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Abstract

Sustainable Development Goals (SDGs) 3, 6, and 11 emphasize the need for safe and clean water to create
livable and sustainable human settlements. Arsenic contamination poses a significant challenge to these goals,
threatening water safety and community health. Electrochemical Arsenic Remediation (ECAR) is an effective
method for arsenic removal in water but is dependent on factors such as pH, dissolved oxygen, and ions such as
calcium and magnesium. Electrocoagulation experiments were performed to determine the effect of manganese
on the arsenic removal of ECAR at a low charge loading rate (5C/L) using arsenic and arsenic-manganese solutions.
Results show that the percent arsenic removal for the control setup ranges from 61-96% and approximately
100% for the arsenic-manganese setup. The presence of 500 ppb manganese in the solution reduced arsenic
concentration below the 10 ppb maximum limit set by WHO and DOH for drinking water for all arsenic-manganese
setup which indicates that manganese has the potential to aid arsenic removal in water even at a low charge
loading rate. Complete removal of manganese from the solution after ECAR was also observed. Statistical
analysis shows that manganese and initial arsenic concentration significantly affect arsenic removal with an
average estimated marginal effect of 0.4078 and 1.778, respectively. Results consequently illustrate that ECAR is
a viable and effective technology in helping achieve SDGs 3, 6, and 11.
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1 Introduction
Access to safe and clean water is a fundamental human right and a pillar of sustainable development.
The United Nations has emphasized this through Sustainable Development Goal (SDG) 6, which
aims to “ensure availability and sustainable management of water and sanitation for all” and SDG
3 Target 3.9, which aims to “substantially reduce the number of deaths and illness from hazardous
chemicals and air, water and soil pollution and contamination” by 2030 [1]. This goal is directly
linked to SDG 11, which seeks to “make cities and human settlements inclusive, safe, resilient and
sustainable” [1]. The link between these goals highlights the critical role of access to safe and clean
water in creating livable and sustainable human settlements.

Without reliable access to safe and clean water, communities and settlements face significant
health risks, economic challenges, and barriers to social development [2]. As global urbanization
increases rapidly, the pressure on water resources and infrastructure in human settlements contin-
ues to rise [3]. To adapt to the growing demand for water resources, groundwater is increasingly
preferred over surface water as the source of drinking water due to its availability, practicality,
and affordability [4]. Natural groundwater contains cations and anions. According to the study
conducted by Husana & Yamamuro [5], the primary ions found in Philippine groundwater are cal-
cium(II), magnesium(II), sodium, potassium, ammonium ion, chloride, nitrite and nitrate, bromide,
and sulfate. However, groundwater contamination of heavy metals such as arsenic presents a sig-
nificant obstacle in achieving SDG 3, SDG 6 and SDG 11 since it threatens the safety of groundwater
supply and, thus, the overall health of human settlements and communities.

In 2020, Solis et al. [6] found that the groundwater samples in the municipality of Guagua in
the province of Pampanga were found to contain arsenic(As) concentrations as high as 95 parts
per billion (ppb), which is above the 10 ppb limit set by the World Health Organization (WHO) [7]
and by the Department of Health (DOH) [8] under the Philippine National Standards for Drinking
Water of 2017. Similarly, Apostol et al. [9] also reported groundwater contamination of arsenic
in the province of Batangas. They found out that 12 out of 14 (85.71%) wells used as a source of
drinking water found in the municipalities surrounding the Taal Volcano in 2020 and 2021 have
arsenic concentrations between 10 ppb to 39 ppb and arsenic concentrations between 10 ppb and
46 ppb, respectively. When non-drinking water sources are considered, they found that 20 out of 26
wells (76.92%) they studied had persistent elevated arsenic concentrations in 2021 based on their
statistical analyses. They have recommended further continuous monitoring of water quality and
arsenic mapping to be conducted in the province of Batangas to determine the extent of arsenic
contamination of the groundwater. They have also recommended to provide alternative water
supply for the affected communities. In addition to these, 9 out of 17 (52.94%) water treatment plant
outlets and water sources were found to have arsenic concentrations ranging from 20 ppb to 70
ppb in the municipalities of Calauan, Bay, and Los Baños in the province of Laguna last September
2020, according to the 2020 Annual Audit Report on the Laguna Water District by the Commission
on Audit (COA) [10]. Alarmingly, arsenic concentrations in the province of Laguna, especially in the
municipalities of Bay and Los Baños, still have arsenic concentrations above the 10 ppb limit after
two years, according to the 2022 Annual Audit Report on the Laguna Water District by COA [11]. On
the same annual audit report, a 30-day trial was conducted to reduce the arsenic concentrations at
Lopez Heights Pumping Station below the 10 ppb limit last October 10, 2022; however, the trial
failed, and all groundwater sources contaminated with high amounts of arsenic is being considered
to be shut down since the proposed solution of using reverse osmosis to remove arsenic incurs
high capital expenditure.

Within the three provinces, arsenic contamination of groundwater hinders the availability of
cheap and affordable water supply. It threatens human health, which impedes the achievement of
SDG 3, SDG 6, and SDG 11 for these communities. Arsenic is a naturally occurring element found in
high concentrations in certain water sources and is classified as a Group 1 human carcinogen by WHO
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[12]. In addition, arsenic is also considered by the US Environmental Protection Agency (USEPA)
and the Council of European Communities (CEC) as a prime pollutant [13]. Arsenic in drinking water
can lead to arsenic poisoning or arsenicosis [12, 14]. Generally, arsenic contamination in surface
water is less than in groundwater, and surface water is contaminated mainly due to anthropogenic
activities, while groundwater contamination is primarily by natural sources [12].

Electrochemical Arsenic Remediation (ECAR) is one method that removes arsenic in water. ECAR
produces coagulants in situ through electrocoagulation to remove arsenic in groundwater [12,
14, 15]. Electrocoagulation is becoming more prominent due to its rapid and effective removal
of arsenic from water [13]. It is also deemed environmentally friendly compared with chemical
coagulation and produces lower quantity, stable sludge [12, 13, 14, 16]. Unlike conventional
methods, electrocoagulation is low-cost and is easy to implement, operate, and maintain with
locally available materials. Electrocoagulation also does not introduce undesirable anions like
chemical coagulation [17].

The arsenic removal efficiency of electrocoagulation is higher than that of conventional chemical
coagulation. Iron electrocoagulation can remove greater than 95%-99% of arsenic from the water
[12]. This range of arsenic removal efficiencies is proven by a study done by the University of
California Berkeley (UC Berkeley) in Bangladesh, where they showed that iron electrocoagulation
technology was able to reduce the arsenic content of both synthetic and natural groundwater from
3000 ppb to 10 ppb, which is within the WHO acceptable level [14].

The arsenic removal efficiency of ECAR depends on a lot of factors. These factors include pH
[18], dissolved oxygen [16, 19], and ions such as phosphates [12, 13, 20], calcium, and magnesium
[15, 17]. These factors should be considered for the efficient removal of arsenic in water.

According to Amrose et al. [21], Dutta & Gupta [22], and Kobya et al. [23], charge loading is
a crucial factor in ECAR since it controls the production rate of coagulants which affects arsenic
removal rate and increasing charge loading generally results in higher arsenic removal rate. It should
be noted, however, that excessive charge loading can hinder floc flotation and separation due to
high charge density and poor affinity between hydroxide flocs and gas bubbles [23]. Additionally,
excessive charge loading results in higher energy costs and, with prolonged use and high charge
loading cycles, results in the formation of a passivation layer on the electrodes which can increase
power requirements over time, impacting the long-term operational costs of ECAR [23, 24].

Van Genuchten et al. [15] found that bivalent cations (e.g., calcium(II) and magnesium(II)) im-
prove arsenic removal by (1) enhancing oxyanion adsorption, (2) promoting crystallite aggregation
and (3) altering precipitate mineral phase and primary crystallite size. This contrasts oxyanions
that reduce precipitate crystallite size, resulting in stable colloidal suspensions. Their study also
suggests calcium(II) has stronger interactions with oxyanions than magnesium(II). Oxyanion interac-
tion of both calcium(II) and magnesium(II) are arranged in the following from strongest to weakest:
phosphates> arsenic(V) > silicates. Van Genuchten et al. [25] also reported that calcium(II) specif-
ically acts as a catalyst for interparticle bridging of iron-arsenic complexes and iron-phosphate
complexes.

Catrouillet et al. [26] investigated the mechanism of arsenic removal in the presence of man-
ganese(Mn) in water of different pH. At pH 4.5, they found out that arsenic(III) was rapidly oxidized
by hydroxyl radicals(OH•), and manganese-enhanced the aggregation of arsenic(V)-iron(III) poly-
mers. On the other hand, they found that manganese(II) and arsenic(III) compete for iron(IV) at
pH 8.5, which results in arsenic(III) remaining in the solution. Arsenic(V) that formed at pH 8.5 is
incorporated into the structure of arsenic(V)-iron(III) polymers and ferrihydrite-like phases that
contained 8% manganese(III) and adsorbed some arsenic(III). Catrouillet et al. [26] also noted
that arsenic(III) and manganese(II) compete for the oxidants at intermediate pH values (∼ pH 6.5);
however, manganese(III) behaved as a reactive intermediate that reacted with iron(II) or arsenic(III)
which explains the presence of arsenic(V) in the precipitates.
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Understanding the factors affecting arsenic removal in electrocoagulation, especially those with
limited studies such as cations, is essential as this helps predict the performance of ECAR and allows
better optimization of parameters for operational implementation. Both studies conducted by
Catrouillet et al. [26] and Van Genuchten et al. [15] are among the few studies investigating cations’
effects on arsenic removal during electrocoagulation. Both studies examined the mechanisms and
reactions involved in arsenic removal in the presence of calcium or manganese. However, neither
of these studies incorporated rigorous statistical analyses that could quantitatively demonstrate
whether the observed effects of cations in arsenic removal in their experiments were statistically
significant. Additionally, low charge loading has been used by different studies such as those
conducted by Kobya et al. [23] where they investigated the effects of 1-130 C/L charge loading on
75-500 ppb arsenic, by Dutta et al. [22] where they find the optimal charge loading from 5-30 C/L
with 60-110 ppb arsenic, and by Dutta and Gupta [27] where they find the optimal charge loading
from 5-120 C/L with 200 ppb arsenic and activated alumina after ECAR. However, these studies
use a direct power source with no reported reference electrode to ensure constant charge loading
and mostly used high charge loading on high arsenic concentrations. In this study, the effect of
manganese(II) on arsenic removal in electrocoagulation at a low charge loading rate (5 C/L) and low
arsenic concentrations mimicking real-world concentrations was investigated and quantified using
regression analysis. This research aims to support SDGs 3, 6, and 11 by promoting technologies
that could help in producing safe and clean water to protect the health and well-being of everyone
residing in cities and communities with the following objectives:
1. determine the removal of arsenic using Electrochemical Arsenic Remediation (ECAR) in contami-

nated water (spiked solution) with and without manganese(II);
2. investigate the effect of manganese(II) on the removal of arsenic in contaminated water (spiked

solution) using ECAR; and
3. verify the significant factors and estimate marginal effects in ECAR using the Generalized Additive

Model (GAM).

2 Methodology
2.1 Preparation of Materials

The preparation of materials in this study was based on van Genuchten et al. [25]. All glassware used
in the experiment was washed using a 1% nitric acid (HNO3) bath and then washed with ultrapure
18.2 M Ω deionized water before air drying. Iron electrodes were soaked in 10% hydrochloric acid
(HCl) solution for 20 minutes. Iron electrodes were then washed with copious running water. Rust
and other particles were removed using steel wool and then with fine sandpaper. Iron electrodes
were then stored in a desiccator with silica gel. The appearance of iron electrodes after cleaning is
shown in Figure 1.

Analytical grade sodium arsenite (N aAsO2), manganese(II) sulfate (MnSO4), and ultrapure
18.2 Ω deionized water were used to prepare 250 mL of 20 parts per million (ppm) arsenic(III)
and 250 mL of 500 ppm manganese(II) stock solution. Two liters of 20 ppb, 40 ppb, and 100 ppb
arsenic(III) solution were prepared for the control setup. Two liters of solution with 20 ppb arsenic(III)
+ 500 ppb manganese(II) and 120 ppb arsenic(III) + 500 ppb manganese(II) were prepared for the
arsenic-manganese combination setup.

2.2 ECAR Experiment
The electrocoagulation setup of the experiment was also based on van Genuchten et al. [25]. Figure
2 shows the configuration of the electrocoagulation setup used in this experiment. Before each
run, Fe electrodes were washed with ultrapure 18.2 Ω deionized water and were only used once.
Silver/silver chloride (Ag/AgCl) reference electrode was used and washed with ultrapure 18.2 Ω
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Figure 1.
Fe electrodes after electrode cleaning

deionized water before each run. An Ag/AgCl electrode was used as a reference electrode to ensure
a fixed charge loading of 5 C/L was applied to the solutions. A reference electrode provides a
well-defined and stable reference potential. Electrode spacing was ∼5 cm. The anode and cathode
were arranged to have approximately the same submerged area (∼13-14 cm2).

Each setup has 500 mL of the solution and was run with a charge loading of 5 C/L for 30 minutes
(0.17 C/L-min dosage rate) using potentiostat. Each experiment setup is run twice and sampled
thrice for measurement. Samples were filtered using 0.22 µm filter paper and analyzed using
inductively coupled plasma atomic emission spectroscopy (ICP-AES) from Teledyne. The pH of
each setup was also measured before and after electrocoagulation using pH paper.

2.3 Statistical Analysis
The statistical significance of the initial arsenic and manganese concentrations on the final arsenic
concentration was determined using R and R Studio for regression analysis. Correlation analysis
was conducted using the “ggpairs” function from the “GGally" package developed by Schloerke et
al. [28]. Generalized additive models (GAM) were used by using the “gam” function from the “mgcv”
package developed by Wood [29] to model the relationships of the variables in the data.

In many studies, GAMs have already been used to investigate relationships between variables.
For instance, Liu et al. [30] used GAMs to analyze the interactive effects of different water quality
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Figure 2.
ECAR setup. The anode is the red terminal, the cathode is the black terminal, and the Ag/AgC l

electrode is the blue terminal.

parameters on the water purification of a deep oxidation pond with horizontal subsurface flow
constructed wetland. On the other hand, Liu et al. [31], on the other hand, examined the interactions
between different water quality parameters and the removal efficiency of sulfamethoxazole in an
electrolysis-integrated tidal flow-constructed wetland system. Further, Amin et al. [32] used GAMs
to determine the impact of various factors on carbon dioxide emissions in Bangladesh, Ye et al.
[33] applied GAMs to assess the impact of multiple factors on heavy metal leaching from nickel
tailings, and Marques et al. [34] assessed potential biomarkers of contaminants in estuaries using
biochemical and physiological parameters in croakers (Micropogonias furnieri) with GAMs.

The following is the formulation of the GAM used in this study:

arsenic_final_concentration ~
s(manganese_initial_concentration, k = 3) +
s(arsenic_initial_concentration, k = 3) +
ti(manganese_initial\_concentration,
arsenic_initial_concentration, k = 3)

The “s()” wrapped around the variables means that the variables are modeled using smooth
terms and the “ti()” wrapped around the two variables means that the variables are modeled as
tensor product interactions. The basis dimensions (k) for all terms are set to equal three to avoid
overfitting due to the limited number of measurement data used in the GAM (n=27). Basis functions
are additively combined to create smooth terms, as discussed by Wood [35]. Setting the basis
dimension to three means that the basis functions can only have degree two (k-1) complexity, i.e.,
the basis functions are only limited to quadratic functions at most.

The average estimated marginal effects of initial arsenic concentration and initial manganese
concentration to the final arsenic concentration were also calculated using the “slopes()” function
of the “marginal effects” package developed by Arel-Bundock et al. [36]. Marginal effects were
estimated at 0 ppb, 400 ppb, 450 ppb, 500 ppb, and 550 ppb of initial manganese concentrations
while marginal effects of initial arsenic concentration were estimated at 10 ppb, 20 ppb, 30 ppb, 40
ppb, 80 ppb, 100 ppb, and 120 ppb. Intermediate concentration values were also included in the
estimation of marginal effects to capture the inherent variability between raw concentration values
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of arsenic and manganese and to help quantify how the effects of the initial arsenic and manganese
concentration on the final arsenic concentration changes as their concentration increases.

3 Results and Discussion
3.1 ECAR Experiments

Arsenic is removed during the electrocoagulation via the following mechanisms. Electric current is
passed through iron electrodes and iron(II) is then dissolved, which in the presence of dissolved
oxygen, gets oxidized into iron(III) [19, 20]. Iron(III) ions polymerize to produce reactive iron(III)
(oxyhydr)oxides that bind to arsenic(V) [19]. If arsenic(V) is present, iron(III)-arsenic precipitates
and complexes are formed; thus, arsenic gets removed by the separation of the precipitates and
complexes from the solution through gravitational settling and/or filtration [19, 20].

During oxidation by dissolved oxygen, iron(II) can also form a highly reactive iron(IV) oxidant,
which can oxidize arsenic(III) into arsenic(IV) [20]. If enough iron(IV) is present, iron(IV) may further
oxidize arsenic(IV) to arsenic(V), which then adsorbs iron(III) and precipitates from the solution [16,
20].

Hydrogen gas also forms in the cathode during electrocoagulation [12, 13, 19]. Hydrogen gas
may remove flocs that never settle through gravitation by taking the flocs at the top of the solution
(also called electro-floatation), forming a foam-like phase at the top of the solution, which can be
removed by skimming [12, 13]. The flocs formed are usually negatively charged [12].

Figure 3.
pH of control setup before and after ECAR

The pH value of both the control and arsenic-manganese setup increased after ECAR from acidic
to basic, as shown in Figure 3. This increase in pH is in agreement with Nidheesh and Singh [12]
and Song et al. [13], as hydroxyl ions accumulate during electrolysis. All ECAR setups have also
been observed to have yellowish to orangish color during and after electrocoagulation, as shown
in Figure 4. The colors indicate the presence of lepidocrocite (γ-FeOOH) and/or goethite (α -FeOOH)
as a predominant species of coagulant in electrocoagulation, as explained by Dubrawski et al. [37],
Song et al. [13], and Wan et al. [18].
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Figure 4.
Color of contaminated water (spiked solution) after ECAR

The mean arsenic percent removal of the control setup across concentration levels is about
76.78% while the mean arsenic percent removal of the arsenic-manganese setup is 97.59% across
the concentration levels as shown in Figure 5. The raincloud plot – a combination of point plot, box
plot, and violin plot – also illustrates that the measurements for arsenic percent removal greatly
vary with a median of about 73.59%, while the arsenic percent removal of the arsenic-manganese
setup aggregate around a single value (100%) which causes the box plot to be not visible and only
to look a single line. Based on the aggregation of values in the arsenic-manganese setup, it could
be seen that one measurement is an outlier which can be attributed to imprecise measurement as
seen in Table 1 where the standard errors are large.

Table 1. Arsenic Removal of the Control Setup and Arsenic-Manganese Setup. Each trial consists of three
measurements

Arsenic removal in the control setup is between 61%-96% and large variability of arsenic percent
removal for each trial, especially for the second trial, is also observed as seen in Figure 6. This large
variability in the measurement of arsenic percent removal can be attributed to the low concentra-
tions used in the experiments. Despite the variability in measurements, arsenic percent removal
generally decreases as the initial concentration of arsenic increases. This trend is expected since
the charge loading of the setup was held constant at 5 C/L. Thus, the generation rate of coagulants
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Figure 5.
Distribution of Arsenic Percent Removal of Control and As-Mn. The green diamond point indicates

the mean

is constant. This means that the constant amount of coagulants is not enough to precipitate arsenic
at higher concentrations. Overall, ECAR at a charge loading of 5 C/L of the control setup is only
compliant with the maximum 10 ppb arsenic concentration set by WHO and DOH when the initial
arsenic concentration is 20 ppb.

For the arsenic-manganese setup, arsenic removal is mostly 100% with no variability aside
from a single outlier as shown in Figure 7. As discussed previously, the outlier can be attributed
to imprecise measurement. Despite the outlier with a final arsenic concentration of 6.66 ppb,
final arsenic concentrations in all setups of arsenic-manganese solutions are below the maximum
10 ppb arsenic concentration set by WHO and DOH. Results of these experiments suggest that
manganese(II) helps remove arsenic in water at pH 5 to pH 6, which agrees with the results of
Catrouillet et al. [26] at pH 4.5.

The charge loading rate is given by the following equation from Amrose et al. [22]:

q =
I ∗ te
V

(1)
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Figure 6.
Distribution of Arsenic Percent Removal of Control and As-Mn. The green diamond point indicates

the mean

where q is the charge loading rate (C/L), I is the constant operating current (C/s or A), te is the
electrolysis time, andV is the solution volume (L). Using Equation (1), the charge loading rate used
by Catrouillet et al. [26] is calculated to be 46.08 C/L, whereas this study uses 5 C/L. Despite the
vast difference (9̃×) in charge loading rates, the results of this study still validate the findings of
Catrouillet et al. [26], even at low charge loading rates where manganese enhanced the aggregation
of arsenic(V)-iron(III) polymers at low pH regime (pH 4.5); thus, enhancing arsenic removal.

Results also show that manganese was 100% removed from the solution after ECAR, as pre-
sented in Table 1. This removal rate is in contrast to the results by Catrouillet et al. [26], where
only 4.2% and 3.7% manganese removal after ECAR was observed for their 10 µM arsenic + 100 µM
manganese setup and 100 µM arsenic + 100 µM manganese setup, respectively. Catrouillet et al.
[26] used a 1:10 and 1:1 arsenic(III):manganese(II) ratio, while this study used 2:50 and 12:50. If
the discrepancy between the manganese removal between the two studies might be due to the
arsenic(III):manganese(II) ratio used, then the manganese removal of this study’s 20 ppb arsenic +
500 ppb manganese setup should be lower than the 10 µM arsenic + 100 µM manganese setup by
Catrouillet et al. [26], but this is not the case.
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Figure 7.
Arsenic Percent Removal of the Control Setup per Concentration Level and Trial. Each trial consists

of 3 measurements and the green diamond point represents the mean of each trial.

The theoretical amount of iron(II) generated in moles during electrocoagulation is given by the
following equation from Catrouillet et al. [26]:

F e =
I ∗ te
n ∗ F (2)

where I is the constant current (C/s), te is the electrolysis time (s), n is the number of transferred
electrons (n=2, for iron(II)), and F is the Faraday’s constant (96,485 C/mol). Using Equation (2),
the iron(II) generated in this study is at a rate of 0.8637 µM/min, which is less than the 7 µM/min
rate by Catrouillet et al. [26]. Based on these values, the arsenic(III):iron(II):manganese(II) ratio
used in the study by Catrouillet et al. [26] is approximately 1:23:10 and 1:2:1, whereas this study
has an arsenic(III):iron(II):manganese(II) ratio of around 2:145:50 and 12:145:50. Thus, it could be
inferred that the complete removal of manganese in this study is due to the electrosynthesis of
excess iron(II) and manganese(II) into manganese ferrite (MnF e2O4) nanoparticles as conducted
by Mosivand & Kazeminezhad [38].
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3.2 Statistical Analysis
Negative and moderate correlation between manganese concentration and arsenic concentration
after ECAR was found to be significant based on the calculated Pearson correlation coefficient
found on the upper triangular matrix of Figure 8 and based on the correlation strength rating given
by Dancey & Reidy [39], while the correlation with remaining variable combinations is positive,
weak, and insignificant. The figure’s diagonal illustrates each variable’s data distribution while the
remaining lower triangular matrix shows the scatterplot of each variable combination.

Figure 8.
Experiment Data Distribution and Correlation Plots. Significance Codes: ***significant at
α = 0.001, **significant at α = 0.01, *significant at α = 0.05, and "."significant at α = 0.1.

Based on the generalized additive model, the effect of initial manganese concentration on
the final arsenic concentration with an approximately linear relationship is significant as shown
in Table 2 where the effective degrees of freedom (edf) of the smooth term [s(manganese initial
concentration)] is equal to one and with p-value < 0.05.

p-values estimated by GAM are approximates and not a direct analog to the p-value reported by
linear regression models. However, it is still safe to claim evidence of significance if the p-value
calculated by the model is far enough from 0.05, which is the case for the GAM results. Additionally,
edf values indicate the degree of smooth splines used by the model that are additively aggregated
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Table 2. Generalized Additive Model Results

to model the relationship between variables, thus, higher edf values mean higher degree curves
were used to model the relationship between the variables of interest.

GAM results also indicate the relationship between initial and final arsenic concentrations is
approximately linear (stepwise linear) and significant. Interaction effects between initial arsenic
concentration and initial manganese concentration were also significant, with at least a cubic
relationship, as indicated by edf > 3. However, it is worth noting that there is concurvity between
the main effects (initial manganese concentration, initial arsenic concentration) and interaction
effects, thus, estimated interaction effects and their significance are unreliable. Nevertheless, the
estimated interaction effects of GAM will still provide important insight into how each variable
might affect each other.

Looking at the GAM diagnostic plots illustrated in Figure 9, it can be concluded that the GAM
follows the assumptions necessary to draw insights from the modeling results correctly. Residuals
are approximately distributed within the confidence band along the diagonal of the quantile-
quantile plot (qq plot) with a few outliers at the end. Residuals are approximately symmetrical
and roughly follow a normal distribution based on the histogram of residuals. In the residuals vs
linear predictions plot, the residuals are approximately distributed around the zero-horizontal line
without any clear pattern. Finally, the residuals in response vs fitted values plot roughly follows a
1:1 correspondence.

Partial effects plot of the initial manganese concentration, as shown in Figure 10, indicates that
manganese has an approximately negative linear effect on the final arsenic concentration. Thus,
we can conclude that manganese significantly helps decrease the concentration of arsenic in ECAR.
Figure 11, on the other hand, shows the partial effects plot of the initial arsenic concentration to
the final arsenic concentration, where an approximately positive relationship can be observed.
This relationship is expected since the charge loading was held constant, which means the iron
coagulants generated are insufficient to precipitate the increasing initial arsenic concentration.
Some individual measurements fall outside the confidence bands of the partial effects plot of initial
arsenic concentration and initial manganese concentration on the final arsenic concentration due
to the considerable variability of each measurement and because of the small sample size (n =
27) used for the GAM. For example, the confidence band in the 100 to 120 range on the x-axis of
the partial plot of initial arsenic concentration on the final arsenic concentration is wider due to
the small samples or measurements conducted in that range. Nevertheless, the general trend and
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Figure 9.
GAM Diagnostic Plots

relationship in both the partial effects plots are still valid.
Partial effects plot of the interaction of initial arsenic concentration and initial manganese

concentration on the final arsenic concentration is illustrated in Figure 12 where the interaction
effects are only found in 4 regions representing the different concentration combinations of initial
arsenic concentration and initial manganese concentration with their corresponding standard error.
Figure 13, on the other hand, displays a heatmap of interaction of initial arsenic concentration and
initial manganese concentration on the final arsenic concentration where the color ranges from red
to yellow, corresponding to negative interaction effect (red) to positive interaction effect (yellow).

Based on these interaction effects plots, the concentration combination of 120 ppb arsenic
and 500 ppb manganese, and 20 ppb arsenic only helps reduce the final arsenic concentration.
Surprisingly, the interaction effects plots show that a combination of 20 ppb arsenic and 500 ppb
manganese increases the final arsenic concentration which is different from the measurements
where 100% arsenic removal was observed. This incorrect interaction result may be due to the
concurvity present between the main effects and interaction effects and due to the small sam-
ple or measurement present on those variable concentration combinations. Interpolated and
extrapolated effects of initial arsenic concentration and initial manganese concentration on the
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Figure 10.
Partial Effects of Initial Manganese Concentration on Final Arsenic Concentration

final arsenic concentration across a continuous range of concentration values are shown in Figure
14. Incorrect estimated effects on the final arsenic concentration can still be seen in the figure,
especially in areas without experimental data for other variable concentration combinations. This
reflects that the data used in the modeling is inadequate to estimate values in those intermediate
regions correctly.

Estimated marginal effects of initial manganese concentrations and initial arsenic concentra-
tions on the final arsenic concentration are illustrated in Table 3 and Table 4 respectively. Marginal
effects are defined by Arel-Bundock et al. [36] as “partial derivatives of the regression equation
with respect to a predictor of interest” and means that the estimated marginal effects are slopes
tangent to the dependent variable to a particular value of the independent variable of interest.
Thus, they caution that the estimated marginal effect must be seen as an approximation and only
valid in a small neighborhood of the specific value of the independent variable of interest where the
marginal effect is estimated and only in tiny increments or decrements. Due to these constraints,
marginal effects were also estimated on intermediate concentration values of initial manganese
concentrations and initial arsenic concentrations to help quantify how the effects of the initial
arsenic and manganese concentration on the final arsenic concentration generally change as their
concentration increases.

The estimated marginal effect of initial manganese concentrations on the final arsenic concen-
tration is negative for all positive values of initial manganese concentrations, which aligns with the
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Figure 11.
Partial Effects of Initial Arsenic Concentration on Final Arsenic Concentration

partial dependence plot illustrated in Figure 10. By taking the average of the significant estimated
marginal effect, the average estimated marginal effect of initial manganese concentrations on the
final arsenic concentration is -0.4078, which means that we expect a decrease in the final arsenic
concentration by 0.4078 ppb for each unit increase of initial manganese concentration as long as
the unit increase is small.

The estimated marginal effect of initial arsenic concentrations on the final arsenic concentration
is generally positive except at 100 ppb and 120 ppb arsenic, in which the estimated marginal effects
are negative and insignificant. These exceptions can be explained by the lack of data for the GAM,
as shown in the wide confidence band in the 100 ppb and 120 ppb range of the partial dependence
plot shown in Figure 11.

Nevertheless, by only considering the significant estimated marginal effects, we can see that
the estimated marginal effect of initial arsenic concentrations on the final arsenic concentration is
in accordance with the partial dependence plot of initial arsenic concentration on the final arsenic
concentration. By taking the average of the significant estimated marginal effect, the average
estimated marginal effect of initial arsenic concentration on the final arsenic concentration is 1.778,
which means that we expect an increase in the final arsenic concentration by 1.778 ppb for each
unit increase of the initial arsenic concentration as long as the unit increase is small.

Based on the average estimated marginal effects of initial manganese concentrations and
initial arsenic concentrations on the final arsenic concentration, we can see that the presence of

Rubin et al. (2024) | Journal of Human Ecology and Sustainability 16



Table 3. Estimated Marginal Effect of Initial Manganese Concentration on Final Arsenic Concentration

Table 4. Estimated Marginal Effect of Initial Arsenic Concentration on Final Arsenic Concentration
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Figure 12.
Partial Effects of Initial Arsenic and Manganese Concentrations on the Final Arsenic Concentration.

Red and green dashed lines indicate standard errors while the solid black line indicates the
interaction effects estimated by the GAM.

manganese helps remove arsenic in ECAR. However, the effect of manganese is still small (about 4
times less) compared to the effect of initial arsenic concentration in arsenic removal.

4 Conclusion and Recommendations
Manganese was found to aid significantly arsenic removal mostly by 100% during ECAR with ap-
proximately 2:145:50 and 12:145:50 arsenic(III):iron(II):manganese(II) ratio at pH 5 to pH 6 and at
a low charge loading rate of 5 C/L. Regardless of the arsenic-manganese solution setup, 500 ppb
manganese reduced the arsenic concentration below the 10 ppb maximum arsenic concentration
limit set by WHO and DOH for drinking water. Total removal of manganese after ECAR was also
observed on all arsenic-manganese solutions, which may be due to the electrosynthesis of excess
iron(II) and manganese(II) into manganese ferrite (MnF e2O4) nanoparticles.

Statistical analysis shows that the effects of initial arsenic and manganese concentrations and
their interaction on the final arsenic concentration are significant. However, it should be noted
that the significance of the interaction effects may be unreliable due to the concurvity between the
interaction effects and the main effects. The average estimated marginal effect of initial arsenic and
manganese concentrations on the final arsenic concentration is -0.40778 and 1.778 respectively.

The study shows that ECAR effectively removes arsenic from groundwater, particularly in the
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Figure 13.
Partial Effects Heatmap of Initial Arsenic and Manganese Concentrations on the Final Arsenic
Concentration. The color ranges from red to yellow, corresponding to negative effect (red) to

positive effect (yellow).

presence of manganese. This technology supports clean water access and aligns with three UN
Sustainable Development Goals: health (SDG 3), clean water (SDG 6), and sustainable communities
(SDG 11). However, it should be noted that the study is limited by the following:
1. the study used contaminated water (spiked solution) to determine the effect of manganese(II).
2. the study used only a fixed 5 C/L charge loading.
3. the study was conducted during the height of the pandemic which resulted in lockdowns; thus,

not all planned trials were conducted.
To address these limitations, further investigation of the mechanism of total manganese removal

after ECAR and further experiments with different arsenic(III):iron(II):manganese(II) ratios at various
pH levels are recommended to elucidate further the interaction of arsenic, iron, and manganese in
ECAR. For future research, the impact of additional factors, such as different charging times and
charge loadings, diverse chemical ratios, and various metal impurities can be explored to simulate
actual groundwater conditions. Finally, given the marginal effects observed in this study, future
experiments should be designed and conducted with sufficient experiment trials and measurements
to achieve appropriate statistical power.
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Figure 14.
Effects of Different Initial Concentrations of Arsenic and Manganese on Final Arsenic Concentration
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