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Abstract

Numerous groundwater wells in Mexico exceed the maximum allowable fluoride (F™) and arsenic (As) drinking water con-
centration requirements, posing an environmental and health risk to the population that relies solely on these wells for drink-
ing water sources. Since encouraging results have been obtained utilizing native limestones to remove some toxic elements
from contaminated water, the ability of the limestone rock outcrop to the south of the Sierra de Guanajuato in Mexico to
remove As and F~ from groundwater was assessed. A sampling campaign was conducted in the study area, focusing on wells
exhibiting elevated concentrations of arsenic (As) and fluoride (F™) in compliance with international standards. This water
was employed in the treatment experiment involving limestone rocks. The rock sampling process involved a reconnaissance
campaign covering the study area and outcrop points of limestone rocks. Representative limestone samples were collected
and subsequently subjected to mineralogical and geochemical characterization. Using rock samples, synthetic water, and
groundwater from contaminated wells in the region, batch experiments were conducted to evaluate the As and F~ removal
capacity of limestone. The batch testing consisted of water—rock interactions at various times with different samples of lime-
stone rocks, grain sizes, and water containing distinct concentrations of both elements, artificial and groundwater extracted
close to the limestones outcrop. The results indicate that the rock with the highest calcium carbonate (CaCOj;) content and
the smallest grain size (<0.05 mm) removes the highest concentrations of both As and F~, with As removal being superior.
The removal mechanisms were studied using scanning electron microscopy with energy-dispersive spectroscopy (SEM—
EDS) images, saturation index calculations, and Eh—pH diagrams,. Fluoride precipitation was favored when the pH of the
solution was slightly acidic, whereas sorption was favored when the pH was higher. The results obtained are encouraging
for the removal of high levels of As, and to a lesser extent for F~; consequently, the use of regional limestone rocks could be
a viable option for improving the water quality ingested by rural inhabitants in the study area. Calcium carbonate (CaCO;)
concentration can be used to identify limestone rocks with the potential to effectively remove As and F~ in other locations.
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Introduction

The presence of arsenic (As) and fluoride (F™) in drinking
water is of great global significance, as highlighted by a
number of studies (Reardon and Wang 2000; Xiaodong et al.
< José Ivan Morales-Arredondo 2020; 2021). According to the World Health Organization
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been associated with hyperkeratosis and even cancer (Gon-
sebatt and Del Razo 2018; Peiyue L et al. 2002; Miaojun
et al. 2021). As a result of both natural and anthropogenic
processes, it is possible for these elements to be present
in groundwater at elevated levels (Bundschuh et al. 2021;
Edmunds & Smedley 2013).

Groundwater serves as the primary drinking water source
in Mexico, particularly in densely populated urban areas and
remote rural communities; extensive detection of ground-
water contamination caused by various elements has been
documented across the entire country (Armienta et al. 1997,
Armienta and Segovia 2008; Jiménez et al. 2018a, b; Rod-
riguez et al. 2001, 2015). The implementation of water treat-
ment plants is a commonly employed strategy to mitigate the
ingestion of contaminated water. However, it is generally
more advantageous to explore alternative sources of drink-
ing water in order to obtain supplies of good quality, primar-
ily due to lower costs and ease of implementation (Webb and
Davis 2016). Nevertheless, in certain remote rural commu-
nities in Mexico, this approach is not feasible due to water
scarcity that significantly impacts a substantial portion of the
country’s territory and necessitates comprehensive manage-
ment solutions.

The utilization of native limestone to remove poten-
tially hazardous substances, such as As and F~, represents
a sustainable and economically viable approach that can be
employed to guarantee individuals with limited financial
resources to obtain safe and good-quality drinking water
(Litter et al. 2012; Labastida et al. 2019). The efficacy
of limestone in removing dissolved arsenic from water is
widely recognized in the context of batch treatment, wherein
carbonates are precipitated as the pH increases; during this
process, hydrogen carbonate ions are converted into carbon-
ate ions, leading to the precipitation of calcium carbonate; it
is important to note that the efficiency of this removal pro-
cess is dependent on the pH level, and the removal efficiency
is found to be higher for As(V) compared to As(IIl). The
above process results in the formation of a calcium arsenate
precipitate characterized by its restricted solubility. This pre-
cipitate, referred to as hydrated calcium arsenate or arsenate
apatite, is chemically represented as Ca5;(AsO,);OH (Webb
and Davis 2016). Furthermore, the removal of F~ can be
done via sorption/desorption mechanisms that involve the
formation of external sphere complexes and fluorite precipi-
tation (Labastida et al. 2017). The dissolution of calcite in
wastewater leads to the increase of calcium concentration
followed by precipitation of fluorite enabling the removal of
F~ ions during the process of fluorite precipitation (Reardon
and Wang 2000). The removal of F~ from water is influ-
enced by various physicochemical properties, including
the concentration of calcium carbonate (Labastida et al.
2017). Reardon and Wang (2000) identified two distinct
methodologies for the removal of fluoride from wastewater.
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There are two primary methods for removing fluoride from
a solution: chemical precipitation and sorption techniques,
in which fluoride is removed by sorption or ion exchange
reactions on a substrate. One of the challenges associated
with the removal of As is that observed by S¢ et al. (2008);
their findings indicate that calcite exhibits little efficacy in
removing As, hence suggesting a minimal impact on the
mobility of this element. Nevertheless, there are differences
in the sorption mechanisms of various arsenic species; for
instance, when considering the starting arsenic concentra-
tions evaluated in the experiment, it is shown that little to
no sorption of arsenite onto calcite occurs within a 24-h
timeframe (0.67 uM). In contrast, it is observed that arse-
nate exhibits a high affinity for calcite, leading to rapid and
efficient sorption; the desorption of arsenate from calcite is
also found to be swift and complete within a few hours; this
behavior can be attributed to the fact that arsenate does not
become integrated into the calcite structure. Furthermore,
the extent of arsenate sorption is influenced by the hydro-
chemical properties of the solution, with higher alkalinity
resulting in reduced sorption due to increased competition
for sorption sites; the retention of As(V) takes place within a
pH range of 7-9 due to the influential role of sorption in con-
trolling the mobility of arsenic, as well as the significance
of the Point of Zero Charge; the specific dominant mineral
present in each rock being evaluated also affects this process
(Romero et al. 2004). Additionally, limestone rocks have
been observed to effectively decrease the concentration of
As in contaminated water, with desorption levels remain-
ing relatively low (Micete 2005). According to Labastida
(2014), the inclusion of limestones in interaction with fluo-
ride content leads to a reduction in the hydraulic permeabil-
ity of the column system, accompanied by the addition of
F~; there is a scarcity of research investigating groundwater
samples with naturally occurring concentrations (Manzo
2019). It is interesting that a significant portion of these
investigations have employed artificially prepared water;
while others have focused on wastewater samples, several
experiments conducted using synthetic water have shown
promising outcomes in the removal of As and F~; however,
it remains uncertain whether similar results can be achieved
with groundwater due to potential constraints imposed by
hydrogeochemical processes, such as ionic competition or
reaction kinetics (Sosa 2019).

In accordance with the favorable outcomes observed in
previous studies (Labastida 2014; Labastida et al. 2017;
Micete 2005) regarding the removal of As and F~ through
experiments utilizing Mesozoic limestone (specifically the
Soyatal Formation) from various geographical areas, an
assessment was conducted to evaluate the effectiveness of
limestone samples obtained from the southeastern region of
the Sierra de Guanajuato in reducing elevated levels of As
and F~ in the local groundwater. Limited research has been



Arab J Geosci (2024) 17:109

Page3of22 109

conducted on the filtration capabilities of this particular geo-
logical substance in relation to groundwater (Manzo 2019).
This scarcity of studies can be attributed primarily to the
presence of additional ions in the water, which can impact
the removal process (Sdiri et al. 2012; Sdiri & Higashi 2013;
Sosa et al. 2020). Nevertheless, calcite exhibits potential
as a viable and cost-effective treatment method for water
contaminated with arsenic (As) and fluoride (F7). The main
objective of this research was to determine the Mesozoic
limestone rock within the chosen study region that exhibited
the greatest potential for removing As and F~ ions. Addi-
tionally, the study aimed to assess the mineralogical and
physicochemical factors that influence this removal process,
as well as the geochemical retention mechanisms responsi-
ble for the observed removal. To achieve these objectives,
batch experiments were conducted using both artificial
water and groundwater samples obtained from contaminated
wells within the study area. This study examines two rural
communities with low-income backgrounds that are facing
challenges related to drinking water contamination. The
contamination is primarily caused by naturally occurring
high levels of arsenic (As) and fluoride (F™) in groundwater,
which exceed the limits set by the Mexican drinking water
standard, NOM-127 [2000]. These communities are situated
in the western Celaya Valley Aquifer, located in Guanajuato,
Central Mexico (Morales et al. 2016a and Morales et al.
2016b). The only possible supply of potable water for the
entire population is derived from groundwater. The socio-
economic disadvantage experienced by these populations
poses additional challenges in addressing the issue.

Background

Santa Cruz de Juventino Rosas and Villagran are situated
in the Bajo Guanajuatense region, which is located in the
central-southern part of the Mexican state of Guanajuato
(Valverde and Castillo 2002). These two towns are located
within the UTM coordinates 14Q287703.92-14Q298406.7
and E 2268 346.23-E 2286895.29 (shown in decimal
degrees as longitude — 101.036° and — 100.935°, and latitude
20.502°-20.671°) (Fig. 1). The climate in the region can
be classified as semi-arid, characterized by average annual
precipitation of 628 mm. The temperature in this area varies
between 6 and 31° C, as reported by INEGI in 2020.

General geology

The research region consists of Mesozoic marine sedi-
mentary rocks, specifically shales, sandstones, and lime-
stones that were deposited in a marine environment (Kss).
Some of these rocks have undergone a minor degree of

metamorphism, resulting in the formation of phyllites,
slates, and marble, which belong to the greenschist facies
(del Rio-Varela et al. 2020). Within the northern region
of the designated study area, the Sierra de Guanajuato
functions as a geographical boundary, predominantly char-
acterized by the presence of rhyolite-ignimbrite rocks,
specifically identified as Tom and Tvr (for instance, Chi-
chindaro rhyolite). Additionally, basaltic and andesitic
rocks, identified as Tmb and Tmo (such as La Ordeiia
andesite), are also found in this area (Rio-Varela et al.
2020). The southern portion of the area is mostly char-
acterized by monogenetic volcanoes that are part of the
Michoacin-Guanajuato Field. These volcanoes are pre-
dominantly comprised of basaltic materials and are situ-
ated within the broader Trans-Mexican Volcanic Belt. The
ignimbrites, identified as Tom, are found in a significant
proportion of the research region. The basin plain contains
sediments that have originated from lacustrine-alluvial
processes (Qal) (Morales-Arredondo et al. 2018a).

Mineralogy

Limestones consist of calcium carbonate (CaCOs;), sili-
con dioxide (SiO,), and small amounts of phyllosilicates,
likely of the smectite or chlorite types, and muscovite.
The classification of rocks as either limestone (RC-1701)
or metamorphic limestone (DD1705 and DD1706) is
determined by the percentage of CaCO; present. Meta-
morphic limestone, in comparison to limestone, contains
minerals such as quartz and clays in smaller quantities
(Morales-Arredondo et al. 2022). The rocks in question
exhibit mineralogical evidence and textural character-
istics, such as a microcrystalline texture, iron (Fe) oxy-
hydroxide laminations, a high SO, content, and calcite
veins of hydrothermal and tectonic origin. Based on these
observations, it is likely that these specimens originate
from the Esperanza Formation, as suggested by previous
studies (Baez 2012; Echegoyén et al. 1970; Mengelle-
Loépez et al. 2013), rather than the Soyatal Formation.
The representative volcanic rocks found in the study
area consist of various types. These include tholeiitic
basalt, which contains pyroxene microphenocrysts that
have been replaced by opaque minerals. Another type is
vitreous tuff, characterized by lithic fragments composed
of a vitreous matrix within a Fe-oxyhydroxide (Fe-ox
M) matrix. Lepidolitic vitreous tuff is also present, with
lithic fragments of perlitic glass dispersed throughout
a vitreous matrix. Altered vitreous tuff is another rock
type, characterized by a matrix composed of a vitreous
paste containing oxides, Fe-oxyhydroxides (Fe-ox), feld-
spars (Felds), and quartz (Qz). Additionally, ignimbrite
can be found in the study area, with a matrix formed
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Fig. 1 Location of the study area, geological map, and location of the
wells and sampled rocks. Squared areas mark the wells used in this
study. Zoom view with the location and photographs of the sampled
limestone rocks, RC1701, DD1706, DD1705. The sampled material

by an alignment of vitreous fragments. Some veins can
be observed obliquely cutting across fiammes. Lastly,
ignimbrite tuff is present, characterized by a vitreous
matrix containing quartz and clay mineral veins that
replace feldspars. Biotites in this rock type are mod-
erately replaced by chlorite (Morales-Arredondo et al.
2018c). The constituents of sedimentary deposits include
conglomerates, clays, sandstones, and gravel.

Groundwater

The hydrogeological characteristics of the JR region are
notably influenced by its geological framework, including
volcanic formations exhibiting diverse acidic and basic
compositions, as well as a sedimentary basin containing
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DD1705

consists of Mesozoic marine rocks (shales, sandstones, and lime-
stones deposited under marine conditions) (Kss), classified as lime-
stone (RC1701) or metamorphic limestone (DD1705 and DD1706)

lacustrine-alluvial deposits commonly referred to as Qal
(Morales-Arredondo et al. 2018a). In the geographical area
of Juventino Rosas Villagran, certain wells that serve as
sources of potable water for the various communities have
been determined to have poor quality in terms of their As
and F~ content, as per the guidelines outlined in NOM-127-
SSA-2001. The issue of compromised water quality has
been identified in Juventino Rosas since 2010, and in Vil-
lagran since 2017 (although reports suggest that the problem
precedes these years for both municipalities) (Fig. 2a, b).
This prevailing circumstance poses an environmental con-
cern within the region, given that groundwater represents
the sole accessible source of water for the local population
(Fig. 2c, d; with a population of 82,340 inhabitants in Juven-
tino Rosas and 65,791 inhabitants in Villagran). In relation
to water treatment, it is notable that both municipalities own



Arab J Geosci (2024) 17:109 Page50f22 109
0.1000 10.000
L *
— a
el
ry , u NOM-127-SSA1 p%im s
L - * ® As ppm 2010 ¢ a:8 Cl b
* W F- ppm 2010
¢ ¥ag b 4 Py P NOM-127-88A1 (2001 modified) ™ @ # o = . X .
* X e . .o 3 3 A F-ppm 2011
00100 . 45 LI, As ppm 2012 o0 1 o . [] o * o F- ppm 2012
! gi A FS P As ppm 2013 mar 8 R.n** ¢ * * * ©F ppm 2013 jun
' N *® © As ppm 2013 jun H od * ¢ F~ ppm 2013 mar
8 . . - As ppm 2015 ¢ - F-ppm 2015
. As ppm 2017 F- ppm 2017
o + As ppm 2018 +F-ppm 2018
o + Asppm 2019 +F-ppm 2019
A
0.0010 0.100
N e N ZNEL T EE o E B E NS N NSRS ) .
CEEEUSESEESES g EEEOnnnEE38LE8E8ERY ey zZNEL EeFEEES-E5ENNININI 35858330
8ag § 22 0e88593 28EQYsSELz2eRY58E3 8a6°9 ' 4 29" m8y8fgs®oioosaces>agNE e 2
32 $803580532s83R 28 S oFs "e88>°3F 838335538305 583%82
8 Eran, T L 2z 2 cefrgan
k) £ &Y n
Legend Legend
arsenic jr vl Fluoride JR Vil
4— fluoride JR Vill
— arsenicjrvill
arsenic .
Fluoride
concentration (mg/L) { concentration (mg/L)
oy 007285%4 6.85248
. ¢
00415282
0.0305911 5 ;'ggzgg
0.019654 “ Q 8
L ooosTies g flij;
-0.00222034 S'Rosa-09 — 0236389
S Rosa-09 4—a- Fracture S Torr 08 =
S Torr 08 Narmal i 4—a- Fracture
static level 5\ 4—a- Normal fault

@ Piezometric
well

WS FlowDirection

2 W E
300000

2 3 4 s
SR —w— Kilometers

© Piezometric
well

WS Flow Direction

SJG 15 SIR02DIF 04

—~Spanhlo

4
Kilometers

Fig.2 The temporal (a, b) and spatial (¢, d) concentrations of As and F~ in two municipalities located in “El Bajio Guanajuatense,” Guanajuato

State, Mexico

a limited number of wastewater treatment plants, with Santa
Cruz de Juventino Rosas having a sole drinking water treat-
ment facility that employs a softening technique (CONA-
GUA (Comisién Nacional del Agua), 2015).

Materials and methods
Sampling methodology
Rock sampling

The collected samples consist of Mesozoic marine rocks,
specifically shales, sandstones, and limestones. These rocks
are further categorized as limestone (RC1701) and meta-
morphic limestone (DD1705 and DD1706). One of the fac-
tors influencing the selection of these rocks was ascertain if
whether all limestone rocks have the same removal capacity
or only some with certain characteristics. The outcrop sites
of three Mesozoic representative limestone rocks (DD1705,
DD1706, and RC1701) is shown in Fig. 1.

Groundwater sampling

A sampling campaign was carried out in 2019, with an envi-
ronmental focus on the drinking water of two wells located
in two rural communities within the research area. The wells
included in this study were chosen from a total of 32 sites that
supply water to a population of approximately 148,000 indi-
viduals (Fig. 2c, d). The selection criteria mostly focused on
the levels of As and F~ present in the water, which exceeded
the established drinking water requirements in Mexico.
These wells were primarily selected for practical purposes
in order to facilitate the performance of the experiments. One
of these wells contains the highest concentration of As and
F~ among the 32 sampled wells, while another also contains a
high concentration of both elements. There had been previous
physicochemical analyses of the wells (Morales et al. 2016a
and Morales et al. 2016b, Morales-Arredondo et al. 2018a,
Morales-Arredondo et al. 2022). The water sample procedure
adhered to the guidelines outlined in NOM-014-SSA1-1993
and APHA (2005) regulations. The accuracy of the results
was confirmed through the utilization of an ionic balance.

@ Springer
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Material pre-treatment of sampled rocks

The rocks were crushed and sieved, and the sample par-
ticle sizes of 0.5-1.41 mm and < 0.05 mm. This selection
was determined by previous studies conducted by Micete
in 2005, which showed favorable outcomes in the removal
of As and F~ from batch systems. The inclusion of the data
for rock sample DD1706 as supplemental material (SMF 1
to 6, SMT 1 to 3) is justified by the observed similarities
between rock sample DD1705 and DD1706.

Mineralogical evaluation

In order to analyze the limestone samples collected from
the study area, X-ray diffraction (XRD) was conducted on
rocks that had been sieved to a mesh size of less than 75 m.
This analysis was carried out using an EMPYREAN dif-
fractometer, which was equipped with a nickel (Ni) filter, a
fine focus copper tube, and a PIXcel3D detector. The XRD
analysis was performed at the Laboratorio de Difracciéon
de Rayos X of the Institute of Geology, UNAM.

X-ray fluorescence

The major elements in the samples (which were sieved at
a size smaller than 0.5 mm) were analyzed using X-ray
fluorescence (XRF) at the Laboratorio Nacional de Geo-
quimica y Mineralogia of the Institute of Geology, UNAM.
The analyses were conducted using a RIGAKU ZSX Pri-
mus II spectrometer. In the X-ray fluorescence (XRF)
investigations, the powdered specimen was amalgamated
and fused with a mixture consisting of 50% Li,B,O; and
50% LiBO,. The amount of volatile components, referred
to as the loss on ignition (LOI), was ascertained by sub-
jecting the sample to a temperature of 950 °C. The ele-
mental composition was reported in the form of oxide
compounds.

Determination of specific surface

The specific surface area of each limestone sample
was determined using the sorption technique and the
Brunauer-Emmett-Teller (BET) isotherm. The pore size
distribution of the RC1701 rock was analyzed for two dif-
ferent grain sizes, specifically 0.5-01.41 mm and less than
0.05 mm. Additionally, the pore size distribution was cal-
culated for the DD1706 and DD1705 rocks, both of which
had a grain size smaller than 0.05 mm. The specific area of
interest was determined using the BET method, employing
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a Quantachrome brand Autosorb-1 instrument. The rocks
included in the batch trials were produced, as stated by
Micete (2005).

Determination of As concentration in limestone

The concentration of total As was quantified in the acid-
digested rocks using the CEM MARS Xpress microwave
oven, both prior to and subsequent to the batch testing. The
laboratory’s available analytical techniques did not allow
for quantifying the fluoride ion concentration in the rock
samples. The process of quality assurance was carried out by
the digestion and analysis of the reference standard material
NIST 2709. The concentration of arsenic was determined by
hydride generation, utilizing a Perkin Elmer AAnalyst 200
atomic absorption spectrometer and FIAS 100 system. To
ensure the accuracy, quality, and reliability of the analyses
for both element, certified solutions that are traceable to the
National Institute of Standards and Technology (NIST) were
employed. The standard sample exhibited a 40% recovery
for As due to the distinct matrix (NIST 2709, not composed
of limestone) and the fact that the concentrations obtained
before digestion with a mixture of 3HC] and HNO;, which
reflected pseudo-total concentrations rather than actual total
concentrations.

Well groundwater characterization

The physicochemical parameters (pH, electrical conduc-
tivity (EC), temperature, and oxidation—reduction potential
(ORP)) were monitored in situ using a field multi-parameter
device (HANNA HI9829) that was calibrated previously.
The principal ions present in the samples were subjected to
chemical tests at the Analytical Chemistry Laboratory of
the Institute of Geophysics, UNAM, Mexico. The proce-
dures employed for these analyses were in accordance with
the APHA-AWWA guidelines from 2005. The determina-
tion of hydrogen carbonate was conducted using volumetry
via HCl titration with a volumetric concentration (VC) of
6%. Similarly, the determination of Ca** and Mg?* ions
was carried out by volumetry using titration with EDTA,
with a VC of 1%. The measurement of C1~ ions was quan-
tified by potentiometry using selective electrodes, with a
VC of 1%, following the 4500-C1™ method as outlined in
the APHA-AWWA 2005 guidelines. The measurement of
Na' and K" ions was performed using atomic emission
spectrophotometry, with respective VCs of 1.1% and 0.7%,
following the 3500-Na* and K* methods as specified in the
APHA-AWWA 2005 guidelines. Lastly, the determination
of 8042_ ions was carried out by turbidimetry, with a VC of
1%, following the method 4500-SO,>. The ionic balance
of the geothermal water samples was found to be less than
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10%. Specifically, only one sample had ionic balance values
beyond 5%, while the remaining wells demonstrated values
below this threshold. The contents of As and F~ were deter-
mined at the Analytical Chemistry Laboratory of the Geo-
physics Institute. Arsenic concentrations were measured
using a Perkin Elmer model AAnalyst 200 flame atomic
absorption spectrometer, coupled with a Perkin Elmer FIAS
100 hydride generator, by the NMX-AA-051-SCFI-2016
standard. The detection limit for As using the equipment
was 0.001 mg/L. The concentration of F~ was measured
using potentiometry using a selective ORION electrode,
namely the Thermo Scientific Orion 5 Star. The detection
limit for F~ using the same equipment was determined
to be 0.005 mg/L. Quality control included checking the
accuracy with certified “High Purity Standards” solutions
(NIST traceable), using blanks, determining the average of
three replicates for each sample, and analyzing standards
for every 5 samples.

Synthetic solutions

Synthetic solutions simulating As and F~ concentrations in
samples from wells SJMer and PV03 (Fig. 1) were prepared
using sodium fluoride (NaF) and sodium arsenate dibasic
heptahydrate (Na,HAsO,-7H,0) salts of analytical quality.
The pH and EC values of each of the prepared solutions
were measured.

Hydrogeochemical modeling of groundwater
samples

The software Geochemist’s Workbench (GWB Student
12.0) was utilized to analyze the data derived from the well
water samples. The GWB’s Act2 program was employed to
generate Piper and Eh—pH diagrams to determine the spe-
cies of As present in the well waters. Furthermore, the GSS
spreadsheet application was employed to calculate the ionic
strength in conjunction with GWB. The GBW program uses
a range of geochemical databases to do geochemical analy-
sis and modeling. Among these databases, the file named
“thermo.tdat” is often utilized. The database includes a
comprehensive range of thermodynamic data many chemical
species. Accurate thermodynamic calculations are essential
for various applications, including the prediction of mineral
solubility, determination of chemical element speciation in
solution, and geochemical modeling. The provided infor-
mation is valuable due to the presence of thermalism in a
specific area, which is distinguished by the occurrence of
mildly alkaline water, a neutral pH, and oxic to suboxic Eh
values. The inclusion of a vast array of chemical reactions
and thermodynamic equilibria in this database facilitated

the acquisition of comprehensive findings about geochemi-
cal processes. Moreover, the geological environment of the
region is characterized by its complexity.

Kinetic studies and removal experiments

Before beginning the removal tests, an evaluation was
conducted to determine the levels of As and F~ gener-
ated by water—rock interaction for each of the rock sam-
ples. These assessments were carried out under standard
conditions of pressure and temperature, with an initial
water pH of 4.98 and an electrical conductivity (EC) of
18.2 uS/cm. After the stage of agitation, the samples
were centrifuged and filtered using a 0.45-um filter.
After this, an analysis was conducted on the solution to
determine the pH, and the electrical conductivity (EC), as
well as the concentrations of As and F~ (RC1701="7.78,
DD1706="7.74, and DD1705 =7.91 for the ultimate pH).
Similarly, water removal experiments were performed
with synthetic solutions of As and F~ only (under stand-
ard conditions of pressure and temperature, the initial pH
in synthetic solution was approximately 5.5 ECpy =40uS/
cm and ECgyy., = 17.3 pS/cm); the tests were carried out
in duplicate and consisted of three stages: the first evalu-
ation was conducted on each rock with a NaF solution
(to obtain similar F~ concentrations measured in both
wells); the second was evaluated on each rock using
solutions containing arsenate (AsO,") to achieve simi-
lar As concentrations measured in both wells. Two solu-
tions were prepared using sodium fluoride (NaF), and
two solutions using the reagent sodium arsenate heptahy-
drate (Na,HAsO,-7H,0) and deionized water to simu-
late the concentrations of fluoride (PV =7.2 mg/L, and
SIMer=2.8 mg/L), and arsenic (PV =0.073 mg/L, and
SIMer =0.039 mg/L); in each solution, the pH and EC
were measured (Table 1).

Then, RC1701, DD1705, and DD1706 rocks with grain
size < 0.05mm and 0.5-1.41mm were subjected to orbital
shaking at a speed of 170 rpm (in a 1:5 ratio of rock-
water), for 1, 5, 24, 48, and 72 h. The aqueous phase
was centrifuged and filtrated with 0.45-pm Millipore
membranes. The membranes were dried and stored for
future analysis. The final measurements included pH,
EC, and F~ concentrations (final pH ranged from 7 to
8.5 and EC ranged from 100 to 120 uS/cm for the syn-
thetic solution of NaF; final pH ranged from 7.4 to 8.7
and EC ranged from 50 to 170 uS/cm for the synthetic
solution of Na,HAsO,-7H,0). Histograms of the percent-
age of removal and pseudo equilibrium diagrams were
constructed.

The third stage of the study involved assessing the effi-
cacy of rock removal by utilizing water samples obtained
from SJIMer and PV03 wells (at standard conditions of
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pressure and temperature, the initial pH in synthetic
solution was ~7.74 in SJMer and 8.19 in PV and EC
were = 862uS/cm and 491 pS/cm respectively). The meth-
odology included the assessment of multiple physico-
chemical parameters in order to consider the presence of
additional chemical species (Table 1). The experimental
procedure involved conducting trials using a rock—water
ratio of 1:5, and the mixture was stirred at 170 rpm in
orbital shakers for varying amounts of time (1, 5, 24, 48,
and 72 h). Each experiment’s aqueous phase was centri-
fuged and filtered using 0.45-pm Millipore brand mem-
branes. The membranes containing the filtered fraction
were dried and preserved for analysis at a later time.
Finally, the pH, EC, and concentrations of As and F~ were
measured (final pH ranged from 8 to 8.5, and EC value
ranged from 400 to 550 puS/cm for water well from PV in
interaction with all rocks; final pH ranged from 8 to 8.5,
and EC value ranged from 420 to 600 uS/cm for water well
from SJMer in interaction with all the rocks).

Counts

Histograms were developed to represent the % elimina-
tion. The estimation of the removal efficiency of the pollut-
ants was conducted using the subsequent equation:

€o

% 100

ey

where ¢ is the initial concentration and ¢; is the final
concentration.

Analysis of precipitates

The rock samples exhibiting the greatest degree of removal
were subjected to analysis using MEB-EDS.. The analysis
was performed using a JEOL electronic microprobe JXA-
8900R at the University Petrographic Laboratory. The sam-
ple was prepared by placing an adhesive tape on a glass
support, adhering to the fine precipitate (< 0.05 mm), and
coating it with graphite to create a conductive surface. At
the end of the preparation procedure, the sample was sub-
jected to measurement after its placement within an alu-
minum sample holder.
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Fig.3 a RC1701 light microscopy image, b DD1706 light microscopy image, ¢ RC1701 diffractogram, d DD1706 diffractogram
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Results

Chemical and mineralogical characterization
of the rocks

X-ray diffraction and light microscopy

The rock RC1701 exhibits a degree of weathering and
crystallized calcite veins, as determined by X-ray diffrac-
tion and optical microscopy. In the images taken by light
microscopy, the distinctive cruise of calcite and poly-
crystalline aggregates of calcite and quartz are visible,
in addition to quartz detrital grains (Table 1, Fig. 3a, b).
The identified phases in sample DD1706 are hematite, as
a result of the oxidation process (Table 1 and Fig. 3b, c).
In addition, light microscopy images reveal the presence
of micas and foliation, indicating a low degree of meta-
morphism (SMF 1 a and b). The phases identified in rock
DD1705 suggest that the rock was altered to a low degree
of metamorphism (Table 1 and SMF 1a, b, SMT 1). The
presence of iron oxides may have an impact on As removal
process since ferric oxide can effectively contribute to
the removal of As (Mejia et al. 2009) because As can be
sorbed and immobilized when precipitating with Fe oxides
(Kefeni et al. 2017; Labastida et al. 2019). In addition,
Sparks (2005) found that Fe oxides have a high affinity
for sorbing As due to their high specific surface area and
high surface charge, which can vary with pH. Some tests
carried out with limestone, mixed with precipitation of
iron on the surface of the material, have shown that this
method is effective for removing both arsenate and arsenite
because arsenic is re-sorbed to the iron surface through
ionic interactions, especially at low levels and high pH
(Webb and Davis 2016). Limestone provides a heterogene-
ous surface for iron deposition, secondary binding sites, an
alkaline surface pH, and buffering capacity enabling the
removal of approximately 99% of arsenic.

Although only a small amount of muscovite was found,
it can aid in the removal of F~ by substituting OH™ inside
its structure with F~ at pH levels greater than 6.5 (Labas-
tida et al. 2017; Singh et al. 2011). In addition, Zhuang and
Yu (2002) reported that natural clay minerals are not effec-
tive in removing anions, unless they are coated with metal
oxides or hydroxides, especially Fe. This is due to the fact
that the electrochemical characteristics of clay mineral
colloids are frequently influenced in natural environments
by metal-oxides (such as Al and Fe) and organic matter,
primarily in kaolinite, montmorillonite, illite, and even
zeolites (Mejia et al. 2009), since the coatings can increase
the specific surface area. This is owing to an increase in
positive charges and a decrease in negative charges on
the clay surfaces, a shift in the zero point of charge to

@ Springer

a higher pH, and the enhancement of fluoride sorption
due to the presence of more OH™ and OH, on the oxide
surfaces compared to the clay surfaces. The precence of
micas, clays, and Fe oxides in rocks DD1706 and DD1705
enables these reactions to take place (Table 1, SMT 1).

X-ray fluorescence

The quantitative chemical analysis by XRF confirms the
presence of a high amount of calcium (Ca) and silicon (Si)
in the rock samples. According to the stoichiometric rela-
tionship between CaCOj; and calcium oxide (CaO), the per-
centage of CaCO; was determined (Table 1). The RC1701
rock contains the highest concentration of CaCOj;, whereas
the DD 1706 rock contains the least. It was expected that the
rock with the highest CaCO; content would have the great-
est removal capacity, and rocks with lower levels of calcite
would exhibit beneficial results for the removal of As and
F~ due to the presence of other minerals such as hematite
and muscovite.

Specific area of the rocks

Based on the BET isotherms, it can be shown that sample
DD1706 (and DD1705) had the greatest specific surface
area for grain sizes < 0.05 mm. The mineralogy of both
rocks shows the presence of clays and Fe oxides (mainly in
DD1706). The presence of Fe oxides and the highest specific
surface area increase the likelihood of achieving successful
As removal. This is due to the fact that a bigger specific
surface area suggests a greater capacity for interaction or
sorption between the rock and the contaminants, as has been
observed in previous research using rocks with high clays
and Fe oxides content (Reardon and Wang 2000; Webb and
Davis 2016).

Total arsenic concentration in rocks

Prior to the water filtration tests, As concentration was deter-
mined in all rocks. The total concentrations of As in the
rocks ranged from 1.29 to 5.58 pg/g (with RC1701 contain-
ing the highest levels) (Table 2). In addition, water dissolu-
tion tests were performed for each rock to assess the con-
centrations of As and F~ released into the water (agitation
time for 72 h, with both grain sizes and a 1:5 rock:water
ratio) (Table 2).

The results revealed that the three types of limestones
contributed both F~ and As to the water. The sample releas-
ing the most amount of As corresponded to which also had
the lowest total As concentration (RC1701). The rocks that
released a greater concentration of As and F~ are character-
ized by a low degree of metamorphism and include more
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Table 2 Specific surface and pore size distribution, total As concentration in the rocks, and concentrations of As and F~ released by each rock at 72 h agitation. Total As concentration in rocks
(mg/kg) before batch experiments. The identification (ID) 1F, 2F, 3F, and 8F, 9F, and 12F represents the experimental number, total As concentration in rocks (mg/kg) after batch experiments

0.1 L, and concentration of As (mg/L) for each sample, removal percentage of As and F~ with synthetic

water and well water corresponding to the grain size, and specific surface area of rock samples

with groundwater samples. Initial rock sample weight=20 g, water sample volume

Total initial and final As con-
centrations in groundwater
samples, before and after the

batch tests

Removal percentage of As and F~ with synthetic water and
well water corresponding to the grain size, and specific

surface of rock samples

Total concentrations

As and F~ contribution of each rock after batch tests

Total As con-
centration

Specific area and pore size distribution

of rocks

of As in rocks before
batch experiments

Maxi- Maxi- Maxi- Well As As

Maxi-
m

Spe-

Grain
size

Total

As

ID  Total

Final
CE.

Initial
EC
(uS/
cm)

Final

pH

Initial

pH

Total Total F (mg/L) As
As As

Pore
size

dis-

Grain size  Spe-

Rock

um mum mum mum (mg/L)  (M@/L)gna
initial

cific
Sur-

As

(mg/L)

cific
area

(mm)

samples

removal
of As

removal
of F~

removal

of As

removal
of

(mg/ (mm)

kg)

(mg/L)

(nS/
cm)

(dis-

(ng/g)

(mg/L)

face

tilled

tribu-
tion

&)

(m’/g)

(%) well
water

(%) well
water

F (%) (%) syn-
syn- thetic

(m?/g)

(dis-

water)

tilled

solution

thetic

water)

solution

56.67 SIMer 0.039  0.011

30.28

95.39

47.86

<0.05 234

5.58
1.58

0.001 498 7.78 182 165.85 1F 0.1118
2F  0.0315

0.177

5.58

2614 0.112

0.73

0.5-1.41

RC1701

306

2.34

<0.05

RC1701

(2)

DD1706 <0.05

94.6 23.73 56.16 PV0O3  0.073 0.032

34.39

129  <0.05 4.73

1.21

161.05 3F 0.026

4.98 774 182

0.0315 1.58  0.403 0.003

233

4.99

0.024

8F

proportion of clay minerals and Fe oxides (DD1705 and
DD1706). As a result of the dissolving of the limestones,
the pH and EC values increased during the test (Table 2).
These findings suggest that both dissolution and desorption
processes can lead to As release.

Physicochemical characterization of water

The physicochemical characteristics of the sampled waters
are listed in Table 1. The concentrations of As and F™ in the
wells (PV03 and SIMer) exceeded those allowed by NOM-
127-SSA1-1994- (modified 2000). The well temperatures
were 39.52°C for PV03 and 45.69°C for SJMer. According
to research conducted in the area, both wells display charac-
teristics of a low-temperature geothermal system (Morales-
Arredondo et al. 2018a, b, ¢ Moran-Ramirez et al. 2020).
The measured pH values were within the range of alkaline
water, and redox measurements for both wells revealed oxi-
dizing conditions. Hydrogen carbonate (HCO, ") and sodium
(Na™) ions were more prevalent than other ions in the con-
centrations of major elements (Fig. 4).

The Eh—pH diagrams indicate that the predominant As
species in both wells was hydrogen arsenate (HAsO42_;
as As") (Fig. 4), which was confirmed by using selective
cartridges for arsenate and measuring the concentration of
arsenite in the laboratory using hydride generation atomic
absorption spectrometry (Table 1). This information is cru-
cial because the removal of As from water is controlled by
the distribution and behavior of arsenic species, and the most
effective arsenic remediation approach for drinking water
removes arsenate (Webb and Davis 2016). The diagrams
of the major species of fluoride in both wells revealed that
F~ was the predominant ion (Fig. 4b, d).

Fluoride and arsenic removal experiments using
synthetic solutions that simulate the groundwater
content

Detailed below are the results of experiments using the three
limestones to remove synthetic fluoride and arsenic solutions
(with the NaF, and Na,HAsO,-7H,0 solutions) (Figs. 5 and
6 and Table 2).

The RC1701 sample, which had the highest CaCO;
content, exhibited the most effective range of F~ removal
efficiency (ranging from 43.88 to 47.86%) and the highest
capacity for As removal (ranging from 94.71 to 95.39%)
(Fig. 5a, b, Table 3), achieving a concentration of F~ below
the NOM-127-SSA1 limit in the sample with an initial con-
centration of 2.8 mg/L. At 72 h, the final pH values for each
sample ranged between 7.0 and 8.5, while the EC varied
between 100 to 120 pS/cm.

The rock DD1706 achieved a high F~ removal efficiency
ranging between 29.64 and 31.53%, while the highest As

@ Springer
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Fig.4 a Piper diagram of PV03 and SIMer wells, b Eh—pH diagram
of the aqueous species of F~ at 39.52° C for PV03 well, ¢ Eh—pH dia-
gram of the aqueous species of As at 39.52° C for PV03 well, d Eh—

removal was between 95.72% and 95.92% for both syn-
thetic solutions, with a grain size < 0.05 mm (Fig. 5a, b; and
Fig. 6a, b; Table 3), similar to DD1705 rock (SMF 2a and b,
SMT 2 and 3). In contrast to other rocks of comparable grain
size and smaller specific surface area, this rock demonstrated
arelatively low F~ removal effectiveness (Fig. 5c, d; Fig. 6c,
d; Table 3, SMF 2 and 3, SMT?2 and 3).

In all experiments involving the three limestones and the
synthetic solutions such as PV03 and SJMer water wells,
the highest F~ removal efficiencies were obtained with a
long time of rock—water interaction at the initial pH and the
smallest grain size (< 0.05 mm) regardless of the specific
surface area of the rocks. The rock with the highest CaCO,
content and the smallest specific surface area resulted in
the greatest % of removal (RC1701). In contrast, the rock
DD1706 with the lowest CaCO; concentration and the great-
est specific surface area showed the least efficacy..

In relation to the extraction of As from the three rocks, it
was observed that the efficiency of removal exhibited a slight
decrease as the duration of agitation increased for the grain
size smaller than 0.05 mm. In contrast, an opposite trend was
observed for the grain size ranging from 0.50 to 1.41 mm.
Unlike F~, which required a longer time for better elimina-
tion, the highest percentage of As removal was reached in
the shortest time in an acidic solution (as the pH increased
from ~ 5 to a range between 7.4 and 8.7).

@ Springer

pH diagram of the aqueous species of F.™ at 45.69° C for SIMer well,
e Eh—pH diagram of the aqueous species of As at 45.69° C for SIMer
well (Geochemist’s Workbench program®©)

Groundwater arsenic and fluoride removal tests

The water samples obtained from the PV03 and SJMer
wells, in addition to the three limestone samples described
below, were utilized for conducting batch tests..

The RC1701 had a greater capacity for removing As
compared toF~ with the smallest grain size. Similarly,
this rock removed up to 30.28% of F~ and 56.67% of As
from the SJMer well water (Fig. 7; Table 3). The pH values
observed ranged from 8.0 to 8.5, whereas the electrical con-
ductivity values ranged from 400 to 550 pS/cm. This rock
removed more As and F~ from SJMer well water when the
grain size was <0.05 mm (Fig. 8a, b; Table 3). Only four
As removal experiments yielded concentrations lower than
the NOM-127 maximum limit allowed for drinking water
(0.025 mg/L). None of the F~ removal tests yielded concen-
trations below the maximum limit allowed by the drinking
water standard (1.5 mg/L) with a F~ removal rate of 30.28%
(Fig. 7a, b, Table 3; SMF 4; SMT3).

The highest percentage of As (52.08%) and F~ (23.94%)
removal with the rock DD1706 was achieved with a grain
size < 0.05 mm (Fig. 8a, b, Table 3), which was similar
to DD1705 rock (SMF 5, SMT 2 and 3). The results indi-
cated that the As and F~ removal effectiveness decreased
with increasing agitation time (Figs. 7 and 8, Table 3);
in particular, the removal process resulted in negative
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Fig.5 Percentage of F~ removal using the concentration of each
well. a Initial concentration of PV03 F~ =7.2 mg/L with two grain
sizes <0.05 mm (black and red bars) and 0.5-1.41 mm (gray and pink
bars) at agitation times of 1, 5, 24, 48, and 72 h, for rocks DD1706
and RC1701. b Initial concentration of SJMer F~ =2.8 mg / L with
two grain sizes <0.05 mm (black and red bars) and 0.5-1.41 mm

As (well PV03)
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(gray and pink bars) at agitation times of 1, 5, 24, 48, and 72 h for
DD1706 rock. ¢ Pseudo-equilibrium diagrams of F~ concentration
in the removal tests with rocks RC1701 and DD1706 for PV well. d
Pseudo-equilibrium diagrams of F~ concentration in the removal tests
with rocks DD1706 and RC1701 for SJMer well. C, and C, corre-
spond to the initial and equilibrium concentrations respectively
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Fig.6 Percentage of As removal with time in batch experiments
with each rock. a PV03 concentration=0.073 mg/L, two grain
sizes <0.05 mm (black and red bars) and 0.5-1.41 mm (gray and
pink bars) of rocks DD1706 and RC1701 at stirring times of 1, 5,
24, 48, and 72 h. b SIMer concentration=0.039 mg/L, two grain
sizes < 0.05 mm (black and red bars) and 0.5-1.41 mm (gray and pink

6
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bars) of DD1706 rock. ¢ Pseudo-equilibrium diagrams of As (initial
concentration of PV03 well) experiments with DD1706 and RC1701
rocks. Cy and C, correspond to the initial and equilibrium concentra-
tions respectively. d Pseudo-equilibrium diagrams of As (initial con-
centration of SJ Mer well), experiments with RC1701 and DD1706
rocks
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Table 3 Removal efficiency corresponding to the studied rocks, grain size, synthetic solutions, and groundwater samples

Water type Sample Grain size  Initial concentrations ~ The highest Water type Sample Grain size  Initial concentrations ~ The highest
rock used (mm) of the synthetic solu- removal effi- rock used  (mm) of the synthetic solu- removal efficiency
tion (mg/L) ciency (%) tion (mg/L) (%)
synthetic RC1701 <0.05 7.2 43.88 high fluoride RC1701 <0.05 7.2 25.79
solutions of  pey701 <0.05 28 47.86 contentsin  pej701  <0.05 2.8 30.28
fluoride groundwater
RC1701  0.50-1.41 7.2 24.76 RC1701 0.50-1.41 7.2 15.23
RC1701  0.50-1.41 2.8 39.79 RC1701 0.50-1.41 2.8 19.01
DD1706  <0.05 7.2 31.53 DD1706 <0.05 7.2 19.75
DD1706  <0.05 2.8 29.64 DD1706 <0.05 2.8 23.94
DD1706  0.50-1.41 7.2 16.92 DD1706  0.50-1.41 7.2 10.43
DDI1706  0.50-1.41 2.8 2491 DD1706 0.50-1.41 2.8 8.45
synthetic RC1701 <0.05 7.2 95.39 high arsenic RC1701 <0.05 7.2 50.27
solutions of - pey701 <0.05 2.8 94.71 comtentsin - RC1701  <0.05 2.8 56.67
arsenic groundwater
RC1701  0.50-1.41 7.2 85.16 RC1701 0.50-1.41 7.2 35.62
RCI1701  0.50-1.41 2.8 88.17 RC1701 0.50-1.41 2.8 41.67
DD1706  <0.05 7.2 95.79 DD1706 <0.05 7.2 46.58
DD1706  <0.05 2.8 95.92 DD1706 <0.05 2.8 52.08
DDI1706  0.50-1.41 7.2 93.08 DD1706  0.50-1.41 7.2 19.18
DD1706  0.50-1.41 2.8 95.92 DD1706  0.50-1.41 2.8 25

values for both wells, suggesting the release of As and
F~ from the rock. In this rock, muscovite is found in
low amounts (including the rock DD1705); this mineral
could be responsible for the release of F~ at an alka-
line (Agrawal et al. 1997) pH, as F~ is abundant in the

structure of muscovite (Labastida et al. 2017; Yan et al.
2011; Zhao et al. 2008). At the end of the tests, the pH
reached slightly alkaline levels and hardness increased.
As content in SJMer well water was below the NOM-127
for safe consumption (Fig. 8c, d, Table 3).
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Fig.7 Removal efficiency with time for a F~ in the water of PV03
well during the five agitation times with rocks RC1701 (black and
gray bars), and DD1706 (red and pink bars), and b F~ in the water
of SJMer well during the five stirring times for rocks RC1701 (black
and gray bars), and DD1706 (red and pink bars), with two grain sizes
(<0.05 and 0.5-1.41 mm). ¢ Removal ratio (C,/C) of F~ in PV well
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Agitation time (h)

water for rocks RC1701 (black and gray bars), and DD1706 (red
and pink bars), with two grain sizes (<0.05 and 0.5-1.41 mm). d
Removal ratio (C,/C,)) of F~ in SJMer well water for rocks RC1701
(black and gray bars), and DD1706 (red and pink bars), with two
grain sizes (<0.05 and 0.5-1.41 mm). C,=Equilibrium concentra-
tion, Cy=Initial concentration
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Fig.8 Removal efficiency with time for a As in the water of PV03
well during the five agitation times for rocks RC1701 (black and gray
bars), and DD1706 (red and pink bars). b As in the water of SIMer
well during the five agitation times for rocks RC1701 (black and gray
bars), and DD1706 (red and pink bars), with two grain sizes (<0.05
and 0.5-1.41 mm). ¢ Removal ratio (C,/C,)) of As in PV well water

Study of geochemical processes

The retention mechanisms of As and F™ in rocks were stud-
ied using semi-quantitative analysis by MEB-EDS before
and after the removal experiments (the precipitates were
analyzed in the rocks with a high removal percentage). The
findings of the MEB-EDS analysis revealed a somewhat
uniform distribution of As in the raw rocks. Although As
was not detected in the semi-quantitative analysis, it was
present in the samples and at sites with higher concen-
trations (Fig. 9a, b) after the tests than before (Fig. 9c,
d). The EDS approach proved incapable of detecting the
development of a mineral or complex species in the pres-
ence of F~ or As. However, despite the low concentration
of As, its presence and distribution in the rocks after the
batch tests indicates that the removal process does not pro-
duce a stable solid phase.

Hydrogeochemical modeling

To gain insight into the possible mechanisms involved
in As and F~ removal, the saturation indices were calcu-
lated with GWB to identify the mineral phases that may
be involved in the process. In the F~ removal tests (syn-
thetic solution with NaF), calcite (SI=0.011) and fluo-
rite (SI=0.200) were oversaturated, whereas in the As

Agitation time (h)

for rocks RC1701 (black and gray bars), and DD1706 (red and pink
bars), with two grain sizes (<0.05 and 0.5-1.41 mm). d Removal
ratio (C,/Cy) of As in SIMer well water for rocks RC1701 (black and
gray bars), and DD1706 (red and pink bars), with two grain sizes
(<0.05 and 0.5-1.41 mm). C,=Equilibrium concentration, C,=1Ini-
tial concentration

removal tests (synthetic solution with Na,HAsO,-7H,0),
aragonite (SI=0.350) and calcite (SI=0.494) were
oversaturated. Oversaturaion was not calculated for any
As mineral. Positive saturation indices were found for
chalcedony (SI=0.968), cristobalite (SI=0.768), and
quartz (SI=1.418) using water from the SIMer well.
The saturation index results suggested that both cal-
cite (SI= —1.100) and fluorite (SI= —0.737) might be
involved in the dissolving process, as seen by the rise in
Ca concentration during the experiments.

Fluorite (SI=0.038), chalcedony (IS =1.227), cris-
tobalite (IS =1.027), quartz (IS=1.677), and sepiolite
(IS=1.183) were oversaturated based on the chemical
parameters of the water in the PV03 well.

Notably, when comparing the two wells, PV03 con-
tained the highest concentration of F~ (7.2mg/L), making
fluorite formation more probable due to an increase in
Ca?* content from calcite dissolution, as demonstrated by
prior research, and the positive fluorite SI (Reardon and
Wang 2000; Labastida et al 2017). Using data from the
SJMer well (lower F~ and As concentration), possible pre-
cipitation of fluorite was not identified; therefore, sorp-
tion may be the main removal process during all batch
tests, as observed in other studies where external sphere
complex processes control the content of F~ (Turner et al.
2005, Gogoi et al. 2015, Labastida et al. 2017).
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Fig.9 a Image (left) and mapping of As (center) in rock RC1701 before treatment, b image and mapping of As in rock RC1701 after batch tests,
¢ image and mapping of As in rock DD1706 before treatment, d image and mapping of As in rock DD1706 after batch tests

To better support the findings regarding the removal pro- The SI calculations matched the speciation depicted
cesses, Eh—pH diagrams were drawn for the solutions obtained ~ in SMF 6 where fluorite was the predominant mineral in
after the three removal tests. The primary components contained ~ water with a pH greater than 3.2 and when the Eh condi-
in the water and released by the RC1701 rock were included. tions were not as oxidizing (0.2-0.4 V). The F~ removal
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experiments began at a pH range of 5.0-6.0 and ended
at a pH range of 7.0 to 8.5. In addition, the EC values
increased, which is consistent with the occurrence of
fluorite precipitate caused by the dissolution of calcite
and the high concentrations of F~ in the solution. The Eh
values of the samples were not measured (the range of
0.2-0.4 V was used as the laboratory reference, standard
conditions), so the diagrams are merely an approximation
of the likely removal processes as observed in previous
studies (Gogoi et al. 2015, Labastida et al. 2017).

SMEF 6 reveals that the removal tests for As began with
a pH range of 4 to 6, with the initial pH range and an Eh
between 0.02 and 0.40; the precipitation of Ca (AsO,),
would be favored up to a pH of 9. After this point, the
dominant aqueous species was CaAsO," ,, according to
the Eh—pH diagram, and also observed in similar batch
tests (Labastida et al. 2017).

Discussion

According to the results, it is likely that sorption processes
of As and F™ are occurring simultaneously in the lime-
stone or that sorption sites become occupied and there is
no significant removal. This behavior has been reported in
other studies; particularly when alkalinity increases, As
removal decreases, and vice versa, this can be attributed to
competition for sorption sites between arsenate and hydro-
gen carbonate (Van der Weijden et al. 1997). In additional
experiments with calcium-hydrogen carbonate water and
limestone rocks containing up to 89% CaCOj, the greatest
removal of more than 80% for As and more than 40% for
F~ was reached; this removal was attributed to the Ca in
the water, due to CaCO; dissolution (Manzo 2019).

Several studies have demonstrated that the immobili-
zation of As, particularly As(V), can be effectively and
rapidly achieved through sorption processes facilitated
by calcite. The sorption behavior is also affected by pH
because of changes in arsenate speciation or protonation/
deprotonation of the sorbing arsenate (Roman-Ross et al
2006), when pH increases (between 7 and 8) and due to
the pHzpc of calcite (Romero et al. 2004) or forming a
low-solubility precipitate of hydrated calcium arsenate
(Ca5(As0O,);0H, known as arsenate apatite) (Webb and
Davis 2016). Moreover, since arsenate desorption from
calcite is rapid and complete within hours (Micete 2005,
Sg¢ et al. 2008), this process may be occurring in this
test. The processes that govern the experimentally behav-
ior observed are associated with sorption, which immo-
bilizes As(V). However, a fraction of the immobilized
As(V) is released within a few hours for both rock sizes
(<0.05 and 0.50-1.41 mm) because it is not integrated
into the calcite.

As observed by Romero et al. (2004) and Micete (2005),
grain size < 0.05 mm is susceptible to precipitation when
the pH increases, primarily with As(V), generating low
solubility precipitates (Sg et al. 2008, Webb and Davis
2016; Labastida et al. 2017). Moreover, it is well accepted
that the removal of As can be achieved by precipitating
Fe oxides, as this rock contains this element (Table 2).
As removal in all rocks must be primarily governed by
sorption mechanisms, although some mineral species
may precipitate when the pH increases. Additionally,
ionic strength can influence sorption through electrostatic
effects. According to previous study, the sorbing arsenate
species are H,AsO, and CaHAsO,O (Sg et al. 2008).

Fluoride is removed either (1) by precipitation due to
the increase of Ca?* activity in the water, which is caused
by the addition of compounds like lime, resulting in the
supersaturation of water with fluorite (CaF,) or (2) by
sorption, and ion exchange reactions. In some tests, the
use of limestone to remove high F~ contents, through CaF,
precipitation, requires a low pH, which is obtained by add-
ing CO, to generate carbonic acid (Reardon and Wang
2000). This method can make it difficult to change the
pH, and CO, incorporation may not be suitable for rural
applications. In additional experiments, the sorption/des-
orption process involving the formation of external sphere
complexes and the precipitation of fluorite enables the
limestones to remove between 60 and 65% of F~ (Labas-
tida et al. 2017). In the same study, it was found that the
removal of F~ depends on the CaCO; concentration and is
constrained by its solubility product (Turner et al. 2005).
When comparing these results with those presented in this
study (Fig. 5), in which a trend was observed over time,
the differences between the synthetic solutions and real
groundwater are evident, as only F~ and As anions were
present in the formers with an acidic pH, whereas in the
tests with well water, in addition to the higher pH, other
chemical species may affect the removal behavior, so com-
petition between ions may be occurring during sorption
and tentatively during precipitation.

As with the other batch tests, it is evident that simulta-
neous As and F~ removal occurs by sorption on the lime-
stone, that this process is favored at a lower pH, and that
the presence of Fe can influence As removal because it
can precipitate and form Fe oxides (Romero et al. 2004,
Van der Weijden et al. 1997). For F~ removal, fluorite may
be precipitated as a result of the increase in Ca*" activity
upon calcite dissolution (Gogoi et al. 2015, Reardon and
Wang 2000).

The observed differences in removal behavior within
this study can be mostly attributed to the concurrent sorp-
tion—desorption processes involving As and F™ in the lime-
stone, or to the competition between arsenate and hydro-
gen carbonate for sorption sites (when alkalinity increases,
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As removal decreases). An additional issue to consider is
the rise in pH which impacts the sorption behavior (and
protonation/deprotonation) of arsenic (Roman-Ross et al
2006). In the case of F~ removal, precipitation may be
one of the primary processes, due to the increase of Ca>*
activity causing the formation of fluorite, and sorption/
desorption may also occur, which involves the formation
of external sphere complexes in addition to fluorite precip-
itation (Labastida et al 2017), However, in our experiment,
the low removal was due to the relatively low proportion
of CaCOs, as reported by Turner et al (2005).

Lastly, this sample contains kaolinite, smectite, and
muscovite type clays, but in all the studies conducted
to evaluate the removal capacity of As and F~, acidic or
slightly acidic conditions (between 3 and 6) are required
for the water for their retention (Chakraborty et al 2007;
Mohapatra et al 2007; Nabbou et al. 2019; Mudzielwana
and Gitari 2021) so that the alkaline conditions and pH
between 7 and 8 of the groundwater suggest that these
minerals do not contribute to the removal.

Results obtained with the NaF solutions and both water
wells showed a greater removal efficiency at an acidic pH,
where protons are retained on the surface of the functional
groups, thereby increasing the positive charge (Acevedo
et al. 2004; Ramos 2019). A more acidic pH can result in
a greater dissolution of calcite, which can influence in a
increase in Ca®* activity (Reardon and Wang 2000). Fur-
ther investigation has demonstrated that fluorite precipita-
tion can be favored in an environment with an alkaline pH
(8-8.5; SMF 6¢). Therefore, both precipitation and sorption
processes may be present during the removal of F~ from
water (Nath and Dutta 2010). At this point, it is necessary to
consider that the kinetic solubility of CaF, can be influenced
by conditions such as temperature, the catalysts present,
pressure, amount of solute, and water properties (the rate at
which dissolution occurs and saturation is reached) (Christ-
offersen et al 1988, Sar et al. 2020; Salhov et al. 2013).

According to prior studies, the pH (>7) and the
HAsO,*" species of As in the water could contribute to the
formation of calcium arsenate (Zhu et al. 2006); however, a
high As concentration should be required for this to occur
(Renard et al. 2015). Our results suggest that the precipi-
tation of calcium arsenate is not significantly favored at a
pH of 8.18 (the pH of the PV03 well), because the pH is
less than 9.0 and the concentration of arsenates in the water
is low (SMF 6d). Another possible approach involves the
co-precipitation of As onto calcite through the substitution
of the carbonate group (Alexandratos et al. 2007). Overall,
it is possible that the As removal from water by employ-
ing limestone rocks is the result of sorption—precipitation
mechanisms. However, it must be considered that other sig-
nificant factors influence the removal processes, as outlined
as follows.

@ Springer

The removal percentages for each rock displayed fluctua-
tion in the removal at various time intervals (Fig. 8), suggest-
ing a diminished level of sorption during the As—rock as well
as F™—rock interactions. This phenomenon could potentially
be associated to the formation of external sphere bonds as
proposed by Zhan and Dixon (2004) and Labastida et al.
(2017). The results additionally indicate that the presence
of other anions in the well water may have resulted in com-
petition forsorption sites, as is the case of sulfates and (bi)
carbonates, which compete with arsenates and F~ (S¢ et al.
2008; Sosa et al. 2020). In this work, the experiment was
conducted with sodium-hydrogen carbonate water type con-
taning high HCO;™ concentrations, which may displace the
studied anions during sorption. The highest removal of As
and F~ in well water experiments coincided with the lowest
value of the calculated ionic strength (SJMer well), indicating
that the sorption of these anions in the presence of hydrogen
carbonate is more efficient at a lower ionic strength, as sug-
gested by Sosa et al. (2020). Furthermore, while arsenates
and fluoride have the ability to occupy surface sites (Zhu
et al. 2007, and Bia et al. 2012), these anions do not exhibit
competitive behavior with one another (Sosa et al. 2020).

The sorption of both As and F~ is dependent on the zero
point of charge (ZPC) and specific surface area of the min-
erals present in rocks. The ZPC of calcite corresponds to a
pH of 9.5 (Appelo and Postma 2004); consequently, calcite
is the main mineral that contributes to the removal of the
two contaminants, as observed in similar studies (Labastida
et al. 2017), since both the pH of the well water and the
synthetic solutions used in these studies were lower than
the ZPC. This allowed for both the dissolution of calcite
and the retention of anions. However, despite having low
hematite concentrations, the pH corresponding to the ZPC
ranges between 7.5 and 8.5 (Bowell 1994); this suggests that
hematite might play a role in the adsorption of As. The effec-
tiveness of DD1706 (and DD1705) in the removal of As in
both experimental settings, namely the As solution and well
water tests, is evident. Given that F~ was detected in the well
water, it is feasible that muscovite played a significant role
(by exerting a negative influence on the sorption process) in
the well water experiments; it is necessary to mention that
its ZPC is 7.5 (Labastida et al. 2017; Yan et al. 2011; Zhao
et al. 2008). The sorption of the contaminating anion was
not favored based on the observed pH of the well waters;
therefore, muscovite does not contribute to the elimination
of F~, but rather to its concentration increase in the water
through the release of F~.

The results shown in Table 2 indicate that the specific
area did not have a significant influence on the sorption
of As or F~ by any of the rocks with the smallest grain
size (< 0.05 mm) in the batch tests. The rock exhibiting
the highest retention was the one with the lowest specific
area (RC1701); however, the specific area only appears to
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influence the retention for rocks with the largest grain size
(0.50-1.41 mm), which explains why the smallest grain size
produced better results (Table 2).

Calcite that has been exposed to water contains the func-
tional groups =CO;H and CaOH (Romero et al. 2004),
which have a significant affinity for F~ and As. The removal
of F~ is linked with calcite through different mechanisms,
including the precipitation of fluorite during the dissolution
of calcite, the ion exchange between F~ and CO32_, and the
surface sorption of F~ on calcite (Labastida et al. 2017; Sosa
2019). The removal of As may also be directly linked with
calcite due to its dissolution, which can result in the precipi-
tation of Ca arsenate (Labastida 2014; Romero et al. 2004;
Sosa et al. 2020), the co-precipitation of As on calcite when
the carbonate group is replaced, and the sorption of As on
the surface of the calcite (Alexandratos et al. 2007; Romero
et al. 2004; Sosa et al. 2020).

Due to the immense complexity of natural systems and
retention processes, we were able to comprehend the pro-
cesses that can occur when all of the chemistry found in drink-
ing water is engaged due to the information collected utiliz-
ing well water. The next step would be to ascertain whether
or not the laboratory pilot tests can be replicated at home.
These experimental results could be supplemented by column
experiments performed on the collected rocks in Guanajuato
state as was performed in Soyatal rocks from Hidalgo state by
Labastida et al. (2019) and Sosa et al. (2020).

Conclusions

According to the results, it can be observed that the amount
of CaCOj and the grain size influences As and F~ removal.
A high removal efficiency of As was achieved through the
utilization of rocks containing a high CaCO; concentration.
According to the modeling results, it was shown that the
removal of F~ occurred by fluorite precipitation. However,
sorption cannot be ruled out. When the pH increases, sorp-
tion processes can become the primary removal mecha-
nism. Calcite shows a higher capacity for the elimination
of arsenate in comparison to fluoride. The precipitation of
calcium arsenate was not favored; however, we propose that
the sorption—precipitation processes may operate in tan-
dem to remove both As and F~ from the groundwater, but
in a significantly greater proportion for As. The elimina-
tion of As and F~ from synthetic solutions was shown to
be increased under conditions of acidic pH. The results of
the synthetic solutions batch tests improved with increased
agitation. The state of pseudo-equilibrium was attained after
brief agitation times. According to sorption kinetic results, it
would be more practicable to use a 1-h pseudo-equilibrium
time when determining sorption isotherm, mainly for As
(the maximum sorption efficiency of As). The limestones

were more effective in removing As from synthetic solu-
tions and well water than F~. During the batch testing, it was
observed that the RC1701 rock with a grain size < 0.05 mm
removed the most As and F~; with SJMer well water, this
rock also did not release high amounts of As and F~ to the
water despite having a greater initial As concentration com-
pared to the other rocks. The removal percentages suggested
that the retention of As and F~ was unstable, most likely
due to sorption—desorption processes and to the formation
of external sphere complexes, as corroborated by the ZPC
value of calcite and the measured pH values. Furthermore, it
is evident that in the well’s water, competition occurs among
anions primarily with sulfates and (bi) carbonates, which
compete for sorption on active sites against arsenates and
fluorides. Thus, there was not a significant removal of the
ions of interest since the well water belonged to the sodium-
hydrogen carbonate family, which has an alkaline pH and
a high hydrogen carbonate concentration. Although MEB-
EDS did not detect precipitation, the SI and the Eh—pH dia-
grams indicated the likelihood of fluorite formation (because
this process is kinetically slow). The use of limestone rocks
to remove As from well water yielded promising results, but
those for F~ removal were less. The concentration of CaCO;
should be the initial parameter to identify calcite rocks with
the potential to be used to remove As and F~.

For future evaluations, it is recommended that both major
and trace elements (e.g., Ca**, Fe, Cd, Pb, P, and others) be
taken into account. For instance, the trace elements can exert
a substantial influence on the kinetics of calcite precipita-
tion and dissolution, even though these processes frequently
elude mathematical representation in the realm of geochemi-
cal modeling. An increase in the Ca** concentration in the
drinking water (caused by the use of CaCOj in the elimina-
tion experiments) should also be checked, as a high Ca®*
concentration can be related to cardiovascular and kidney
issues, and obstruct the absorption of other minerals if con-
sumed by the general public.
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