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A B S T R A C T   

This research aims to evaluate the feasibility of a laboratory-scale batch electrocoagulation system for removing 
hardness, SO4

2− , and manganese from groundwater in San Cristobal, a rural community in the Austro region of 
Ecuador. The efficiency of the electrocoagulation process was compared to the conventional chemical precipi
tation with lime and alum coagulation. Various variables were analyzed to evaluate the performance of the 
electrocoagulation system, including initial pH, operating time, current density, and lime addition. The results 
showed that a basic environment (~ pH 8.5) proved more effective in removing hardness and SO4

2− electrolytes 
by producing ferric flocs with high adsorption properties. Achieving reasonable removal efficiencies for hardness 
and SO4

2− under neutral or alkaline solution required a minimum of 80 min. Increasing the current density 
enhanced the removal of hardness and sulfate, and the addition of small amounts of lime (125 mg L− 1) increased 
the hardness removal efficiency from approximately 35 to 50.5%. Under the operating conditions of pH 8.5, 80 
min of operation, a current density of 1.0 mA cm− 2, and a lime concentration of 75 mg L− 1, the system achieved a 
removal efficiency of 37.6% for hardness, 14.7% for SO4

2− , and a 65.3% for manganese to comply with Ecua
dorian drinking water criteria. While lime precipitation and alum coagulation reduced hardness to meet the 
Ecuadorian INEN 1108 Regulation requirements, the significant demand for treatment chemicals to reduce 
hardness content rendered the process unsustainable for implementation in the San Cristobal treatment plant. 
The conventional treatment method failed to reduce sulfate or manganese, and the excessive chemical con
sumption was not economically viable (1 kg of lime and 0.02 kg of alum per cubic meter of water). In conclusion, 
this study demonstrates that electrocoagulation, as a chemical-free system, minimizes the use of chemical ad
ditives to provide safe water to the population of San Cristobal.   

1. Introduction 

Each year, an alarming 1.5 million diseases occur due to illnesses 
related to poor access to clean water, sanitation, and hygiene [1]. The 
presence of high concentrations of hardness, sulfates, and manganese in 
water has been linked to various health issues, such as cardiovascular 
disorders [2], gastrointestinal matters [3,4], and neurological compli
cations [5,6]. This situation not only affects the well-being of individuals 

but also burdens peri-urban settlements with economic losses due to the 
low productivity of the population. Furthermore, the lack of drinking 
water supply hinders the development of other economic activities in 
these areas [1,7]. Overcoming water treatment challenges in rural 
communities remains an urgent issue. Conventional treatment processes 
have proven ineffective when not operated or maintained correctly. At 
the same time, advanced technologies have been tested on a limited 
basis in rural zones [8,9]. Thus, evaluating both conventional and 
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non-conventional water treatment technologies is crucial to determine 
their feasibility in ensuring water quality under the constraints of 
remote locations. 

Traditionally, lime softening has been employed to address water 
hardness issues, demonstrating removal efficiencies of hardness species 
exceeding 80% [10,11]. This method, widely adopted for over two 
centuries, involves the introduction of the chemical base Ca(OH)2 to 
disrupt the ionic balance of dissolved substances in water [12]. Lime 
softening offers ease of operation and low capital cost; however, it is 
associated with high operating costs due to expenses related to sludge 
disposal and pH adjustments [13]. Lime softening has proven effective 
in achieving removal efficiencies from 92 to 100% when pH is alkaline, 
e.g., around 11 [14], 91% [11,15]. Nevertheless, the availability and 
affordability of Ca(OH)2 may vary by region. Also, it is important to note 
that other contaminants can adversely affect the precipitation reaction. 
For instance, the presence of sulfate ions promotes the formation of 
calcium sulfate, leading to increased sludge production [12]. Consid
ering these limitations, advanced technologies offer promising solutions. 
Electrocoagulation, for instance, is a chemical-free process that mini
mizes the need for chemical additives, and its operation can be config
ured for optimal performance under reasonable operating conditions 
and simple maintenance requirements. 

Electrocoagulation is an electrochemical process that involves elec
trodes connected to a power source within an electrochemical cell, 
generating coagulants in situ [16,17]. The method comprises three 
steps: (1) electrolytic oxidation at the anode, which incorporates Fe2+, 
Fe3+ ions, and O2(g) in the solution; (2) water molecule hydrolysis at the 
cathode, producing H2(g) bubbles, and reacting OH− ions with metal ions 
to form the coagulant, (3) contaminants adhering to the coagulant and 
floating to the surface for removal through sedimentation [18]. 
Compared to traditional chemical precipitation, electrocoagulation of
fers several advantages. For example, in situ hydroxides as coagulants 
exhibit adsorption performance 100 times higher than precipitated 
metallic hydroxides [16]. The air bubbles generated during electrolysis 
contribute to flotation, resulting in lower sludge production that is easily 
dehydratable and removing smaller particles than colloids [16,19]. 
Moreover, the acquisition cost of chemical additives can be significantly 
reduced, as demonstrated by a wastewater company that achieved a 
90% cost reduction by replacing conventional coagulation with elec
trocoagulation [17]. Various studies, including Rodríguez et al. [20], 
Bayramoglu et al. [21], Khaled et al. [22], and Espinoza et al. [23] have 
reported cost reductions of two to threefold when electrocoagulation is 
deployed instead of chemical coagulation due to the decrease in chem
ical usage. Bayramoglu et al. [21] found that iron and aluminum elec
trodes were cost-efficient in comparison to conventional coagulation 
using ferric or aluminum salts, i.e., costs were below 0.40 USD per m3 for 
electrocoagulation compared to a range of 0.70–0.96 USD per m3 for 
conventional coagulation. However, it is important to consider the main 
disadvantages associated with electrocoagulation, such as the cost of 
electricity in certain rural regions, the need for periodic replacement of 
sacrificial anodes, and cathode passivation. Consequently, research has 
explored alternative approaches, including solar-powered electro
coagulation systems deployed in Greece [24], India [25], and Malaysia 
[26]. In South Africa, recycled corrugated iron has been proposed, 
achieving 99% sulfate removal efficiency [27]. Furthermore, sugges
tions have been made for current inversion to enhance electrode disso
lution efficiency [28,29]. 

Laboratory-scale evaluations of electrocoagulation commonly 
involve the preparation of synthetic samples with varying concentra
tions of calcium chloride [30,31]. However, it is crucial to recognize that 
the system’s performance under real conditions may differ because 
natural waters’ physicochemical quality may vary significantly. For 
instance, Halpegama et al. [30] observed a 20% difference in hardness 
removal efficiency between an electrocoagulation process conducted on 
a groundwater sample (63%) compared to a synthetic solution (83%). 
These respective removal percentages were achieved within 52 and 28 

min. The authors attributed this difference to the absence of SO4
2− , and 

Cl− ions in the synthetic water, which affected the removal efficiency 
due to changes in solution electronegativity caused by the presence of 
anions or alterations in positively charged sites within metal hydroxide 
precipitates. 

Consequently, it is essential to conduct studies using synthetic sam
ples that closely resemble the chemical characteristics of natural water 
to assess removal efficiencies and quantify differences accurately. 
Another parameter of interest is the material of electrodes, with the 
literature primarily reporting the use of aluminum electrodes, which 
yield hardness removal efficiencies of approximately 80% [32,33]. 
However, Mahmood et al. [31] compared the use of iron and aluminum 
electrodes with direct current and polarity reversals and found that iron 
electrodes resulted in 10% higher efficiencies in calcium removal. The 
underlying reason for this higher reduction has not yet been determined. 
Furthermore, there is limited information regarding the influence of pH 
variations on calcium hardness removal. Some authors suggested that 
adjustments are unnecessary within a pH range of 6.5–7 to remove 
hardness [38]; however, no experimental evidence was provided. 
Conversely, other authors propose that the characteristics of floc formed 
depend on the condition of the medium and that higher pH values can 
lead to hardness precipitation around the cathode [34]. Fe(OH)3 can 
also form in alkaline environments leading to increased flocs generation 
and the entrapment of more carbonate salts [35]. Overall, there is a lack 
of systematic experimental studies on Ca2+ removal in the literature [35, 
36]. 

Electrocoagulation has also been applied to reduce manganese con
centrations. However, removal percentages higher than 70% have 
typically been achieved through assisted processes, such as agitation, 
aeration, or electrode modifications. For instance, bench-scale tests 
conducted by Hanay et al. [37], Al Aji et al. [38], and Gatsios et al. [39] 
utilized approximately 500–750 mL of water samples, pH values above 
6, current densities ranging from 14 to 25 mA cm− 2, and constant mixing 
at 150–200 rpm, with treatment times ranging from 35 to 90 min. These 
authors explained that the high manganese removal percentages of 85%, 
73%, and 89%, respectively, were attributed to cathodic metal deposi
tion, precipitation and co-precipitation mechanisms, sorption capacity 
of polymeric hydroxides, and the electrochemical stability of manganese 
as indicated by the Pourbaix diagram within the pH range of 7.5–13. 
However, no specific explanations were provided regarding the influ
ence of the mixing mechanism. Shafaei et al. [40] evaluated manganese 
removal within a concentration range of 25–400 mg L− 1 in a reactor 
equipped with an incorporated aeration system. The researchers 
observed that the removal efficiency decreased as the initial manganese 
concentration increased, possibly because the amount of hydroxide 
generated was unaffected by the initial concentration. The researchers 
also investigated manganese removal in a simple electrocoagulation 
reactor and achieved 100% removal efficiency within 30 min. However, 
when treating wastewater samples under the same conditions, electro
coagulation only removed 40% of manganese with an operating time of 
60 min [41]. The researchers concluded that this behavior could be 
attributed to the presence of organic material that aluminum hydroxides 
could adsorb. Mohd et al. [42] modified the electrodes with biochar and 
achieved 99.9% removal of manganese as Mn2+ from a contaminated 
superficial water sample. The author attributed this high removal effi
ciency to the adsorption properties of the material. 

Since 2016, investigations have been conducted in Ecuador to 
examine the efficiency of the electrocoagulation process in treating 
wastewater from the textile and dairy industries [43,44]. However, 
these studies have primarily focused on removing color and organic 
substances. For instance, Guamán et al. [44] constructed a 
laboratory-scale continuous cycle reactor with a capacity of 20 L, con
sisting of five sub-cells, each containing ten electrodes. The author 
evaluated the color removal after each compartment by varying the 
current intensity between 10 and 50A, reducing 66% after the first cell 
and 96% after the third. In contrast, López et al. [43] evaluated a 9 L 

J.I. Mendez-Ruiz et al.                                                                                                                                                                                                                         



Case Studies in Chemical and Environmental Engineering 8 (2023) 100448

3

electrocoagulation system, experimenting with various parameters, 
such as reaction time (30–60 min), number of plates (6 and 12), and 
voltage (6 and 12 V). The study achieved efficiencies of 93% for 
chemical oxygen demand, 82% for biochemical oxygen demand, and 
76% for suspended solids. However, there is still a need to optimize the 
range of current intensity to achieve the desired removal efficiencies and 
to evaluate the impact of other variables such as initial pH, operation 
time, and minimizing energy requirement. Additionally, it is important 
to consider the simultaneous removal of various contaminants. This 
research aims to develop a simple monopolar electrocoagulation system 
with iron electrodes to remove hardness, Mn2+, and SO4

2− from 
groundwater, making it suitable for human consumption. The pH con
ditions will be systematically evaluated under acidic, basic, and neutral 
conditions. The applied current density will be tested within the 0.3–5.0 
mA cm− 2 range, and reaction times will vary from 20 to 140 min. 
Furthermore, the electrocoagulation operating conditions will be opti
mized at the laboratory level to ensure the technology’s viability in rural 
communities when scaled up. 

2. Materials and methods 

2.1. Description of the case study 

San Cristobal is located in the northeast region of Azuay province, 
Ecuador. Due to the lack of surface water bodies and low rainfall with 
annual precipitation of 500 mm, the terrain is arid. The sector has a 
predominantly cold climate with mean annual temperatures ranging 
from 12 to 20 ◦C. San Cristóbal is favored by microclimates that provide 
economic growth for the industry in agricultural and livestock activities 
and the contributions of extractive activities, such as forestry. Fig. 1 
shows the study area and zones of economic activities that are 
conducted. 

In 2022, the population of San Cristóbal, comprising La Victoria, 
Bellavista, Pueblo Nuevo, El Descanso, Cristo Rey, Gauchún, and Pampa 
Negra, was approximately 2875 citizens [45]. These communities rely 
on groundwater sourced from a 90-m-deep Loyola Formation aquifer, 
pumped to the catchment station, and conveyed to the treatment facility 
in "El Descanso". The plant performs conventional treatment processes 
to remove the colloidal suspension and hardness and inactivate 

microbiological organisms in the water. However, technical and main
tenance problems with the treatment units, such as corrosion in the 
metallic elements of the purification systems, deterioration of the rein
forcing steel coating in the treatment unit, useless hardness removal due 
to cationic exchange softener, and failed pumps, have caused some 
processes to stop indefinitely, resulting in the distribution of untreated 
water to the population [9]. 

2.2. Water sampling 

The sampling campaign during the dry season of November 2022 
followed the procedures for sampling, handling, and conserving water 
samples established in the Ecuadorian Technical Guideline INEN 2169 
[46]. Groundwater samples (V=170 L) used for the experiments were 
collected at the inlet flow of the El Descanso water treatment plant using 
polypropylene containers. The containers were refrigerated, and the 
water samples were transported in portable coolers, maintaining a 
temperature between 0 and 5 ◦C, to ensure the preservation of water 
quality for further analysis. To assure the reliability and reproducibility 
of measurements, each water parameter analysis was performed three 
times, where errors were below 4%. 

2.3. Physicochemical analyses 

Measurements of the physicochemical properties of water, such as 
turbidity (TU, NTU), pH, electrical conductivity (EC, μS cm− 1), and 
temperature (T, ◦C), were performed using a turbidity meter (2100Q, 
HACH) and a multiparameter (HQ40d, HACH). The turbidity meter was 
calibrated using formazin standard solutions of 20, 100, and 800 NTU, 
and the calibration process was validated against a formazin standard 
solution of 10 NTU. Similarly, the multiparameter sensors were cali
brated against standard buffer solutions and a standard conductivity 
solution, such as 1000 μS cm− 1 NaCl, to ensure accurate measurements. 

Primary ions, such as water hardness and bicarbonate, were 
measured by titration methods. In contrast, ions, such as sulfate, and 
chloride, were measured by ultraviolet–visible (UV–Vis) spectropho
tometry. Manganese content was measured by chromatography 
techniques. 

The calcium hardness concentration was measured using the burette 

Fig. 1. Study area: San Cristobal community, including the sector where the main economic activities of the zone are carried out.  
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titration method [47] with ethylenediaminetetraacetic acid (EDTA). 
Similarly, the total hardness content was measured using an EDTA 
titrimetric method [48]. These methods determine hardness concen
trations between 0 and 25,000 mg L− 1 as CaCO3. The bicarbonate 
concentration was determined using a volumetric analysis [49] with a 
standard 0.02 N sulfuric acid solution at the titration end-point. This 
method measures alkalinity ranging from 0 to 5000 mg L− 1 as CaCO3. 
The sulfate concentration was measured using the USEPA SulfaVer 4 
method [50] with a spectrophotometer (DR 3900, HACH). Since this 
method measures sulfate content ranging from 2 to 70 mg L− 1 SO4

2− , 
higher concentrations were diluted ten times using deionized water 
before measurement. The spectrophotometer instrument was calibrated 
using a standard solution of 70 mg L− 1 SO4

2− . The mercuric thiocyanate 
method estimated the chloride ion concentration [51]. This method 
calculates chloride content from 0.10 to 25.00 mg L− 1 Cl− . The spec
trophotometer was calibrated using a standard solution of 20 mg L− 1 Cl−

prior to measurement. Manganese (Mn) concentrations were measured 
using inductively coupled plasma optical emission spectroscopy. 

2.4. Experimental conditions 

Fig. 2 shows the workflow of the experimentation stages, starting 
with the conventional treatment process of chemical precipitation. The 
chemical precipitation process included lime precipitation, lime pre
cipitation followed by alum coagulation, and the simultaneous lime 
precipitation and alum coagulation processes to remove hardness and 
sulfates. In all experiments, the groundwater samples from San Cristobal 
were used to evaluate the feasibility of this technology in the commu
nity. The second stage consisted of performing the electrocoagulation 
process by studying the influence of various operating conditions on the 
system’s performance. 

2.4.1. Chemical precipitation 
Conventional precipitation processes, e.g., lime softening and alum 

coagulation, were evaluated to remove total and calcium hardness. Lime 
softening and alum coagulation trials were performed using a four- 
paddle jar test apparatus (7790 PB-950, Phipps & Birds). The jar test 
equipment stirred the solution rapidly at 100 rpm for 1 min, followed by 
gentle stirring at 35 rpm for 20 min. The floc sedimentation time was set 
at 20 min before measuring the quality properties of the supernatant 
(softened water). 

Hydrated lime (lime) of technical grade was used to prepare the 
calcium hydroxide stock solution at a concentration of 20 wt%. The 
coagulant solution was prepared by dissolving 5 g of aluminum sulfate 
pentahydrate (alum) in 500 mL of deionized water, resulting in a 

concentration of 0.02 M. These chemicals were prepared fresh for each 
experiment. Experiments were conducted three times to ensure 
reproducibility. 

2.4.2. Electrocoagulation 
Electrocoagulation experiments were conducted in a batch setting 

using a 150 mL electrochemical cell. The two-iron electrode configura
tion was used as the anode and cathode (A=7.9 cm2), with an inter- 
electrode distance of 2.0 cm, as illustrated in Fig. 3. The power supply 
was a potentiostat/galvanostat (CS150, CorrTest) with a CS Studio5 
software interface to adjust experimental configurations, such as applied 
current densities, and reaction times. Before each experiment, the 
electrode rods were polished with 2400-grit sandpaper and rinsed with 
deionized water. Experiments were conducted three times to ensure 
reproducibility.  

a. Effect of reaction time, pH adjustment, current density, and lime 
addition 

The effect of pH and reaction time on contaminant removal effi
ciency was assessed under galvanostatic conditions. The applied current 
density remained fixed at 1.5 mA cm− 2 in each experiment. The ex
periments were carried out in acidic (pH 2.7 ± 0.4), neutral (pH 7.2 ±
0.3), and basic (pH 8.5 ± 0.1) media. The pH was adjusted with 0.02 M 
HNO3 or 0.01 M KOH. The reaction time was evaluated from 20 to 220 
min. 

Current densities from 0.3 to 5.0 mA cm− 2 were tested to remove 
contaminants, increasing by approximately 0.3 mA cm− 2 each time. In 
each experiment, the pH was adjusted to a basic medium (pH 8.5 ± 0.1); 
meanwhile, the electrocoagulation reaction time was adjusted to 80 
min. 

The effect of lime addition on the contaminant removal with elec
trocoagulation was evaluated from 25 to 400 mg L− 1 lime. In each 
experiment, the initial pH was adjusted to a basic environment (pH 8.5 
± 0.1); meanwhile, the electrolysis time and current density remained at 
80 min and 1.5 mA cm− 2, respectively.  

b. Optimization of the Electrocoagulation System 

Current density and lime dose variables were studied to minimize 
energy requirements and treatment chemicals on a bench-lab scale. The 
selected current density values ranged from 1.0 to 1.8 mA cm− 2, and the 
added lime doses ranged from 25 to 125 mg L− 1. In each experiment, the 
initial pH was adjusted to a basic medium (pH 8.5 ± 0.1), and the re
action time remained at 80 min. 

Fig. 2. Schematic of the experimentation methodology.  
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3. Results and discussion 

3.1. Chemical precipitation  

a. Lime softening 

Fig. 4 shows the residual concentrations of total hardness, calcium 
hardness, and bicarbonate during lime precipitation. The addition of 
lime led to a decrease in total and calcium hardness. For example, the 
introduction of 1000 mg L− 1 of lime reduced the total hardness content 
from 674.0 ± 4.6 mg L− 1 to 228.0 ± 3.6 mg L− 1 as CaCO3, resulting in 
an 89.2% reduction in hardness, as depicted in Fig. 4(a). The results 
demonstrate that most hardness ions removed during lime precipitation 
corresponded to soluble calcium compounds. At a lime dose of 1000 mg 
L− 1, the residual concentration of calcium hardness was 50.0 ± 3.2 mg 
L− 1 as CaCO3, as shown in Fig. 4(b). Previous studies by Korchuganova 
et al. [52], Comstock et al. [53], and Leeuwen et al. [54] have indicated 
that the sludge composition of lime softening primarily consists of cal
cium precipitates, such as CaCO3 and Ca(OH)2. 

On the other hand, no significant removal of magnesium hardness 
was observed following lime implementation. The initial concentration 
of magnesium hardness at 210.0 ± 2.6 mg L− 1 CaCO3 remained rela
tively constant at lime doses between 100 and 400 mg L− 1, for instance, 
at 218.0 ± 17.1 mg L− 1 CaCO3. However, doses greater than 500 mg L− 1 

resulted in a significant reduction in bicarbonate concentration from 
564.0 ± 10.2 mg L− 1 to < 304.0 ± 12.3 mg L− 1, leading to an increase in 
pH from 7.5 ± 0.1 to > 9.1 ± 0.3. This rise in pH influences the abun
dance of hydroxyl ions, promoting the precipitation of magnesium hy
droxide and reducing the concentration of magnesium hardness to 159.0 
± 24.1 mg L− 1 CaCO3. This phenomenon has also been reported by 
Prazeres et al. [55], Chen et al. [56], and Madeira et al. [57], where 
precipitation of magnesium hydroxide was achieved at pH values > 9. 

The removal of hardness ions through lime precipitation, e.g., cal
cium and magnesium, resulted in a decrease in electrical conductivity 
from 1702.0 ± 56.0 μS cm− 1 to 1203.0 ± 15.0 μS cm− 1 when 1000 mg 
L− 1 of lime was dosed. The presence of bicarbonate facilitated this 
reduction by promoting the precipitation of calcium salts, mainly in the 
form of calcium carbonate [58,59]. On the contrary, Zayen et al. [60] 
reported increased calcium concentration and electrical conductivity 
once the bicarbonate content was nearly depleted. Unfortunately, lime 
softening adversely affected residual turbidity in the solution, as illus
trated in Fig. 4(c). The colloidal content increased from 18.1 ± 1.9 to 
49.8 ± 1.7 NTU at 1000 mg L− 1. Similar observations of increased re
sidual turbidity resulting from the application of softening chemicals 
were documented by Yan et al. [61].  

b. Lime addition followed by alum coagulation. 

The primary drawback of lime softening is the introduction of 
colloidal matter into the solution, which requires an additional treat
ment mechanism to eliminate the incorporated turbidity. Alum coagu
lation followed by lime softening to address this issue and reduce 

turbidity. The supernatants obtained from lime softening were coagu
lated in jar test experiments with 20.0 mg L− 1 of alum. Subsequently, the 
turbidity values were reduced to 1.3 ± 0.2 NTU, representing ~95.0% 
reduction in the colloidal suspension. Additionally, the pH of the solu
tion increased from 7.5 ± 0.2 to 9.1 ± 0.6 due to the introduction of 
hydroxide ions during the lime addition. This pH increase creates 
favorable conditions for the formation of hydroxides, such as aluminum 
hydroxides, facilitating the destabilization and aggregation of colloidal 
impurities [62,63]. 

As expected, coagulation had a minimal impact on the removal of 
hardness, as depicted in Fig. 5. The efficiency of alum coagulation in 
removing total hardness was generally below 12.3%. A similar trend was 
observed in the reduction of soluble calcium compounds, with an effi
ciency below 5.6% (Fig. 5(b)). These findings are consistent with the 
results reported by Ghernaout et al. [64]. Bouchahm et al. [65] also 
reported comparable outcomes, demonstrating low efficiencies of 
aluminum sulfate coagulation in removing hardness ions, approximately 
15.0 ± 5.0% for total hardness and 8.0 ± 2.0% for calcium hardness. 

One of the key limitations of implementing this in-series process is 
the requirement for physical space to accommodate two sedimentation 
ponds for decanting the formed flocs. Moreover, the generation of 
additional treatment byproducts, namely sludge, would require frequent 
maintenance protocols to prevent obstructions or degradation of the 
sludge [66]. This would ultimately increase the costs and complexity 
associated with maintaining the system.  

c. Simultaneous lime precipitation and alum coagulation process 

The utilization of treatment chemicals in a single process eliminates 
the need for sedimentation ponds in series. This section explores the 
simultaneous removal of hardness and residual turbidity by varying lime 
concentrations from 100 to 1000 mg L− 1 while using a fixed coagulant 
dose of 20 mg L− 1 of alum. 

The combined lime precipitation and alum coagulation process 
exhibited excellent effectiveness in reducing hardness concentrations, as 
depicted in Fig. 6. When a simultaneous dosage of 1000 mg L− 1 of lime 
and 20 mg L− 1 of alum was applied, a hardness reduction of approxi
mately 66.5% was achieved. This resulted in a residual calcium hardness 
of 24.0 ± 12.6 mg L− 1 as CaCO3, corresponding to a high removal ef
ficiency of ~94.8%. Additionally, the electrical conductivity decreased 
from 1752 ± 21 to 1206 ± 45 μS cm− 1. However, it is worth noting that 
the presence of the alum coagulant hindered the lime precipitation 
mechanism’s effectiveness in removing hardness at low lime doses, a 
finding also reported by Ghernaout et al. [64]. For lime doses below 400 
mg L− 1, the concurrent precipitation-coagulation process demonstrated 
lower effectiveness in removing calcium hardness compared to the sole 
precipitation with lime, as illustrated in Fig. 6(b). This can be attributed 
to the influence of the coagulant on the solution’s pH [67]. When alum 
was simultaneously dosed with lime concentrations of up to 400 mg L− 1, 
the pH did not exceed 7.6 ± 0.1, hindering the reduction of calcium 
hardness in calcium carbonate flocs [68]. However, increasing lime 
doses (>400 mg L− 1) compensated for the negative impact of the 

Fig. 3. Schematic of the electrocoagulation system.  
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coagulant by promoting the availability of hydroxides in the solution, 
leading to a higher pH (9.3 ± 0.7). This facilitates the synergistic 
removal of calcium compounds through the adsorption capacity of 
aluminum hydroxide and the precipitation process, which converts 
calcium to calcium carbonates. After the simultaneous 
precipitation-coagulation process, the residual turbidity remained at 4.3 
± 1.5 NTU. 

3.2. Electrocoagulation 

3.2.1. Removal efficiency versus operating time in different pH media 
Fig. 7 illustrates the results of the electrocoagulation process, using 

iron rod electrodes, for removing hardness concentrations at various 
reaction times, ranging from 20 to 220 min. The experiment was con
ducted under different pH conditions and an applied current density of 
1.5 mA cm− 2. Fig. 7(a) shows a clear decrease in hardness concentration 
as the electrocoagulation time increases. The minimum operating time 
required to achieve reasonable removal efficiencies in neutral and basic 
solutions was 80 min. For instance, at 80 min of operation, the removal 

Fig. 4. (a) Total hardness, (b) calcium hardness (CH) and bicarbonate (Alk), 
and (c) turbidity residual concentrations in supernatant versus lime doses. 

Fig. 5. (a) Total hardness and (b) calcium hardness concentration in the su
pernatant versus lime dose. Two scenarios: (i) lime precipitation (LP) and (ii) 
in-series lime precipitation and alum coagulation (LP-AC). 
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efficiencies for hardness were 11.9% and 25.2% for neutral and basic 
conditions, respectively. By extending the electrocoagulation operating 
time to 220 min, the reduction in hardness significantly improved, 
reaching 51.6% for neutral pH and 58.6% for basic pH. Similar im
provements in the efficiency of hardness salts removal were reported by 
Yang [69], Kobya et al. [70], and Malakootian et al. [34] when longer 
operating times were employed. According to Faraday’s law, the dura
tion of operation directly affects the release rate of metal ions during 
anodic dissolution, leading to increased in-situ coagulant production 
and higher removal efficiencies [71]. The presence of hydroxyl ions is 
also crucial for the formation of hydroxide flocs [72]. Consequently, 
maintaining a basic pH of around 8.5 enhanced the efficiency of hard
ness removal as the treatment time was extended. In contrast, electro
coagulation proved ineffective in removing hardness under acidic 
conditions, with efficiencies remaining below 10%, even with prolonged 
operating times of up to 220 min. This discrepancy in the efficiencies 
under different pH conditions can be attributed to the characteristics of 
the hydroxide flocs formed. The metal hydroxide flocs generated in basic 

solutions, such as Fe(OH)3(s), exhibit a stronger affinity for 
co-precipitating hardness due to their large surface area compared to the 
Fe(OH)2(s) flocs produced in acidic solutions [73,74,75]. 

Fig. 7(b) presents the results of the electrocoagulation process for 
removing sulfate concentrations from the solution at various electro
coagulation times and pH conditions. The data indicates that neutral and 
basic solutions yield more favorable results for SO4

2− removal as the 
operating time increases. Under neutral conditions, the electro
coagulation efficiency for sulfate removal improved from 8.2% to 
approximately 29.5%, with an increase in treatment time from 80 to 220 
min. Similarly, efficiency increased from 15.2% to 28.5% in basic so
lutions. However, sulfate removal efficiency remained below 15% under 
acidic conditions, indicating ineffectiveness. Several authors support 
these findings, with Al-Raad et al. [76] and Yamba et al. [27] reporting 
higher removal efficiencies under neutral and basic pH conditions, 
which can be attributed to the presence of hydroxyl ions facilitating the 
formation of iron flocs. The mechanism behind sulfate removal involves 

Fig. 6. (a) Total hardness, and (b) calcium hardness concentration in super
natant versus lime doses and a fixed alum dose of 20 mg L− 1. Two scenarios 
were studied in calcium hardness removal: (i) lime precipitation (LP) and (ii) 
simultaneous process of lime precipitation and alum coagulation process (LP 
+ AC). Fig. 7. (a) Total hardness and (b) sulfate removal efficiencies in supernatant 

versus electrocoagulation operating time in different pH solutions (acidic, 
neutral, and basic). The applied current density was fixed at 1.5 mA cm− 2. 
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the adsorption capacity of the positively charged surface of iron hy
droxides for anions adsorption. 

3.3. Performance of conventional chemical precipitation and 
electrocoagulation in contaminant removal 

Hardness, sulfate, and manganese (Mn) are contaminants in water 
that pose restrictions on its usage and consumption [77], causing in
conveniences for end-users, including health issues and economic losses 
[78]. To avoid these issues, the Ecuadorian Water Quality Regulation, 
INEN 1108, sets a maximum hardness threshold of 500 mg L− 1 CaCO3 
for drinking water [79]. On the other hand, sulfate significantly impacts 
water’s taste properties [96]. The permissible sulfate limit in drinking 
water, according to INEN 1108, is 400 mg L− 1 [79]. Sulfate concentra
tions exceeding 500 mg L− 1 are directly associated with gastrointestinal 
disorders [80], acute dehydration [81], and interference with nutrient 
absorption [82]. Manganese in water, when present in concentrations 
above 0.05 mg L− 1, can cause taste issues and stains on plumbing fix
tures [83]. The INEN 1108 standard prohibits manganese concentra
tions beyond 0.4 mg L− 1 for human consumption [79], as they pose an 
increased risk of cognitive performance deterioration, neurotoxicity 
[84], and cardiovascular problems [85]. Given these concerns, deploy
ing effective treatment procedures is mandatory to produce drinking 
water compliant with sanitary legislation. 

Lime precipitation is a widely used treatment process for efficiently 
removing high hardness levels from water. This process involves raising 
the pH of the solution, which facilitates the precipitation of hardness in 
the form of calcium carbonates or magnesium hydroxides [86]. In Sec
tion 3.1.c, a simultaneous precipitation-coagulation process was exam
ined, revealing that a combination of 400 mg L− 1 lime dose and 20 mg 
L− 1 of alum effectively reduced hardness concentrations from 668 mg 
L− 1 to approximately 416 mg L− 1 CaCO3 by elevating the pH from 7.1 to 
around 8.0. This condition ensures compliance with the maximum limits 
for hardness (500 mg L− 1) and turbidity (less than 5 NTU) as established 
by INEN 1108 [79]. However, it is important to note that meeting the 
hardness threshold does not guarantee the absence of technical prob
lems. Water with a hardness level exceeding approximately 200 mg L− 1 

can lead to the formation of calcium carbonate crystal deposits in 
treatment appliances, distribution systems, and water reservoirs within 
residential facilities. This issue becomes more significant when other 
chemical characteristics of water, such as pH and alkalinity, come into 
play [87]. Conversely, water with hardness levels below 100 mg L− 1 

may have a low pH buffering capacity, resulting in corrosive properties 
[88]. 

To address these constraints and comply with local drinking water 
standards for hardness and turbidity, it was determined that lime doses 
exceeding 800 mg L− 1 are optimal for precipitating hardness, resulting 
in a residual hardness concentration of approximately 230 ± 8 mg L− 1 

CaCO3 at pH levels higher than 9.5. However, the use of such large 
quantities of chemicals raises concerns regarding cost and chemical 
usage. For instance, translating 1000 mg L− 1 of lime and 20 mg L− 1 of 
alum into practical amounts would require 1 kg of lime and 0.02 kg of 
alum to treat 1 m3 of water. This high demand for chemicals imposes a 
significant economic burden on San Cristobal, particularly considering 
the area’s limited financial resources, where the local community 
manages the treatment facility [9]. Furthermore, it is important to note 
that traditional lime precipitation and alum coagulation impact the 
water’s pH requiring subsequent pH adjustment to a range between 6.5 
and 8.5 [79]. Additionally, these processes may not efficiently address 
sulfate and manganese concentrations in the water, presenting another 
drawback of this treatment method. 

Electrocoagulation is an advanced water treatment technology that 
offers numerous advantages. One of its key benefits is that it operates as 
a chemical-free system, eliminating the need for external coagulant 
agents and reducing reliance on additional chemicals. Moreover, elec
trocoagulation has proven to be effective in simultaneously removing 

multiple contaminants from water, and by optimizing operating vari
ables, it can achieve efficient treatment while reducing energy con
sumption, making it a robust system and a sustainable solution [89–91]. 
Section 3.2 discusses the optimal conditions for pH and electro
coagulation operating time. The findings indicate that basic solutions 
with a pH of approximately 8.5 and an operating time of 80 minutes 
yield favorable results. Under these conditions, and with an applied 
fixed current density of 1.5 mA cm− 2, the residual concentration of 
hardness was reduced to 508 mg L− 1 CaCO3, corresponding to a removal 
efficiency of 25.2%. Similarly, sulfate was removed to a concentration of 
460 mg L− 1, with a removal efficiency of 15.2%. However, these con
centrations still exceed the thresholds recommended by Ecuadorian 
water quality regulations. 

In order to enhance the removal efficiencies of contaminants, the 
effect of increasing current densities on the electrocoagulation process 
was investigated. Current density values ranging from 0.3 to 5.0 mA 
cm− 2 were tested, while maintaining an optimal initial pH of 8.5 and an 
operating time of 80 min as the initial conditions for these experiments. 
As shown in Fig. 8, it is evident that increasing the current density led to 
enhanced hardness reduction. Specifically, as the current density 
increased from 0.3 to 5.0 mA cm− 2, the removal efficiency for hardness 
increased from 23% to approximately 73%, representing a significant 
enhancement of approximately 50%. Similar observations have been 
reported in studies conducted by Sefatjoo et al. [33], Malakootian et al. 
[34], and Zhao et al. [35], where the efficiency of hardness removal 
improved by 25%, 35%, and 40%, respectively, with increasing current 
density. This improvement can be attributed to the higher rate of 
coagulant dose released in the solution, which is directly proportional to 
the current density [31]. Consequently, larger quantities of Fe(OH)3 
coagulants are available to destabilize and settle more pollutants, 
including hardness, as sediments [92]. Additionally, Chen [93] reported 
that higher current densities promote hydrogen evolution from the 
cathode, forming smaller bubbles. These bubbles possess a larger surface 
area, facilitating particle attachment and the removal of contaminants 
through flotation. However, it is worth noting that extremely high 
current densities and prolonged electrocoagulation operating times can 
pose challenges in floc separation due to the high density of the resulting 
precipitates and the poor affinity between hydroxide flocs and gas 
bubbles in the solution, as observed by Halpegama et al. [30]. 

Significant reductions in sulfate content were observed with 
increasing current densities (ranging from 0.3 to 5.0 mA cm− 2) during 

Fig. 8. Total hardness (TH) and sulfate removal efficiencies in the supernatant 
versus current density during electrocoagulation. The pH and reaction time 
were fixed to alkaline (pH 8.5 ± 0.1) and 80 minutes, respectively. 
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the electrocoagulation process, resulting in removal efficiencies of 
approximately 40%, as shown in Fig. 8. These findings align with similar 
studies conducted by Murugananthan et al. [94], Nariyan et al. [95], and 
Mamelkina et al. [29], which reported sulfate reduction of around 30%, 
35%, and 50%, respectively, as the current density increased. The re
ductions in sulfate can be attributed to the adsorption capacity of the 
coagulant substances, particularly ferric hydroxides [94,96], as well as 
the formation of insoluble iron flocs, such as FeSO4(OH) (s), during 
anodic dissolution [97–99]. It is important to note that the chemical 
composition of the water can influence sulfate removal, as other con
taminants may kinetically compete with sulfate for co-precipitation with 
coagulant substances, as reported by Angel et al. [100]. 

Furthermore, the reduction in hardness species, including calcium 
and sulfate compounds, during electrocoagulation led to a decrease in 
electrical conductivity, consistent with the findings achieved by Farhadi 
et al. [101]. For instance, after applying a current density of 4.4 mA 
cm− 2, the residual electrical conductivity was measured at 1248 ± 14 μS 
cm− 1, corresponding to a reduction of approximately 29.8%. However, 
it was observed that surpassing this current density threshold had a 
detrimental effect on the electrical conductivity, as evidenced by an 
increase to 1733 ± 23 μS cm− 1 at 5.0 mA cm− 2. 

Fig. 9 presents the impact of lime addition on the efficiency of the 
electrocoagulation process in reducing hardness and sulfate concentra
tions. The results clearly indicate that incorporating lime into the elec
trocoagulation system enhances its effectiveness in removing hardness. 
As described in Section 3.2, the optimal electrocoagulation conditions, 
including an alkaline environment with a pH of approximately 8.5, an 
electrocoagulation time of 80 min, and an applied current density of 1.5 
mA cm− 2, resulted in a hardness removal of approximately 25.2% and a 
residual electrical conductivity of 1482 ± 30 μS cm− 1. However, by 
introducing 125 mg L− 1 of lime into the system, the efficiency of hard
ness removal increased to around 50.5%, and the residual electrical 
conductivity was measured at 1320 ± 8 μS cm− 1. These improvements 
can be attributed to the combined removal mechanisms of hardness co- 
precipitation on the surface of iron flocs and the formation of CaCO3 and 
Ca(OH)2 deposits, which occur due to the pH elevation caused by lime 
addition [64]. Nevertheless, it is important to note that lime concen
trations exceeding 125 mg L− 1 showed minimal additional 

improvements in efficiency. In contrast, Fig. 9 demonstrates that the 
introduction of lime did not enhance the electrocoagulation efficiency 
for sulfate reduction. The sulfate reduction efficiency remained un
changed at approximately 16.4% regardless of the lime dose. This 
behavior suggests that the sole removal mechanism for sulfate is the 
adsorption capacity of iron hydroxide flocs generated during the elec
trocoagulation process, promoting the co-precipitation of negatively 
charged contaminants [27], without lime addition. 

The effect of lime doses on the electrocoagulation process was 
investigated at a current density of 1.5 mA cm− 2. In order to determine 
the optimal operating conditions for simultaneous reduction of hardness 
and sulfate concentrations in a single treatment stage, the effect of lime 
doses was evaluated within different current density values ranging 
from 1.0 to 1.8 mA cm− 2. Throughout the experiments, the initial pH of 
the solution was maintained at approximately 8.5, and the reaction time 
was fixed at 80 min. 

Fig. 9. Total hardness and sulfate removal efficiencies in supernatant versus 
current density during electrocoagulation. The electrocoagulation parameters, 
such as pH, current density, and reaction time, were fixed to alkaline (pH 8.5 ±
0.1), 1.5 mA cm− 2, and 80 minutes, respectively. 

Fig. 10. Total hardness and sulfate removal efficiencies in supernatant versus 
lime doses at different current densities during electrocoagulation. The elec
trocoagulation parameters, such as pH and reaction time, were fixed to alkaline 
(pH 8.5 ± 0.1), and 80 minutes, respectively. 
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Fig. 10 illustrates the residual concentrations of hardness and sulfate 
with increasing lime dose under different current density conditions. As 
expected, the introduction of lime doses into the electrocoagulation 
system enhanced the efficiency of hardness removal. Interestingly, the 
efficiency of hardness reduction remained consistent regardless of the 
current density applied (ranging from 1.0 to 1.8 mA cm− 2) when lime 
was incorporated, as shown in Fig. 10(a). For example, when a small 
dose of 25 mg L− 1 of lime was introduced to electrocoagulation, the 
efficiency consistently reached approximately 40%, regardless of the 
applied current density. This trend continued when lime doses from 75 
to 125 mg L− 1, with the hardness reduction plateauing at around 42%, 
irrespective of the current density. This finding provides an opportunity 
to select a lower current density, such as 1.0 mA cm− 2, to minimize 
potential energy requirements in larger-scale applications while effec
tively addressing the technical challenges associated with water hard
ness. It is worth noting that increasing the current density significantly 
impacts the operating cost of contaminant removal, as evidenced by 
other studies summarized in Table 1. Furthermore, under these oper
ating conditions, it was observed that the final pH remained below 
within the drinking water range (pH < 8.5). 

Fig. 10(b) presents the residual concentration of sulfate with 
increasing lime dose under different current densities during electro
coagulation. As anticipated, the addition of lime did not enhance the 
efficiency of sulfate removal through electrocoagulation. For example, 
at a current density of 1.0 mA cm− 2 and a lime dose of 75 mg L− 1, the 
system achieved only approximately 15% removal of the initial sulfate 
content, resulting in a residual concentration of 479.1 mg L− 1 SO4

2− . 
Increasing the lime dose to 125 mg L− 1 did not improve efficiency, 
which remained around 15%. This lack of effect on sulfate removal 
persisted even at higher current densities, such as 1.8 mA cm− 2. Under 
this current density condition, increasing the lime dose from 75 mg L− 1 

to 125 mg L− 1 did not improve the system efficiency beyond 20%, and 
the residual concentration remained at 453 mg L− 1 SO4

2− . The electro
coagulation conditions, including applied current densities ranging from 
1.0 to 1.80 mA cm− 2 and lime doses ranging from 25 to 125 mg L− 1, did 
not meet the maximum limit of 400 mg L− 1 SO4

2− for drinking water, as 
specified by Ecuadorian regulations. Nevertheless, these operating 
conditions can still contribute to a reduction in the incidence of 
gastrointestinal disorders among end-users, as the Environmental Pro
tection Agency recommends sulfate concentrations below 500 mg L− 1 

SO4
2− to mitigate such issues [80]. Achieving higher removal efficiencies 

may require increased energy inputs. For instance, Angel et al. [100] 
reported a specific energy consumption of 1.92 kWh m− 3 when applying 
a current density of 6 mA cm− 2 to achieve 28% removal of SO4

2− . 
Alternatively, some researchers have explored the use of corrugated iron 
electrodes as a cost-effective and energy-effective option due to their 
reusability [27]. 

Manganese removal from the solution was also evaluated during 
electrocoagulation, using various current density values ranging from 
1.0 to 1.8 mA cm− 2. In order to achieve simultaneous removal of man
ganese, hardness, and sulfate in a single treatment stage, the optimal 
operating conditions for electrocoagulation were maintained in each 
experiment. This included a pH of approximately 8.5, an operating time 
of 80 min, and a lime dose of 75 mg L− 1. The results showed that 

increasing the current density under basic conditions did not improve 
manganese removal. The initial manganese concentration in the water, 
which was 1.18 mg L− 1 Mn, was reduced to 0.41 mg L− 1, 0.47 mg L− 1, 
and 0.59 mg L− 1 when applying current densities of 1.0, 1.3, and 1.8 mA 
cm− 2, respectively. These values corresponded to 65.3%, 60.2%, and 
50% of electrocoagulation efficiencies for manganese removal. In 
contrast, Shafaei et al. [41], Adhoum et al. [104], and Alkizwini et al. 
[105] reported improved manganese removal as the current density 
increased. These authors achieved such efficiencies in synthetic solu
tions using aluminum anode electrodes and neutral pH ranges. The 
difference with the results obtained in this study could be attributed to 
the pH evolution during the electrocoagulation, where the solution pH 
increases to an alkaline level with higher current density. Shafaei et al. 
[40] determined that a pH of approximately 7–8 is efficient for precip
itating manganese, such as Mn(OH)2, at the cathode. The pH of the 
water samples had values around 8.3, 8.6, and 8.9 when applying cur
rent densities of 1.0, 1.3, and 1.8 mA cm− 2, respectively, which hindered 
further manganese removal as the pH increased. However, it is worth 
noting that the condition with the highest manganese removal effi
ciency, achieved at the lowest current density of 1.0 mA cm− 2, nearly 
met the maximum allowed limit for manganese concentration by 
Ecuadorian regulation, which is 0.40 mg L− 1 Mn. 

Therefore, to ensure the effective operation of the electrocoagulation 
system, it is crucial to maintain specific conditions: a pH of approxi
mately 8.5, an operating time of 80 min, a current density of 1.0 mA 
cm− 2, and a lime dose of 75 mg L− 1. These carefully controlled condi
tions enable the simultaneous removal of hardness (37.6%), sulfate 
concentrations (14.7%), and manganese (65.3%) in a single reactor. As a 
result, electrical conductivity is reduced by 15.0%, leading to a residual 
content of 1501 ± 6 μS cm− 1. It is worth noting that these efficiencies 
meet the criteria set for drinking water quality, ensuring the production 
of safe and compliant water. 

The operation of the bench lab reactor under these conditions re
quires an energy input of approximately 0.06 kWh m− 3. A sustainable 
energy solution can be implemented to meet the daily water production 
demand of the San Cristobal treatment facility (~200 m3 day− 1), which 
amounts to approximately 115 kW. This involves utilizing around 75 
solar photovoltaic panels, each with a capacity of 415 W, and a solar 
inverter of approximately 26 kW to power the electrocoagulation sys
tem. By adopting this approach, not only would the water quality re
quirements of the community be met, but it would also significantly 
reduce the carbon footprint associated with drinking water production. 

4. Conclusion 

The present study systematically evaluated the effectiveness of a 
laboratory-scale batch electrocoagulation system in treating ground
water from the San Cristobal water treatment plant. The study suc
cessfully reduced hardness, sulfate, and manganese concentrations by 
optimizing crucial operational parameters, including initial pH, oper
ating time, current density, and lime addition. The achieved removal 
efficiencies were 37.6%, 14.7%, and 65.3%, respectively, meeting the 
sanitary thresholds established by local water quality regulators. 

The results of this study introduce economic implications for the 
implementation of an electrocoagulation system in vulnerable commu
nities where water contains hardness species (i.e., calcium, magnesium, 
and sulfates) and manganese. The pH of the solution was found to play a 
critical role in the electrocoagulation process. Maintaining a solution pH 
of around 8.5 exhibited superior efficacy in removing hardness and 
sulfate species compared to acidic (pH ~2.5) or neutral (pH ~7.5) so
lutions. This result is attributed to the high adsorption properties of the 
iron flocs generated under basic conditions. Therefore, maintaining a pH 
level of approximately 8.5 minimizes the cost associated with pH 
adjustment for drinking water purposes and ensures a more efficient 
reduction of contaminants in treated water. 

Furthermore, the study highlighted the advantage of optimizing the 

Table 1 
Increase the operating cost as a function of the current density to remove con
taminants found in other studies.  

Contaminant Current density Increase in operating 
cost 

Reference 

Calcium hardness 
and turbidity 

From 4.0 mA cm− 2 to 
7.0 mA cm− 2 

from 1.5 USD to 2.5 
USD per m3 

[33] 

Fluoride From 8.3 mA cm− 2 to 
33.3 mA cm− 2 

from 0.5 USD to 1.5 
USD per m3 

[102] 

Nitrate From 6.0 mA cm− 2 to 
9.0 mA cm− 2 

54 USD per kg of 
nitrate removed 

[103]  

J.I. Mendez-Ruiz et al.                                                                                                                                                                                                                         



Case Studies in Chemical and Environmental Engineering 8 (2023) 100448

11

operating time and the current density. It was found that high operating 
time and current density values are not always optimal or able to ach
ieve the maximum limits set in drinking water quality regulations. 
Careful selection of these conditions ensures effective removal of con
taminants such as hardness, sulfate, and manganese, resulting in a 
notable reduction in energy requirements. This enables the application 
of electrocoagulation at a larger scale in economically challenged 
communities. Additionally, integrating cleaner alternative energy 
sources, such as photovoltaic solar power, could economically meet the 
long-term energy consumption of the electrocoagulation treatment 
system. Selecting optimal electrocoagulation conditions could also 
improve electrode performance and reduce associated maintenance 
costs. 

On the other hand, traditional processes of lime precipitation and 
alum coagulation, while effective in removing hardness species, pose 
significant operational challenges due to their high chemical demand 
and extensive maintenance protocols, including the generation of 
byproducts such as sludge. These challenges can be particularly prob
lematic for treatment plants serving vulnerable communities without 
access to government funding for chemical additives, quality monitoring 
facilities and equipment, and facing difficulties in hiring trained oper
ators. Additionally, conventional chemical precipitation processes may 
not efficiently address the removal of sulfate and manganese. 

In summary, electrocoagulation has proven to be an effective tech
nology for water treatment, enabling the removal of hardness, sulfate, 
and manganese from drinking water. However, further studies are 
strongly recommended to optimize operating conditions based on the 
physicochemical characteristics of water catchment sources and to 
explore the potential deployment of electrocoagulation in large-scale 
applications in rural water treatment plants. Addressing these areas of 
improvement will allow electrocoagulation to contribute significantly to 
sustainable and efficient water treatment practices. 
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[22] B. Khaled, B. Wided, H. Béchir, E. Elimame, L. Mouna, T. Zied, Investigation of 
electrocoagulation reactor design parameters effect on the removal of cadmium 
from synthetic and phosphate industrial wastewater, Arab. J. Chem. 12 (8) (Dec. 
2019) 1848–1859, https://doi.org/10.1016/j.arabjc.2014.12.012. 
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[96] S. Radić, V. Vujčić, Ž. Cvetković, P. Cvjetko, V. Oreščanin, The efficiency of 
combined CaO/electrochemical treatment in removal of acid mine drainage 
induced toxicity and genotoxicity, Sci. Total Environ. 466–467 (2014) 84–89, 
https://doi.org/10.1016/j.scitotenv.2013.07.011. 

[97] A. Kumar, P.V. Nidheesh, M. Suresh Kumar, Composite wastewater treatment by 
aerated electrocoagulation and modified peroxi-coagulation processes, 
Chemosphere 205 (2018) 587–593, https://doi.org/10.1016/j. 
chemosphere.2018.04.141. 

[98] D. Lakshmanan, D.A. Clifford, G. Samanta, Ferrous and ferric ion generation 
during iron electrocoagulation, Environ. Sci. Technol. 43 (10) (2009) 3853–3859, 
https://doi.org/10.1021/es8036669. 

[99] H.A. Moreno, et al., Electrochemical generation of green rust using 
electrocoagulation, ECS Trans. 3 (18) (2007) 67, https://doi.org/10.1149/ 
1.2753225. 
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