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S1 Reagents and materials

We synthesized iron oxide xerogels from iron chloride hexahydrate, FeCls-
6 H,O (puriss. p.a., Reag. Ph. Eur., >99%, <5 mg/kg As, Sigma-Aldrich);
propylene oxide (puriss. p.a., >99.5%, Sigma-Aldrich); and absolute ethanol
(200 proof, Molecular Biology Grade, Fisher Scientific). Sodium arsenite so-
lution, NaAsO, (0.1 N Standardized Solution, Alfa Aesar), was selected as
an arsenic(III) source for adsorption due to its previous use in investigation
of arsenic adsorption by iron oxides.! In addition, adsorption and extrac-
tion solutions were prepared from sodium chloride (BioXtra, >99.5%, <1
mg/kg As); sodium nitrate (BioUltra, >99.0%, <0.1 mg/kg As); sodium
sulfate decahydrate (BioUltra, >99.0%, <0.1 mg/kg As); sodium phosphate
monobasic dihydrate, NaH,POy4-2 H,O (BioUltra, >99.0%, <0.2 mg/kg As);
sodium phosphate dibasic dihydrate, Na,HPO,-2 H,O (BioUltra, >99.0%,
<0.1 mg/kg As); sodium phosphate tribasic dodecahydrate, NazPO,-12 HyO
(puriss. p.a., >98.0%, <1 mg/kg As); sodium bicarbonate (BioXtra, >99.5%);
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sodium metasilicate nonahydrate, Na,SiO3-9HyO (>98%); and sodium hy-
droxide (BioUltra, >98.0%, <0.1 mg/kg As), all purchased from Sigma-
Aldrich.

Hydrochloric acid (TraceMetal Grade, <0.5 ppb As, Fisher Scientific)
was used for solution pH adjustment and acid-washing. Nitric acid, HNO;
(TraceMetal Grade, <0.5 ppb As, Fisher Scientific), was used to acidify sam-
ples for ICP-MS and ICP-AES analyses, as well as for use in the ICP-AES
rinse solution. Analytical standards were prepared using 1000 pg/mL stan-
dards of arsenic (in 2% HNOs;, for ICP/MS, Claritas PPT Grade), phos-
phorus (in HyO, for ICP), and silicon (in HyO, for ICP), all from SPEX
CertiPrep, as well as 10,000 ug/mL indium (in 5% HNOj3) from Inorganic
Ventures. [CP-MS rinse solution was prepared from ultrapure nitric acid
(max. 20 ppt As) and hydrochloric acid (max. 50 ppt As), both BDH
Aristar Ultra (VWR International). All water used for solution preparation
was purified to 18.2 MQ-cm resistivity using a Milli-Q purification system
(Millipore).

Adsorption solutions, extraction solutions, and analytical standards were
prepared in borosilicate glassware and stored in either high-density polyethy-
lene bottles (Nalgene) or polypropylene centrifuge tubes (VWR Interna-
tional). Glassware and polyethylene bottles were acid-washed before each
use by submerging in 10% HCI for at least two hours. Xerogel gelation oc-
cured in 100 mm x 20 mm nontreated polystyrene culture dishes (Corning).

S2 Xerogel fabrication process

Iron oxide xerogels were fabricated using an epoxide-assisted sol-gel synthesis
method adapted from Gash et al.? First, 6.487 g FeCl; -6 H,O was dissolved
in 52.5 mL ethanol while stirring in a water bath. Once the FeCl;-6 H,O was
fully dissolved, 18.06 mL propylene oxide was added and stirring continued
for a few minutes as solution color darkened from orange to a deep red.
Solution was then pipetted into culture dishes and allowed to gel over a
period of 30 minutes. The culture dishes were then sealed with parafilm and
the gel was allowed to age over a period of 24 hours.

At the conclusion of gel aging, five ethanol solvent exchanges were con-
ducted in order to remove residual propylene oxide and other organic impuri-
ties present after gelation.® For each solvent exchange, absolute ethanol was
pipetted onto the gel (10 mL ethanol for gel prepared from a solution volume
of 14.4 mL), which was then sealed and allowed to sit for 24 hours before
solvent was removed and replaced with fresh ethanol until the end of the final
solvent exchange, at which point the culture dishes were left unsealed and the
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xerogels dried at ambient conditions for at least 10 days before use. Safety
note: propylene oxide is highly flammable and volatile. For safe handling,
chill the propylene oxide container to 0 °C before opening, prepare the sol-gel
solution in a beaker placed in a water bath, and use positive-displacement
pipette tips for addition of propylene oxide and transfer of sol-gel solution to
culture dishes for gelation.

S3 Isotherm and adsorption capacity
calculation methodology

The equilibrium concentration of adsorbed arsenic, denoted as Q. (mg As/g xe-
rogel), is measured by quantifying the aqueous arsenic concentration before
and after adsorption, denoted respectively as C; and C, (both mg As/L so-
lution). These measured arsenic concentrations can be combined with the
xerogel mass mx¢q (g xerogel) and solution volume V' (L) to determine the
concentration of adsorbed arsenic:

(Cz - Ce)v

mxa

Qe = (1)
Measurements of adsorbed arsenic concentration (). for a range of equilibrium
aqueous arsenic concentrations C. yield an adsorption isotherm such as those
presented in Fig. S-1.

In order to measure arsenic adsorption capacity, an initial arsenic con-
centration of 1214 mg/L was selected based on the preliminary results dis-
cussed in Section S4.1 and adsorbed onto xerogel samples (N = 4, mean mass
23.4 mg) as described in the main article text, resulting in solutions with an
average equilibrium aqueous arsenic concentration of 692 mg/L (standard de-
viation 23 mg/L). In order to better control for arsenic adsorption onto the
sample tubes under the elevated arsenic concentrations used in the capacity
measurement, the equilibrium aqueous arsenic concentration for a control
sample containing no xerogel and processed through the same adsorption
experiment, denoted as C( and equal to 1207 mg/L for our measurement,
was used to calculate the adsorption capacity in a modified version of the
previous equation:

(Cep — C)V

mxa

Qe = (2)

We used eq 2 to calculate the adsorbed arsenic for each of our capacity sam-
ples, yielding an average arsenic adsorption capacity of 165 mg As/g xerogel
measured at an average equilibrium aqueous concentration of 692 mg/L.

S-4



S4 Methods and results for preliminary
experiments

S4.1 Representative arsenic(III) adsorption isotherms
at neutral and high pH values

For arsenic isotherm measurements (Fig. S-1), approximately 50 mg intact
xerogel flakes was weighed out in polystyrene culture dishes before the addi-
tion of 30 mL adsorption solution for a xerogel loading of 1.67 g/L.. Adsorp-
tion solutions consisted of sodium arsenite diluted to 0-500 mg /L arsenic(III)
in a deionized water background, with sodium hydroxide used for pH eleva-
tion. Arsenic adsorption was measured after at least 24 hours of shaking at
100 rpm on a benchtop orbital shaker. At the end of adsorption, we prepared
samples for analysis by diluting them by a dilution factor of 1.5 and acidify-
ing them with nitric acid, then quantifying arsenic via ICP-AES as described
in the main article text.

Isotherms were calculated via eq 1 and fitted to the Langmuir, Freundlich,
and Langmuir-Freundlich isotherm models (Fig. S-1). The Langmuir model
assumes monolayer adsorption on a finite number of homogeneous adsorption
sites, with adsorption capacity Qe and uniform equilibrium constant K:*?

_ Qmax KL Ce

Q. = St )

The Freundlich model assumes multilayer adsorption on heterogeneous ad-
sorption sites with a distribution of adsorption affinity constants.* While
it is an empirical model, it can be shown to be equal to a sum of Lang-
muir isotherms with a lognormal distribution of equilibrium constants.® This
distribution is modeled using a coefficient Kz and a dimensionless index n
corresponding to the degree of heterogeneity in adsorption:

Q. = Kp x CY/" (4)

The combination of a finite adsorption capacity and a distribution of adsorp-
tion affinities can be modeled using the Langmuir-Freundlich model, also re-
ferred to as the Sips isotherm model.#%7 This model retains the adsorption
capacity Qmq. and heterogeneity index n from the Langmuir and Freundlich
models, respectively, combined with a baseline affinity constant K p:

_ Qmax(KLFCe)l/n

Qe = L+ (KppCe)t/m )
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When modeling adsorption onto a given material under different conditions
where the adsorption capacity is expected to be constant, such as variations
in pH, measurements under different conditions can be simultaneously fitted
to Langmuir-Freundlich isotherms with a shared value of )., and different
values of {Krp,n} for each condition.”

As seen in Fig. S-1, the observed adsorption behavior was best described
by a combined Langmuir-Freundlich model. The adsorbed arsenic at lower
concentrations suggested a distribution of adsorption constants not able to
be modeled by Langmuir isotherms (Fig. S-1a), whereas the adsorbed arsenic
at higher concentrations exhibited a degree of saturation that could not be
represented by the Freundlich isotherm model (Fig. S-1b). The combined
Langmuir-Freundlich model, previously used to model arsenic adsorption
onto iron oxide-based sorbents,*” was able to represent adsorption behavior
over the entire measured arsenic concentration range (Figs. S-1c and S-1d).
The estimated parameters (Table S-1) show a decrease in estimated affinity
constants (K, Kp, and Ky r) at pH = 13 for all three models considered and
suggest that the xerogels’ adsorption sites exhibit a distribution of adsorption
affinities.
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Fig. S-1: Representative arsenic(I1I) adsorption isotherms at neutral and high
pH values, where all pH values are measured at the end of adsorption, along
with fits to (a) Langmuir, (b) Freundlich, and (c¢,d) Langmuir-Freundlich
isotherm models, with fitted parameters listed in Table S-1. Measurements
at each pH are shown as points, with lines of the same color corresponding
to modeled isotherms for those measurements.
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Table S-1: Estimated isotherm model parameters for the representative arsenic(I1I) adsorption isotherms shown in
Fig. S-1, along with 95% confidence intervals (95% CI) for each parameter estimate and coefficient of determination
r? for each fit. Langmuir and Freundlich parameters are for individual fits at each pH condition, whereas Langmuir-
Freundlich parameters are for a simultaneous fit of all pH conditions assuming a pH-independent adsorption capacity
Qmaz- All fitting was conducted in MATLAB using the nonlinear least-squares solver 1sqcurvefit.

Model Parameter pii =6 pi =9 pH =13
Value 95% CI Value 95% CI Value 95% CI
Qmazs g%jjgel 95 [93, 98] 109 [101,118] 56 [45, 68]
Langmuir
K, ﬁ 28 x107° [2.4,3.1]x107° | 24 x 107° [1.6,3.1] x 107° | 41 x 107% [1.9,6.4] x 107°
2 0.9998 0.9995 0.9994
Kp, 2 ﬁsg)t;r:gf”“ 0.39 [—0.18,0.97] 0.46 [—0.43,1.35] 0.0105 [0.0078,0.0131]
Freundlich
n 2.38 [1.86, 3.28] 2.38 [1.74,3.75)] 1.60 [1.55,1.65]
r? 0.9952 0.9965 1.0000
Quazs 325 119 [105,134]
Langmuir-
Freundlich Kip, ﬁ 1.1 x 1075 [0.6,1.6] x 107 | 1.7 x 107° [0.9,2.4] x 107° | 7.4 x 10~7 [5.2,9.6] x 1077
n 1.42 [1.27,1.61] 1.19 [1.01,1.46] 1.34 [1.21,1.50]
r? 0.9997

S-8




S4.2 Recovered arsenic concentration after extraction
in 100 mM sodium hydroxide

Arsenic recovery via our initial extraction solution of 100 mM sodium hy-
droxide (Fig. S-2) was measured after adsorbing 0-5000 pg/L arsenic(I1I)
onto intact xerogel flakes at a xerogel loading of 1.67 g/L and an adsorption
period of at least 24 hours, as described at the beginning of Section S4.1,
followed by dry storage for 12 to 34 days. Arsenic was recovered over a
24 hour elution period using an extraction solution of 100 mM sodium hy-
droxide while shaking at 100 rpm. Recovery samples were then diluted by
a dilution factor of 1.5 and acidified with nitric acid. Initial and recovered
arsenic was quantified via ICP-MS as described in the main article text.

B pH =6, 34d dry storage

1200 - y= 1.58x0-79

r2=0.9923 pH =7, 17d dry storage

¢ pH=7,12d dry storage

Recovered [As] (ng/L)
(]
(=]
o

600 -
400 ¢ pH=8.5,12d dry storage
200 ”/ ——Power law fit, all data

0 | T T

0 1000 2000 3000 4000 5000
Initial [As] (png/L)

Fig. S-2: Recovered arsenic concentration as a function of initial arsenic con-
centration for arsenic recovered from iron oxide xerogels after adsorption from
initial samples, dry storage for 12-34 days, and extraction in 100 mM sodium
hydroxide, where a xerogel loading of 1.67 g/L was used for adsorption and
extraction.

S4.3 Arsenic adsorption and recovery efficiencies as a
function of xerogel loading in different adsorption
test solutions

Arsenic adsorption and recovery efficiencies (Fig. S-3) were measured as de-

scribed in corresponding section of the main text for the adsorption test so-
lutions listed in Table S-2, our initial extraction solution of 100 mM sodium
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hydroxide, and xerogel loadings from 3.33 g/L to 13.33 g/L, where xerogel
loading is defined as the mass of xerogel per volume used for adsorption and
recovery. Xerogel loading was varied by weighing 25-100 mg xerogel in 15 mL
polypropylene centrifuge tubes and then adding 7.5 mL of adsorption or ex-
traction solution, and arsenic was quantified via ICP-MS as described in the
main text.

Table S-2: Composition of adsorption test solutions (denoted as 2 ppm POy,
Mix and 4 ppm PO, Mix) used for investigation of the effects of xerogel
loading on adsorption and recovery. All concentrations are mg/L by listed
species or mg/L total dissolved solids. All anions were added as sodium
salts, and chloride concentrations are before addition of hydrochloric acid for
adjustment to pH = 7.

Anion 2 ppm PO, Mix | 4 ppm PO, Mix
Chloride (as Cl) 250 1000
Nitrate (as NO3) 45 100
Sulfate (as SOy) 200 1200
Bicarbonate (as HCO) 500 800
Silicate (as SiO,) 50 65
Phosphate (as PO,) 2.1 4.2
Total dissolved solids (TDS) 1562 4799
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Fig. S-3: Arsenic adsorption (a) and recovery (b) efficiencies as a function of
xerogel loading for adsorption from deionized water (DI Water), 2 ppm PO,
Mix, and 4 ppm PO, Mix, where 2 ppm PO, Mix and 4 ppm PO, Mix are as
defined in Table S-2, followed by extraction in 100 mM sodium hydroxide.

S5 Particle size analysis for pulverized
xerogels

The pulverized xerogels’ particle size distribution was characterized using
optical microscope images (Fig. S-4) taken with a Nikon Eclipse TE2000-U
inverted microscope using a 10x objective. The diameter of representative
particles (N = 130) was measured using ImageJ software, with images of a
transparent ruler used for length calibration. The measured particle diame-
ters exhibited an average of 109 pm, standard deviation of 93 pm, median
of 87 pum, minimum of 16 pm, and maximum of 739 um. As seen in the
histograms of the measured particle diameters using linear (Fig. S-5a) and
exponential (Fig. S-5b) binning, the particles exhibited a lognormal size dis-
tribution, with fitted parameters § = 4.46In(um) and w = 0.66 In(um) for
the lognormal probability density function:®

1 . [ (Inz — 6)?
pr— X e —
xw\/ 2 P 2w?

f(z) 1, 0<z<o0 (6)
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Fig. S-4: Microscope images of pulverized xerogels used for particle size
analysis.

The measured lognormal particle size distribution is consistent with Kol-
mogorov’s theory of particle breakup, ! stating that particles during breakup
will approach a lognormal size distribution if the distribution of relative par-
ticle sizes formed during breakup of a parent particle is independent of the
parent particle size. That is, for parent particles of diameter r, the mean
number of child particles Q(«) formed with diameter p < ar is a function
solely of o and is independent of the parent particle diameter r.
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Fig. S-5: Histograms of measured particle diameters (N = 130) for pulver-
ized xerogel fragments with linear (a) and exponential (b) binning, along
with measured and fitted cumulative percentage, where the fitted cumula-
tive percentage corresponds to a lognormal distribution (eq 6) with fitted
parameters § = 4.46 In(pum) and w

[ Frequency

—#—Measured cumulative %

—— Fitted cumulative %

T T |._|_.| T |.| |L'

O 1N O IN O N O 1IN ©O IN O 1N © 1IN ©O NN © 1N © O
L NOANOWUNOANWOLWLNOAGNIILNIOAGNIWLNRBNO =
ﬁﬁﬁHNNNNMMMMH’H’H’QLﬂg

Diameter (um)

(a)

I Frequency

—#—Measured cumulative %

—— Fitted cumulative %

80

160 320 640 1280 More

Diameter (1um)

(b)

0.66 In(pm).

S-13

100%

80%

60%

40%

20%

0%

100%

80%

60%

40%

20%

0%



S6 Detection limit calculation methodology

The detection limit (DL) for a given sample matrix was calculated as a mod-
ified version of the method detection limit (MDL).! The MDL is defined as
the minimum analyte concentration which can be detected with 99% confi-
dence that the concentration is greater than zero. Determination of the MDL
requires measurement of the variation in measured concentration for a series
of samples with a concentration two to three times the expected detection
limit after processing through the entire analytical workflow.

For our determination of the modified MDL, we measured the variation in
recovered arsenic concentration for 10 ug/L As adsorption samples (N = 4 for
each sample matrix, exact measured initial arsenic concentrations in Tables
S-3 and S-4) after processing through the SEPSTAT protocol with a storage
period of 124-125 days. In this analytical workflow, arsenic was adsorbed
onto iron oxide xerogels before dry storage at ambient conditions, followed
by elution using the optimized extraction solution of 100 mM NaOH + 1 mM
NazPO, as described in the main article text.

The standard deviation o.. of the measured recovered arsenic concentra-
tions was then multiplied by the student’s t-value for a 99% confidence level
(i.e. one-tailed @ = 0.01) at n—1 degrees of freedom (e.g., to.01.n—1 = to.013 =
4.54 for four replicates) and divided by the mean recovery efficiency 7,e. for
these samples in order to calculate the initial arsenic concentration which
could be expected to be detected with 99% confidence:

t n— rec
DL — 0.0l,n—1 X O (7)
nrec
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S7 Tabulated method performance evaluation

measurements

Table S-3: Initial and recovered arsenic concentrations for arsenic adsorbed
from Low Mix test solutions, as defined in the main article text, recovered
from iron oxide xerogels after dry storage for 125 days and extraction in
the optimized extraction solution of 100 mM sodium hydroxide and 1 mM
tribasic sodium phosphate. All concentrations are in ug/L.

Initial Arsenic

Recovered Arsenic

Nominal Measured | Replicate Replicate Replicate Replicate | Average Std. Dev.
0 0.013 0.096 0.048 0.054 0.090 0.072 0.024

10 10.743 4.944 5.358 5.181 4.989 5.118 0.190

50 52.304 24.933 24.690 23.415 26.184 24.806 1.135

100 105.106 46.854 46.377 46.962 44.427 | 46.155 1.180

500 512.601 162.537 156.096 154.392 151.740 | 156.191 4.595

1000  1058.757 316.920 317.250 312.654 326.049 | 318.218 5.624

Table S-4: Initial and recovered arsenic concentrations for arsenic adsorbed
from High Mix test solutions, as defined in the main article text, recovered
from iron oxide xerogels after dry storage for 124 days and extraction in
the optimized extraction solution of 100 mM sodium hydroxide and 1 mM
tribasic sodium phosphate. All concentrations are in ug/L.

Initial Arsenic

Recovered Arsenic

Nominal Measured | Replicate Replicate Replicate Replicate | Average Std. Dev.
0 0.026 0.051 0.009 0.051 0.054 0.041 0.022

10 11.254 4.467 5.259 5.082 5.217 5.006 0.367

50 52.533 21.987 23.052 22.644 22.311 22.499 0.456

100 107.471 39.285 41.286 40.881 41.706 40.790 1.058

500 508.955 136.077 136.047 139.860 135.495 | 136.870 2.011

1000  1037.315 260.199 265.521 263.616 269.970 | 264.827 4.075
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S8 Xerogel bill of materials and cost calculation

Table S-5: Bill of materials for iron oxide xerogel fabrication reagents and estimated reagent cost for large-scale
xerogel production. Xerogel recipe is adapted from Gash et al.? and Juhl et al.® as described in the main article
text. Xerogel yield is the average of three syntheses after drying at room temperature. Bulk reagent suppliers
and catalog numbers were selected for the lowest unit cost while maintaining desired reagent quality, with iron
chloride hexahydrate quality maintained by using the largest available volume of the reagent which was used for the
synthesis in this work. Listed prices are accurate as of June 2019, do not include an academic discount, and assume
an Industrial Alcohol User Permit to avoid the cost of US alcohol excise tax on the ethanol used in the synthesis.

Component Quantity Bulk Reagents . si)j; é)g(zrl
raricaion | St [t | T [ gt | St s [ G T O St B0

FeCl;-6 H,O (g) 6.487 6.487 2.416 | Sigma-Aldrich 31232-6X1KG 6 kg 1100 0.183 0.44
Ethanol (mL) 52.5 250 | 302.5 112.6 | Fisher Scientific 04-355-600 208 L 1331 0.006 0.72
Propylene oxide (mL) 18.06 18.06 6.725 | Sigma-Aldrich | 110205-18L-KL 18 L 415 0.023 0.16
Xerogel yield (g) 2.685 1.32
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