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Nitrate/nitrite water contaminants pose adverse health effects. Catalytic reduction is a promising treatment

approach, if the catalytic materials can be designed to be stable and reusable. In this study, Pd nanoparticles

oNOYTULT D WN =

9 were chemically attached to magnetic silica-coated iron oxide powder. Indium was added to the Pd surface to
11 create the In-on-Pd sites needed for nitrate decomposition. This catalyst material was studied for the first time
13 for nitrate catalytic reduction, and for magnetic separation and reuse. The catalyst was effective for nitrate
15 treatment for many cycles, and the silica shell was effective at protecting iron oxide against iron leaching. This

17 magnetic catalyst design can be appropriate for the degradation of other oxyanions.
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Abstract

Magnetic catalysts offer the possibility of rapidly eliminating nitrate oxyanions, a ubiquitous
drinking water contaminant, without generating a secondary waste stream. Herein, we report the
synthesis of a magnetically recoverable bimetallic Pd-In material that exhibits excellent chemical
stability, reusability, and high nitrate removal efficiency. This four-component catalyst (Pd-
In/nFe;04@Si10,) contains nanocrystalline magnetite with a silica shell upon which indium-
decorated palladium nanoparticles attach. The SiO, shell slowed down iron leaching from Fe;O4
and the bimetallic nano-domains showed nitrate reduction activity in deionized water without
obvious deactivation through multiple recovery and reuse cycles. This magnetically responsive,
reusable catalyst, which retained activity in simulated drinking water, can serve as a design basis

for materials to degrade other oxyanion water contaminants.
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Introduction

Nitrate is a colorless, tasteless, and odorless compound known to be one of the common
contaminants in natural waters.!> With the recent rapid increase of agricultural and industrial
activities globally, nitrate concentrations in groundwaters are surging all over the world.>#
Alarmingly, high levels of nitrate in drinking water could cause various health problems like
methemoglobinemia and thyroid damage>¢ and can lead to the formation of cancer-causing N-
nitroso compounds in the human body.” Fortunately, various approaches have been investigated
for the removal of nitrate from contaminated drinking water sources.>®1° The two most common
nitrate removal technologies for groundwaters in the U.S. are ion exchange (IX) and reverse
osmosis (RO). However, both technologies merely separate nitrate from the water and does not
eliminate or destroy it, leaving behind a concentrated waste stream that requires further
treatment.!!

Catalytic reduction is a promising chemical denitrification method due to its high activity and
simple operation.!?!3 Nitrate can be directly converted into harmless dinitrogen over a catalytic
surface by using hydrogen or other reducing agents under mild reaction conditions. Since this
chemistry was first reported by Vorlop and Tacke in 1989,!3 extensive research efforts have been
made for the development of novel catalysts with high activity and dinitrogen selectivity.'4!® For
example, monometallic Pd'*?? and bimetallic and PdAu?? catalysts have proven to be very active
and selective to the reduction of nitrite to dinitrogen. Although Pd itself has very low reduction
activity for nitrate,?* its combination with certain secondary promotor metals greatly increases
catalytic activity.??5-28 The Pd-In bimetallic combination is preferred over other compositions due
to its high activity and high selectivity to dinitrogen over undesired ammonia.?*3% Additionally, it

is also more stable to hypochlorite exposure during clean-in-place treatment.3!
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Our previous studies!>?332 have focused on the synthesis of structure-controlled bifunctional
catalysts and the mechanistic understanding of how the addition of promotor metals help improve
the catalytic reduction of nitrate (and nitrite) oxyanions. Recently we reported the synthesis of
colloidal In-decorated Pd nanoparticle ("In-on-Pd NPs") as a model catalyst for nitrate reduction. !
Among other findings, reduction activity varied with volcano-shape dependence on In surface
coverage, with In ensembles (with 4 to 6 atoms) as the active site for the nitrate-to-nitrite rate-
limiting reaction step. The suspension form of these In-on-Pd NPs were amenable to batch kinetic
experiments, but it is impractical for continuous-flow nitrate treatment.

Superparamagnetic Fe;0,4 in the form of nanostructured powders ("nFe;0,4") has been explored
extensively as a magnetic catalyst support.’>3> Once nFe;0, is dispersed in a liquid, its high
magnetic saturation and reversibly magnetic behavior lead to easy separation and manipulation
under an external magnetic field.3¢3° nFe;0, can be a catalyst support for the Pd-In NPs, such that
the overall composite material is recovered and reused magnetically without the need for filtration
or centrifugation. However, Fe;0y is liable to leach iron species during use.*%4! Fe;0, itself shows
some activity for the reduction of nitrate (and other oxyanions),*>#4 but the leached iron species
may also be participating in the reaction.*’

In this work, we demonstrate the concept of a magnetically recoverable nitrate reduction catalyst
based on a multi-compositional design that comprises superparamagnetic nFe;Oy4, a SiO, shell
coating, and Pd-In NPs. We show that the SiO, shell prevented iron leaching from occurring. We
assess the nitrate reduction activity, selectivity and recoverability of the material in two water types
(deionized water and simulated drinking water) and discuss the range of applicability of these

magnetic denitrification catalysts.
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Experimental section

Materials

All chemicals were of analytical grade and used as received without further purification.
Ammonium hydroxide aqueous solution (NHj3, 28%), hydrochloric acid (HCL, 37%), 2-propanol,
tetracthyl orthosilicate (TEOS), (3-aminopropyl) trimethoxysilane (APTES), sodium
tetrachloropalladate(I) (Na,PdCly), citric acid, ethanol (EtOH), polyvinylpyrrolidone (PVP,
M,,~55,000), indium chloride tetrahydrate (InCl5-4H,0, 97%), sodium nitrate (NaNOs, >99.0%),
sodium nitrite (NaNO,, >97.0%), 1 wt% Pd on alumina catalyst (Pd/Al,Os), magnetite iron oxide
nanopowder (nFe;0,4), and modified Griess's reagent were purchased from Sigma-Aldrich. H; and
CO; gases (99.99% purity) were obtained from Matheson. Nitrate (2.170 M, 10000 ppm) stock
solution was prepared by dissolving proper amounts of NaNOj; into deionized (DI) water and
stored in the dark in a refrigerator at 4 °C. All the experiments were conducted using deionized
(DI) water (>18 MQ-cm, Barnstead NANOpure Diamond).

Synthesis and surface modification of nFe;O,@SiO,

A modified Stober process was used to coat nFe;O4 material with a SiO, shell.*6 Briefly, 1 g of
nFe;04 was placed in 0.1 M HCI aqueous solution (50 mL) and ultrasonicated for 10 min;
separated with magnet and washed with DI water; and then dispersed in a solution of ethanol (80
mL), DI water (20 mL) and concentrated ammonia aqueous solution (1.0 mL, 28 wt%). TEOS (0.9
g, 4.32 mmol) was added immediately afterwards. The mixture was stirred at room temperature
for 12 h, and the resulting nFe;04@Si0, solid was subsequently separated with a neodymium
permanent magnet and washed with ethanol and water three times before its redispersion in an

ethanol solution.
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Next, to support immobilization of metal NPs, the nFe;04@Si0, surfaces were functionalized

with amine groups using 3-aminopropyl triethoxysilane (APTES), because of the strong chemical
interaction between the NPs and the -NH, group. Approximately 1 g of nFe;O04@Si10, obtained
from previous step was added to 60 mL of isopropanol in a 250-mL two-neck bottom-round glass
flask via sonication in a water bath. Then a solution containing 1.5 mL APTES and 10 mL of
isopropanol was added dropwise under stirring. The suspension was bubbled with N, gas for 30
min, and then sealed and left to stir at room temperature for 12 h. After magnetically recovering
and washing with ethanol three times, the resulting amine-functionalized nFe;O4@SiO, was dried
in a vacuum oven at 40 °C.¥
Metal deposition on amine-functionalized nFe;0,@SiO,
Pd NPs were synthesized using a one-step method.*® Briefly, an aqueous solution of Pd salt was
prepared by dissolving 57 mg of Na,PdCl, in 3 mL of water. The solution was then mixed rapidly
with 8 mL of aqueous solution containing 105 mg of PVP and 60 mg of L-ascorbic acid in a 25-
mL round-bottom glass flask under continuous stirring. The flask was immersed in an oil bath and
maintained at 80 °C for 4 h under continuous stirring. The solution was then cooled to room
temperature, yielding approximately100 mg of Pd NPs.

An aliquot of the as-synthesized Pd NPs suspension (5.6 mL containing ~10 mg of Pd) was
added to 30 mL water in a 100-mL round bottle glass flask on a shaker table. Then ~1 g of amine-
functionalized nFe;04@Si10, was added to the flask via sonication in a water bath. The mixture
was then mechanically shaken continuously for several hours until the supernatant became clear
and colorless, which meant the suspended Pd NPs were successfully immobilized on the

nFe;04@Si0,; surface, The target loading of Pd NPs was 1 wt%.
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Next, indium (In) metal was deposited by adding 215 pL of InCl;-4H,0 (0.04 M) to the above
solution and bubbling H, at 1 atm pressure for 30 min to reduce the In on top of Pd. The total In
loading was 0.1 wt%. The Pd-In/nFe;0,@SiO, catalysts were collected with a neodymium
permanent magnet and dried overnight in a vacuum oven at 40 °C. An alternative method involves
the synthesis and immobilization of In-on-Pd NPs onto the nFe;O0,@SiO, surface. We were
unsuccessful in reliably producing a highly active catalyst in this manner, which we attributed to
In oxidation during the handling of the In-on-Pd NPs.!>
Synthesis of comparison materials
To test the importance of the SiO, shell, we synthesized "Pd-In/nFe;0,4" by skipping the TEOS
step, directly functionalizing nFe;O, with APTES, and then carrying out the Pd NP immobilization
and In deposition steps. For a non-magnetic version, we synthesized "Pd-In/Al,O5" through the
incipient wetness method; 215 pL of 0.04 M InCl;-4H,0O solution was mixed with 1 mL of DI
water prior to contacting with 1 g of Pd/Al,O3 powder (1 wt% Pd). The resulting material (1 wt%
Pd, 0.1 wt% In) was then air dried at 120 °C for 14 h and heated at 120 °C for 1 h under flowing
H; gas (200 mL/min). TEM and XRD analysis showed Pd-In/Al,O; to have 2.2-nm Pd particles
and the gamma-alumina phase (Fig. S1 and Fig. S2). The Pd/Fe;04 was prepared by immobilizing
Pd NPs on Fe;04 and In/Fe;O4 was made by adding In precursor to Fe;O4 with follow up reduction
procedure in furnace (500 °C, 3 hours). Table 1 lists the five catalyst compositions tested. The Pd
and In content of Pd-In/nFe;04@Si0, was confirmed to be within 2% of target loading using an
inductively coupled plasma optical emission spectrometer (Perkin Elmer Optima 8300 ICP-OES)
(Table 1). We assumed the Pd and/or In content of the comparison materials were also within 2%

of target loading.
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Table 1. Measured metal content and surface areas of nitrate reduction catalysts

Sample Pd wt% * In wt% *? BET SA Support material
(m*/g)
Pd-In/ 1 (0.98%) 0.1 (0.11Y) 15.5 Si0; on nFe;04
nFe;0,@Si0O,
Pd-In/nFe;0, 1 0.1 43.5 nFe;04
Pd-In/Al,O4 1 0.1 - Al,O4
Pd/nFe;0,4 1 - 442 nFe;04
In/nFe;04 - 0.1 429 nFe;04

a: Pd and In loadings estimated from precursor amounts

b: Pd and In loadings measured through ICP-OES

Preparation of simulated drinking water (SDW)

SDW contains dissolved species at concentrations typical of drinking water. The SDW
composition follows the formulation based on the NSF/ANSIS53 standard for challenge water
(Table S1).4

Catalyst structure characterization

Magnetic measurements were collected using a Superconducting Quantum Interference Device
(SQUID) completed with a MPMS XL (Quantum Design Inc.). Dried powder samples were
weighed, wrapped in Teflon, and measured within the SQUID from -10 kOe to 10 kOe at 300 K.
The resulting hysteresis curves were analyzed to determine the coercivity (H.), magnetic
remanence (M;), and magnetic saturation (M) of each sample. Transmission electron microscopy
(TEM) images were obtained using a JEOL 2010 transmission electron microscope operating at
an accelerating voltage of 200 kV. The particle size distribution was calculated by counting at least
200 particles with Imagel software. Crystal structure and powder phase analysis were obtained

with a Rigaku diffractometer with Cu Ka radiation (Rigaku D/Max (WEST) Ultima Powder XRD)
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instrument and Rigaku PDXL2 integrated powder XRD analysis software. The data was collected
from 20° to 90°. The mean size of the ordered (crystalline) Fe;04 domains was obtained from the

Scherrer equation,>® which can be written as:

KA
L= BcosO (1)

where L is the mean crystallize size. K is the dimensionless shape factor (0.94). A is the x-ray
wavelength (1.5418 A), Bexpressing diffraction peak profile spread (the integral width of the most
intensive peaks and is ~0.01 radian), and 0 is the Bragg angle (20 = 35.6 °) which represents the
most intense peak of the (311) phase of magnetite.
Catalyst activity characterization
Similar to our previous experiments,'>3! batch nitrate reduction experiments were conducted in a
screw-cap bottle (125 mL, Alltech) with PTFE-sealed threads and a PTFE-silicone septum. The
solid magnetic catalyst was added directly to the reactor before the H,/CO, bubbling and the water
(DI water or SDW) volume was 49.75 mL so that the final liquid reaction volume was 50 mL. The
amount of catalyst was 50 mg in each reactor, the final catalyst charge concentration was 1000
mg/L, 10 mg Pd/L and 1 mg In/L, respectively. The solution was then bubbled simultaneously
with H, gas (50 mL/min, to serve as reductant) and CO, gas (50 mL/min, to buffer the solution to
a pH value of 4-6) for 15 min to displace dissolved oxygen and to fill the headspace with a
hydrogen/CO, atmosphere (1 atm). All the catalytic reactions were conducted at room temperature
(~23 °C). A schematic of the experimental setup was shown in ESI (Fig. S3).

After hydrogen and carbon dioxide bubbling, 0.25 mL of NaNOj solution (10 mg/mL) was
injected into the sealed bottle to start the reaction (initial NO5™ concentration was 50 mg-NO;7/L =
11.3 mg-N/L). The reaction was monitored periodically by withdrawing 1.5 mL aliquots from the

reactor after using a neodymium permanent magnet to momentarily entrap the powder to one side
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of the reactor. The activity of the non-magnetic Al,O3 supported catalysts was tested similarly as
a control, except that the solid catalyst was removed through syringe filters (0.45-um PFTE filter
media) when sampling periodically. The sealed reactor was constantly agitated on a shaker table.
To investigate the shaking speed on mass transfer limitation, experiments was designed with the
Pd-In/Fe;04 catalyst in which the shaking speed was modulated, and the results are shown in Fig.
S4 in the ESI. The experiment verified that that shaking speed was found to show little effect on
the reduction rate of nitrate when it was above 300 rpm, which suggested that the external diffusion
limitation was not significant under current experimental set up (300 rpm shaking speed). In
calculating the Weisz-Prater parameter (C,,,) to assess the presence of internal mass transfer effects,
we found Cy,, ~3.6 x 1076, which was much less than 1, indicating internal mass transfer limitations
were negligible for our nitrate reduction reaction system (specific details are in ESI).

The reusability and stability of the materials was evaluated by successive cycles of nitrate
reduction reaction testing. After a reaction, the catalyst material was collected to the side of the
reactor wall with a permanent magnet, then rinsed with DI water (50 mL). The reactor was then
replenished with DI water (or SDW) and bubbling with H,/CO, for 15 mins before adding nitrate
(50 ppm) to start the next reaction cycle.

Nitrate concentrations were analyzed using a nitrate ion selective electrode (Cole-Parmer, lower
detection limit 0.1 mg-NOs7/L). Nitrite concentrations were analyzed using the Griess test.>?> The
ammonium concentrations were analyzed using Nessler's reagent. Typically, the reagent solution
(0.2 mL), the sample solution (0.2 mL), and water (1.6 mL) were mixed together and allowed to

react at room temperature for 10 min, after which no further color change was observed.!?
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The observed reaction rate constant ks (min-') was calculated by assuming pseudo first-order
dependence on nitrate concentration (H, gas was in excess) and the linear portion of the data was

fit with the model below:

dCyo
dt kobsCN03_ (2)
where "% is the concentration of nitrate (with units of mg L!) and ¢ is reaction time (with units
of min).

The total metal-normalized reaction rate constant k., (with units of L g ...’ min-') was then
calculated from k.= kop/Ceat Where Coy 18 the total amount of In and Pd in the reaction medium
volume (with units of g e L.

The initial molar concentration of nitrate and the molar concentration of nitrate after time t are
Coy and C. Prior studies indicate that small amounts (~5%) of intermediate products NO and N,O
can be formed during nitrate reduction.’*>* The selectivity to nitrite and to ammonium are:

S

CNO_

NOs = (CO—_ZC) x 100%

€)

and

S (4)

gt
NH; = (W) X 100%

Measurement of any leached Fe, Pd, and In during catalysis

The Pd and In content were determined through ICP-OES. The detection limit was 0.05 mg/L for
both Pd and In. 0.5 mL of the sample was diluted with 4.4 mL H,O and 0.1 mL aqua regia (2%)
to analyze the dissolved ions. The dissolved iron measurement followed our previous study by

using adapted procedures from the National Environmental Methods Index (NEMI).>® Specifically,

10
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the NEMI 3500 Fe-B (phenanthroline) method, which is well suited for field tests, was used.’® For
each sample, 0.5 mL was removed and combined with a solution containing HCI (20 uL; 38 wt%
conc. aqueous solution), hydroxylamine (10 pL, 22.14 mM), ammonium acetate buffer (100 pL,
587 mM), and phenanthroline solution (40 pL, 0.31 mM). The resulting solution was vigorously

agitated and then allowed to sit for 30 min before being analyzed with UV-vis spectroscopy at 510

nm (Shimazdu UV-2450 UV-Spectrophotometer).

Results and Discussion

Structural and magnetic properties

Representative TEM images for nFe;0,4, nFe;04@Si0, and Pd-In/nFe;O4@Si10; are shown in Fig.
1. The nFe;04 were agglomerates of spheres with a mean diameter of 32+0.35 nm (Fig. 1a). The
Si0; shell increased had a thickness of ~12 nm (Fig. 1b). In Fig. Ic, it can be clearly seen that
Pd-In nanoparticles are deposited on the amino group functionalized SiO, surface. The -NH,
groups chemically bind with the Pd species and subsequently are beneficial for the immobilization
of Pd nanoparticles on the surface.>’ The corresponding particle size distributions of nFe;O4 and
Pd-In NPs from Fig. 1c was shown in Fig. S5. Similar with our previous study, the size and

morphology of Pd-In NPs almost remain the same after In reduction process.*

11
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Fig. 1 (a) TEM image of nFe;04, (b) nFe;04@Si0, with a SiO; shell thickness of ~12 nm and (c)
Pd-In/nFe;04@Si0O; catalyst.

The nFe;04 powder was confirmed to be the magnetite phase (Fig. 2a). The nFe;0,4@SiO, and

Pd-In/nFe;04@Si0O, materials retained the magnetite phase; no additional XRD peaks were found.

The grain sizes of nFe;04@SiO, and Pd-In/nFe;04,@S10, were ~26.8 nm and ~26.4 nm,

respectively.

—
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Fig. 2 (a) X-ray diffraction (XRD) pattern of nFe;04, nFe;04@S10, and Pd-In/nFe;04@S10,, (b)
Magnetization curves of nFe;O4, nFe;04@Si10, and Pd-In/nFe;04@Si10, at 300K from -10 kOe

to 10 kOe. Inset: magnetization curves from -0.4 kOe to 0.4 kOe.
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The nFe;04 has superparamagnetic-like behavior typical of aggregated magnetite nanoparticles,
as evident by its non-zero low coercivity (i.e., H. = 0.06 kOe) and magnetic remanance (i.e., 7.0
emu/g for nFe;04) values (Fig. 2b). The SiO,-coated nFe;O4 showed superparamagnetic-like
behavior also, but its magnetic saturation M (56.0 emu/gy.) was 73% of that for nFe;04 (77.1
emu/g.1). The magnetic saturation of the SiO,-coated nFe;O4 normalized to nFe;O,4 content (i.e.,
70.9 emu/g-Fe;O4) was below that of nFe;O4, pointing to contributions from the diamagnetic
moments of SiO, atoms.>*¢° The SiO, shell caused SiO,-coated nFe;0, to have larger coercivity
and remanance values relative to the nFe;O4 nanopowder.

The Pd-In/nFe;04@Si0, had a lower magnetic saturation (29.5 emu/gy.1), 38% of that for
nFe;0,4 due to the nonmagnetic contributions of oxidized In and the SiO, shell. The magnetic
saturation of Pd-In/nFe;O04@Si0, normalized to nFe;O, content (37.4 emu/g-Fe;0,4) was still less
than that of nFe;04.6'-6 Its larger coercivity value (0.18 kOe compared to 0.07 kOe for
nFe;04@Si0,) may be due to Pd NPs being weakly ferromagnetic.* The detailed values for each
sample are listed in Table S2. While its magnetic saturation was less, Pd-In/nFe;O4@S10, can be
quickly concentrated on the container wall using an external magnet, and easily redispersed into
water with a manual agitation after the magnet was removed.

Nitrate reduction catalytic properties in DI water

When the reaction was completed, the catalysts were separated by using a neodymium permanent
magnet. Fig. 3 shows the catalytic nitrate reduction performances by Pd/nFe;0,4, In/nFe;0,4, Pd-
In/nFe;04 and Pd-In/nFe;04@Si10, catalysts with the same Pd (1 wt%, 10 mg/L) and In (0.1 wt%,
1 mg/L) loading amount. Pd-In/nFe;04@Si0, and Pd-In/nFe;0, showed nitrate activity comparable
to that of Pd-In/Al,Os. Pd/nFe;0,4 and In/nFe;04 were not active, emphasizing the need for both

metals.

13
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Dinitrogen was formed as the major product (~85% at early times, ~75% towards end of

reaction), with selectivities to intermediate nitrite (NO,") and to ammonium (NH,4") of the three

oNOYTULT D WN =

active catalysts are shown in Fig. S6. In general, for Pd-In/nFe;O04@Si0,, and Pd-In/Al,O3, the
10 selectivity to nitrite increased and then decreased as a function of nitrate conversion, with high
ammonium selectivity values at higher nitrate conversions. The Pd-In/Fe;O, catalyst showed
15 slightly higher ammonium selectivity than Pd-In/Fe;O04,@Si0O, when the nitrate conversion above
17 90%, which may be due to another NO3;/NO," reduction pathway catalyzed by leached iron (see
next Section). The control sample Pd-In/Al,O; generated more ammonium than the Fe;O4-based
22 materials, which could be related to the average particle size of Pd being smaller on Al,O5 than on
24 Fe;04. Smaller particles have more low-coordination metal sites (i.e., edges and corners) which

impede nitrogen-containing surface species from coupling to eventually form N, 1563

50 +

—e— Pd-In/Fe,;0,@Si0,
—e— Pd-In/Fe,0,

—e— Pd-In/ALL,O,

—a— Pd/Fe, 0,
—v—In/Fe;0,

40 4

30 +

20

Nitrate conc. (mg-NO3/L)

10 +

0 20 40 60 80 100
Time (min)

46 Fig. 3 Nitrate concentration-time profiles for Pd-In/nFe;O4@SiO,, and for the comparison
materials of Pd-In/nFe;0,4, Pd-In/Al,O;, Pd/nFe;0,4, and In/nFe;O4 (metal loading:1 wt% of Pd
and 0.1 wt% of In). Reaction conditions: 1 g/L catalyst loading, 300 rpm string rate, 1 atm pressure,

51 DI water containing nitrate.

59 14
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Both Pd-In/nFe;0,4 and Pd-In/nFe;04@Si0, catalysts were magnetically recovered and reused
six times. At the end of each reaction run, the catalyst in the reactor was magnetically concentrated,
collected, and washed under same procedures and conditions. The decrease in nitrate concentration
fit well to a pseudo first-order rate law model. The Pd-In/nFe;04@Si0, removed >90% nitrate
within 2 h for all six cycles carried out (Fig. 4a). The rate constant was 5.4 L/min/ge; for the first
cycle, and 4.5-4.7 L/min/gye for the last three cycles (~17% decrease). Pd-In/nFe;O4 showed
generally similar catalytic activity (Fig. 4b). However, the rate constant increased with reaction
cycle, up to ~9% in the third cycle before decreasing. Either dissolved Fe?" species and the exposed
Fe;0, surface can increase nitrate reduction through accelerated electron transfer.#> The uncoated

Pd-In/nFe;0,4 was apparently somewhat more active than the coated Pd-In/nFe;O04@Si0,.

(a) (b)
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Fig. 4 Nitrate reduction kinetics in DI water for multiple recovery-reuse for (a) Pd-
In/nFe;04@Si10; and (b) Pd-In/nFe;0, catalysts. Reaction conditions: 1 g/L catalyst loading, 300

rpm string rate, 1 atm pressure, DI water containing nitrate.

Chemical stability of Pd-In/nFe;O04,@SiO, during nitrate reduction in DI water
Aliquots drawn from the Pd-In/nFe;O0,4@Si0, reaction experiments were clear and colorless when

exposed to air. In contrast, yellow-colored precipitation occurred in the aliquots sampled from the

15
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Pd-In/nFe;0,4 reaction experiments, indicating the formation of iron oxyhydroxide and implying
the leaching of dissolved iron species from the un-coated material.

The dissolved iron content was quantified during the nitrate reduction reaction through all six
cycles (Fig. 5a). For the Pd-In/nFe;04@SiO, catalyst, the dissolved iron concentration was
measured to be close to or lower than the EPA secondary MCL of 0.3 mg/L. For the uncoated Pd-
In/nFe;04 catalyst, the dissolved iron concentration exceeded ~60 mg/L after the first cycle; this
uncoated material continued to release iron through the subsequent cycles, at concentrations that

were an order of magnitude higher than compared to the coated material.
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Fig. 5 (a) Total dissolved iron concentrations in DI water for multiple recovery-reuse and (b)
corresponding iron leaching rate from Pd-In/nFe;O, and Pd-In/nFe;04@Si0,. Reaction conditions:

1 g/L catalyst loading, 300 rpm string rate, 1 atm pressure, DI water containing nitrate.

The iron leaching rates were calculated for each cycle for both materials (Fig. 5b). In the first
reaction cycle, the SiO, coating lowered the iron leaching rate (from 0.97 mg-Fe/L/min to 0.04
mg-Fe/L/min) by 96%, indicating the effectiveness of the SiO, shell to substantially suppress iron

leaching from the Fe;O,4 support. Whereas the coated material showed little leaching in subsequent
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cycles (<0.002 mg-Fe/L/min), the uncoated material showed increased leaching rates in the second
and third cycles, and decreased rates in subsequent reaction cycles. The presence of dissolved iron
correlated with the higher rate constants of the uncoated material compared to the coated material
(Fig. 4). Measurements of dissolved Pd and In for Pd-In/nFe;04@Si0, were carried out at the end
of each cycle (via ICP-OES). No leached Pd or In were detected. In summary, these results
demonstrate that the Pd-In/nFe;O4@Si0, catalyst is chemically stable against iron and NP

leaching and that the silica shell provides effective protection of the iron oxide support.

Testing Pd-In/nFe;04,@SiO; for nitrate reduction in simulated drinking water
The reactivity of catalysts in real water systems is strongly affected by several factors, such as (1)
temporary or permanent fouling by impurities in the water, (2) loss of the promoter metal, noble
metal, and/or support material due to leaching in treated discharges, and (3) damage to the material
structure during regeneration treatment to recover catalyst performance.?’-30:66

We assessed the nitrate reduction properties of Pd-In/nFe;04@Si0, in realistic drinking water
by carrying out the recovery-reuse experiments for six cycles using simulated drinking water. The
catalyst was active for all cycles, but the activity was lower (Fig. 6a). The first cycle took ~200
min to reach ~90% conversion (compared to 60 min, in DI water case, Fig. 4a). The rate constants
for the simulated drinking water and DI water cases were 1.3 and 5.4 L/min/ge, respectively.
The catalyst became less active with recovery-reuse cycles; the rate constant was 0.7 L/min/g e
at the last cycle. It expectedly showed little iron leaching after the first cycle (Fig. 4b). Less than
10 mg/L ppm iron was detected, and the leaching rate was comparably low (0.027 mg-Fe/L/min).
Without the coating, the Pd-In/nFe;O,4 experienced significant leaching after one cycle (0.45 mg-

Fe/L/min, Fig. S7. Iron leaching appeared to be slower in SDW than in DI water.
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Fig. 6 (a) Nitrate reduction kinetics in SDW for multiple recovery-reuse for Pd-In/nFe;04@Si0,,
and (b) the iron leaching concentration during the first cycle. Reaction conditions: 1 g/L catalyst

loading, 300 rpm string rate, 1 atm pressure, SDW containing nitrate.

The catalyst likely suffered from fouling or competitive adsorption by many of the SDW
constituents (Table S1). Halide ions, SO4%, and HCOs- have weak interactions with the catalyst
metals, and the overall reaction rate decreases when these ionic species compete with the NOs-
species for the active site adsorption during the reduction reaction.!8-67-68 Calcium and magnesium
ions are also in SDW. Mineral precipitation on the catalyst surface can result in blockage of active
sites and lead to decreases in contaminant reduction rate constants. It has been reported that mineral
precipitation by hardness ions (e.g., Ca?" and Mg?") does not occur to a large extent during catalytic
dehalogenation,** likely due to the generation of protons during reaction. However, mineral
precipitation can foul Pd-based catalysts during catalytic NO; reduction.®%%7" Appropriate
regeneration strategies and engineering solutions (such as introducing citrate as an antiscaling

agent’?) would improve the performance stability and reusability of such catalysts.
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We quantified the selectivities to nitrite and ammonium for first cycle (Fig. S8). The selectivity
trends were similar to the DI water case, but the selectivity values were generally higher. At 50%
nitrate conversion in SDW, Syo,. and Syps+ were 15% and 20%, respectively. At the same
conversion, nitrate reduction in DI water yielded Sno,. and Sypa+ values less than ~5% (Fig. S6).
Carrying out the nitrate reduction reaction in SDW caused the catalyst to generate more nitrite and
ammonia than in DI water. The higher nitrite and ammonium selectivities in SDW may be the
result of salt species competing with nitrate anions for the same adsorption sites and displacing N-

containing surface intermediate species that are needed for N-N coupling.”!-72

Conclusions

We successfully (i) synthesized a core-shell magnetic catalyst with bimetallic Pd-In NPs attached
to its surface, (ii) characterized the material through TEM and SQUID, (iii) tested its catalytic
properties toward aqueous phase nitrate reduction, and (iv) performed iron leaching and magnetic
recovery tests. The Fe;O4 allowed for the easy recovery and collection, and SiO, coating
substantially protected the Fe;O4 from leaching iron during the nitrate reduction reaction. Pd and
In leaching was not detected. The Pd-In/nFe;04@Si10, nanocomposite material showed repeatable
nitrate reduction performance over six recovery-reuse cycles in DI water and in SDW, with the
latter lowering (but not eliminating) catalytic activity. SiO,-coated Fe;O,4 nanopowders are a stable,
magnetically capturable material that may usefully host other catalytic NPs for water treatment

reactions.
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