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Ferrate (Fe(v1)) is a multifunctional water treatment agent of interest due to its benign environmental impact
yet effective disinfecting, coagulating, and oxidizing capabilities. Fe(vi) decomposition in water produces
short-lived Fe(v) and Fe(v) intermediates which are highly effective oxidants. Studies report that the
addition of SiO, gels during Fe(vi) application can facilitate Fe(v) and Fe(iv) generation, and stabilize Fe(vi)
reactivity for enhanced treatment. However, the application of SiO, gels is impractical and requires post-
treatment disposal. This study leverages SiO, stabilization and catalytic effects on Fe(vi) reactivity to
develop a Fe(vi)-coated sand water treatment media. The Fe(v))-coated sand was synthesized by coating
potassium ferrate onto sand modified with a tetraethyl orthosilicate precursor. The mass of Fe(v) leached
from the media surface increased with increasing pH (pH 7-9). Furthermore, Fe(vi) decay was faster in
a borate buffer (k = 2.22 mg L™t h™) than in a phosphate buffer (k = 3.39 mg L~ h™%). Removal of 219 +
12 pg per L phenol—a representative wastewater organic compound—was achieved at a faster rate by
the composite than by application of aqueous K,FeO4 powder (51% removed after 5 min compared to
37%). Decomposition of Fe(vi) from the composite surface in the presence of methyl phenyl sulfoxide
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1. Introduction

Chemical oxidation is a critical process in water treatment to
facilitate the destruction of harmful trace organic compounds
such as pharmaceuticals and personal care products, pesti-
cides, antibiotics, and industrial chemicals. Traditionally,
chemical oxidation is achieved by addition of ozone"? or chlo-
rine® due to their potential for disinfection. However, the
application of these chemicals can lead to the formation of
harmful transformation products (e.g., halogenated
byproducts®®). For example, studies have reported increased
estrogenic activity after ozonation®'® or chlorination® of estro-
genic compounds (e.g., bisphenol A) found in surface waters.
Gomes et al. assessed the oxidation of a mixture of parabens—
used as antimicrobial and preservatives in pharmaceuticals and
personal care products—and reported quinone byproducts with
higher toxicity to D. magna, which also demonstrates the risks
associated with use of conventional chemical oxidants.*
Ferrate (Fe(vi)) has been explored as an alternative chemical
to conventional oxidants. Fe(vi) is an environmentally benign
iron oxyanion with a standard oxidation potential (E®) of 2.2 V,
which is greater than the oxidation potentials of chlorine (E” =
1.36 V)*2 and ozone (E° = 2.08 V).*> Additionally, compared to
chlorine and ozone, Fe(v) is less reactive towards bromide*>**
and has been shown to reduce the formation of brominated
transformation byproducts during pre-oxidation of surface
waters.®>'**> Furthermore, the chemical reduction of Fe(vi) leads
to the formation of naturally occurring, non-toxic ferric (i.e. Fe**
or Fe(ur)) species'®"” which have been used as coagulants'>'® and
adsorbents'" in water treatment. Fe(vi) has been investigated
in numerous studies with a demonstrated ability to remediate
a wide range of organic compounds (e.g., pharmaceuticals,
herbicides,* and other micropollutants®*?). The oxidation of
organic compounds by Fe(vi) occurs via: (i) a 1 e~ transfer to
form Fe(v) followed by a 2 e transfer to form Fe(m); (ii) a 2 e™
transfer to form Fe(u) through a Fe(v) intermediate; (iii)
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reactions of Fe(v) and Fe(wv) with the compound; and (iv) an
oxygen atom transfer to the compound.**** Fe(vi) has high
selectivity toward compounds with electron-donating moieties,
but minimal reactivity toward compounds with electron-
withdrawing moieties.”* In addition, Fe(vi) has proven to be an
effective coagulant®~* and disinfectant*-*” in water treatment.
Therefore, the large standard oxidation potential and multi-
functionality of Fe(vi) make it an attractive chemical for water
treatment.

While Fe(vi) is a very promising, benign treatment chemical,
its deployment in water treatment applications is hindered by
its aqueous properties. As the stability of the aqueous Fe(vi)
chemical structure increases with solution pH, its oxidation
potential decreases. Under acidic conditions, Fe(vi) exists as the
short-lived and highly reactive protonated species H;FeO,",
H,FeO,, and HFeO, (Fig. 1) which undergo hydrolysis reac-
tions to form Fe(i) species via formation and decomposition of
intermediate species Fe(v) and Fe(iv) phases.’®** Under these
conditions, Fe(vi) undergoes a kinetically fast decomposition
(Fig. 1A). In alkaline solutions, Fe(vi) exists as the stable and less
reactive deprotonated species FeO,>” (Fig. 1) which also reacts
with water to form Fe(m) via Fe(v) and Fe(iv) intermediate
species formation.”* Consequently, these hydrolysis reactions
compete with Fe(vi}-contaminant reactions during water
treatment.

In recent years, researchers have investigated methods to
increase the Fe(vi) oxidizing power at environmentally relevant
PH (pH 6-9).2*® For example, in addition to water, Fe(vi) reac-
tions with organic compounds also generates Fe(v) and Fe(v)
intermediate species via one-electron and two-electron transfer
respectively. Fe(v) and Fe(v) species are reportedly two to four
orders of magnitude more reactive than Fe(vi),” but are highly
unstable and can quickly react with water to self-decom-
pose.”*?*1%5° Thus, enhancing reactions between the short-lived,
unstable Fe(v) and Fe(wv) species and the organic compounds
would improve their oxidation by Fe(vi). To this end, researchers

B HsFeO," H,FeO,
AT 4

4

Eo (volts)

Fig. 1 (A) Speciation of Fe(v) (left axis, black lines) and aqueous Fe(v)) self-decay rate (right axis, blue line) as a function of pH. (B) Distribution of
the standard potential of iron species including Fe(vi) species. The pK, values: HsFeO4" (pK, = 1.6); HoFeOy, (pK, = 3.5); HFeO4 ™ (pK, = 7.3) were
obtained from Rush et al.,*® and decay rate constants from Lee et al.*® Data for the standard potentials was obtained from Pogliani et al.** and

Wulfsberg.®?

This journal is © The Royal Society of Chemistry 2023

J. Mater. Chem. A, 2023, 11, 13552-13563 | 13553


https://doi.org/10.1039/d3ta01950k

Published on 02 June 2023. Downloaded on 10/15/2025 1:22:57 AM.

Journal of Materials Chemistry A

have employed activation agents such as sulfur(iv)-based
reductants®*® and silica (Si0,)**** to catalyze Fe(v)/Fe(v)
production. For example, Al-Abduly and Sharma reported a 22%
increase in the oxidation of dibenzothiophene in the presence
of SiO, gels at pH 8.** Under the same conditions (i.e., pH 8,
presence of SiO, gels), Manoli et al. reported a 47% increase in
the oxidation of caffeine compared to oxidation in the absence
of SiO, gels.*® The authors proposed that interactions between
Fe(vi) and SiO, promotes the generation of Fe(v) and Fe(wv)
species, and retards the self-decomposition of Fe(vi) to Fe(v) and
Fe(v) species, thereby increasing their exposure to organic
compounds.* During Fe(vi) oxidation of organic compounds,
redox reactions between Fe(vi) and lower valence iron species
(e.g., Fe(u)) can occur (e.g., Fe(vi) + Fe(u) — Fe(v) + Fe(u); Fe(wv) +
Fe(n) — 2Fe(m))** which will limit Fe(vi) exposure to organic
compounds and decrease Fe(vi) treatment efficacy. Studies have
shown that dissolved silicate (Si0,>") can retard the heteroge-
neous oxidation of Fe(u) to Fe(ur) by occupying sorption sites on
Fe(m) oxides.*® Thus, the presence of SiO, would decrease the
rate of redox reactions between iron species during Fe(vi)
treatment of organic compounds.

In this study, we exploit the stabilization properties of SiO, to
develop a novel, Fe(vi)-coated sand media for water treatment.
Given the multimodal properties of Fe(vi) (i.e., oxidant, disin-
fectant, and coagulant), researchers hypothesize that the use of
Fe(vi) could reduce economical and spatial costs for water
treatment plants by combining pre-disinfection, oxidation, and
coagulation into one unit.*” Therefore, the use of a Fe(vi)-coated
sand media could be beneficial in water treatment systems that
include filtration units as sand (composed of >80% SiO,
content®) is a widely used filtration media. To assess the
oxidative capacity of the novel Fe(vi)-coated sand, we will use
phenol as a model organic compound as many naturally
occurring and anthropogenic contaminants detected in waste-
water effluents*»*® and surface waters***>*° contain phenolic
moieties (e.g., natural organic matter, halogenated phenols,
alkylphenols, and steroid estrogens). The objectives of this
study are to: (1) establish a synthesis for the Fe(vi)-coated sand
media and characterize its properties; (2) assess the capacity of
Fe(vi)-coated sand for the treatment of organic contaminants,
and (3) elucidate the mechanisms underlying the oxidation
process and the role of SiO, stabilization.

2. Materials and methods
2.1. Chemicals

All chemicals were ACS grade and higher unless stated other-
wise. Calcium hypochlorite (Ca(OCl),), ferric nitrate non-
ahydrate (Fe(NOj);-9H,0), and potassium hydroxide (KOH)
were purchased from Fisher Scientific (Waltham, MA) and used
in the synthesis of potassium ferrate (K,FeO,). Pentane (Sigma
Aldrich, MO), methanol (JT Baker, NJ), and dichloromethane
(Sigma Aldrich) were used as organic solvent washes of the
K,FeO, solid. The Ottawa sand composite substrate was
purchased from VWR (Radnor, PA). Tetraethyl orthosilicate
(TeOS, Sigma Aldrich, MO) and nitric acid (HNOj, Fisher
Scientific, MA) were used in the modification of the sand prior
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to Fe(vi) coating. Trace metal grade HNO; was purchased from
Fisher Scientific for total Fe measurements. Sodium tetraborate
anhydrous (Na,B,0,, Acros Organics, Belgium), sodium phos-
phate dibasic heptahydrate (Na,HPO,-7H,0, VWR, PA), sodium
phosphate monobasic monohydrate (NaH,PO,-H,0, VWR, PA),
acetic acid (Fisher Scientific, MA), sodium hydroxide (NaOH,
Fisher Scientific, MA), and hydrochloric acid (HCl, Sigma
Aldrich, MO) were used to prepare buffer solutions. Phenol
(Sigma Aldrich, MO), methyl phenyl sulfoxide (PMSO, Sigma
Aldrich, MO), methyl phenyl sulfone (PMSO,, Sigma Aldrich,
MO), and sodium sulfite anhydrous (Na,SOjs, Fisher Scientific,
MA) were used in the organic compound removal experiments.
2,2"-Azinobis-(3-ethylbenzothiazoline-6-sulfonate) (ABTS), 3-(2-
pyridyl)-5,6-diphenyl-1,2,4-triazine-4',4”-disulfonic acid sodium
salt (ferrozine), ammonium acetate (Sigma Aldrich, MO),
hydroxylamine hydrochloride (Beantown Chemical, NH), and
potassium thiocyanate (KSCN, Fisher Scientific, MA) were
purchased from Sigma Aldrich for measurements of aqueous
Fe(vi), Fe(un), and Fe(m). High performance liquid chromatog-
raphy (HPLC) grade formic acid (Agilent Technologies, CA),
acetonitrile (Fisher Scientific, MA) and water (Fisher Scientific,
MA) were used for HPLC analyses. All experiments were con-
ducted using ultrapure Milli-Q water (resistivity: 18.2 mQ).

2.2. Synthesis of Fe(vi)-coated sand

The Fe(vi)-coated sand was synthesized by adding sand to
a solution of potassium ferrate. First, the Ottawa sand (30-40
mesh, >90% SiO,) was washed with 1 M HNOj; for 24 hours and
rinsed with deionized water until the pH of the rinse solution
was within pH 6-8. The washed sand was then dried at 105 °C
for 24 hours in a VWR 1350G oven (Radnor, PA). To promote
binding of ferrate to the sand surface, 15 mL of TeOS was added
to 30 g of pre-washed sand, mixed for 3 hours, and dried at 105 °©
C for 24 hours in a VWR 1350G oven. The TeOS modified sand,
designated as TeOS-sand, was added to the potassium ferrate
(K,FeO,) solution. The stability of the TeOS on the sand surface
was tested by sonicating 15 mg of TeOS-sand in 15 mL of 10 mM
Na,B,0; buffer and analyzing the leachate via UV-vis spectros-
copy using a Shimadzu UV-2700 spectrophotometer (Kyoto,
Japan). The resulting spectrum was compared to the spectrum
of a 4 mL TeOS solution obtained on the same spectropho-
tometer. Another TeOS-sand was also synthesized by mixing the
TeOS (15 mL) and cleaned sand (30 g) for 24 hours before
drying.

The K,FeO, solution was prepared via the wet oxidation
process following a method adapted from Guan et al. (more
information provided in Text S11).** A saturated solution of
13 M KOH was prepared, chilled, and stored at 4 °C throughout
the synthesis to maintain cold temperature conditions.
Approximately 15 g of Ca(OCl), was added to 25 mL of the
saturated KOH solution, then the mixture was stirred for 30-
60 min and filtered using a Whatman glass microbore filter
(grade GF/A) paper to obtain a yellow solution of potassium
hypochlorite. An additional 20 mL of the saturated KOH solu-
tion was added to the yellow filtrate and the mixture was placed
in an ice bath for 20-30 min to precipitate potassium chloride.

This journal is © The Royal Society of Chemistry 2023
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The potassium chloride suspension was further filtered with
a GF/A filter paper, then 8 g of pulverized ferric nitrate was
added in small portions (~0.50 g min~") for 15 min to the
filtrate solution under cooling conditions (4 °C) to form K,FeO,.
A VWR recirculating chiller was used to maintain the temper-
ature of the potassium ferrate throughout the synthesis. The
generated solution of potassium ferrate was stirred for an hour
before the addition of 50 mL of saturated KOH. The solution
was vigorously stirred at 500 rpm for 5 min and left to stand for
30 min. Next, 25 g of the TeOS-sand was added to the K,FeO,
solution and stirred for 24 hours at 4 °C to allow the Fe(vi) to
coat the sand surface. The K,FeO, supernatant was decanted,
and the synthesized Fe(vi)-coated sand was centrifuged at
4000 rpm for 10 min to remove the excess solution before being
dried in a VWR vacuum oven pumped with a RV12 Edwards
pump for more than 24 hours. The Fe(vi)-coated sand was stored
under vacuum when not in use to limit exposure to air and
prevent ferrate decomposition.

2.3. Characterization of the Fe(vi)-coated sand media

2.3.1. Detection of Fe(vi) on the media surface. In an
alkaline solution, Fe(vi) has an absorption peak at 510 nm.*> The
presence of the Fe(vi) on the Fe(vi)-coated sand surface was
determined via UV-vis spectroscopy. The Fe(vi)-coated sand was
placed in a 5 mM Na,HPO,/1 mM Na,B,0; solution (pH 9.25)
and sonicated for 5 min to desorb Fe(vi) from the coated sand
surface for direct UV-vis measurement of the Fe(vi) leachate.
The leachate solution was reacted with ABTS following
a method by Lee et al® to measure the absorbance corre-
sponding to the formation of an ABTS'" radical at 415 nm (more
information provided in Text S37).

2.3.2. Fe coating density on the media surface. The total Fe
mass coated on the sand was measured via inductively coupled
plasma orbital emission spectrometry (ICP-OES) using a Perki-
nElmer Optima 8300 inductively coupled plasma-optical emis-
sion spectrophotometer (ICP-OES) (PerkinElmer, Whatman,
MA) (more information provided in Text S3t). The Fe(vi)-coated
sand was placed in a 1% HNO; solution and sonicated for 5 min
to leach all the Fe coating. The leachate was further diluted with
the 1% HNO; solution before ICP-OES analysis.

2.4. Stability of the Fe(vi) coating on the sand surface

2.4.1. Aqueous stability. Batch experiments were conduct-
ed to evaluate the aqueous stability of the Fe(vi)-coated sand and
the desorption of Fe(vi) from the media surface. Approximately
50 mg of Fe(vi)}-coated sand was added to 50 mL of 10 mM
Na,HPO,/NaH,PO, or 10 mM Na,B,0, buffer and stirred at
40 rpm. The buffer solutions were adjusted to pH 7, 8, 9 using
HCI or NaOH to determine the effects of solution pH on Fe(vi)
stability. At designated time intervals, aliquots of the samples
were filtered using 0.2 pm, 25 mm diameter cellulose acetate
syringe filters. Aqueous concentrations of Fe(vi) were deter-
mined using the ABTS method® and aqueous total Fe using
ICP-OES (see Text S31). Preliminary tests revealed that Fe(vi) and
Fe(m) were the dominant Fe species in solution when the Fe(vi)-
coated sand was placed in buffered solutions (pH 9) (Fig. S1B

This journal is © The Royal Society of Chemistry 2023

View Article Online

Journal of Materials Chemistry A

and Ct); thus, aqueous Fe(ur) concentrations were calculated as
the difference between the measured total Fe and Fe(vi).

The aqueous stability of Fe(vi) in the absence of silica stabi-
lization was also assessed for comparison with the Fe(vi)-coated
sand. A stock solution of K,FeO, powder (synthesis in Text S17)
was diluted to approximately 21 mg L™ " in 10 mM Na,B,0, buffer
at pH 9 and stirred at 40 rpm. At designated times, a 1 mL aliquot
was taken and filtered using 0.2 pm, 25 mm diameter cellulose
acetate syringe filters, then residual Fe(vi) concentrations were
determined using the ABTS method.*®

2.4.2. Media storage stability. Total Fe and aqueous Fe(vi)
measurements were taken at designated time intervals (¢ = 1, 3,
5,7,and 11 days) after Fe(vi)-coated sand production to quantify
Fe coating on the sand surface and to assess the media stability
during storage. At each sampling time, approximately 3 g L™ " of
Fe(vi)-coated sand was removed from the vacuum oven and
placed in a 5 mM Na,HPO,/1 mM Na,B,0; solution (pH 9.25)
and sonicated for 5 min to desorb Fe(vi) from the coated sand
surface. The leachate solution was then reacted with ABTS to
determine the aqueous Fe(vi) concentration. The same coated
sand dose (3 g L ') was simultaneously measured and placed in
a 1% HNO; solution and sonicated for 5 min before total Fe
measurements.

2.5. Phenol removal experiments

Initial experiments (see Text S471) evaluating the effect of buff-
ering ions on the oxidation of PMSO by Fe(vi)-coated sand
revealed a higher oxidation capacity of Fe(vi)-coated sand in the
borate buffer thus, remaining experiments were conducted in
the borate buffer. Sulfoxides (e.g., dimethyl sulfoxide (DMSO),
PMSO) are known to be oxidized by high-valent iron to produce
their corresponding sulfones (e.g., dimethyl sulfone (DMSO,),
PMSO,) through an oxygen atom transfer step.®* Thus, PMSO is
an excellent probing compound to evaluate the media reactivity
under different experimental conditions. Batch experiments to
evaluate the Fe(vi)-coated sand media capacity for phenol
treatment were conducted in 10 mM Na,B,0; buffer at pH 9 in
media bottles wrapped with aluminum foil to maintain dark
conditions.

The effect of Fe(vi)-coated sand dose on phenol removal was
determined to identify the optimal media dose for water treat-
ment. Different amounts (i.e., 22.8 + 1.1, 42.6 & 0.8, and 80.7 +
1.0 mg) of Fe(vi)-coated sand were added to 20 mL solutions of
10 mM Na,B,0, containing phenol (236 + 0.6 pg L™ ') to obtain
media doses of 1, 2, and 4 g L™ ". The mixtures were shaken for
30 min at 40 rpm. Then, a 2 mL aliquot was quenched with 20
pL of 500 mM Na,SOj; to stop the reaction between Fe(vi) and
phenol. The mixture was filtered with a 0.2 pm, 25 mm diameter
cellulose acetate syringe filter to measure residual phenol using
high performance liquid chromatography (HPLC) methods.
Details of the HPLC method are provided in Text S4.F

Removal kinetics experiments were initiated by adding
approximately 200 mg of Fe(vi)-coated sand to 100 mL of
a 10 mM Na,B,0, buffer solution containing phenol. At desig-
nated time intervals, an aliquot of 2 mL was sampled and pre-
treated as above before HPLC analysis. An additional aliquot of
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1 mL was taken simultaneously to measure aqueous Fe(vi)
concentration by the ABTS method.®® Another 1 mL aliquot was
further diluted with a 10 mM Na,B,0O, buffer solution and
quenched with HNO; (trace metals grade) to measure total
aqueous Fe by ICP-OES. A 4 mL aliquot was also taken and
filtered with a 0.2 um, 25 mm diameter cellulose acetate syringe
filter for UV-vis scanning between 200 and 650 nm for detection
of oxidation products with absorbances outside of the range of
the HPLC diode array detector.

The removal of phenol by Fe(vi) powder was also investigated
to compare the performance of the Fe(vi)-coated sand media
against Fe(vi) powder in the absence of silica stabilization. Fe(vi)
stock solution (i.e., in the absence of sand) was freshly prepared
by diluting approximately 12.6 mg L~ of K,FeO, powder
(synthesis details in Text S1t) in 10 mM Na,B,0, buffer. The
stock solution was used within 15 min of preparation to mini-
mize Fe(vi) self-decay. 10 mL of the stock solution was added to
90 mL of a 10 mM Na,B,0- buffer solution containing phenol to
initiate phenol removal. All experiments were conducted in
duplicates or triplicates.

2.6. Evaluation of Fe(vi)-coated sand oxidation mechanisms

To assess the media reactivity toward multiple organic
compounds and probe oxidation mechanisms, phenol removal
by Fe(vi)-coated sand was assessed in the presence of PMSO.
Fe(vi)-coated sand (2 g L") was added to pH 9 borate buffer
solutions containing PMSO and phenol at different concentra-
tions (250 or 500 pg per L phenol and 400 pg per L or 800 pg
per L PMSO). Aliquots were sampled and analyzed as described
in Section 2.5. HPLC samples were analyzed for phenol, PMSO
and PMSO,. All experiments were conducted in duplicates or
triplicates.

3. Results and discussion

3.1. TeOS sand surface modification increases Fe(vi) coating
density

Spectroscopic characterization of modified sand surfaces indi-
cates greater Fe(vi) coating densities in the presence of TeOS.

A

Aqueous Fe Concentration (mg/L)
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The Fe(vi)-coated sand synthesis method proposed in this study
generates a purple-grey sand product (Fig. 2A) which appears
dark purple when placed in aqueous solution (Fig. 2B). The
purple color is indicative of the Fe(vi) speciation.®® UV-vis
measurements confirmed the presence of Fe(vi) on the sand
surface (Fig. S1At). Direct measurements of the leachate after
the Fe(vi)-coated sand was added to a phosphate/borate buffer
(5 mM Na,HPO,/1 mM Na,B40;) solution shows a maximum
absorbance at 509 nm (Fig. S1At) confirming the presence of
Fe(vi) on the coated sand surface.®® Furthermore, the reaction
between the leachate and ABTS generated the expected ABTS"*
radical® as evidenced by the absorbance peak at 415 nm
(Fig. S1AY). Fe(vi) reacts rapidly with ABTS via a one-electron
transfer mechanism to produce the stable radical ABTS™". The
ABTS'" absorbance at 415 nm is then used to calculate aqueous
Fe(vi) concentration.

TeOS modification of the sand prior to Fe(vi) coating
increased Fe(vi) binding to the sand surface (Fig. 2D). TeOS is
a well-known silica precursor®®®” that has been used to stabilize
iron oxide particles.®® ICP-OES analysis of the temporal Fe
leached from the Fe(vi)-coated sand revealed that Fe(vi)-coated
sand synthesized with TeOS-sand had approximately 44%
higher initial Fe loading (Fig. 2D) than media prepared with
unmodified sand, indicating a higher Fe coating density in the
presence of TeOS. Furthermore, ICP-OES analysis of acid-
treated leachate—which revealed the maximum Fe loading on
the sand surfaces—from the TeOS modified and unmodified
sand surfaces (Fig. S2f) confirm that TeOS modification
increases Fe coating mass. Additionally, spectroscopic analysis
revealed a stable TeOS coating (i.e., no leaching of TeOS) on the
sand surface (Fig. S31). The UV-vis spectrum of the supernatant
of TeOS-sand sonicated in the 10 mM borate buffer did not
show an absorbance peak at 292 nm as corresponding to the
presence of TeOS (Fig. S37).

3.2. Solution pH and buffering ions govern Fe(vi)-coated
sand stability

Analysis of Fe(vi) leaching kinetics suggests that the media Fe(vi)
aqueous stability increases with increasing pH. Leaching

60 .I
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.- ®
40 o -- k =4.34 £ 0.74 mg/L-min
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04 @ woTeOS
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Fig. 2 (A) As-prepared Fe(vi)-coated sand with TeOS-sand modification. (B) 20 g per L Fe(vi)-coated sand added to 5 mM Na,HPO4/1 mM
NaB4O; solution at time t = 0 and (C) at t = 180 min indicating Fe(vi) (purple) reduction to Fe(i) (orange) phases. (D) Total Fe leached from the
Fe(v)-coated sand prepared with and without TeOS-sand modification (3 h reaction).
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Fig. 3 Kinetics of Fe(v), Fe(n) and total Fe leached from 1 g per L Fe(v)-coated sand into a 10 mM Na,B40- solution at pH 7, 8, 9 as a function of
time. Max total Fe refers to the maximum mass of Fe that would leach of the surface of Fe(vi)-coated sand. This was determined by mixing 1 g
per L Fe(vi)-coated sand into 1% HNOz and measuring total Fe in solution. Total Fe refers to the total Fe leached into solution at a given time.

experiments were conducted with the Fe(vi)-coated sand in
buffered solutions (10 mM phosphate and 10 mM borate) at pH
7, 8, and 9 to evaluate the effect of pH and inorganic ions on the
aqueous stability of the media (Fig. 3, S4 and S57). Initially, the
Fe(vi)-coated sand was sonicated in 1% HNO; to desorb all the
Fe from the coated sand surface and to quantify the total Fe
coating density on the media. This total Fe (9.4 + 0.8 mg L™ ') is
designated as the maximum total Fe coating on the sand. The
maximum total Fe concentration was greater than the aqueous
total Fe concentrations at time ¢ (¢ = 5-180 min) suggesting that
Fe(vi) desorption from the coated sand is not instantaneous
(Fig. 3 and S57). Previous studies have proposed that organic
contaminant oxidation can be improved by a slow release of
Fe(vi) into solution during water treatment®”* or multi-step
dosing of Fe(vi).*»”> These two application methods limit Fe(v)
self-decay and increase Fe(vi) exposure to organic contami-
nants.?® Similarly, a delayed desorption of Fe(vi) from the coated
sand surface presents an opportunity for improved treatment of
organic contaminants during water treatment. In solution, the
Fe(vi)-coated sand media would consist of: (i) aqueous Fe(vi)
leached from the sand surface; (ii) aqueous Fe(ur) leached from
the sand surface or produced from aqueous Fe(vi) decay; (iii)
Fe(m) solids suspended in solution; and, (iv) Fe(vi) and/or Fe(m)
bound to the sand surface. Thus, contaminant removal can
occur simultaneously via reactions with Fe(vi) and Fe(m) in
different phases and configurations. Further investigations on
the coated sand surface and the Fe(u) phases produced are
needed to differentiate these phases and elucidate mechanisms
by which contaminants are removed on the Fe(vi)-coated sand
surface.

The Fe(vi)-coated sand exhibited slower decomposition
kinetics at circumneutral pH. Previous studies reported that
Fe(vi) was the most stable in aqueous solutions buffered at pH
9.2-9.4, but experienced a kinetically fast decay below this pH
range.”® Our Fe(vi) stability tests also confirm that the Fe(vi)
leached from the Fe(vi)-coated sand was more stable at pH 9
than at pH 7 and 8. Aqueous decomposition of Fe(vi) was
minimal at pH 9 (Fig. 3 and S57). The aqueous Fe(vi) decay rates
in the borate buffer were estimated at 355.4, 0.82, 0.004 mg ™"
L' h™' at pH 7, 8, 9 respectively (Fig. S67). At pH 7, the

This journal is © The Royal Society of Chemistry 2023

dominant Fe(vi) species is HFeO,  (~67%) (Fig. 1) which has
a higher oxidizing potential’*”® than the deprotonated FeO,>".
The high oxidizing potential of the dominant HFeO, species
and fast reactions with water result in the instability of aqueous
Fe(vi) at pH 7 (Fig. 3, S4 and S51). The self-decay of aqueous
Fe(vi) was lessened at pH 8 (Fig. 3 and S57) and can be attributed
to the dominant species, FeO,>~ (~83%) (Fig. 1) being less
reactive than the HFeO, species.”* Due to the increased
production of Fe(m) at pH 7 and 8, we hypothesize that sorption
and coagulation are the major mechanism of contaminant
removal whereas at pH 9, oxidation of organic compounds may
be the more dominant treatment mechanism. At pH values
where Fe(vi) decays faster, the treatment of organic contami-
nants by the Fe(vi)-coated sand media may occur by these
pathways: (i) physical adsorption of the contaminants on the
coated sand surface followed by oxidation by surface-bound
Fe(vi) species; (ii) sorption to surface-bound Fe(u) particles;
(iii) limited oxidation by Fe(vi) in the aqueous phase; and, (iv)
sorption and coagulation with Fe(m) particles in the aqueous
phase. Characterization of optimized Fe(vi) stability is impor-
tant in determining the operating conditions of Fe(vi)-coated
sand application for which contaminant treatment is maxi-
mized, and will be explored in future studies.

The aqueous stability of the Fe(vi)-coated sand is also
affected by the buffering ions (Fig. 3, S4 and S51). At pH 8 and 9,
aqueous Fe(vi) and total aqueous Fe concentrations were lower
in the borate buffer than in the phosphate buffer (Fig. 3 and
S51). At pH 8, the total aqueous Fe concentration in the borate
buffer within 0.5 hour of mixing was 4.26 + 0.27 mg L™ and
7.43 £ 0.76 mg L' in the phosphate buffer. Additionally, we
noted that total Fe concentrations at pH 7 and 8 were constant
in the phosphate buffer (Fig. S5t), yet the Fe concentration
decreased with time in the borate buffer except at pH 9 (Fig. 3).
These results imply that while Fe desorption from the media
surface is lessened in the borate buffer, Fe(vi) decay was
enhanced. A linear regression fitted to the measured Fe(vi)
concentrations in both buffered solutions at pH 8 shows that
the slope for the borate buffer was 65% smaller than the slope
for the phosphate buffer (Fig. S7t) indicating that Fe(vi) decay
was slower in the phosphate buffer. This result is in agreement
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with previous studies where Fe(vi) self-decay at pH 7.5 was
slower in a 10 mM phosphate buffer than in a 10 mM borate
buffer.”® The results of the leaching experiments suggest faster
Fe(vi) decay would occur when the Fe(vi)-coated sand media is
placed in certain pH and buffering conditions. In particular,
water chemistries that favor the presence of Fe(u) would
promote rapid decay of Fe(m) due the catalytic effect of Fe(um)
species on Fe(vi) self-decay.””” The presence of Fe(i) in solution
will result in a decrease in solution pH,”® thus increasing the
Fe(vi) oxidizing potential (via formation of protonated Fe(vi)
species and reactive intermediate species) and promoting
reactions with water molecules which would catalyze further
decay of Fe(vi).”” However, phosphate ions can form metal
complexes with Fe(mr) and prevent the formation of iron colloids
and solids,”®* thus impeding the Fe(i) catalytic effect on Fe(vi)
decay. This complexation behavior can explain the reduced
Fe(vi) decay observed in the phosphate buffer in this study
(Fig. S71). In the absence of phosphate ions, Fe(m) particles
aggregate to form larger particles.”®* Thus, the temporal
decrease in total Fe observed at pH 7 and 8 in the borate buffer
(Fig. 3) can be attributed to these larger particles being removed
by filtration which was done prior to ICP-OES analysis of the
samples.

Further stability tests indicate that the proposed synthesis
method generates a stable and viable media. We assessed the
stability of Fe(vi) when K,FeO, powder is dissolved in the borate
buffer at pH 9 (Fig. S8t). Results revealed that in this system,
Fe(vi) decay faster at a rate of 1.14 mg L™ " h™' compared to the
Fe(vi)-coated sand where Fe(vi) decay was estimated at
0.23 mg L' h™". This result validates the SiO, stabilization
effect on Fe(vi). Additionally, the stability of the stored media
was assessed by determining changes in total Fe and Fe(vi) on
the sand surface at time ¢ (in days) after the media was produced
(Fig. S97). The total measured Fe varied between 5.69 £ 0.99 to
7.39 &+ 1.01 mg Fe per g sand. The degree of variability could be
due to slight differences in coating density at different sites on
the sand surface. Fe(vi) concentrations (~2.43 mg Fe(vi) per g
sand) remained constant for up to 7 days after media produc-
tion then slightly decreased (1.29 mg Fe(vi) per g sand) after 7
days.
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3.3. Silica-stabilized Fe(vi) improves the treatment of phenol

While phosphate ions reduces Fe(vi) self-decay, studies have
reported that their presence in solution leads to decreased
oxidation of organic compounds by Fe(vi).** Huang et al
observed removal efficiencies of 97%, 90%, and 95% of carba-
mazepine, diclofenac, and ciprofloxacin, respectively, in
unbuffered river waters but only 85%, 74%, and 82% removal of
these compounds in phosphate buffered river waters.®* The
oxidation of organic compounds by Fe(vi) occur via (i) reactions
between Fe(vi) and the compounds to form Fe(v) or Fe(wv), which
are more reactive than Fe(vi); and, (ii) further reactions between
the compounds and Fe(wv)/Fe(v).**** However, phosphate ions
can react with Fe(v) through a nucleophilic attack to form metal
complexes which would lead to a decrease in Fe(v) reactivity and
thus reduce the oxidation of organic compounds.® On the other
hand, borate ions have lower reactivity towards Fe species.>*”%%
Our observations on the oxidation of PMSO by Fe(vi)-coated
sand in 10 mM phosphate and borate buffer corroborated these
findings (Fig. S107). The oxidation efficiency of PMSO in the
borate buffer was 93% (Fig. S10BT) but only 26% (Fig. S10AY) in
the phosphate buffer under the same experimental conditions
(i.e., pH9, 2 g per L Fe(vi)-coated sand and 1 hour reaction time).
The lower concentration of PMSO, observed in the phosphate
buffer reaction system confirms the negative effect of phosphate
ions on Fe(vi) reactivities (Fig. S107).

Phenol removal increased with increasing doses of the Fe(vi)-
coated sand. The Fe(vi)-coated sand dose used in this study was
determined by assessing the effect of different media doses (i.e.,
1,2 and 4 g L") on the removal of phenol. Our results indicate
that removal of phenol improved with increasing media doses
and plateaued after 2 g L™ (Fig. 4). At this dose, 97% removal of
phenol at an initial concentration of 236 pg L™ was achieved.
Thus, a dose of 2 g L' was chosen for further experiments.

Coating Fe(vi) onto the sand substate enhances its treatment
capability toward organic compounds. The removal of phenol
by the Fe(vi)-coated sand was compared to removal by the as-
prepared K,FeO, powder application (Fig. 5 and S11}). Both
media had similar removal efficiencies (85% for as-prepared
K,FeO, powder and 83% for Fe(vi)-coated sand) of phenol at

oo}

4

I I I I T
1 2 3 4 5
Fe(VI)-coated sand dose (g/L)

Fe(VI) Concentration (mg/L)

Fig. 4 (A) Effect of Fe(vi)-coated sand dose on the removal of 236 + 0.6 ng per L phenolin 10 mM borate buffer pH 9 and (B) the measured Fe(vi)
concentration remaining in solution after 30 min of reaction with phenol treatment.
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Fig. 5 Degradation of 219 + 12 ug per L phenol in 10 mM borate buffer pH 9 by (A) 12.6 mg per L Fe(vi) powder and (B) 2 g per L Fe(v)-coated
sand. (Top) phenol removal efficiency (left axis) and phenol to maximum aqueous Fe(vi) concentrations ratio (right axis) with time; Fe(v)
concentration at 5 min was taken as the maximum aqueous Fe(vi) concentration, (bottom) changes in aqueous Fe.

the end of the 2 h reaction time; however, phenol removal was
faster by the Fe(vi)-coated sand (Fig. 5 and S117). After 5 min,
the removal of phenol by Fe(vi)-coated sand was 51%, but only
37% by the as-prepared K,FeO, powder. This accelerated
treatment by Fe(vi)-coated sand could lead to rapid degradation
of organic contaminants which has economic benefits for water
treatment plants. Under the experimental conditions of this
study (i.e., 2 g per L Fe(vi)-coated sand and 12.6 mg L' as-
prepared K,FeO, powder), we observed higher aqueous Fe(vi)
concentrations (5.76-9.77 mg L™') in the Fe(vi)-coated sand
system than in the as-prepared K,FeO, powder (0.28-
1.87 mg L"), which could explain the enhanced treatment of
phenol by Fe(vi)-coated sand. Previous studies have reported
increased oxidation of organic compounds as Fe(vi) doses
increase.**®* However, we observed a faster decay of aqueous
Fe(v1) in the as-prepared K,FeO, powder system compared to the
Fe(vi)-coated sand system (Fig. 5A2-B2). We hypothesize that
the slower decay of Fe(vi) in the Fe(vi)-coated sand system
indicates more Fe(vi) available in solution for longer periods of
time, which also suggests that more organic compounds could
be treated simultaneously by the Fe(vi)-coated sand. The slower
Fe(vi) decay in the Fe(vi)-coated sand system also confirms the
SiO, stabilization effect on Fe(vi) reactivity. Furthermore,
reduced decay rates of aqueous Fe(vi) also generate lower
quantities of Fe(ur) particles in solution which could decrease
the frequency for Fe(m) sludge disposal post-treatment. Based
on our hypothesis in Section 3.2, we speculate that phenol

This journal is © The Royal Society of Chemistry 2023

removal by Fe(vi)-coated sand would be threefold: removal or
degradation in the aqueous phase, sorption/coagulation with
Fe(ur) solids, and removal or degradation on the sand surface.
Further investigations are needed to characterize and decouple
these removal mechanisms. For example, Huang et al. reported
that the oxidation of phenol by Fe(vi) leads to the formation of
a quinone and biphenol products via a phenoxy radical.**
UV-vis measurements from reactions of phenol and Fe(vi)-
coated also indicate the potential formation of oxidation
products (Fig. S121). We observed a sharp peak at 307 nm,
a small shoulder peak near 350 nm, and a broad peak in the
range of 430-630 nm with maximum absorbance near 500 nm
(Fig. S121). These peaks were not seen in the spectrum of
a phenol control solution (i.e., no Fe(vi), Fig. S12). We suspect
that the broad peak around 500 nm could be attributed to Fe(vi)
which has an absorbance at 509 nm (Fig. S1A¥) rather than an
oxidation product. The minimal change in the absorbance
values at this peak (Fig. S121) aligns with the stable aqueous
Fe(v1) concentration observed during phenol treatment by Fe(vi)-
coated sand (Fig. 5B2). The absorbance peak at 307 nm may be
attributed to an oxidation product. The continuous increase in
absorbance values at this peak indicates increased formation of
the oxidation product as phenol degradation progresses (Fig. 6
and S12%). Chen et al. reported the oxidation of phenol via
hydroxylation of the benzene ring which forms a hydroquinone
intermediate product that further converts into p-benzoquinone

and other oxidation products.®® UV-vis measurement of
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concentration.

hydroquinone in 10 mM borate buffer showed absorbance
peaks at 290, 316, 403 and 428 nm (Fig. S127). Previous studies
have reported an absorbance peak at 293 nm (ref. 86) and
289 nm (ref. 87) for hydroquinone. We speculate that the
oxidation product formed in this study may be a quinone
product. However, further analyses and more targeted analytical
tools (e.g., mass spectrometry, gas chromatography) will be
performed to monitor and identify all oxidation products
formed.

Fe(vi)-coated sand had greater reactivity towards phenol in
the presence of PMSO (Fig. 7 and S13f) which indicates an
increased presence of reactive species. The removal capacity of
Fe(vi)-coated sand for phenol and PMSO was assessed using
different concentrations of the organic compounds (i.e., 283 pg
per L phenol and 865 pg per L PMSO; 245 pg per L phenol and
394 pg per L PMSO; and, 520 pg per L phenol and 739 pg per L
PMSO). In the absence of PMSO, phenol removal by Fe(vi)-
coated sand was estimated at 51% within 5 min (Fig. 5), whereas
in the presence of PMSO, the removal efficiency was 80-97%
(Fig. 7 and S131). The increased removal of phenol in the
presence of PMSO suggests the formation of other reactive
species (i.e., Fe(v), Fe(w)), as a result of the reaction between
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Fe(vi)-coated sand and PMSO.* The complete oxidation of
PMSO to PMSO, (Fig. 7) in this study indicates the presence of
Fe(v) and Fe(1v) species and no other reactive species (i.e., H,O,)
which would oxidize PMSO into other products.®* Consequently,
Fe(v) and Fe(wv) yield will increase due to their production from
Fe(vi) self-decay and Fe(vi) reaction with PMSO thereby
increasing phenol removal. These results also corroborate
previous hypotheses®***® regarding the SiO, stabilization effects
on the rapid formation of Fe(v) and Fe(wv) in Fe(vi) systems.
Thus, in multi-pollutants systems, the combination of greater
Fe(vi) reactivity promoted by SiO, and Fe(v)/Fe(wv) production
from Fe(vi) reactions could result in more effective treatment
than in aqueous K,FeO, powder systems.

4. Conclusion

This study demonstrates a novel Fe(vi}-coated sand water
treatment media application for organic contaminant removal.
A synthesis method is proposed to produce a viable and stable
Fe(vi)-coated sand composite. The initial coating of the sand
with tetraethyl orthosilicate yielded a Fe(vi)-coated sand media
with higher Fe (44%) bound to the surface and a greater binding
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attachment than media produced without sand modification.
Water chemistries (i.e., pH and buffers) were explored to
determine their effect on the rate of Fe(vi) decomposition and
leaching from the media surface. The Fe(vi) self-decay was
accelerated at pH 7 (k = 3.87 mg™ ' L' h™") and slowed with
increasing pH (k = 0.04 mg™' L' h™" at pH 9). Borate ions
promoted a faster decay (k = 2.22 mg L™" h™') of the media
compared to phosphate ions (k = 3.39 mg L™" h™"). Treatment
of phenol by the Fe(vi)-coated sand and by K,FeO, powder
revealed that the composite media had a removal capacity that
is 1.4 times greater than that of Fe(vi) powder. Furthermore, the
fast and complete removal of phenol (with initial concentra-
tions of 245-283 pug L") in the presence of PMSO (with initial
concentrations of 394-865 pg L") compared to the incomplete
removal of phenol in the absence of PMSO indicates an
increased production of highly reactive Fe(v) and Fe(v) inter-
mediate species.

Removal of organic compounds by the media is expected to
be three-fold: removal or oxidation by aqueous Fe(vi), adsorp-
tion by suspended Fe(u) particles, and removal or oxidation on
sand surface. Further testing is needed to distinguish these
different mechanisms, identify the oxidation products and
pathways, and better understand the Fe(vi)-coated sand
functionality.

Coating Fe(vi) onto a sand surface presents an opportunity
for increasing Fe(vi) stability and for better deployment of Fe(vi)
in water treatment applications. Previous studies have reported
advantages of heterogeneous Fe(vi) applications.*****® This
study offers an environmentally benign media that would be
applicable to treatment systems (e.g., advanced wastewater
systems) where sand filtration systems are already in use. Our
Fe(vi)-coated sand media limits the need for solid substrates
like SiO, gels that may require post-treatment disposal. The
reduction of Fe(vi) to Fe(u) after treatment and the potential for
synergistic treatment processes (i.e., oxidation, coagulation,
disinfection, and filtration) due to Fe(vi) multimodal properties
make this novel Fe(vi)-coated sand a cost-effective and eco-
friendly water treatment media suitable for deployment in
many water treatment applications. Currently, there are
commercialized processes in place for on-site Fe(vi) production
at water treatment facilities, which eliminates transportation
costs. These cheaper Fe(vi) production methods coupled with
the inexpensive cost of sand ($33 per kg) and TeOS ($64 per L)
make the Fe(vi)-coated sand synthesis a cost-effective process.
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