n

th-order reaction constant.

−
dC
dt

¼ knCn ð1Þ
1

Cn−1 ¼ 1

C0
n−1 þ n−1ð Þknt; for n≠1 ð2Þ

If a reasonably linearity is obtained, then the rate equation
is said to satisfactorily fit the data. Generally, it is suggested
that integral analysis is attempted first (due its higher accura-
cy), and, if not successful, the differential method is then tried.
Although the latter requires larger amounts of data, the differ-
ential method is a useful tool in uncertain situations
(Levenspiel 1999). The differential method of analysis deals
directly with the differential rate equation to be tested (Eq.
(3)), evaluating all the terms in the derivative equation and
examining the quality of the experiment equation fit.

log −
dC
dt

� �
¼ logkn þ n logC ð3Þ
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Factorial design

The influence of the different current densities with different
exposure modes on the sulfate removal fromMIW was inves-
tigated, using the 22-factorial design in duplicate with the cen-
tral point in triplicate. The factor scores (−1 and + 1) indicate
the minimum and maximum level for each test of the vari-
ables, and the central point (0) is the symmetrical distance
between both, as shown in Table 1.

The mode of exposure and current density were the inde-
pendent variables (k), and as the dependent variable (re-
sponse), the efficiency of sulfate removal (%) after 5-h treat-
ment was selected. Therefore, the combination of all variables
provided seven experiments, which were determined by the
Statistica software, following the matrix in Table 1. The sul-
fate removal was evaluated by the analysis of variance

ANOVA, Pareto diagrams, and response surface (3D and
2D) graphs, using the Statistica 8 software (Statsoft, Inc.).

Results and discussion

pH rise and sulfate removal in continuous mode of
exposure

Initially, the MIW pH was 3.30 and the sulfate concentration
was 210 mg L−1 (for the 65 A m−2 assay) and 190 mg L−1 (for
the 35 and 50 A m−2 assays). This difference on the sulfate
concentration values is because the assays were performed in
different days, and it is known that MIW composition varies
over time. The metallic ions concentrations were 29.4, 11.24,
and 2.0 mg L−1, for Fe, Al, and Mn, respectively, and the non-

Table 1 Factorial design results
for sulfate removal efficiency by
EC

Independent variable/ (level) (−1) 0 (+1)

Current density (A m−2) 35 50 65

Mode of exposure (on/off)a 5/0 (continuous) 5/5 5/10

Independent variables Dependent variable

Current density Mode of exposure Efficiency (% removal) Mean efficiency ± SDb

Experiment 1 35 5/0 63.68 65.26 ± 2.23
66.84

Experiment 2 65 5/0 72.38 70.95 ± 2.02
69.52

Experiment 3 35 5/10 18.33 14.17 ± 5.89
10.00

Experiment 4 65 5/10 44.71 45.29 ± 0.83
45.88

Experiment 5 50 5/5 51.11 50.37 ± 2.31
Experiment 6 50 5/5 52.22

Experiment 7 50 5/5 47.78

a (minutes on/minutes off) of electric current
b SD standard deviation

Fig. 2 a An illustration and b a photograph of the EC tests, operated in laboratory scale.
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purgeable organic carbon was 0 mg L−1. Although the sulfate
concentrations in these samples did not exceed the maximum
allowed value (MAV) by the Brazilian normative (250mg L−1

for freshwater) (Brazil 2011), sulfate removal is important due
to sulfate-reducing bacteria, capable of transforming sulfate
into toxic sulfide, in the Sangão River (Rodrigues et al.
2020), where the MAV cannot exceed 0.3 mg L−1 in Class
III freshwater (adequate for reuse as non-potable) (Brazil
2005). Figure 3a shows the pH variations over electric current
flow and time. The 50- and 65-A m−2 current density curves
presented a similarly high slope with the corresponding in-
crease in pH until 3 h, and, after that, a smoother curve was
produced. In contrast, with the 35-A m−2 curve, the pH rise
was less pronounced.

Although, for the 3 current densities tested, at the end of the
5-h experiment, the final pH values were not under 7.70 (7.70
± 0.27, 8.75 ± 0.14, and 8.06 ± 0.42 for 35, 50, and 65 A m−2,
respectively). The pH rise is probably derived from the hydro-
lysis reactions that occur at the cathode, generating hydroxyl
anions (OH−). The rate of the electrochemical reaction is di-
rectly proportional to the current density, and the test with the
lowest current density (35 A m−2) corroborates this: less hy-
droxyl was produced, so its pH was slightly lower, though
very close to the other two currents tested. Analogously, in
the sulfate decay curves (Fig. 3b), at the lowest current densi-
ty, less sulfate was removed (i.e., a lower rate of sulfate decay
had occurred) when compared with other current densities.
For the sulfate concentration, the 65- and 50-A m−2 curves
followed the same pattern of decay: until 2 h presented a
higher decay and, after that, a smoother curve came out, with
very similar sulfate concentrations over time. For the 65 A
m−2, the sulfate concentration decay was faster after 1 h. The
35-Am−2 assay presented a much smoother decay in the first 2
h. However, at the end of 5 h, the concentrations of the three
assays were similar (≤ 65.33 mg L−1).

In relation to sulfate concentration over time, ANOVA
showed no significant difference between 3, 4, and 5 h for
the current density of 65 A m−2 (p = 0.3930). In contrast, for
the 50-A m−2 current density, the ANOVA showed difference
between them (p = 0.0294): the Tukey test showed no

difference between 4 and 5 h (p = 0.9840) but presented dif-
ference between 3 and 5 h (p = 0.0396) and between 3 and 4 h
(p = 0.0486). Consequently, viewing the lowest power con-
sumption, 50-A m−2 current density during 4-h EC, or 65 A
m−2 with 3-h EC time, can be chosen as convenient treatment
conditions. Furthermore, an estimation based on Faraday’s
law indicates that both conditions are release to the medium
approximately the same Al mass (67.11 g and 65.44 g for 50
A m−2 during 4 h and 65 A m−2 during 3 h, respectively) and
then, a similar power consumption can be deduced (see sup-
plementary material, Eq. S1 and Fig. S1).

According to the speciation diagram of aluminum in AMD
(Sánchez-España 2007), several aluminum sulfate complexes
are formed at pH 0–6.5, Al(OH)3 precipitates at pH 5.5–8, and
the formation of soluble aluminate occurs at pH ≥ 6. Thus, the
sulfate removal via flocculation/coagulation until 2 h of expo-
sure time (formation of AlSO4

+ and Al(SO4)2
−) and participa-

tion of adsorption on Al(OH)3 between 2 and 3 h can be
suggested. After 3 h of exposure time, in the 50- and 65-A
m−2 cases, pH is near of 8 and then aluminum from anode
remains mostly dissolved as aluminate and sulfate removal
does not occur (Fig. 3). Consequently, it can be deduced that
pH values > 8 are not adequate for removing sulfate via
electrocoagulation processes.

The mean efficiency obtained for sulfate removal in each
test after 5 h (Fig. 4A) indicates that values were also close in
terms of removal. The mean efficiencies obtained were 65.26
± 2.23, 69.12 ± 2.65, and 70.95 ± 2.02 (% sulfate removal) for
the current densities 35, 50, and 65 A m−2, respectively.
However, the ANOVA showed that there was a significant
difference in the removal efficiencies (p = 0.0432). To com-
pare the difference between the means of each treatment, the
Tukey test was performed. The 65-A m−2 assay differs statis-
tically from the 35Am−2 (p = 0.0387), but the 50-Am−2 assay
does not differ statistically from either the 35 A m−2 (p =
0.1582) or the 65 A m−2 (p = 0.5364). This comparison is also
illustrated in the alignment of the error bars in Fig. 4a: the bar
corresponding to the assay at 50 A m−2 (orange) is aligned
with the others’ efficiency bars, but the 65-A m−2 (gray) bar is
not aligned with the 35-A m−2 bar (blue). Figure 4b shows the

Fig. 3 a pH and b sulfate
concentration decay profile for
the different electric current
densities tested. The data points
represent triplicate average values
and the error bars represent the
standard deviation
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best sulfate removal efficiency for each current density (at
different times), reiterating that the 65 A m-2 with 3-h time
can be chosen as convenient treatment conditions, as stated
before in the ANOVA analysis.

A small number of studies regarding the removal of sulfate
via EC were found, in which substantially different experi-
mental conditions were used: Hossini et al. (2015) reached
approximately 85% sulfate removal from a synthetic waste-
water at pH 8with 80mg L−1 sulfate using an iron anode and a
current density of 120 A m−2 for 90-min EC time. Nariyan
et al. (2017) reached a 41% removal from real AMD contain-
ing 13,000-mg L−1 sulfate after 2-h EC time using 700-A m−2

current density. Higher EC times had not been tested. In the
current research, 64.29% sulfate removal was reached after 2-
h treatment (65 A m−2 assay), although it progressed to
71.43% after 3 h and oscillated to 70.95% after 5 h (Fig. 4).
The comparison of these results seems to confirm that very
high current densities do not improve the sulfate removal
when aluminum anode is used, because the high pH elevation
drives to the formation of soluble aluminate (Kaur et al. 2018),
which does not contribute to the EC process. Tait et al. (2009)
studied precipitation in the form of gypsum crystallization for
sulfate-contaminated wastewaters with high concentrations
(up to 11,400 mg L−1), concluding that the method is effective
for considerably high concentrations but limited for low sul-
fate concentrations. Therefore, it can be inferred that EC is
potentially an adequate method for relatively low sulfate con-
centrations and precipitation is effective for higher
concentrations.

Kinetics study over the highest sulfate removal assay

A kinetics study of the sulfate removal was performed because
a decay on the sulfate concentration over time was evident.
The determination of the kinetic reaction order was carried out
for the 65-A m−2 continuous mode of exposure assay because
this condition showed the best sulfate removal after 5 h.
Several n values were considered (ranging from 0 to 4, in

0.5 increments), and kn was calculated according to the corre-
sponding equations (Eq. (2)). In Table 2, the calculations are
listed in descending order of the coefficient of determination
(R2) from the tested kinetic equations.

As Table 2 indicates, three different orders reached high
and similar R2 (n = 3, 3.5, and 2.5, providing R2 = 0.9857,
0.9820, and 0.9809, respectively). Therefore, as a comple-
mentarily test and as tiebreaker criteria, the differential meth-
odwas tested (Eq. 3), and Fig. 5 shows the corresponding plot.

Through linear regression, the angular coefficient gives n
that approaches 3 (2.9036). Therefore, it indicates that the
kinetic is of third order. The k3 value obtained from the dif-
ferential method was 2.8 × 10−5 L2 mg−2 h−1, relatively close
to the k3 value from the integral method (4 × 10−5 L2 mg−2 h−1,
Table 2). A sulfate decay kinetics of third order implies in a
high and a low decay rate at high and low sulfate
concentrations, respectively. This is in agreement with the
behavior observed in the Figure 3b, in which the sulfate
concentration drops quickly until 3 h of exposure time
remaining virtually constant between 3 and 5 h. The kinetic
studies of sulfate decay are controversial, and there is no
general agreement between the various authors. Hossini
et al. (2015) proposed first-order kinetics, and Nariyan et al.
(2017) proposed a second-order model on the basis of the R2

value only, and other orders have not been tested.
Considering that each point of the data had been obtained

from triplicate experiments, the temperature was controlled
and constant (23 ± 1 °C), and both methods (differential and
integral) converged to similar values of k3; there is sufficient
rationale to consider n = 3 to be adequate. As the integral
method has higher accuracy, the k3 generated by this method
was considered.

Factorial design

A factorial design was carried out to verify the best com-
bination between the values of the independent variables
(factors) selected: current density and mode of exposure,

Fig. 4 a Efficiencies for sulfate
removal after 5 h of continuous
mode of exposure. b Comparison
of the best sulfate removal
efficiency for each current density
(at different times of exposure).
The bars represent the standard
deviation of the mean values
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as well as their influence level in the treatment. The cur-
rent density was selected because a statistically signifi-
cant difference in the sulfate removal efficiency was
found as a function of the current density value. The
mode of exposure was also varied (continuous and inter-
mittent) to find the best condition with the lowest possi-
ble power consumption.

Therefore, seven tests were performed according to the 22-
factorial design, in duplicate with center point in triplicate,
with exposure time of 5 h for each. Table 1 contains the matrix
with all combinations of the independent variables tested, as
well as the corresponding dependent variables (responses),
and the mean and standard deviations of the tests were per-
formed in duplicate and triplicate. The ANOVA showed that
the model presented for sulfate removal was significant
(Fcalculated > FTabulated, for all factors that substantially affected
the sulfate removal) (Table 3). Complementarily, the model
was validated by the distribution of residuals (Fig. 6a). The
predicted values by the model (red line) and the observed
values (blue circles) are significantly similar, showing a strong
correlation between them with an excellent adjustment

(99.28%) of the mathematical model, indicating that this mod-
el is predictive for sulfate removal.

When performing the factorial design, the influence of each
variable over the response, as well as the interaction between
them, must be identified. From the Pareto chart (Fig. 6b), the
effect of each variable tested can be identified, with the inter-
action between them for sulfate removal, at a confidence level
of 95% (p ≤ 0.05). The current density variable positively
influenced the sulfate removal: the higher current density ap-
plied the greater removal is obtained. For the mode of expo-
sure variable, the influence was negative: so, the longer the
current was off, the amount of sulfate removed decreased.
Nevertheless, the interaction between these two variables is
positive: when a higher current density (positive) with more
time off (negative) is combined, the removal capacity is in-
creased. These results confirm that lower current densities or
shorter exposure times release a lower amount of Al3+ to the
medium, i.e., a lower amount of coagulant and, consequently,
a lower sulfate removal are attained.

Considering that the variance analysis showed that sulfate
removal was significantly affected by both factors individual-
ly as well as the interaction between them (p < 0.05, Table 3),
the variables’ influence was analyzed on response surface
plots to determine the level for each factor that provides the
highest removal efficiency for the parameter. Figure 6c shows
the 3D contour curve graph, and Fig. 6d shows the 2D re-
sponse surface for sulfate removal. Analyzing the mode of
exposure, the continuous (5/0) provided better sulfate remov-
al, with efficiencies > 70% for current densities between 50
and 65 A m−2, in agreement with Fig. 4. If the exposure is
intermittent (5/5 and 5/10), lower efficiencies occur for all
current densities tested, as above deduced from the Pareto
chart. The best sulfate removal (70.95 ± 2.02%) was obtained
with continuous mode of exposure and a current density of 65
A m−2.

Table 2 Sulfate decay kinetics tested obtained from the integral method for 65 A·m-2.

R² Order (n) Linearized Equation Linear regression kn knunit

0.9857 3 1
C2 ¼ 1

Ç
C0

þ 2kt 1
C2 ¼ 2� 10−5þ 8� 10−5t 4×10-5 L2·mg-2 h-1

0.9820 3.5 1
C2:5 ¼ 1

C0
2:5 þ 2:5kt 1

C2:5 ¼ 2� 10−7þ 1� 10−5t 4×10-6 L2.5·mg-2.5

h-1

0.9809 2.5 1
C1:5 ¼ 1

C0
1:5 þ 1:5kt 1

C1:5 ¼ 4� 10−4þ 5� 10−4t 3.3×10-4 L1.5·mg-1.5

h-1

0.9731 4 1
C3 ¼ 1

C0
3 þ 3kt 1

C3 ¼ 3� 10−7þ 2� 10−6t 6.7×10-7 L3·mg-3 h-1

0.9643 2 1
C ¼ 1

C0
þ kt 1

C ¼ 5:7� 10−3þ 3:4� 10−3t 3.4×10-3 L·mg-1 h-1

0.9338 1.5 1ffiffiffi
C

p ¼ 1ffiffiffiffi
C0

p þ 0:5kt 1ffiffiffi
C

p ¼ 0:0763þ 0:0162t 0.0324 L0.5·mg-0.5

h-1

0.8896 1 lnC = lnC0 − kt lnC = 5.1395 − 0.3231t 0.3231 h-1

0.8354 0.5
ffiffiffiffi
C

p ¼ ffiffiffiffiffiffi
C0

p
−0:5kt

ffiffiffiffi
C

p ¼ 13:087−1:6662t 3.3324 mg0.5·L-0.5

h-1

0.7771 0 C =C0 − kt C = 173 − 35.6t 35.6 mg·L-1 h-1

Fig. 5 Graphical determination of the sulfate decay reaction order by the
differential method: the curve slope is the order (n), and the intercept is
the logarithm of kn.
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Fig. 6 aResidual distribution for the sulfate removal, indicating the goodness of fit (R2 = 0.9928) and b Pareto chart over the variables and the interaction
between them. c Contour curve and d response surface for % sulfate removal

Table 3 Analysis of variance for
the sulfate removal variables in
22-factorial design

Factor SS df MS FCalc FTab
a p

Current density (CD) 338.744 1 338.744 71.0904 9.28 0.003501

Exposure mode (EM) 1472.641 1 1472.641 309.0553 9.28 0.000401

CD by EM 161.671 1 161.671 33.9291 9.28 0.010077

Error 14.295 3 4.765

Total SS 1987.351 6

SS sum of squares, df degrees of freedom, MS mean square, F factor F, p probability
a Tabulated values for a 95% confidence level (Box et al. 1978)

39580 Environ Sci Pollut Res  (2020) 27:39572–39583



Conclusions

This study has demonstrated that EC is a valuable sulfate
removal alternative when compared with conventional precip-
itation methods, especially for relatively low sulfate concen-
trations. A minimum current density of 50 A m−2 along with
4 h of continuous mode of exposure, or a 65-A m−2 assay
along with 3 h, is convenient for an effective performance.

The sulfate removal from MIW by EC on the assays with
continuous modes of exposure to the electric current yielded
plausible efficiencies of up to 70.95 ± 2.02% (65 Am-2). With
these conditions, the results were better than other studies with
significantly higher current densities, although the relatively
low removal percentages show the difficulty in the sulfate
removal from MIW. The kinetics study showed that this sul-
fate removal follows a third-order decay. ECwas also efficient
in increasing the pH values in the MIW to values between
7.70 and 8.75. The incomplete removal of sulfate is tentatively
attributed to too high pH values (pH > 8) and/or the third-order
kinetic decay.

The factorial design showed that the continuous mode of
exposure, together with 65-A m−2 current density, is the best
condition for sulfate removal from MIW by EC, proving that
an intermittent mode of exposure does not achieve the same
effect. The mathematical model of linear regression obtained
from the response surface methodology presented an excellent
adjustment to the original model.

As a continuation of this research, the effects of initial pH,
initial sulfate concentration, and metallic ions (Fe, Al, and
Mn) removal on EC are being thoroughly studied.
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