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Arsenic is a widespread trace groundwater contaminant that presents a range of health risks and has an
acceptable level of only 10 ug L™t in drinking water. However, in many countries arsenic quantification in
water is limited to centralized laboratories because it requires the use of elemental analysis techniques
with high capital cost. As a result, routine water samples are frequently not tested for trace contaminants
such as arsenic. In order to facilitate improved arsenic monitoring, we present the use of iron oxide
xerogels for adsorption of arsenic(i) from water samples at neutral pH, dry storage for over 120 days,
and desorption of stored arsenic at elevated pH. Iron oxide xerogels offer high surface area (340 m? g™%)
and an As(i) adsorption capacity of 165 mg g1 Using an extraction solution of 100 mM sodium
hydroxide and 1 mM sodium phosphate, As(i) is reliably eluted from iron oxide xerogels for initial As(in)
concentrations from 10 pg L™ to 1000 pg L%, with a calculated detection limit of less than 4 pg L™ and
less than 17% difference in recovered As(il) between test solutions with low and high interfering ion

concentrations. By demonstrating the ability for iron oxide xerogels to reliably adsorb, store, and release
Received 31st December 2020

Accepted 22nd March 2021 arsenic, we enable the development of protocols for solid-phase extraction, preservation, storage,

transportation, and analysis of trace contaminants (SEPSTAT), where arsenic would be adsorbed from

DOI: 10.1039/d0ay02365¢ water samples onto xerogel-based sorbents and shipped to centralized laboratories for recovery and
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1 Introduction

Arsenic is a trace water contaminant occurring naturally in
many groundwater sources and affecting the water supply for
approximately 150 million people worldwide, with chronic
effects including a range of cancers, skin lesions, nerve damage,
and cardiovascular disease.’ Because of these health risks, the

“Department of Mechanical Engineering, Massachusetts Institute of Technology,
Cambridge, MA 02139, USA. E-mail: msb294@cornell.edu; karnik@mit.edu

*Tata Center for Technology and Design, Massachusetts Institute of Technology,
Cambridge, MA 02139, USA

‘Department of Biomedical Engineering, Boston University, Boston, MA 02215, USA
“Sloan School of Management, Massachusetts Institute of Technology, Cambridge, MA
02139, USA

T Electronic supplementary information (ESI) available: Full list of reagents and
materials; detailed description of xerogel fabrication process; isotherm and
adsorption capacity calculation methodology; methods and results for
preliminary experiments; particle size analysis for pulverized xerogels; detection
limit calculation methodology; tabulated method performance evaluation
measurements; and xerogel bill of materials and cost calculation. See DOL
10.1039/d0ay02365¢e

This journal is © The Royal Society of Chemistry 2021

World Health Organization has designated a permissible limit
of 10 ug L™ for arsenic in drinking water, with a higher provi-
sional limit of 50 pg L~" for resource-limited nations with high
arsenic occurrence such as India and Bangladesh. However, in
arsenic-stricken regions such as the Bengal Basin, groundwater
arsenic levels can reach as high as 3200 pg L™ ".2 Arsenic levels in
groundwater can vary widely in space, even between wells 100 m
apart,® necessitating source-level testing for effective water
quality management via source selection or remediation.
Arsenic monitoring is a formidable challenge using current
testing technology. Existing arsenic field test kits generally
operate using the Gutzeit reaction, wherein aqueous arsenic is
reduced to toxic arsine gas before reaction with mercuric
bromide to effect a yellow color change.* These tests are not
sufficiently accurate for reliable source labeling, with false
negatives as high as 68% and false positives as high as 35%.° As
a result, accurate arsenic quantification requires the use of
elemental analysis techniques such as inductively coupled
plasma atomic emission spectroscopy (ICP-AES), inductively
coupled plasma mass spectrometry (ICP-MS), and atomic
adsorption spectroscopy (AAS).*” Elemental analysis can detect
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arsenic at ug L™ levels in minutes.* However, the instrumen-
tation cost for these methods—ranging from 15 000 USD for
flame AAS systems to as much as 200 000 USD for ICP-MS
systems*—and the need for highly trained laboratory techni-
cians limit their use to centralized testing locations. For
example, in India, elemental analysis instrumentation is avail-
able at the state level, but is frequently not available at the local
laboratories where routine water samples are analyzed.
Current arsenic monitoring practices require the use of
bulky liquid samples which are difficult to transport to the
laboratories where they can be accurately analyzed. In India,
arsenic testing protocols require 35-100 mL of liquid per
sample for analysis,®*° collected as part of large (250-2000 mL)
water samples,”™"* with sample acidification or refrigeration
recommended for analyte preservation during trans-
portation.*** These samples’ volume and recommended pres-
ervation measures make them difficult to transport to
centralized laboratories from both the local laboratories where
samples are received and the rural water sources where samples
are collected, particularly when considering the cumulative
volume of samples collected from all monitored sources.
Transportation of water samples is one of the major costs of
water testing,™ and this expense is exacerbated for monitoring
of trace contaminants in rural environments. As a result,
routine water samples are frequently not tested for arsenic.
These challenges for arsenic and other difficult-to-analyze
trace contaminants such as heavy metals and pesticides have
motivated our development of a new dry sampling paradigm
where trace contaminants are adsorbed onto compact solid
sorbents, which are then dried and transported to laboratories
having appropriate analytical instrumentation for quantifica-
tion** (Fig. 1). This sampling paradigm builds upon the success
of dried blood spot testing, which has facilitated widespread
testing of newborn blood samples for phenylalanine and other
small molecules;*>*® the wide range of existing and emerging
solid-phase extraction materials;"’** and sampling techniques
such as stir bar sorptive extraction,* stir cake sorptive extrac-
tion,” and stir-disc solid-phase extraction** which offer the
potential for compact sampling devices amenable to shipping.
We recently demonstrated the use of commercial ion-exchange
resins to adsorb, store, and release heavy metals in order to

-~

Initial As
Recovery at central lab

8-

Recovered As

Improved monitoring
of trace contaminants

g
Water samples collected
at local labs or sources

Accurate quantification
via elemental analysis

Fig. 1 Intended SEPSTAT measurement paradigm for monitoring of
arsenic and other trace water contaminants.
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enable this new sampling paradigm of Solid-phase Extraction,
Preservation, Storage, Transportation, and Analysis of Trace
contaminants (SEPSTAT),"* and now extend this paradigm to
arsenic sampling.

Iron oxide is a promising material for solid-phase extraction
of arsenic. Iron-oxide-based sorbents have been widely
demonstrated for arsenic removal,** ¢ offering the potential for
capacities as high as 171 mg g~ (ref. 26) and adsorption in the
presence of other common interfering ions.”****”* Jia et al.*
used magnetic iron oxide nanoparticles for solid-phase extrac-
tion of arsenic from complex fish tissue samples before dis-
solving the nanoparticles in acid for arsenic quantitation,
demonstrating that iron oxide is capable of quantitatively
extracting arsenic from complex matrices. However, to date,
quantitative arsenic recovery via desorption from iron oxide has
not yet been demonstrated, creating the opportunity to develop
protocols to reliably elute adsorbed arsenic from iron oxide
sorbents. One particularly promising elution mechanism is the
widely demonstrated pH dependence of arsenic adsorption
onto iron oxide, with high arsenic capacity at neutral pH and
decreased arsenic capacity at basic pH.**** High-pH sodium
hydroxide solutions have been used for regeneration of iron-
oxide based arsenic sorbents,”?*" suggesting the potential for
arsenic quantitation via adsorption at neutral pH and recovery
under basic conditions.

Our intended use case of large-scale sampling and transport
in resource-limited settings motivates the selection of low-cost,
compact iron oxide sorbents with high arsenic capacity. High
arsenic capacity can be achieved through the use of high-
surface area iron oxide nanomaterials.’*® One of the most
promising such nanomaterials are iron oxide xerogels, which
are inexpensive, easily fabricated via sol-gel chemistry, and
offer high surface area and low pore volume.*" This is attractive
for widespread use in resource-limited settings, where trans-
portation to centralized laboratory facilities necessitates the use
of low-cost and compact sorbents.

Groundwater arsenic contamination predominantly occurs
as inorganic oxyanions of arsenic(i), also referred to as arse-
nite, or arsenic(v), also referred to as arsenate.> For our initial
demonstration of arsenic sampling, we focused our investiga-
tion on arsenite due to its greater toxicity than arsenate.’*>*
Arsenite is prevalent in reducing environments such as low-
oxygen groundwater;>** constitutes the majority of ground-
water arsenic content in locations as diverse as West Bengal,
India** and Michigan, USA;*® and persists in drinking water
after groundwater is brought to the surface for storage and
eventual consumption, as aeration and aerobic storage do not
oxidize arsenite.”

In this work, we present the use of iron oxide xerogels to
reliably adsorb, store, and release arsenic(m) from water
samples in order to enable a new arsenic sampling paradigm of
Solid-phase Extraction, Preservation, Storage, Transportation,
and Analysis of Trace contaminants (SEPSTAT). We show that
iron oxide xerogels reliably adsorb aqueous arsenic for compact
dry storage and recovery at high pH. Furthermore, in order to
ensure reliable sampling of arsenic from real-world ground-
water samples, we investigated arsenic adsorption in the

This journal is © The Royal Society of Chemistry 2021
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presence of interfering ions at concentrations representative of
groundwater sources, followed by elution and quantification, in
order to develop an optimized recovery protocol to enable
robust arsenic sampling in diverse sample matrices. This
investigation resulted in a solid-phase extraction protocol for
reliable sampling of aqueous arsenic which will enable the
development of methods and devices for improved arsenic
monitoring.

2 Experimental section
2.1 Materials

Sodium arsenite was selected as an arsenic(m) source for this
investigation due to its previous use in investigation of arsenic
adsorption by iron oxides.** Other reagents and materials were
selected to minimize the potential for inadvertent arsenic
concentration, and are listed in the ESI (Section S17).

2.2 Xerogel fabrication and characterization

Iron oxide xerogels were fabricated using an epoxide-assisted
sol-gel synthesis method adapted from Gash et al®*' using
iron chloride hexahydrate (FeCl;-6H,0) as an iron precursor,
with five ethanol solvent exchanges conducted after gelation in
order to remove residual organic impurities.*® The detailed
xerogel fabrication process is provided in the ESI (Section S27).
We characterized the xerogels using nitrogen adsorption
porosimetry, optical microscopy, and scanning electron
microscopy. For nitrogen adsorption porosimetry, xerogel
samples were dried for 3 days at 130 °C and ambient pressure,
prior to degassing and subsequent analysis in a Micromeritics
ASAP 2020 Accelerated Surface Area and Porosimetry system. At
least 100 mg xerogel was placed in a glass sample tube and
capped with a porous frit (both Micromeritics) before degassing
with an evacuation phase consisting of a 200 °C target
temperature (10 °C min~ ' ramp) and 5 pm Hg vacuum setpoint,
followed by a 240 minute heating phase at 150 °C. After
degassing, the sample was weighed before measuring nitrogen
adsorption and desorption isotherms at 77.350 K with an
equilibration time of 5 s at each point. Surface area was calcu-
lated via Brunauer-Emmett-Teller (BET) analysis of eight
points along the adsorption isotherm, with partial pressures
ranging from 0.065 to 0.199, and pore volume and pore size
distribution was calculated via Barrett-Joyner-Halenda (BJH)
analysis of the adsorption isotherm. Optical microscopy was
conducted using a Nikon Eclipse TE2000-U inverted micro-
scope. Scanning electron microscopy was conducted using
a JEOL JSM-6010LA microscope after sputtering samples with
gold using a SC7640 sputter coater (Quorum Technologies).

2.3 Arsenic quantification

We quantified sample arsenic concentration via inductively
coupled plasma atomic emission spectroscopy (ICP-AES), also
known as inductively coupled plasma optical emission spec-
troscopy (ICP-OES), and inductively coupled plasma mass
spectrometry (ICP-MS), with ICP-AES used for measuring
adsorption capacity and ICP-MS used for all other arsenic

This journal is © The Royal Society of Chemistry 2021
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quantification unless otherwise noted. ICP-AES measurements
were conducted on an Agilent 5100 ICP-OES using a 3% nitric
acid rinse solution and argon snout purge. Arsenic was quan-
tified by averaging the radial view signals at 188.980 nm and
193.696 nm. ICP-MS measurements were conducted on an
Agilent 7900 ICP-MS using a rinse solution consisting of 2%
nitric acid + 2% hydrochloric acid, a 10 pg L™ " indium internal
standard in all standards and samples, and helium collision
mode (4.5 mL min~') in order to minimize isobaric interfer-
ences from polyatomic ions.*®

Samples were analyzed after dilution and acidification,
where acid contents of 2% and 2.67% nitric acid were used for
samples with originally neutral pH and originally basic pH (pH
=12), respectively. Samples were diluted by a factor of at least 3,
with greater dilution factors used as needed in order to ensure
that the total dissolved solids (TDS) content was less than the
generally recommended maximum value of 2000 mg L™ for
ICP-MS samples. Standards for adsorption solutions were
matrix-matched, after accounting for the dilution factor, to
contain the starting concentration of all solution components
except for the elements which were monitored: arsenic, phos-
phorus, and silicon. Standards for extraction solutions were
matrix-matched to all components present at concentrations
greater than 100 mg L™ in the diluted recovery samples.

2.4 Adsorption and recovery measurements

For xerogel adsorption and recovery measurements, xerogels
were pulverized to minimize variation in properties within the
dried xerogels, with the pulverized xerogel fragments
exhibiting a lognormal size distribution (diameter mean =+ s.d.
109 + 93 pm, see ESI Section S5t for additional information).
For each adsorption/recovery sample, we weighed out approxi-
mately 25 mg pulverized xerogel into a 15 mL polypropylene
centrifuge tube (VWR International) before the addition of
7.5 mL adsorption solution for 3.33 g L ™" xerogel loading. For
adsorption measurements, sample tubes were vortexed in order
to evenly disperse the xerogel within the adsorption solution
and placed on their sides for shaking at 100 rpm on a benchtop
orbital shaker (MaxQ 2000, Barnstead). Arsenic adsorption
capacity was measured after 87 hours of adsorption, for an
adsorption solution consisting of sodium arsenite solution
diluted to an initial concentration of 1214 mg L™" As with no
added interfering ions. An adsorption period of 24 hours was
used for all other adsorption measurements.

At the end of adsorption, we centrifuged the samples for
6 minutes at 2000g, removed the supernatant, and allowed the
xerogel to dry at ambient conditions in the loosely capped
upright centrifuge tubes used for adsorption, which were sealed
after the xerogel was observed to have dried completely. Simi-
larly, for recovery measurements we added 7.5 mL of the desired
extraction solution to each sample tube, vortexed the tubes to
redisperse the xerogel, placed the tubes on their sides for 24
hours of shaking at 100 rpm, and centrifuged for 6 minutes at
2000g before removing samples of the recovery solution to
quantify the eluted arsenic. Initial samples of each adsorption
and extraction solution were analyzed in order to properly
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control for initial arsenic concentration, with additional control
samples processed and analyzed as appropriate to quantify
leaching of residual arsenic present in xerogels after fabrication
and confirm negligible adsorption or desorption of arsenic
from the polypropylene sample tubes. Safety note: dermal
arsenic exposure can pose a health risk* which can be exacer-
bated for acidic or basic arsenic solutions due to pH-related
skin damage. For high arsenic concentrations, and when
there is a significant risk of skin contact due to splashing or
spillage, the use of gloves made of butyl rubber or similar
materials is recommended.

Arsenic sampling in the presence of interfering ions was
evaluated by adsorbing arsenic from adsorption test solutions
intended to span the full range of potential interferent
concentrations: deionized water (DI Water), Low Mix, Medium
Mix, and High Mix, with compositions as shown in Table 1. For
this investigation, we focused on interference from inorganic
anions previously observed to affect arsenic adsorption onto
iron oxides: chloride, nitrate, sulfate, bicarbonate, silicate, and
phosphate.>®?*?7?® Low Mix and Medium Mix were formulated
as representative compositions of groundwater sources with low
and high salt contents, respectively, whereas High Mix was
formulated based on the maximum expected concentration of
each individual interfering ion. Adsorption test solutions were
prepared from stock solutions of their corresponding sodium
salts. Medium Mix and High Mix solutions were pH-adjusted to
PH = 7 via addition of 1 M hydrochloric acid. For our screening
of arsenic adsorption and recovery across different recovery
protocols, we used initial arsenic concentrations at a reference
level of 85 + 3 ug L™, selected based on previous measurements
of the concentration range where interference is most notice-
able,” in matrices consisting of DI Water, Medium Mix, and
High Mix in order to span the maximum potential range of
interferent concentrations.

In order to optimize our recovery protocol, arsenic recovery
was measured for several extraction solutions, selected based
on previous observations of conditions where arsenic adsorp-
tion was decreased for iron oxides.>***** 100 mM sodium
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hydroxide (NaOH) was used to investigate recovery under highly
basic conditions (pH = 13) without any other interfering ions,
as well as with the addition of 1 mM silicate (Na,SiO3) and 1 mM
phosphate (Na,HPO,) based on previous studies finding that
the presence of silicate and phosphate result in a substantial
decrease in arsenic adsorption.***® In addition, a slightly acidic
phosphate solution (30 mM NaH,PO,, pH = 4) was investigated
based on observations that this was the pH where arsenic
adsorption was most impeded by the presence of phosphate.*
Based on these results, additional formulations of NaOH and
phosphate were investigated: 10 mM NaOH, 20 mM NaOH +
2 mM NazPO,, 20 mM NaOH + 30 mM Na;PO,, 200 mM NaOH +
2 mM Naz;PO,, and 200 mM NaOH + 30 mM NazPO,.

2.5 Evaluation of SEPSTAT method performance

An extraction solution of 100 mM NaOH + 1 mM Na;PO, (pH =
13) was used for the optimized recovery protocol and evaluated
for performance in adsorption and recovery of arsenic(i) over the
concentration range found in drinking water. Low Mix and High
Mix solutions were prepared as described in Table 1 for nominal
arsenic concentrations of 0, 10, 50, 100, 500, and 1000 ug L™ * As,
with exact measured arsenic concentrations of {0.01, 10.74, 52.30,
105.11, 512.60, and 1058.76} ug L~ As for Low Mix solutions and
{0.03, 11.25, 52.53, 107.47, 508.95, and 1037.31} pg L™ " As for
High Mix solutions. Each solution was adsorbed onto xerogel
samples (N = 4) at a xerogel loading of 3.33 g L™ * over 24 hours as
described above, and xerogel samples were stored at ambient
conditions for 124-125 days before elution over 24 hours in
100 mM NaOH + 1 mM NazPO, at the same xerogel loading. The
detection limit for each sample matrix was calculated as
a modified version of the method detection limit (MDL),"” with
calculation details described in the ESI (Section S67).

3 Results and discussion
3.1 Material characterization and adsorption capacity

Our characterization results suggest that xerogels are well-
suited to dry sampling and transport, resulting in high

Table1 Compositions of adsorption test solutions (denoted as Low Mix, Medium Mix, and High Mix) for investigation of arsenic adsorption in the
presence of interfering anions, as well as regulated levels in India® and typical concentrations of common interfering anions and total dissolved
solids in selected arsenic-affected areas: Assam;** Agra;*? Sindh;** and Bangladesh groundwater (BGW).#4-46 All concentrations are mg L™ by
listed species or mg L™ total dissolved solids (TDS). Measured typical concentration levels are listed as average (maximum), except for those from
Bangladesh where the value in parentheses is the concentration used in the Synthetic Bangladesh Groundwater test solution used by Roberts
et al.*®* and Ciardelli et al.*® Typical concentration levels for Sindh are for either hand pumps (depth 5-20 m) or tube wells (depth 20-100 m),
where the source used for each anion is that with the higher maximum measured concentration. All anions were added as sodium salts, and
chloride concentrations for Medium Mix and High Mix are before addition of hydrochloric acid for pH adjustment

Regulated levels®

Typical concentrations

Test solution mixes

Anion species Acceptable Permissible Assam™ Agra*? Sindh*? BGW*® Low Medium High
Chloride, Cl 250 1000 39(111) 350(2705)  431(900) — 125 250 1000
Nitrate, NO; 45 45 0.11(0.72)  — 22(97) — 1 45 100
Sulfate, SO, 200 400 21(83) — 877(1120)  7.5(15) 100 200 1200
Bicarbonate, HCO;  NJ/A N/A 70(119) — 508(782) 488(500) 125 500 800
Silicate, as SiO, N/A N/A — 10(21) — 41(64) 10 50 65
Phosphate, PO, N/A N/A 0.16(127)  0.03(0.67)  0.79(5.00)  4.5(9.2) 1 5 10
TDS 500 2000 118(349) — 763(3350) — 549 1566 4807
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arsenic adsorption capacity. The fabricated iron oxide xerogels
were glassy in appearance, with a porous structural morphology
visible under scanning electron microscopy (Fig. 2). BET anal-
ysis yielded a surface area measurement of 340 m* g, and
BJH pore volume analysis (Fig. 2d) yielded a pore volume of
0.29 cm® ¢! and an average pore diameter of 3.0 nm. This
combination of high surface area and low pore volume maxi-
mizes the ratio of sorbent surface area to overall sorbent
volume, making xerogels an excellent geometry for compact dry
storage of adsorbed trace contaminants such as arsenic. Arsenic
adsorption capacity measurements confirmed our hypothesis
that xerogels would have a high arsenic adsorption capacity,
with a capacity of 165 mg As per g xerogel measured at an
equilibrium aqueous arsenic concentration of 692 mg L"
(calculation described in ESI Section S3f). Furthermore,
preliminary measurements confirmed our hypothesis of pH-
dependent adsorption, with high, consistent adsorption at
neutral pH and decreased adsorption at high pH (Fig. S17).

3.2 Adsorption and recovery characterization

In our investigation of arsenic adsorption and elution, we
characterized iron oxide xerogels' ability to adsorb and release
arsenic from a range of sample matrices designed to replicate
groundwater samples in arsenic-afflicted areas. As part of this
investigation, we screened a range of extraction solutions in
order to identify an optimal recovery protocol to yield consistent
arsenic recovery for accurate quantitation of initial sample
arsenic content.

1 10
Average Diameter (nm)

(c) (d)

Fig. 2 (a) Photograph of iron oxide xerogels, (b) optical microscopy
image of pulverized iron oxide xerogel, (c) scanning electron
microscopy (SEM) image of iron oxide xerogel, and (d) xerogel pore
size distribution according to Barrett—Joyner—Halenda (BJH) analysis
of a nitrogen adsorption isotherm.

This journal is © The Royal Society of Chemistry 2021
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Our results confirmed our initial hypothesis that high-pH
extraction solutions would facilitate recovery of adsorbed
arsenic from iron oxide xerogels. Preliminary experiments
showed that arsenic could be recovered after adsorption at
neutral pH using a simple extraction solution of 100 mM
sodium hydroxide (NaOH), with no observed effects due to
variations in initial solution pH and storage time (Fig. S27).

In order to ensure reliable arsenic sampling in real-world
water samples, we measured adsorption and recovery for
arsenic in adsorption test solutions formulated based on typical
concentrations of expected groundwater interferents (Table 1).
For the scope of our interference investigation, we focused on
inorganic anions known to affect arsenic adsorption onto iron
oxides, consistent with the scope of previous interference
studies conducted as part of the development of arsenic
removal technology.”®*® Previous research has observed
decreased arsenic adsorption onto iron oxides in the presence
of chloride, nitrate, sulfate, bicarbonate, phosphate, and sili-
cate,>*?*27:28 g0 we formulated three test solutions, denoted as
Low Mix, Medium Mix, and High Mix, based on regulated levels
of these anions (when applicable)® and observed concentrations
in four arsenic-affected areas: Assam, India;"* Agra district,
Uttar Pradesh, India;** Khairpur district, Sindh, Pakistan;** and
a national survey of Bangladesh groundwater (BGW).***** Low
Mix is intended to replicate the typical composition of
groundwater sources with lower salt content, Medium Mix is
intended to replicate the typical concentration of groundwater
sources with higher salt content, and High Mix is intended to
represent the worst-case scenario for each individual interfering
ion.

When arsenic adsorption and recovery were measured in the
presence of interfering anions (Fig. 3), arsenic adsorption was
high regardless of interfering ion content. However, our
preliminary tests (Fig. S31) showed that recovery via 100 mM
NaOH was substantially reduced for arsenic adsorbed in the
presence of interfering ions, with low recovery efficiency 7y,
defined as the fraction of arsenic in the initial sample which was
eluted after adsorption:

Meee = Aseluled
rec —
Asipigial

(1)

The observed consistency in adsorption but variability in
recovery suggests the presence of adsorption sites with a range
of pH dependency, such that the presence of additional ions
during adsorption results in a displacement of arsenic ions to
adsorption sites which maintained greater affinity at increased
pH. This behavior of consistent adsorption and variable
recovery was observed even for xerogel loadings as high as
13.33 g L™ (Fig. S37), necessitating further development of the
extraction solution used for arsenic elution.

In order to ensure reliable recovery regardless of the pres-
ence of interfering ions during adsorption, we systematically
investigated the use of extraction solutions containing phos-
phate and silicate (Fig. 3), as these ions have been previously
shown to substantially decrease arsenic adsorption.”***** For
evaluation of potential extraction solutions, we used each
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a DI Water
Medium Mix
High Mix =
0.0 0.2 0.4 0.6 0.8 1.0
Adsorption Efficiency
b A. 100 mM NaOH g 03 ool
3 C
'S 0.4 -
B. 100 mM NaOH + 1 mM Na,SiO, b Co *B
> 0.3 - *A
[
> Ge
C. 100 mM NaOH + 1 mM Na,HPO, g 0.2 - o
o
E 01 - °E
D. 30 mM NaH,PO, 2 . *D
€ 0.0 —
E. 10 mM NaOH 2 0.0 0.1 0.2 03 04 05
Total Variation
F. 20 mM NaOH + 2 mM Na;PO,
G. 20 mM NaOH + 30 mM Na;PO,
u DI Water
H. 200 mM NaOH + 2 mM Na;PO, - B Medium Mix
1. 200 mM NaOH + 30 mM Na,PO, . HighMibe
0.0 0.2 0.4 0.6 0.8 1.0

Recovery Efficiency

Fig. 3 Arsenic adsorption and recovery for test solutions with 85 + 3 ng L~ arsenic in adsorption matrices of deionized (DI) water, Medium Mix,
and High Mix, where Medium and High Mixes are adsorption test solutions as defined in Table 1. (a) Arsenic adsorption efficiency as a function of
test solution. Error bars are the measured range (N = 10). (b) Arsenic recovery efficiency as a function of extraction solution. Error bars are the
measured range for each extraction solution (N = 2). (c) Minimum recovery efficiency and total variation for each extraction protocol, where total
variation is defined as the difference between the highest and lowest recovery efficiency measured for each extraction solution normalized by

the highest recovery efficiency (eqn (4)).

extraction solution's mean recovery efficiencies 7,.. for the three
test solutions investigated to calculate the extraction solution's
minimum recovery efficiency (frec,min), Maximum recovery
efficiency (9rec,max), and total variation (o) as defined below:

Mrec,min =

min{n...(DI Water), n,e«(Medium Mix), n...(High Mix)} (2)

Mrec,max —

max {n...(DI Water), nec(Medium Mix), n...(High Mix)} (3)

Mrec;max — Mrec.min
o = —omt_emn (4)

nI‘CC ,max

For our intended application of quantitative arsenic
sampling, the ideal extraction solution would minimize vari-
ability for samples from different sample matrices while still
offering an acceptable minimum recovery efficiency for the
worst-performing sample matrix. As a result, our most impor-
tant selection criterion among different extraction solutions
was minimizing total variation o, with maximization of
minimum recovery efficiency feemin used as a secondary
selection criterion among extraction solutions with comparable
total variation.

Among the first three potential improved extraction solu-
tions that we investigated (solutions B, C, and D in Fig. 3), acidic

2170 | Anal. Methods, 2021, 13, 2165-2174

phosphate (30 mM NaH,PO,, pH = 4) yielded substantially less
recovery than the original 100 mM NaOH (solution A in Fig. 3),
whereas recovery in NaOH with the addition of silicate (100 mM
NaOH + 1 mM Na,SiO;) resulted in an increase in both
minimum recovery efficiency and total variation between
adsorption test solutions. However, recovery in NaOH with the
addition of phosphate (100 mM NaOH + 1 mM Na,HPO,)
resulted in an increase in minimum recovery efficiency
accompanied by a decrease in total variation between adsorp-
tion test solutions. Additional combinations of NaOH and
phosphate were investigated (solutions E, F, G, H, and I in
Fig. 3), with the lowest total variation observed for 20 mM NaOH
+ 30 mM NazPO, and the greatest minimum recovery efficien-
cies observed for 200 mM NaOH + 2 mM Na;PO, and 200 mM
NaOH + 30 mM Naz;PO,. As 100 mM NaOH + 1 mM Na,HPO,
exhibited a comparable total variation to the minimal total
variation exhibited by 20 mM NaOH + 30 mM NazPO, (0o =
0.21 vs. 0.17) along with substantially higher minimum recovery
efficiency (frec,min = 0.34 vs. 0.24), it offered the best combi-
nation of low total variation and high minimum recovery effi-
ciency (Fig. 3c), with the phosphate species changed to 1 mM
Na,;PO, for the optimized recovery protocol in order to mini-
mize protonation of the NaOH.

These results are consistent with adsorption sites with
a distribution of adsorption efficiencies, in agreement with the

This journal is © The Royal Society of Chemistry 2021
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isotherms measured in our preliminary experiments (Fig. S1t)
and suggesting a smaller number of sites with a greater
decrease in affinity at elevated pH but limited selectivity
between arsenic(ur) and interfering ions, as well as a larger
number of sites with a higher selectivity for arsenic adsorption
but a lower decrease in affinity at elevated pH. The presence of
interfering ions during adsorption would then displace arsenic
adsorption to sites with greater selectivity against other ions but
lower pH dependence, resulting in decreased recovery at
elevated pH which can be enhanced through the addition of
phosphate. Phosphate appears to assist in desorption from
these sites with lower pH dependence, presumably because it is
capable of competing with arsenic for adsorption at these sites
at elevated pH, similar to previous usage of higher concentra-
tions (100-1000 mM) of chloride ions for improved regenera-
tion of iron-oxide-based arsenic sorbents.*

3.3 SEPSTAT method performance

Our optimized extraction solution of 100 mM NaOH + 1 mM
NazPO, resulted in reliable arsenic recovery for initial arsen-
ic(m) concentrations from 10 pg L™ to 1000 pg L™ " after as long
as 125 days' dry storage, the longest period tested. For each
interferent level (Low Mix and High Mix, as defined in Table 1),
recovered and initial arsenic exhibited a consistent power-law
dependence over 10 pg L' to 1000 pg L' As, with 7 =
0.9968 for Low Mix samples and * = 0.9979 for High Mix
samples (Fig. 4, results tabulated in Tables S3 and S47). The
relative standard deviation in recovered arsenic at each
concentration level (excluding the 0 ug L™ As level) was <5% for
Low Mix samples and <7.5% for High Mix samples, with an
average value of 3.1% over all arsenic and interferent levels.

350
300 -
E 250 -
E
w 200 -
<
-]
@ 150 -
o
3 X Low Mix
o 100
-3 + High Mix
50 ——Power-law fit (Low)
——Power-law fit (high)
0 T T

0 400 800
Initial As (pg/L)

1200

Fig. 4 Recovered arsenic concentration as a function of initial arsenic
concentration for arsenic adsorbed from Low Mix and High Mix test
solutions, as defined in Table 1, recovered from iron oxide xerogels after
dry storage for 124-125 days and extraction in the optimized extraction
solution of 100 mM sodium hydroxide and 1 mM tribasic sodium phos-
phate. Power-law fits are [Recovered As] = 0.69 x [Initial As]®®® for Low
Mix samples (> = 0.9968) and [Recovered As] = 0.68 x [Initial As]®® for
High Mix samples (> = 0.9979). Data points are individual replicates
(N = 4 for each initial solution composition).
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Recovery efficiencies were consistent with the observed
power-law dependence, ranging from 30.1% to 47.6% for Low
Mix samples and 25.5% to 44.5% for High Mix samples, with
the greatest recovery efficiencies at the lowest (10 pg L)
concentration level. The root mean square error (RMSE)
between the measured recovery efficiencies (excluding those at
the 0 pg L' As level) and those estimated by the fitted power-
law relationships was only 3.8% for the Low Mix samples and
3.1% for the High Mix samples. The fitted power-law relation-
ships from our performance evaluation could also accurately
estimate the measured recovery efficiencies from our initial
screening experiment for extraction with 100 mM sodium
hydroxide + 1 mM sodium phosphate, which utilized a different
xerogel fabrication batch and much shorter storage time
(approximately 24 hours). We found an RMSE of 2.7% between
the measured and estimated recovery efficiencies for the High
Mix samples from our screening experiment, as well as an RMSE
of only 2.8% between the measured recovery efficiencies for the
DI Water samples from our screening experiment and the
estimated recovery efficiency for a Low Mix sample with the
same initial arsenic concentration. The observed consistent
recovery relationship allows for reliable calculation of initial
arsenic concentration from measured concentration of eluted
arsenic after dry storage, enabling the implementation of dry
sampling methods for arsenic monitoring.

Moreover, there was less than 17% difference in recovered
arsenic between Low Mix and High Mix samples at all concen-
tration levels, demonstrating the robustness of the sodium
hydroxide and phosphate extraction solution. We were able to
easily detect arsenic at the 10 pg L™ " initial concentration level,
with calculated detection limits of 1.8 pg L' initial As for
samples in a Low Mix matrix and 3.7 pg L' initial As for
samples in a High Mix matrix. Less than 100 ng L' As was
recovered from xerogels after adsorption from solutions with no
added arsenic (i.e., at the 0 pg L™ " initial concentration level),
demonstrating that any residual arsenic present in the xerogels
after fabrication has minimal effect on the measured recovered
arsenic.

These results demonstrate the suitability of iron oxide
xerogels for arsenic sampling via the SEPSTAT paradigm, paving
the way for development of xerogel-based arsenic sampling
devices similar to the devices incorporating commercial ion-
exchange resins that we previously developed for sampling of
heavy metals.* Iron oxide xerogels are easily fabricated via one-
pot synthesis followed by solvent exchanges for impurity
removal, with a bulk reagent cost of approximately 1 USD per
gram (see Table S57); therefore, we do not anticipate barriers to
scaling the synthesis to commercially-relevant quantities of
inexpensive single-use xerogel sorbents. Xerogels can be incor-
porated into organic polymer composites®® or coated onto
materials such as fabric,” offering multiple potential
manufacturing strategies for compact, easily shippable devices
for arsenic sampling. Once developed, these devices could be
used to adsorb arsenic from drinking water samples collected at
local labs, then shipped in the mail to centralized labs where
the arsenic would be recovered and quantified via existing
elemental analysis techniques such as ICP-AES or ICP-MS
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(Fig. 1). The demonstration of a reliable relationship between
initial and recovered arsenic across different sample matrices
(Fig. 4) enables the implementation of adsorption and recovery
protocols where the initial sample arsenic concentration could
be accurately determined using the measured arsenic concen-
tration after recovery.

4 Conclusion

We present the use of iron oxide xerogels to reliably adsorb,
store, and release arsenic(i), enabling monitoring of arsenic in
drinking water using standard laboratory instruments with
vastly reduced need for transportation of bulky liquid water
samples. This work extends existing usage of solid-phase
extraction to solid-phase storage of arsenic in order to facili-
tate improved monitoring of trace water contaminants in
resource-limited settings.

One key area for future work is extension of the demon-
strated sampling technique from arsenic(m) to arsenic(v),
whether by demonstrating adsorption and recovery protocols
that are robust across both arsenic species or by converting all
sample arsenic to one species during the sampling process.
Sample arsenic(v) could potentially be reduced to arsenic(mr)
before adsorption by pretreating samples with prereductants
such as r-cysteine, which has been demonstrated to reduce
arsenic(v) to arsenic(m) for analysis without the need for
strongly acidic environments required by other prereductants
such as potassium iodide.**** Alternatively, species conversion
could be implemented during adsorption by incorporating
additional materials capable of facilitating arsenic oxidation or
reduction, such as manganese oxides®® or zerovalent iron,>*
respectively, into iron oxide xerogel-based sorbents. Additional
areas for future work include investigation of adsorption and
recovery kinetics in order to fully develop protocols for use
during water monitoring;'* investigation of adsorption and
recovery for sample matrices incorporating organic
matter;*”**** development of compact devices for adsorption,
transportation, and recovery;'* and stakeholder engagement in
order to better understand use cases and design priorities for
implementation of the SEPSTAT paradigm.®®
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