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Highlights:

e AsY removal in synthetic water representing elemental composition equivalent to contam-inated
groundwater of Ballia;

e  The prepared y-Fe,O3 nanoparticles (MNPs) show efficient capabilities for AsV removal;

e Inter-parametric interactions revealed that adsorption also occurred through the formation of
surface complexes;

e Surface complexation modeling (SCMs) shows the involvement of singlet (FeOH ") and triplet
(Fe30709) species in adsorption;

o  Weak electrostatic interactions are responsible for the removal process.

Abstract: An investigation of the potential of y-Fe,O3; (maghemite) nanoparticles (MNPs) to remove
AsY from groundwater is reported. The MNPs were synthesized using a modified co-precipitation
method via refluxing. The morphological and surface characteristics of MNPs were analyzed using
XRD, FTIR, SEM, TEM, and Zetasizer techniques. Their AsY removal potential was explored in syn-
thetic water representing the elemental composition equivalent to arsenic-contaminated groundwater
of the Ballia district, Uttar Pradesh, India. The arsenic concentration in the samples collected from the
study area was observed to be much more than the provisional WHO guideline value for drinking
water (10 pg L™1). An orthogonal array Ly; (3'%) of the Taguchi design of experimental methodology
was employed to design the experiments and optimization of As¥ removal. The ANN tool was
trained to evaluate Taguchi’s outcomes using MATLAB. The percentage of ionic species distribution
and surface complexation modeling was performed using Visual MINTEQ. The study explored the
effects of pH, temperature, contact time, adsorbent dose, total dissolved solids, and shaking speed
on the removal process. The adsorption was found to occur through electrostatic interactions. The
inter-parametric analysis demonstrated the involvement of secondary sites affecting the adsorption.
The charge distribution multi-sites complexation (CD-MUSIC) model and 2pk-Three-Plane-Model
(TPM) indicated the involvement of the reactivity of singlet (FeOH09) and triplet (Fe30705) species
in the examined pH range. The developed nanoparticles are observed to be efficient in As¥ removal.
This information could benefit field-scale arsenic removal units.

Keywords: groundwater; arsenic; maghemite nanoparticles; Taguchi’s methodology; removal
characteristics; Ballia

1. Introduction

Arsenic is a toxic, bio-accumulating, redox- and pH-sensitive element. Millions have
been exposed to this life-threatening groundwater contaminant over the last few decades [1].
The high mobility of arsenic in aquifer systems is of concern. Trace arsenic toxicity and
biomagnification mainly depend on its oxidation state [2]. Arsenic is found in the earth’s
crust, from which it leaches into groundwater [3]. Even at low concentrations, its long-term
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consumption can develop cancers of the lungs, liver, bladder, and kidneys [4]. Countries
such as Argentina [5], Bangladesh [6], Brazil [7], Canada [8], Cambodia [9], Chile [10],
Ghana [11], Hungary [12], Mexico [13], Pakistan [14], Republic of China, Taiwan, United
States of America and Vietnam [14] are affected with arsenic-contaminated groundwater.
In India, the states of Assam [15], Bihar [16], Chhattisgarh [17], Himachal Pradesh [18],
Jharkhand [19], Punjab [20], Manipur [21], Uttar Pradesh [22], and West Bengal [23] are
all reported to have elevated levels of arsenic in groundwater [24,25]. The World Health
Organization (WHO) provisional guide value and the Bureau of Indian Standard (BIS)
regulatory value 10 pg L~! in drinking water are set to combat the problems occurring to
human health [26,27].

Oxidation and filtration [28], co-precipitation, sedimentation and filtration [29], ion
exchange resins [30], adsorption [31], reverse [32], forward osmosis [33], and electrodialy-
sis [34] are all reported techniques for arsenic removal from aqueous solution. Adsorption-
based treatments have gained considerable attention due to its large-scale feasibility and
easy operation [35]. Moreover, nanotechnology-based water treatment systems offer a logical
choice considering their large-scale applicability, resource, and energy efficiency. Therefore,
several inorganic nano adsorbents, specifically the oxides of iron [36-38], titanium [34,39], alu-
minum [40,41], copper [42], zinc [43,44], zirconium [45,46] and cerium [47,48], have been
reported in relation to arsenic removal. Nevertheless, iron-based nanoparticles are explored
largely due to their easy availability, bio-friendly characteristics, intrinsic affinity, and
arsenic selectivity [49,50]. Compounds such as nZVI, hematite [51], goethite [52,53], aka-
ganeite [54], and magnetite [37,51,55-57] have been extensively explored for AsY removal.
However, nanoparticles (NPs) of y-Fe,O3 (maghemite), which is a widely occurring iron
oxide [58], still need to be explored widely.

Arsenic removal using nanoadsorbents was reported to occur through several mech-
anisms. It includes ligand exchange [59], complex coordination [60], chemisorption [61],
bidentate-binuclear complexes [62], inner-sphere complexes [63], anion exchange [64], and
electrostatic interaction [65,66]. These studies explore the mechanism through batch experi-
ments containing single species (i.e., arsenic) in the aqueous solution [67]. Although, several
ions in natural groundwater conditions might affect the removal efficiency and mechanism
during adsorption. Understanding the impact of these co-ions on arsenic removal in terms
of efficiency and adsorption behavior is necessary. Therefore, this study investigates the
arsenic removal characteristics of MNPs in synthetic water having elemental compositions
equivalent to real-world groundwater.

Shared charge theory can demonstrate the selective adsorption of different oxyan-
ions onto metallic nano adsorbents [68]. It considers that deprotonated oxygen atoms of
ionic species interact with the surface moieties of metal-bearing nano adsorbents, which
necessitates exploring the influence of anionic species on the adsorption. Although, the
literature investigates the effects of C1~, S042,NO;~, and PO43~ ions on arsenic removal
using MNPs [69]. However, the studies evaluating the arsenic sequestration potential of
MNPs in groundwater compositions representing typical real-world aquifers are lacking.

The relative concentrations of the dominant inorganic arsenic species (As'' and AsY)
vary in natural waters. pH and redox potential (Ey) are the primary factors for arsenic
speciation in groundwater [70]. In a highly oxidizing environment (Ej,: 600 to 1200 mV),
HAsO,%>~ and HyAsO,~ are the dominant arsenic species in the pH range of 2.0-6.5
and 6.5-11.5, respectively. However, low oxidizing (Ey: 0 to 600 mV) and anaerobic
environments (E: 0 to —800 mV) favor the presence of the uncharged H3AsOsspecies in
natural water [71]. Studies exploring the possible interactions of arsenic species with other
ions during treatment processes using nanoparticles are needed.

Analyzing interactions among the experimental variables and result outcomes is
impractical through one-way classification procedures [72,73] because it requires many
experimental runs. Additionally, these explain only the effects of design factors on the
average result level. Nevertheless, the experimental design based on mathematical models
is relevant and helps to assess the statistical significance of different factors [74,75]. These
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effectively investigate the effect of multiple factors and potential interactions among the
factors through minimum numbers of experimental runs. Therefore, we opted to use
Taguchi’s experimental methodology in the present study. Previously, several authors
explored the response surface methodology (RSM) to optimize the removal of contaminants,
such as fluoride [76], heavy metals [77], and anionic dye [78] using MNPs. However,
Taguchi’s optimization methodology has not been reported for As¥ removal using these
nanoparticles in the literature. Taguchi’s design also considers the study of variations,
which is more critical than just the average considered in RSM [79]. It also investigates
different parameters affecting process performance characteristics. A brief outline of the
components explored in this study is presented in Figure 1.
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Figure 1. Schematic methodology highlights the various components of present study exploring As"
removal of MNPs.

The present study aims to evaluate the adsorption potential of MNPs for As¥ removal
using real-world groundwater compositions. It is expected to provide a systematic under-
standing of the nano adsorbent behavior to research communities on a common platform
that develops efficient remediation systems in arsenic-affected areas. Taguchi’s experi-
mental methodology was adopted to maximize the response characteristics by optimizing
different process parameters to simultaneously maximize removal percentage at a minimal
adsorbent dose and near-neutral pH conditions. Synthetic water with a concentration of
constituents similar to actual groundwater composition was used in the experimental runs.
The formation of possible competing ion species under six different conditions, such as
pH and variable concentration range were identified using Visual MINTEQ, which further
explored understanding their effects on AsY adsorption. Finally, the artificial neural net-
work ANN model was trained to evaluate Taguchi’s outcomes using MATLAB. The present
results could serve the scientific community by providing a basis for investigating arsenic
removal using nanoparticles in groundwater, representing real field-scale applications.

2. Experimental Procedure
2.1. Materials and Reagents

Analytical reagent grade salts FeCl3-6H,O (M.W. = 270.3 g mol~!) and FeSO,-7H,0O
(MW.=27801g mol 1) were purchased from Thermo Fisher Scientific enterprises (Waltham,
MA, USA) and utilized as a source of Fe? and Fe?* ions, respectively, during the synthesis of
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nanoparticles. The Na;HAsO4-7H,O (MW. =312.01 g mol 1) salt, purchased from Merck
Enterprises, was used to prepare the arsenic working solution. Analytical grade (ACS)
ammonium hydroxide (NH4OH, 28% w/w), hydrochloric acid (HCl, 37% w/w), perchloric
acid (HCIOy, 37% w/w), and sodium hydroxide (NaOH, >97%, pellets) were obtained from
Sigma-Aldrich (St. Louis, MO, USA). ICP-MS grade (Merck enterprises) standard solutions
of cations, anions, heavy metals, and arsenate were used during the calibration. Salts were
used to formulate artificial water, according to Table S1. All solutions were prepared in
deionized water (Millipore, electrical conductivity, 18.2 MQ-cm at 25 °C).

2.2. Instrumentations and Equipment

X-ray diffraction (XRD) patterns were performed on a Bruker X-ray diffractometer
(Model: D8-Advance, Source: 2.2 kW Cu anode). Infrared (IR) spectra were recorded
in the mid-IR range using an Agilent Cary 630 Fourier Transform Infrared spectrome-
ter (Spectral range: 4000400 cm~!, Sample interface: Diamond ATR). Morphological
analysis was undertaken using a Field-Emission Scanning Electron Microscope (Model:
Carl Zeiss Ultra Plus) equipped with an In-Lens Detector for surface structure analysis.
The high-resolution imaging of nanoparticles was performed through a Field-Emission
Scanning Electron Microscope (Model: FE-SEM QUANTA 200 FEG, Gun type: FEG with
Schottky emitter) and High-Resolution Transmission Electron Microscope (Model: FEI
Tecnai G? 20 S-Twin, Electron source: LaBg or W emitter) (FEI Electron Optics Interna-
tional BV Enterprises, Netherlands). The surface charge ( 5-potential) was measured on a
Malvern Zetasizer Nano ZS90 (Light source: He—Ne laser 633 nm, Measurement range:
0.3 nm-100 pum). The concentration of cations (Ca?*, Mg?*, Na*, K*) and anions (F~, Cl~,
SO42~, NO3 ™) were determined by Ion chromatography (Metrohm, 819-IC-Detector) by
employing ion-exchange columns Metrosep-C2-250 and Metrosep-A-Supp-5, respectively.
Sulfate and phosphate ion concentrations were determined using a double beam UV-visible
spectrophotometer (Agilent Cary 100, Monochromator: Czerny-Turner 0.278 m). Heavy
metals were determined by Inductively Coupled Plasma Mass Spectrometry (ICP-MS)
(ELAN DRC-e, Perkin Elmer. The metalloid arsenic concentrations were measured using
Microwave-Plasma Atomic Emission Spectroscopy (MP-AES) (4100, Agilent Technologies,
Santa Clara, CA, USA). The operational parameters utilized for these analyses are detailed
in the Supplementary Information (Text S1-S3). The orbital shaking incubator (Model:
CIS-24 Plus) from REMI Laboratory Instruments, equipped with a temperature and shak-
ing speed range of 5-60 & 0.5 °C and 20-250 RPM, respectively, was used to carry out
the batch experiments. All the samples were dried in a vacuum oven (Model: LVO 2030)
from Daihan Labtech. India Private Limited (Gurugram, New Delhi, India) provided a
temperature and vacuum control range of 5-250 1 °C and 10-760 mm Hg, respectively.

2.3. Synthesis of Nanostructured Maghemite

The MNPs were developed using a previously reported co-precipitation method [80],
with a slight modification by refluxing the Fe?* (ferrous) and Fe3* (ferric) salts. First, 4.2 g
of FeSO,4-7H,0 and 3.7 g of FeCl; were dissolved in 100 mL of ultra-pure water and poured
into a twin round bottom flask. Then, the solution was heated to 90 °C. Afterward, 10 mL
of NH4OH (25%) was added dropwise. The solution was refluxed at a temperature above
90 °C for approximately 45 min and eventually cooled to room temperature. The magnetic
precipitates were isolated from the alkaline solution using laboratory magnets and washed
to remove all the unwanted non-magnetic and soluble products. Finally, the collected black
powders were dried in an anaerobic environment (vacuum oven) for several hours at 60 °C
and stored at room temperature. Then, the obtained powdered sample was employed for
electronic characterization and adsorption experiments.

2.4. Sample Collection and Analysis

The arsenic sequestration potential of MNPs was examined for real-world water
conditions. For this, two samples were collected from near Lohapatti (Location I) and



Water 2022, 14, 3617

50f26

Kanspur (Location IT) from the arsenic-affected of district Ballia, Uttar-Pradesh, India
(Figure 2). These sample locations represent shallow (Mark II hand-pumps, depth 30-33 m)
and deep (Bore-well, depth 66-75 m) aquifer systems. The hand pump and bore-well shaft
water were purged for 10-15 min before sample collection. The three samples from each
location were collected in pre-washed polyethylene bottles of 500 mL capacity.
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Figure 2. Map showing the location of the groundwater sampling points.

One set of sample bottles containing no preservatives was utilized to determine
significant cations and anions. The other sets of sample bottles were preserved) with nitric
acid (68% w/w) and hydrochloric acid (37% w/w) (1 mL in 500 mL) to determine heavy
metals such as iron, manganese, copper, lead, cadmium, zinc, and the metalloid arsenic.
After sampling, all the samples were stored at a temperature of <4 °C using ice/cold packs
or a refrigerator. The pH, electrical conductivity, and total dissolved solids were determined
in-situ using a portable analysis kit (HACH, Model: multi HQ 40d, Loveland, CO, USA).

Before sample analysis, all samples were filtered (Whatman™ 42 1442-125, pore
size 2.5 pm). Samples for heavy metals analysis (Fe?*, Mn%*, Cu?*, Pb%*, Cd**, Zn2*)
were further digested in concentrated HNO3. The minimum detection limit of arsenic
by MP-AES was 1.0 ug L~!. The methods related to water samples collection, mode of
preservation, and sample preparation for different analyses were followed as stated in the
standard procedure(s) [81,82].

2.5. Formulation of Synthetic Water

This study utilized a convenient approach to formulating synthetic water in the work-
place. Batch experiments are often not feasible at a laboratory scale using actual ground-
water due to large sample volume requirements and temporal variability in groundwater
compositions. The approach involved (i) preparation of a matrix matching the required
elemental components to the compositions of starting materials (Table S1); (ii) multiplying
the inverse matrix with the target concentrations to determine the amount of each starting
material to use [80]. Arsenic concentrations were achieved separately from this approach
because of the large difference in the magnitude of the concentration of arsenic compared
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to the other solutes. The calculated and measured compositions of the synthetic waters
for locations I and II are shown in Table 1. These synthetic waters were then used for the
subsequent batch adsorption experiments for As¥ removal.

Table 1. Comparison of ionic concentrations between actual groundwater and artificial formu-
lated water.

Location I Location IT
Actual Measured Actual e s
El Groundwater Calculated Synthetic Diff. Groundwater Calculated Artificial Diff.
ement C Values from o Values from Water Conc. o
onc. the Matrix Water Conc. (%) Conc. the Matrix (mgL 1) (%)
(mgL-1) (mg L-1) (mg L-1)

TDS (gravimetric) 435.9 - 4115 5.6 1590.6 - 1405.7 11.6

TDS (calculated by ions) 3374 261.4 310.6 7.9 1446 1171.1 1321.5 8.6
Chloride 132 67.1 112.0 15.2 435 222.7 346 20.5
Sodium 33 23.1 28.0 15.2 169 111.2 141 16.6

Bicarbonate 27 27.0 28.0 3.7 115 114.8 113 1.7

Potassium 15 13.8 13.3 11.3 95 91.6 93 2.1
Fluoride 15 15 15 13 3 2.94 3.16 —53

Nitrate 20 20.0 21.2 —6.0 140 139.8 139 0.7

Calcium 29 289 26.4 9.0 185 185.3 181.5 1.9
Zinc 2 1.9 1.9 5.0 4 4.43 4.1 —-25

Magnesium 27 27.0 245 9.3 33 33.2 324 1.8
Sulfate 30 30.1 324 —8.0 220 2194 221.1 —-0.5
Silica 18 18.1 18.6 -33 42 414 42.3 -0.7
Manganese 2 1.9 1.9 7.5 3 3.4 32 —6.7
Phosphates 091 1.1 1.0 —6.6 2 1.06 1.75 12.5
Arsenate * 0.055 - 0.057 —3.6 0.2 - 0.201 —0.5

* The high difference (%) in calcium and magnesium ions concentration contributes to the high hygroscopic nature
of their salts. Similar, the higher variation for sodium ions is due to ignorance of sodium arsenate salts during
matrix calculation.

2.6. Taguchi’s Design of Experimental Methodology

A Taguchi design methodology was used to design the batch adsorption experiments.
Orthogonal arrays (OA’s), S:N analysis and variance were used as practical tools to analyze
design outcomes [83]. As adopted in the present study, Taguchi’s approach involved four
phases: selection of parameters; experimental investigation; analysis; and validation.

2.6.1. Design of Experiment (Phase 1)

The first step in Phase I was selecting for optimization the different factors that can
affect the removal of As" from an aqueous solution. Temperature, pH, dose, and contact
time can affect the efficiency of removal of As" onto the surface of iron metallic oxide
NPs [38,84,85]. Preliminary experiments showed that removal capacity was also affected
by total dissolved solids (TDS) and shaking speed cf. Goswami et al. [86] examined the
shaking speed’s effect in removing arsenic using copper oxide nanoparticles. Therefore,
the parametric design (Table 2) investigated the effect of seven factors through batch
removal studies. Three two-parameter interactions (A.B, A.C, B.C) were also considered
for inter-parametric investigations.

Table 2. Process parameters for As adsorption onto MNPs nanoparticles in multicomponent ionic
systems using Taguchi’s orthogonal arrays (OA’s) design.

Parameters Level 1 Level 2 Level 3

A Arsenate concentration (pug L 55 128 200
B TDS (mg L~1) 436 1014 1591
C Shaking speed (rpm) 100 170 240
D Temperature (°C) 10 20 30

E PH (pH unit) 7 8 9

F Dose (g L~1) 0.05 0.10 0.15
G Contact time (min) 2 53 104
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2.6.2. Orthogonal Array (OA) and Assignment of Parameters

The second step in Phase I was to design the experimental matrix that defines the
data analysis procedure. An appropriate orthogonal array was selected for the controlling
parameters suitable for the present study. In selecting a suitable OA, the design must satisfy
the following prerequisite:

Total DOF required for experiment < total DOF of OA.

In this study, the calculated degree of freedom (DOF) is 26 [=no. of parameters
(7) x {no. of levels (3) — 1} + {no. of two-parametric interactions (3) x no. of parametric
interactions (2) x no. of columns assigned for each interactions (2)}]. Hence, a stan-
dard three-level OA of Ly; (313) (27—represents the total no. of experimental numbers;
3—parameter levels; 13—represents columns of the experimental layout used to assign test
factors and interaction studies) was selected for further study. The details of the reactive
surface species and Lyy array are shown in Tables 3 and 4, respectively.

2.6.3. Batch Removal Experiments (Phase 2)

Batch adsorption studies were explored to remove As" using MNPs for the selected
27 experimental trials having seven process factors with three levels (Table 3). The results
were obtained from individual sets in terms of the total amount (g,) of As¥ adsorbed
(ug L™1) onto the surface of nanoparticles, as shown in Table 4. Each set of experimental
trials was performed in three replications and designated as Ry, R, and Rs.

In each experimental trial, 100 mL of an aqueous solution containing different As"
concentrations (levels) were placed in a 200 mL glass stoppered conical flask containing a
specific dose of MNPs. The pH was adjusted before each batch experiment using NaOH
(0.001 N) and per-chloric acid (0.001 N) without further pH adjustment during the sorption
process. Finally, the samples were filtered after the appropriate contact time of the sorption
process, and filtrates were analyzed to determine the residual concentration of As" ions.

The removal capacity g, (ug mg ') of AsV from the aqueous solution was calculated
by using the following equation:

3 (o
qe — Z (COWCf) (1)

i=1

where Cy and Cr are the initial and final concentration (pg L) of AsY, respectively, and W
is the adsorbent dose (mg L.

2.6.4. Evaluation of Outputs and Performance Assessment (Phase 3)

The explored experimental data was organized with higher-is-better quality charac-
teristics (i) to identify the optimum removal conditions, (ii) along with the potential of an
individual factor affecting the adsorption process, and (iii) to estimate the performance
(ge) under optimized conditions. This methodology defines the loss function as a quantity
directly related to the deviation from nominal quality attributes. Taguchi identified a
quadratic relationship as a practical, viable function that depends on the Taylor Expansion
Series, expressed as Equation (2):

Ly = k(y—mr)? )

where L, k, y, and m denote the loss in removal capacity, proportionality constant (depend
on the magnitude of characteristic and removal capacity unit), the experimental value
calculated for individual trial, and a target value, respectively. However, Taguchi modifies
the loss function into a statistical tool known as the signal-to-noise (S5:N) ratio, which is
explored further.
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2.6.5. Signal to Noise Ratio (S/N)

This attribute of the methodology combines the two characteristics of a distribution
into a single metric. The high value of the S:N ratio signifies that the signal is higher than the
noise component’s random effects and depicts the optimum value of removal characteristics
MNPs. The Signal to noise ratio, S:N, was calculated from replicate experiments according
to Equation (3):
ity /) -

N
where “g;’ is the value of the experimental outcome (adsorption capacity) in an observation,
‘N’ represent the replication number of experiments.

However, Taguchi suggested several methods for analyzing S:N data [87]. Among
those, plotting of response curves (average value), ANOVA for raw, and S:N data concern-
ing adsorption capacity for process parameters were examined in the present investigation.

In these factors, the curve plot at the individual level indicates a trend, a pictorial rep-
resentation showing the effect of parameters on response. The S:N ratio is an experimental
response to measure a trial’s variations. Further, the ANOVA test was conducted for the
calculated values of adsorption capacity (g¢) and S:N ratio to identify significant parameters
such as mean and variance.

(S:N); g = —101log

2.6.6. Prediction of Average Adsorption Capacity

This section estimates an average adsorption capacity (u) value at the optimized
conditions. The adsorption capacity () for the optimized conditions was estimated using
the following equation as suggested by Taguchi:

UMNPs :T+(§3—T)+(62—T):E3+62—T (4)

where T represents the value of overall experimental average adsorption capacity, B3 and
C, indicating the response observed at the third (L3) and second (L;) levels of parameters
B and C, respectively.

2.6.7. Determination of Confidential Interval

Taguchi suggested two different types of confidential interval (CI) concerning the
estimation of the adsorption capacity at optimum experimental conditions [88-90], as
shown below:

(i) The CI lies around the estimated adsorption capacity of a treatment condition used in
the conformation experiments to verify predictions. It is designated as CIcg (confi-
dence interval for a group of sample);

(ii) The CI lies around the estimated adsorption capacity of a treatment condition predicted
from the experiment. It is designated as CIpop (population’s confidence interval).

The expression for the calculation of CI is as follows:

CICE=\/ (L EVe | -t ] ®

Neffective

Fu (1, fe)Ve

Neffective

Clpop = (6)
where F,(1, f.) is representing the F-ratio at a CI of (1-«) corresponding to the DOF = 1 and
a DOF with an error of f,, V; is an error variance calculated in ANOVA and #1ef fective 1S
expressed as:

N

Neffective = 1+ [total DOFMAC}

@)
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‘N’ is the total number of experimental outcomes, ‘R’ represents the confirmed experi-
ment sample size, and DOF ¢ indicates the degree of freedom accounted for in estimating
mean adsorption capacity.

2.7. Confirmation Experiments (Phase 4)

The final step in verifying the conclusions drawn from all round of previous exper-
imentation is the confirmation experiment. Firstly, the optimum conditions were set for
the essential parameters, and then selected number of experiments were conducted under
specified conditions. The non-essential parameters were assigned based on economic prior-
ities. The results of the confirmation experiments were compared with the predicted values,
which were based on parameters, and levels tested. This is a crucial step in verifying the
experimental conclusions.

2.8. Modelling of Adsorption Processes

Surface complexation models (SCMs) were applied to simulate the result outcomes
of the batch experiments. The geochemical code Visual MINTEQ was used to calculate
adsorption reactions constant and to model As¥ adsorption [91]. The charge distribution
multi-sites complexation (CD-MUSIC) model [92], together with the 2pk-Three-Plane-
Model (TPM), was explored to understand the adsorption behavior of As" as a function of
pH. The capacitance values inner (C;) and outer (Cy) of Stern layers 1 and 2 were 1.0 and
0.2 F m~2, as derived by Garcell et al. [93] for MNPs. The zeta-potential measurements help
to identify the surface moieties of MNPs that established a negative charge in the explored
pH range. Therefore, the amphoteric species for singly and triply coordinated molecular
surface moieties were taken into consideration for SCMs modeling, as mentioned below in
Equations (8) and (9):

FeOH; % — FeOH %% + H* (8)

Fe;OHT?5 — Fe;0 0% 4+ HY )

Table 3. Stoichiometry and thermodynamic equilibrium constant for surface species reactions utilized
in the modelling.

Surface Species =FeOH =Fe;0 Az, Az Az, log K Ref.
=FeOH 1 0 0 0 0 0 [94]
=Fe;0 05 0 1 0 0 0 0 [94]
=FeOH *°-Ca* 1 0 0.32 1.68 0 3.17 [95,96]
=FeOH %°-CaCO;" 1 0 0.6 -1.6 0 15.55 [97]
=FeOH %°-CaHCO; 1 0 0.6 —0.6 0 24.15 [97]
=FeOH *5_HNO; 1 0 1.00 ~1.00 0 7.42 [96,98]
=Fe; O~ 05-HNO; 0 1 1.00 —1.00 0 7.42 [96]
2(=FeOH05)-As0,Ca 2 0 0.60 0.40 0 36.04 [99]
2(=FeOH5)-AsO,HCa 2 0 0.60 1.40 0 43.44 [99]
2(=FeOH 05)-Mg?* 2 0 0.71 1.29 0 4.89 [100]
2(=FeOH %%)-PO,Ca 2 0 0.60 0.40 0 38.57 [92]
2(=FeOH%%)-PO,HCa 2 0 0.60 1.40 0 46.02 [92]
2(=FeOH%%)-PO,~ 2 0 0.46 —1.46 0 27.59 [99]
2(=FeOH %%)-POOH 2 0 0.63 —0.63 0 32.89 [99]
2(=FeOH%%)-Si(OH), 2 0 —0.29 —0.29 0 5.85 [95,100]
2(=FeOH°5)-SiOHOSi303(OH)y 2 0 —0.29 —-0.29 0 13.98 [100]
2(=FeOH05)-Si0,HSi303,1(OH)o.1 2 0 —0.29 ~-1.29 0 747 [100]
2(=FeOH%%)-ZnOH 2 0 0.50 0.50 0 —1.43 [101]
Modeling parameters
Model Type CD-MUSIC and 2-pk TPM
Number of site types 2
v-Fe; O3 nanoparticle concentration (g L) 0.03
Specific surface area (m? g~1) 59.80 This study
Surface site density (sites nm~2) 51.13 This study
Inner capacitance (F m~2) 1.0 [93]
Outer capacitance (F m~2) 0.2 [93]

pH range
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Table 4. Taguchi’s orthogonal array (OA) Lyy (313 for experimental runs assignment along with three interaction levels (second-order interaction) and calculation of

adsorption capacity (g.) values for As¥ using MNPs.

Calculated g,

S:N
(g mg~1-Fe) Ratio
Runs Trial 1, Trial 2, Trial 3, Trial 4, Trial 5, Trial 6, Trial 7, Trial 8, Trial 9, Trial 10,  Trial 11, Trial 12,  Trial 13, R, R R (dB)
A B A.B A.B C A.C A.C B.C D E B.C F G 8
1. 1 1 1 1 1 1 1 1 1 1 1 1 1 1.21 1.22 1.23 1.75
2. 1 1 1 1 2 2 2 2 2 2 2 2 2 0.45 0.46 0.45 —6.89
3. 1 1 1 1 3 3 3 3 3 3 3 3 3 0.38 0.35 0.44 —8.31
4. 1 2 2 2 1 1 1 2 2 2 3 3 3 0.18 0.17 0.19 —14.89
5. 1 2 2 2 2 2 2 3 3 3 1 1 1 0.74 0.79 0.85 —2.03
6. 1 2 2 2 3 3 3 1 1 1 2 2 2 0.69 0.63 0.69 —3.49
7. 1 3 3 3 1 1 1 3 3 3 2 2 2 0.28 0.26 0.29 —11.09
8. 1 3 3 3 2 2 2 1 1 1 3 3 3 0.38 0.38 0.40 —8.26
9. 1 3 3 3 3 3 3 2 2 2 1 1 1 0.59 0.57 0.59 —4.71
10. 2 1 2 3 1 2 3 1 2 3 1 2 3 1.07 1.04 1.11 0.62
11. 2 1 2 3 2 3 1 2 3 1 2 3 1 0.62 0.58 0.64 —4.25
12. 2 1 2 3 3 1 2 3 1 2 3 1 2 4.01 3.79 4.00 11.88
13. 2 2 3 1 1 2 3 2 3 1 3 1 2 0.59 0.55 0.57 —4.86
14. 2 2 3 1 2 3 1 3 1 2 1 2 3 2.03 2.01 2.05 6.15
15. 2 2 3 1 3 1 2 1 2 3 2 3 1 0.61 0.64 0.63 —4.04
16. 2 3 1 2 1 2 3 3 1 2 2 3 1 0.52 0.40 0.49 —6.70
17. 2 3 1 2 2 3 1 1 2 3 3 1 2 1.12 1.13 1.15 1.09
18. 2 3 1 2 3 1 2 2 3 1 1 2 3 0.84 0.93 0.80 —1.40
19. 3 1 3 2 1 3 2 1 3 2 1 3 2 1.38 1.40 143 2.94
20. 3 1 3 2 2 1 3 2 1 3 2 1 3 5.93 5.52 6.12 15.33
21. 3 1 3 2 3 2 1 3 2 1 3 2 1 1.38 1.36 1.41 2.83
22. 3 2 1 3 1 3 2 2 1 3 3 2 1 3.08 2.93 3.03 9.57
23. 3 2 1 3 2 1 3 3 2 1 1 3 2 0.99 1.06 0.96 0.02
24. 3 2 1 3 3 2 1 1 3 2 2 1 3 0.37 0.30 0.33 —9.70
25. 3 3 2 1 1 3 2 3 2 1 2 1 3 1.46 1.74 1.52 3.87
26. 3 3 2 1 2 1 3 1 3 2 3 2 1 1.61 1.36 1.48 3.38
27. 3 3 2 1 3 2 1 2 1 3 1 3 2 2.10 2.03 2.33 6.62
Total 34.64 33.62 35.20
Mean 1.28
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The surface species with their formation constants are listed in Table 3. The total (N;)
surface site concentrations were obtained from the adsorption isotherm data by [93]:

NG
"~ SCaa.

N (10)

where N; (sites nm~2) denotes the concentration of sites; N and Cs (mol L~!) are the
Avogadro number and concentration of As" adsorbed at saturation point, respectively; S
(m? g~ 1) represents the specific surface area of nanoparticles and Cg. (g L™!), the dose of
nanoparticles utilized.

2.9. Artificial Neural Network (ANN) for Predictive Modeling

Arsenic removal using nanoparticles requires a robust methodology for predictive
analysis. ANN tool can explore input and output parameters effectively. Using the ANN
tool, several authors have explored the predictive modeling of arsenic removal by nano
adsorbents [102,103]. This tool is appropriate for predicting and estimating adsorption
properties due to its complex non-linear characteristics [102-104]. The neural network
toolbox of MATLAB (version 2013a) was used to predict the adsorption behavior. An
approximation algorithm based on feed-forward backpropagation was applied in which
the mean square error represents the accuracy index. The three-layered architecture of the
backpropagation neural network (BPNN) represented as IL-HL-OL is shown in Figure 3.
Where IL is input nodes (equal to the number of variables in the model), HL is hidden
nodes (optimized using runs), and OL is output nodes (based on numbers). A topology
network architecture is illustrated below:

(1,1) (2.1)
W 7xs) LW gy
J logsig
As" cone. (ug L™) A~ T
- G T ——
@ i logsig |
TDS (mg L)
(B p \
Shaking speed (RPM et b )
Shaking speed (RPM) \ c X 4 e As"Removal
Temperature (°C) \//l)\\\' v J (logsig | purelin (ug mg™'-Fe)
pH /\,l o { logsig /
— @& o
Dose (g L) 4 logsig
Contact time (min) { logsig )
—_ o SORNE )
)
logsig- log-sigmoid transfer function
y purelin- layer output
/bll)‘n\ u\
] (b D)
AR HL YD)y oLy
Input Hidden Layer Output
Layer Layer

Figure 3. The architecture of the ANN model is used to predict the removal efficiency MNPs.

3. Results and Discussion
3.1. Characterization of Maghemite Nano-Particles

XRD analysis (Figure 4a) confirmed that the observed diffraction patterns matched
with the (220), (311), (400), (511), and (440) diffraction of the cubic structure of y-Fe,O3
(JCPDS file no. 39-1346). Using Scherrer’s equation, the calculated average crystallite size
was 15 £ 3 nm (Table S1). The recorded FTIR spectrum shows several peak(s) (cm~1) at
532, 635, 1023, 1105, 1620, 3212 and 3424 (Figure 4b), similar to those reported earlier for
MNPs [80,105]. A broad peak area of 3200-3600 cm ! is characteristic of large surface
hydroxyl moieties (Table 52).
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Figure 4. Characterization of synthesized MNPs. (a) XRD pattern. (b) FTIR spectra. (c) FESEM image.
(d) TEM image.

Figure 4c, FESEM image shows that prepared MNPs are not spherical and monodis-
persed. It also suggested agglomerates formation in prepared MNPs. It is possibly due to
the solid magnetic interactions among nanoparticles. Figure 4d. shows the TEM image
of MNPs. By analyzing several TEM images, the estimated average particle size (nm)
was calculated to be 16 £ 9 nm, which agrees with the particle size calculated from the
XRD analysis.

3.2. Elemental Characterization of Groundwater and Its Formulation

The analyzed chemical composition of collected groundwater’s from locations I and II
are shown in Table 5. The validation of formulated water in terms of accuracy was also
performed by analyzing respective ion concentrations.

3.3. Characteristics of Arsenic Removal in the Multi-Ionic System

The experimental runs examined the As" adsorption of MNPs under the specified
conditions, as mentioned by Taguchi’s Ly7 OA (Table 4). Three experiments were performed
in each run, indicating different parametric conditions. The increasing difference between
the assigned level values indicates the growing influence of that experimental variable on
the removal capacity. The above-listed parameters (in Table 2) demonstrated notable effects
on AsY removal. These effects are discussed individually below:
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Table 5. Physio-chemical analyses of actual groundwater of Ballia district (two locations) used for

artificial water formulations.

Parameter Unit Method of Test DL * PL * Location I Location II
pH pH unit pH probe 6.5-8.5 NR 745 +£0.1 734 +£0.1
Electrical conductivity uScm~! EC probe - - 341+6 1524 +7
TDS mgL~! TDS probe 500 2000 4359 + 4 1590.6 + 4
Total hardness mg L1 Titrimetric 300 600 160 £+ 4 424 + 4
Alkalinity mgL~! Titrimetric 200 600 86 +3 222+4
Bicarbonate (as CaCO3) mg L-! Titrimetric - - 27+£2 1153 £15
Phosphate (as PO4%7) mg L1 Spectrophotometric 0.91+0.1 2.02+0.1
Silica (as H4SiOy) mg L1 Spectrophotometric 184 +2 424 +1
Sodium (as Na™*) mgL~! IC - - 324+1 169.4 + 1
Potassium (as K*) mg L~} IC - - 15.3 +0.2 947 +1
Fluoride (as F7) mgL~! IC 1.0 15 1.54 +0.1 3.04 £0.1
Chloride (as C17) mgL~! IC 250 1000 1324 +1 4352 +£1
Calcium (as Ca?*) mg L1 IC 75 200 289 £04 185.1 £1
Magnesium (as Mg?" mg L~} IC 30 100 268 £1 324+£1
Sulphate (as SO4%7) mg L1 IC 200 400 304 +1.2 2204 +2
Nitrate mg L1 IC 45 NR 200+ 04 140.0 £1
Iron mgL~! ICP-MS 0.3 1.0 0.53 £ 0.02 0.37 £0.03
Manganese mg L~} ICP-MS 0.1 0.3 2£01 3.03£0.1
Copper mg L1 ICP-MS 0.05 1.5 ND ND
Lead mg L~} ICP-MS 0.01 NR ND ND
Cadmium mgL~! ICP-MS 0.003 NR ND ND
Zinc mg L1 ICP-MS 5 15 2401 396 £0.3
Arsenic (as Total) pug L1 MP-AES 10 50 54 £2 200 +£1

As per Indian Standard: 10,500 (2012), NR, no relaxation; ND, not determined; * DL, desirable limit;
* PL, permissible limit; IC, Ion chromatogram; ICP-MS, inductively coupled plasma mass spectroscopy;
MP-AES, Microwave plasma atomic emission spectroscopy.

3.3.1. Effects of Process Parameters: Shaking Speed, Temperature, and Contact Time

The lower value of g, (ug mg_l—Fe) at levels L; (1.09) and L3 (1.21) as compared
to that of level L, (1.53) indicates that a variation in shaking speed is affecting the As¥
removal (Table 6. This decrease in the removal capacity can be attributed to the desorption
of adsorbed As into the aqueous solution at a high shaking speed. The formation of
an external boundary layer of adsorbed species on the adsorbent and the distribution of
remaining solute(s) in bulk are significant factors affecting adsorption phenomena [106,107].
This study suggests that external diffusion is likely the rate-limiting step in adsorption [86].
Further, the low adsorption capacity value for L; ensures that nanoparticles were not
entirely homogenously suspended in the solution at the shaking speed of <170 rpm.

Table 6. Adsorption capacities (g, ug mg~!-Fe) and associated signal noise (S:N, dB) ratio determined
three value levels for each variable.

Raw Data, Average Value Main Effects, Raw Data S:N Ratio (dB), Average Value S:N Ratio (dB), Main Effects

Factor Ll L2 L3 Lz—LI L3—L2 Ll Lz L3 Lz—LI L3—L2
A 0.6 1.3 2.0 0.7 0.8 —6.4 —-0.2 3.9 6.3 4.0
B 1.8 1.0 1.0 -0.8 Nil 1.8 —-2.6 -19 —4.4 0.7

C 1.1 1.5 1.2 0.4 —-0.3 -2.1 0.5 -1.2 2.6 -1.7

D 22 0.9 0.8 -1.3 —-0.2 37 -25 -39 —6.1 —-15
E 0.9 1.2 1.7 0.3 0.5 —-15 —2.1 0.9 —-0.5 29

F 1.8 1.3 0.8 -0.5 —-0.5 14 Nil —4.1 —-14 —4.1

G 1.1 1.3 1.4 0.2 0.1 -0.5 —-0.4 -1.8 0.1 —-1.4

A.B 2.2 2.8 2.7 0.7 —0.1 —-25 —-0.5 —24 2.0 -1.9
A.C 2.8 2.3 2.6 -0.5 0.3 -2.3 -25 -0.7 -0.2 1.9
B.C 2.2 2.8 2.7 0.6 —0.1 —-0.6 —-3.6 -1.2 -3.0 24

* A.B (AsY conc. x TDS); A.C (As" conc. x shaking speed); B.C (TDS x shaking speed).

An increase in the temperature from 10 to 30 °C causes a monotonic decrease in the
adsorption capacity, indicating the low heat of adsorption during the removal process.
The maximum value (1.41 ug mg~!-Fe) of adsorption capacity is observed for a high
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contact time (L3). This outcome also suggests that physical absorption is the predominating
phenomenon and hydroxyl groups and AsV interacts with weak electrostatic interactions.

3.3.2. Effects of Process Parameters: AsY Concentration, TDS, and pH

An increase in the AsY initial concentration (A) from 55 to 200 pg L™, the adsorption
capacity (g.) was observed to increase, and the maximum adsorption capacity was observed
at 200 ug L~! (level L3). The competition for ion concentration causes an increase in
adsorption capacity (0.55 to 2.02 ug mg~!-Fe), which is due to a decrease in the hindrance
for the uptake of AsV ions as the mass-transfer operating force gets intensified.

Increasing TDS (B) from (L; to L3) 436 to 1591 mg L~1, the adsorption capacity (g.)
was observed to decrease (1.8 to 1.0). It apparently occurred due to the competition among
AsV and other ions to occupy the vacant sites of the nanoparticle surface. However, a
variation in adsorption capacity was observed, which could be due to the dominating
effect of different competing ions leading to negligible adsorption of As¥ beyond the TDS
concentration of 1014 mg L1 (Ly).

The AsY adsorption increases from 0.9 to 1.7 ug mg~!-Fe with an increase in pH. The
effect of various parameters on the adsorption capacity has been observed to follow a de-
creasing order as total dissolved solids (B) > arsenate concentration (A) > dose (F) > pH (E)
and arsenate concentration (A) > pH (E) > dose (F) > total dissolved solids (B), respectively.
It may be due to the occurrence of charged species of As" beyond the near-neutral pH con-
ditions. The results thus indicate a strong effect of the total dissolved solids concentration
on the adsorption process and the role of the occurrence of a change in the surface moieties
on electrostatic interactions. Few authors have reported an increase in the removal capacity
of nanoparticles in the presence of ions such as nitrates and bicarbonates [69].

3.4. Analysis of Inter-Parametric Interactions

The ANOVA outcomes for raw and S:N data and the percentage contribution of indi-
vidual process parameters affecting the As" adsorption are presented in Table 7. Figure 5
shows the variations in the adsorption capacity as a function of the As" initial concen-
tration for the different TDS levels. With an increase in TDS (L; to L3), the adsorption
capacity increases with increasing As" concentration. It might be due to the secondary
sites developed for As" adsorption provided by the surface complexes produced with
other ions.

Table 7. ANOVA of g. (ug mg_l-Fe) and S:N (dB) ratio data for the multi-ionic system in the
adsorption of As" using MNPs.

Raw Data S:N ratio
Parameter Sum of Square DOF?  Mean Square F Value % Contrib. g:?a:: DOF? Mean Square F Value % Contrib.
A 29.3 2 14.6 292.7 23.66 485.67 2 242.84 933.98 39.7
B 11.7 2 5.9 117.4 9.41 98.66 2 49.33 189.73 8.1
C 2.8 2 14 279 2.23 31 2 15.5 59.62 2.5
D 343 2 17.2 343.4 27.65 290.58 2 145.09 558.81 23.7
E 8.5 2 43 85.3 6.90 43.69 2 21.85 84.02 3.6
F 12.9 2 6.4 128.5 10.32 146.46 2 73.23 281.65 12.0
G 1.0 2 0.5 10.4 0.83 11.77 2 5.89 22.63 1.0
AxB 8.8 4 2.2 43.8 3.48 39.64 4 9.91 38.12 1.6
AxC 25.6 4 6.4 127.4 10.25 108.93 4 27.23 104.74 4.5
BxC 13.2 4 3.3 65 5.27 85.48 4 21.37 82.19 3.5
Residual 0.08 54 0.06 0.52 2 0.26
Model 124.10 26 62.09 1341.08 24 612.69 2356.5
Corr. Total 124.18 80 62.15 1341.60 26 612.43

DOF ?—Degree of freedom. Sum of square—DOF x mean square.
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Figure 5. Interaction between g, and S:N ratio vs. arsenic initial concentration at three levels of TDS
for multicomponent adsorption of As¥ onto MNPs.

Figure 6 depicts the variations in the adsorption capacity as a function of the initial
concentration of As" at each level of shaking speed. At a low concentration of As"
(L1-55 pg L1, the shaking speed was examined to affect its removal. An antagonistic
behavior of its removal was observed beyond the As¥ concentration of (L1) 55 ug L. A low
removal capacity of As¥ was found at the shaking speed of 170 rpm (L;) for MNPs. Further,
the combined effect of shaking speed and TDS was explored on the As¥ removal (Figure 7).
An insignificant variation in the removal capacity at low shaking speed for the whole range
of TDS (436-1591 mg L~ !) ensured that nanoparticles were not homogeneously suspended
in the solution at a shaking speed of <170 rpm. It indicates that external diffusion is likely
to be the rate-limiting step in adsorption. However, high removal capacity was observed at
high TDS and a shaking speed of 170 rpm. The inter-parametric interaction studies revealed
that the As" removal onto MNPs occurred through the formation of surface complexes.
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Figure 6. Interaction between g. and S:N ratio vs. arsenic initial concentration at three levels of
shaking speed for multicomponent adsorption of As" onto MNPs.
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Figure 7. Interaction between g, and S:N ratio vs. TDS at three levels of shaking speed for multicom-
ponent adsorption of As¥ onto MNPs.

The pHpzc (point of zero charge) of the adsorbing material and the charge of the
contaminants are essential factors that affect their removal from aqueous solutions. This
study found the pHpzc for these nanoparticles in the acidic range (pHpzc—2.8). The
surface moieties (primarily hydroxyl) acquired a negative charge between pH 7-9. Figure
S5. indicates the zeta potential analysis (() with a value of —33 &+ 0.6 mV at near-neutral
pH conditions, considered colloidal stable. Therefore, the adsorption of arsenic species
occurred through weak electrostatic interactions. The reaction mechanisms explaining the
development of surface charge onto these MNPs are mentioned below:

H H
Fe—O-H+ Ht - "P%C, pe  O*H, (pH < 2.8) (11)
H H
Fe—O—H+ OH PP, Fe _ O~ + H,0 (pH7-9) (12)

pH > pHpyc Fe
R (RN

Fe—O—-H + H +2(H - OH) — O™ +2H30" (pH6.1-7.0) (13)

3.5. Selection of Optimal Levels and Estimation of Response Characteristics

Higher values of g, represent better arsenic removal, so optimal levels to maximize
ge were determined. The percent contribution of individual process parameters and para-
metric interaction on the As" removal capacity are presented in Figure 8. The optimized
conditions for the location I and Location Il were Ay, By, Cy, Dy, E3, Fq, G3, and A3, B3, Cy,
D, E3, and Fy, G3, respectively. Thus, the significant process parameters that affected the
AsY removal by MNPs and their optimal levels are included as Location I (A1, By, Cy, Dy,
Es, Fi, G3), location II (A3, B3, Cy, Dy, E3, Fy, G3) and experimental design (As, By, Cy, Dy,
E3, F1, G3). The estimated value of adsorption capacity using the optimal levels (as already
selected) was calculated from Table 6. These are given as below:

The first level of concentration of AsV ions (A7) = 0.6
The third level of concentration of AsV ions (A3) = 2.0
The first level of concentration of TDS (By) = 1.8

The third level of concentration of TDS (B3) = 1.0

A second level of shaking speed (Cz) = 1.5

The first level of temperature (Dy) = 2.2

The third level of pH (E3) = 1.7

The first level of dose concentration (F1) = 1.8

The third level of contact time (G3) = 1.4
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Figure 8. Percent contribution of process parameters on As" adsorption capacity in a multi-ionic
system using MNPs: parameter A, arsenate conc. (ug L™1); parameter B, TDS (mg L~!); parameter C,
shaking speed (RPM); parameter D, temp. (°C); parameter E, pH; parameter F, dose (g L_l) ; parameter
E, contact time (min).

The overall mean for the total removal capacity (T pnps) is 1.28 (from Table 4). The
calculated predicted optimum values (p) for removal capacity for location I, location II and
experimental design are given as Equations (14)- (16) below:

HLocation 1 = 3.2 Ug mg_l — Fe (14)
HLocation 11 = 3.8 g mg ™~ — Fe (15)
Home, = 46 pgmg~" — Fe (16)

Further, the 95% confidence interval for the mean of experimental run outcomes and
three conformation experiments (Clcg and Clpop) is calculated by substituting the DOF
error [f, = 54 (80-26)], the total number of results [N= 81 (27 x 3)] and the error variance
[V. = 0.06] in Equation (17) to Equation (19):

Neffective — 3 (17)

Fo.05 (1, 54) = 4.03 (representing tabulated F-value)

Clcg = £0.5 (18)

Clpop = 0.3 (19)

The details of the predicted ranges for the maximum removal capacity at 95% con-
fidence intervals for the location I, location II and experimental design onto MNPs is
presented below in Table 8.
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Table 8. Predicted optimal levels of parameters and adsorption capacity (g.) values, confidence
intervals, outcomes of confirmation experiments, and percent variation for location I, location II and
experimental design.

Optimal Levels of Predicted Values Confidence Intervals Average % Variation
Parameters (ug mg—1-Fe) (95%) (ug mg—1-Fe) ?
Loc. I Ay, By, Cy, Dy, B3, Fy, Ga 3.2 Cﬁfspégi?:;‘ﬁ’:i%é 3.4+ 0.04 5.9
2. <3
Loc. II A3, Bs, Cy, Dy, Es, Fy, Gs 3.8 éicci'4431<<?:411:<<3335 3.9 £ 0.09 2.6
4, <3
Ge, max- A3, By, Cy, Dy, Es, Fy, Gs 46 Cleg: 51 < pvnps< 4.1 48 +0.02 42

CIPOPC 49 < HUMNPs < 4.3

3.6. Confirmation Experiments

The confirmation experiments for the locations I, II, and 4., max. (overall experimental
design) were conducted in triplicate at selected optimal levels of experimental process
parameters. Their average values are compared with predicted values, as shown in Table 9.
The values of g, determined through confirmation experiments were found within the 95%
confidential interval of Clcg for MNPs. These optimal values are valid only within the
range of designated process parameters. However, it is proposed to explore the removal
capacity through additional confirmation experiments during interpolation/exploitation.

Table 9. Calculated speciation of major ionic components for the location I and location II synthetic
waters as a function of pH using Visual MINTEQ.

Location I Location IT
Ionic Species Molecular Formula pH7 pHS pHY pH7 pHS pHY
Bicarbonate HCO;~ 81.8 94.6 85.0 81.1 91.7 76.6
Carbonic acid H,COs * (aq.) 16.8 2.0 0.2 15.5 1.8 0.2
Calcium sulfate CaSO; (aq.) 6.5 6.5 6.5 19.2 9.1 18.7
Tri-hydrogen ortho-silicate H3Si0,~ 0.2 1.6 13.7 0.2 1.7 14.5
Silicic acid H,4Si04 99.8 98.4 86.3 99.8 98.3 85.4
Hydrogen phosphate HPO, 2 35.8 57.9 50.4 34.1 47.2 29.6
Dihydrogen phosphate H,PO4~ 43.1 7.0 0.6 33.6 4.7 0.3
Magnesium phosphate MgHPO; (aq.) 11.7 18.9 16.3 7.6 10.4 6.4
Calcium hydrogen phosphate CaHPO;q (aq.) 55 8.9 7.6 17.8 24.5 14.8
Calcium phosphate CaPO,~ 0.2 2.9 22.6 0.7 7.7 46.4
Magnesium phosphate MgPO,~ - 0.1 0.5 - 0.1 0.2
Hydrogen arsenate HAsO, 2 57.3 93.0 99.0 62.1 94.2 99.0
Dihydrogen arsenate HyAsO4~ 427 6.9 0.7 37.9 5.8 0.6
Arsenate ion AsO, 3 - - 0.3 - - 0.3
Zinc hydroxide Zn(OH); (aq.) 0.1 6.9 78.0 0.1 4.5 64.9
Zinc tri-hydroxide Zn(OH)3~ - - - - - 0.3
Magnesium sulfate MgSO; (aq.) 2.2 2.2 2.2 7.7 7.7 7.7

3.7. Analysis Using Visual MINTEQ

Generally, several inorganic species (ionic or complexion) are formed when a solution
is allowed to be prepared by mixing the salts with different solubility product values.
Among those, few were discussed, which might potentially affect the adsorption of AsY
onto MNPs. The percentage distribution of species for ions considered in the synthetic
water formulation (as in Table 1) is shown in Table 9.

The ionic species of AsY in the aqueous solution were reported to be HAsO4%~,
H,AsOy4, and AsO43~. At high AsY concentration and pH value, an increase in the adsorp-
tion capacity for As¥ was examined. In addition, the percentage of the dominant arsenic
specie (HAsO;~2) predominantly affects the removal of As¥ and has more potential for
adsorption onto MNPs.

Phosphate ions have been reported to have significant potential as a competing
molecule to arsenic adsorption [37,56,108]. In the present study, its ionic and neutral
species, such as HPO,%~, H,PO,—, CaPO,; ", MgPO4~, MgHPO,, and CaHPO4, were
considered competing species. It is because of their shared charge value of 1.25 that is
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equivalent to AsV. At pH 9, the HPO42~ oxyanion was the primary competing specie.
Its percentage distribution values for the formulated water (Location I and II) were 50.4
and 29.6, respectively. This percentage distribution decreased due to the conversion of
HPO,%~ and H,PO4~ competing ions into CaPO4~ species. However, these values are
comparatively less than those observed for pH values 7 and 8. This interpretation favors a
high adsorption capacity observed at a high pH. The ion/complex ions such as H3SiO4~,
H,4Si0y4, Zn(OH);, and Zn(OH)3 ~ were identified as competing species due to the smaller
values of their shared charge than As". Moreover, H3SiO4~ might also be responsible for
decreasing the adsorption capacity at a high pH value.

4. Surface Complexation Models (SCMs) for Adsorption Behavior

Generally, the hydroxyl moieties, such as single [(OH)3-Fe-Fe-R] and double [(OH);-Fe-
H3053-R] coordinated hydroxyls, have been reported for iron!" oxide(s) nanoparticles [109],
and the double joint surface hydroxyls were previously demonstrated to be remarkably
stable and unreactive [110]. Trainor et al. [110] have shown that the singly and triple
coordinated hydroxyls are more reactive towards cationic species due to their efficient
proton lability. Therefore, the CD-MUSIC model, along with 2pk-TPM, was used to explore
controls of surface speciation on adsorption, involving the reactivity of singlet (FeOH %)
and triplet (Fe30~2?) iron species. This study provided surface complexation modeling by
considering the surface species summarized in Table 3. Figure 9 shows that phosphate ions
compete with AsV for adsorption in the whole pH range, whereas calcium ions counter
the adsorption at high pH and low concentration. The study revealed that the phosphate
ions have a more significant impact on the As" adsorption than calcium and nitrate ions.
In contrast, magnesium ions did not significantly affect As¥ adsorption.
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Figure 9. SCMs models (a) showing AsY adsorption behavior for the location I, (a’) location II,
(b) adsorption behavior of PO43~ ions and Ca2* ions, (b’) adsorption behavior of NO3?~ and Mg?* ions.

5. ANN Predictions

The ANN model was explored to compare Taguchi’s experimental outcomes and ANN-
generated response values for adsorption capacity for all the experimental runs. A three-
layer feed-forward network using a hyperbolic function (tangent) under a standardized
method was applied for the predictive analysis. Out of 27 experimental sets, 21 datasets
(80%) were used to train the network, and the remaining 20% were used to validate and
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test the ANN model. The network was trained to get the minimum mean square error,
achieved after 309 iterations. The details of their weights and biases are shown in Table S5.
A plot was generated to compare the experimental outcomes of batch experiments and
the optimized generated values through the ANN model, as shown in Figure 10. There
was significant agreement between the outcomes of Taguchi’s model and ANN predicted
values, with a mean squared error of 0.0174. For the present study, ANN was found to be
an effective tool for the predictive modeling of As" removal using MNPs.
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Figure 10. Comparison of Taguchi’s experimental outcomes and optimized values (ANN) for removal
capacity of As" using MNPs.

6. Conclusions

The adsorption capacity of an iron'! oxide polymorph was investigated for As"

removal in the synthetic water samples, simulating the arsenic-infested groundwater of
Ballia district, Uttar Pradesh, India. The developed MNPs were observed as polycrystalline
with an average particle size of 14.6 + 2.4 nm. The pHpzc value of 2.8 indicates that
MNPs carry negatively charged surface moieties singlet (FeOH ) and triplet (Fe300?)
species in the investigated pH range of adsorption studies. At optimized conditions, the
maximum adsorption of MNPs was examined as 4.2 pg mg~!-Fe. The ionic/complex
species, such as HPO, 2%, H,PO,~, CaPO, ", MgPOy4~, H3S5i04 ™, Zn(OH)3~, MgHPO4
and CaHPO4 H45iO4, Zn(OH);, were identified as competing ions to AsV adsorption. The
phosphate ions were identified as major competing ions during the adsorption process.
However, nitrate ions were observed to impact the adsorption behavior in the pH and
TDS range under investigation. The ANN predicted values were closely matched with
Taguchi’s experimental outcomes at a mean square error (MSE) of 0.0174 ug mg~!-Fe. The
outcomes of this work is presented in Figure 11. These nanoparticles were reported to have
a significant potential for As¥ removal and can be applied in the ex-situ treatment units
of the arsenic-affected areas. Considering the redox-sensitive nature of arsenic species,
investigations related to the formation of chemical processes, surface complexation, and
mineral precipitation reactions should be considered for future studies.
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Collected groundwater samples reported with > 10 ug L dissolved arsenic concentration

Removal studies characteristics

| |
¥ +
NP’s characterization Formulation of water Operational variables Modeling of optimization
(1) | Exploring (2) | Exploring (3) | Exploring (4) | Proposing
Affinity, stability, Ballia, Uttar-Pradesh, Representing field Analysis of
high surface area India conditions Taguchi’s design
(5) | Effect (6) | Effect (7) | Effect (8) | Effect
Maghemite NP’s is Significant agreement with Physisorption and weak Significant agreement
considered to be a stable actual groundwater electrostatic interactions between ANN predicted
phase among the iron compositions - - - values and batch
polymorphs Adsorption capacity varies experimental outcomes
(9) in different solutions was observed with MSE
3 = value of 0.0174
Small particle size favours At high TDS, mass-
in providing large number Major species effecting transfer forces intensified |
of active sites for removal are HPO,2, H,PO,
interactions to AsV CaPO, and H3Si0, (10) | Rapid removal reported )
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v-Fe,0; nanoparticles were found to have significant potential in the removal of As¥ from aqueous solution

Figure 11. The pictorial representation of the research outcomes.
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/ /www.mdpi.com/article/10.3390 /w14223617/s1, Figure S1: The zeta potential measurement of
maghemite nanoparticles; Table S1: Elements contributed to the formulation of artificial water; Table
52: Calculation of crystallite size using Scherrer’s formula for MNPs; Table S3; Identification of peaks
observed during FTIR spectroscopic analysis; Table S4: The final amount of constituents taken for
synthetic water formulation; Table S5: Optimal values of architecture weights and biases contribute
to the adsorption process for the ANN model.
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