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ARTICLE INFO ABSTRACT

Keywords: In this work, we demonstrate the production of reactive, robust, sustainable catalysts for water treatment created
Palladium through Natural Fiber Welding (NFW) of lignocellulose-supported palladium-indium (Pd-In) nanoparticles onto
Indium linen yarns. First, Pd-In catalysts were synthesized by incipient wetness onto ball-milled powders of linen. Our
Nitrate

process preserved the lignocellulose, yielding small (5-10 nm), near-spherical crystalline nanoparticles of Pd-In
alloy and a uniform Pd-In metal composition throughout the fibers. Nitrate reduction tests identified the ex-
istence of an optimum Pd-In catalyst composition (5 wt% Pd and 1.2 wt% In with respect to lignocellulose) for
maximum reactivity; the most reactive Pd-In catalyst was 10 times more reactive than the best performing Pd-Cu
nanoparticles deposited on lignocellulose using the same approach. This improved performance was most likely
due to more uniform distribution of alloyed Pd-In nanoparticles throughout the support. Nitrate reduction tests
and X-ray photoelectron spectroscopy depth profiling of aged Pd-In catalysts showed that they remained stable
and lost no reactivity during extended storage in air at room temperature. Next, the optimized Pd-In catalyst was
fiber-welded onto linen yarns, using a custom-built yarn-coating system and a novel, scalable process that
controlled catalyst loading, delivering a Pd-In catalyst coating onto the yarn surface. This fiber-welded Pd-In
catalyst yarn was integrated into a novel water treatment reactor and evaluated during four months and more
than 180 h of nitrate reduction tests in ultrapure water. During this evaluation, the fiber-welded catalysts
maintained their reactivity with negligible metal leaching. When tested in raw or (partially) treated drinking
water and wastewater, the fiber-welded catalysts were robust and stable, and their performance was not sig-
nificantly impacted by constituents in the complex waters (e.g. alkalinity, organic matter). Our research de-
monstrates an innovative, scalable approach through NFW to design and implement robust, sustainable lig-
nocellulose-supported catalysts with enhanced reactivity capable of water purification in complex water
chemistries.
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Scheme 1. Nitrate reduction pathway on noble metal-based catalysts, with NO as a
proposed intermediate.

1. Introduction

Nitrate is a persistent contaminant in surface water and ground-
water [1], generated from extensive agricultural practices, industrial
processes, and improper septic disposal [2-4]. Its contamination causes
‘blue baby syndrome’ [5], as well as the production of carcinogenic N-
nitroso compounds in human bodies [6,7]. To mitigate the health im-
pact of nitrate contamination in drinking water, the World Health Or-
ganization (WHO) and U.S. Environmental Protection Agency (USEPA)
have established guidelines or maximum contaminant levels (MCLs) for
nitrate: 50 mg L~! (WHO)[8] and 10 mg L~! as N (USEPA) [9], re-
spectively. Reverse-osmosis and ion exchange are the conventional
methods to physically remove nitrate; however, these methods result in
concentrated brine that requires further treatment or disposal. Biolo-
gical denitrification (e.g., biological granular activated carbon treat-
ment) has also been used for nitrate removal in drinking water pur-
ification, however the public has concerns with increased pathogen
growth, turbidity, disinfectant demand, and the likelihood of disinfec-
tion byproduct formation in the treated water [10]. Noble metal-based
catalytic hydrogenation has emerged as a promising strategy to che-
mically reduce nitrate, as described in reaction Scheme 1 [11-15]. Not
only does it use a clean reducing agent, H,, which can yield minimal
byproducts during nitrate treatment, but noble metal-based catalysts
can be regenerated and reused, and the hydrogenation process can
potentially be engineered for industrial scale implementation with a
reduced cost and environmental impact [15-18].

Nitrate reduction to nitrite requires a noble metal (e.g., palladium
(Pd), platinum (Pt)) in close proximity or direct contact with a pro-
moter metal (e.g., copper (Cu), indium (In), tin (Sn)). During reduction,
an oxygen atom of nitrate is transferred to the promoter metal, which is
subsequently reduced by atomic hydrogen dissociated by the noble
metal, and the intermediate nitrite is formed. The reduction of nitrite
and subsequent N-containing species (e.g., N,O), requires only the
noble metal and dissociated atomic hydrogen [19]. Many studies have
shown how the choice of promotor metal (i.e., Cu [14,20-22], In
[23-27], or Sn[27]) can significantly impact catalyst performance.

To be useful in practical water treatment applications, bimetal
catalysts need to be immobilized onto a supporting material.
Conventional catalyst supports (i.e., alumina [28], silica [29,30], tita-
nium dioxide [31], and activated carbon[32]) have been extensively
studied due to their high surface areas and favorable performance.
However, these conventional supports are most often used as highly
dispersed powders and are difficult to transport or recover. When these
supported catalysts (in the form of larger, millimeter-sized, porous
particles/pellets) are used for continuous flow reactor designs, they
often exhibit lower reactivity due to aqueous-solid mass transfer lim-
itations and/or gas-liquid mass transfer limitations of Hy [17,33]. Fi-
nally, these conventional catalyst supports can have costly production
or recycling processes that negatively impact the environment [34,35].
To meet these challenges, more sustainable alternatives to conventional
catalyst supports are required.

Lignocellulose fibers are earth-abundant, natural materials that are
inexpensive to fabricate, and hold great promise as catalyst supports
because they are rich in surface functional groups (e.g., — OH, —C-O-C-
) that promote nanoparticle deposition and dispersion. Previous studies
have shown how single-metal catalytic nanoparticles (i.e., Pt, Pd, Cu,
gold (Au), or silver (Ag)) can be grown on cellulose [36-39]. Most
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recently, our lab successfully loaded bimetal Pd-Cu nanoparticles on
lignocellulose fibers (i.e., linen and bamboo) and applied them to the
catalytic hydrogenation of nitrate [40]. We further demonstrated how
Natural Fiber Welding (NFW) [41] could transform the lignocellulose-
supported Pd-Cu catalyst into a free-standing, moldable structure for
water treatment. The ability to be post-processed through NFW is a
distinct advantage lignocellulose has over conventional catalyst sup-
ports. In contrast to catalysts on conventional supports, lignocellulose-
supported catalysts can be engineered through NFW in a sustainable
manner to facilitate catalyst recovery, regeneration, and reuse. Our
current research stems from motivation to leverage this engineering
advantage and design reactive, scalable, sustainable catalytic systems
for water purification.

In NFW, lignocellulose fibers are partially dissolved and mobilized
upon exposure to controlled amounts of an ionic liquid (IL) (1-ethyl-3-
methyl imidazolium acetate (EMI-Ac) in our study), then reorganized
upon IL removal [42]. Not only is NFW environmentally friendly and
sustainable (ILs may be produced from biomass [43] and recycled), but
the process often improves the mechanical properties of the welded
fibers [42,44-47]. NFW can also be extended to the design of advanced
functional materials, such as knittable energy storage textiles [48] and
water treatment catalysts [40].

Using the methods reported in our pioneering study on lig-
nocellulose-supported Pd-Cu catalysts [40], we first prepared a series of
Pd-In catalysts, tailoring metal mass loadings to optimize catalytic
performance towards nitrate reduction while preserving the underlying
natural fiber support. While In has been shown to be an effective pro-
motor metal in previous studies [23-27], catalyst composition, stabi-
lity, and engineering performance for nitrate reduction of Pd-In bime-
tals are still not well-understood. This is partially due to the very low
amount of In (< 0.5 wt% with respect to the support) used in Pd-In
catalysts, which challenges material characterization and mechanistic
exploration. In the present study, we use a suite of characterization
techniques to explore catalyst surface and bulk chemistry to understand
relationships between catalyst properties, reactivity, and stability. In
contrast to our Pd-Cu system previously reported, the Pd and In metals
were more uniformly distributed throughout the natural fiber matrix
due to the formation of a Pd-In alloy, and the resultant Pd-In catalysts
were 10 times more reactive. Through nitrate reduction tests and X-ray
photoelectron spectroscopy (XPS) depth profiling of aged Pd-In cata-
lysts stored in air, we show that the Pd-In catalysts were also sig-
nificantly more air-stable than Pd-Cu.

Next, the lignocellulose-supported Pd-In catalyst powders were
immobilized onto extended lengths of linen yarn (as much as 79 m)
using NFW methods that controlled the amount of catalyst welded to
the yarn surface. These fiber-welded catalyst yarns were integrated into
a uniquely engineered reactor optimized for nitrate reduction.
Reactivity testing of the fiber-welded catalyst systems revealed a sus-
tainable, reactive, robust catalytic structure, responsive to low-tem-
perature H, regeneration at 105 °C, that remained stable during mul-
tiple reaction cycles in a myriad of real-world drinking water and
wastewater matrices. This report represents a significant advance from
our previous study. Not only do we present a new catalyst system that is
10 times more reactive, but we also present a full suite of material
characterization data to show how and why the Pd-In catalyst remains
stable during long-term storage. Through an exhaustive series of water
tests, we reveal how to activate and regenerate this new catalyst system
to achieve optimal performance for the catalytic reduction of nitrate
from real-world complex waters. Furthermore, we present previously
undisclosed NFW methods which demonstrate the scalability and con-
trol that can be exercised by this new, Green Engineering method in
designing advanced functional materials for water purification.
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2. Experimental section
2.1. Materials preparation

A full description of chemicals, materials, and methods is provided
in the Supplementary Material. Each chemical or material was used as
received. Yarns of linen (L) were milled to powder using a FlackTek
Speed Mixer (DAC 150). Pd and Pd-In were loaded onto linen powder
by incipient wetness (IW). The IW process involved impregnating
powders with aqueous, metal nitrate solutions whose volume equaled
the pore volume of the powder, the latter determined by the mass
difference between dry and water-saturated fibers. Metal mass loadings
were varied by adjusting the metal nitrate concentrations in solution.
Following IW, the powders were air-dried, and then sequentially heated
under N, and H, (120 °C for 2 h in each gas) to reduce the salts and
produce metal nanoparticles. The following catalyst label code was
used for catalyst powders: ‘Substrate_wt%Pdwt%In’. Theoretical mass
loadings of metals were reported in the code. For example, linen
powder (L) with 5wt% Pd and 1.2 wt% In was labeled L_5Pd1.2In.

For the NFW process, a known amount of the most reactive linen-
supported Pd-In catalyst was suspended in a solution of EMI-Ac, acet-
onitrile and cotton (0.7 wt%). The resulting catalyst ‘ink’ was welded
onto the surface of untreated linen yarn using a custom-built, proprie-
tary yarn-coating system, first reported in a previous study [48], but
modified with a syringe pump and control systems that enable control
over catalyst loading. After yarns were coated with different amounts of
catalyst, the IL was removed with water, and each sample was dried
under Nj at 60 °C. By this method, fiber-welded catalyst yarns were
prepared with different catalyst mass loadings. One 15m sample
(containing ca. 0.2 mg of Pd-In catalyst metals per meter of yarn) was
labeled ‘NFW_Pd-In Low’. A second 15 m sample (containing ca. 0.4 mg
of Pd-In catalyst metals per meter of yarn) was labeled ‘NFW_Pd-In
Med’. A final 79 m sample (containing 1.4 mg of Pd-In catalyst metals
per meter of yarn) was divided into five 15 m sections (each labeled
‘NFW_Pd-In High’) for evaluation in five different water matrices.

2.2. Materials characterization

Full details of the materials characterization methods are provided
in the Supplementary Material. Inductively coupled plasma-mass
spectrometry (ICP-MS) (Agilent 7500) evaluated mass loadings of Pd
and In; XPS (PHI 5600) identified the oxidation states of Pd, In, and C
and surface concentrations of Pd, In, C, and O; attenuated total reflec-
tion-Fourier transform infrared spectroscopy (ATR-FTIR) (Nicolet iS10)
probed the functional groups in the linen supports; scanning electron
microscopy/energy dispersive X-ray spectroscopy (SEM/EDS) (TESCAN
MIRA3, TEAM Octane SSD) examined the catalyst morphology, catalyst
composition, and distribution of metals throughout the support and
fiber-welded catalysts; and transmission electron microscopy (TEM)
(Philips CM300 FEG) evaluated the metal nanoparticle morphology,
composition, and crystal structure.

2.3. Powder catalyst nitrate reduction tests

To investigate catalyst performance towards contaminant removal,
powdered catalysts were dispersed in ultrapure water with continuous
H, and CO, bubbling. Prior to each test, the system was pre-sparged
with H, for 30 min to activate metals that may have oxidized during
storage in air [49]. During reduction tests, a H, flow of 150 mL min~?!
supplied sufficient reductant, and solutions were stirred at 500 rpm to
eliminate mass transfer limitations [49]. An evaluation of mass transfer
rates (see the Supplementary Material) indicated both aqueous/solid
and intraparticle mass transfer did not influence the measured re-
activities [40]. A CO, flow of 70 mL min~! maintained pH at ca. 4.5
during the reaction. During the reduction tests, nitrate concentrations
were determined at regular time intervals by ion chromatography
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(Dionex ICS-1100).
2.4. Powder catalyst stability tests

A series of experiments were performed to evaluate catalyst stability
during storage in dry air. The catalyst with the highest In loading
(L_5Pd2.6In) was selected to facilitate instrumental analysis. After
synthesis, the catalyst was immediately divided into equal amounts and
stored in a desiccator to control the air environment and ensure relative
humidity below ca. 1%. At three intervals (day 0, 30, and 60), two
samples were removed from the desiccator. One was immediately
analyzed via XPS to investigate the degree the metals had oxidized
during storage; the other was simultaneously evaluated for nitrate re-
duction kinetics. Following XPS analysis, the sample remained in the
ultrahigh vacuum (UHV) chamber and was subjected to low energy
argon ion (1 kV) sputtering at time intervals up to 180 min. In this
manner, the degree of oxidation was determined for each ‘aged’ cata-
lyst. A final nitrate reduction test was performed on a sample ‘aged’ in
this way for 9 months.

2.5. NFW engineering of a catalyst reactor

Teflon jigs were manufactured with a CO, Hobby Laser (Full
Spectrum) to hold 15 m samples of catalyst yarns during nitrate re-
duction tests. The chemical nature and the geometry of the jigs allowed
each reactor assembly (i.e., fiber-welded catalyst yarn loaded onto the
Teflon jig) to fit in the tube furnace and withstand the low temperature
H, regeneration at 105 °C. Each 15 m section of fiber-welded Pd-In
catalyst yarn was integrated onto a Teflon scaffold. A gas distribution
system consisting of a manifold and four fused-silica diffusers was as-
sembled, such that each diffuser fit into a quadrant of the Teflon jig.
Upon integration, this distribution system mixed and evenly distributed
H, and CO; to the catalyst yarns. Photographs of the reactor compo-
nents are provided in the Supplementary Material (see Fig. S5).

2.6. Fiber-welded catalyst yarn nitrate reduction tests

The assembled reactors were fully submerged and tested in the
following waters: (i) ultrapure water (18.2 MQ-cm at 25 °C), (ii) fin-
ished drinking water from Frederick P. Griffith Jr. Water Treatment
Plant (‘GWP-Finished’) using source water from the Occoquan
Reservoir, VA, (iii) raw water from the Occoquan Reservoir, VA (‘GWP-
Raw’), (iv) finished water from Broad Run Water Reclamation Facility
(‘BRWRF-Finished’), and (v) effluent from BRWRF after membrane
bioreactor (MBR) treatment (‘BRWRF-Post MBR’). Water and waste-
water treatment processes of GWP and BRWRF, and typical water
quality parameters for each matrix, are reported in a previous study
[50]. Before each series of water tests, the catalysts were regenerated by
heat treatment under N, and H, at 105 °C (2 h in each gas). Test so-
lutions were spiked with 0.1 mM nitrate, and nitrate concentrations
were measured at regular intervals by ion chromatography (Dionex ICS-
1100). Ammonia selectivity was determined by the Hach TNT 830
method via UV-vis spectrometry. Further experimental details are
provided in the Supplementary Material.

3. Results
3.1. Structure and composition of lignocellulose-supported Pd-In catalysts

The linen-supported Pd-In catalyst powders were prepared by IW
and a low-temperature hydrogen reduction method, as reported in our
previous study [40]. SEM and EDS were used to evaluate the mor-
phology and elemental distribution across the fiber matrix (Fig. 1). The
SEM image (Fig. 1a) depicts a micron-sized catalyst fiber (L_5Pd1.2In)
after it was milled into powder and loaded with nanoparticles con-
taining Pd and In. The fiber morphology and diameter (ca. 10 m) are
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Fig. 1. Scanning electron microscopy (SEM) of a

Pd

(b) lignocellulose-supported Pd-In catalyst powder
(L_5Pd1.2In). (a) An SEM image of the catalyst fibers
(10kV); (b) Energy dispersive X-ray spectroscopy
(EDS) of a 16 mm? area of the catalyst fibers (20 kV);
EDS elemental maps of the SEM image shows dis-
tribution of (c) Pd and (d) In on the catalyst fibers.
Catalyst label code is: ‘Substrate_wt%Pdwt%In’, with
“L” representing linen powder. The theoretical mass

loadings of metals, represented by weight percen-

Pd

In

Intensity (A. U.)

M

tage, are reported in the code. In the EDS spectrum,
intensity is presented in arbitrary units (A.U.).

3

2

similar to what was observed in the previous work [40]. EDS of a large
(16 mm?) region of the L_5Pd1.2In powder (Fig. 1b) determined that
the fibers contained primarily C, O, Pd, and In, with an In/(In + Pd) of
ca. 20 wt%. Elemental mapping of the fibers (Fig. 1c and d) clearly
show that Pd and In were uniformly dispersed across the fiber matrix.

Bulk and surface elemental analyses for all powder catalysts was
accomplished using ICP-MS, XPS, and EDS; these data are provided in
the Supplementary Material (Fig. S1 and Table S1). The ICP-MS data
are reported as weight percentage (wt%) of total catalyst, and com-
pared with theoretical metal loadings determined from the mass of ions
used in IW. Both XPS and EDS data are reported as atomic percentage
(at%).

ICP-MS of nitric acid digested Pd-In catalyst powders revealed a
close relationship between measured metal loading data and theoretical
values, verifying that IW effectively loaded the correct composition of
Pd and In onto the support. XPS measured the amount of Pd and In at
the support surface (< ca. 10 nm); EDS semi-quantitatively assessed
elemental composition at greater depths within the fiber matrix (ca.
750 nm to 9.5 m, as determined by a Monte Carlo simulation [40,51])
by methods reported previously [40] and described in the Supple-
mentary Material.

The XPS data on each Pd-In catalyst showed that Pd concentrations
were 4-5 times higher than theoretical loadings, indicating that Pd
preferentially deposited at the fiber surface, as was observed in our
previous study of linen-supported Pd-based catalysts (Fig. Sla) [40].
The EDS data on each Pd-In catalyst showed that Pd compositions de-
creased exponentially (R? = 0.88-0.92) throughout the EDS-measured
depths of the fiber (Fig. S1b). For each catalyst, the In concentrations
were lower at the topmost surface layers (< ca. 10 nm, as measured by
XPS), than in the near-surface regions measured by EDS, and like Pd, In
concentrations also decreased exponentially (R? = 0.90-0.94) as ac-
celeration voltage probed greater fiber depths (Fig. S1c). Combined,
these XPS and EDS data show that, aside from having a Pd-rich surface,
the In/(In + Pd) composition throughout the lignocellulose fibers was
uniform (Fig. S1d). This was in contrast to linen-supported Pd-Cu cat-
alysts [40], where different spatial distributions of Pd and Cu through

3

293

Energy (keV)

the fiber matrix resulted in a wide variation (30-40% difference) in Cu/
(Cu + Pd) metal composition between the near-surface and bulk of the
fibers [40].

3.2. Chemical characterization of metal nanoparticles

XPS was also used to characterize the catalyst bonding environment
and oxidation state in the lignocellulose fibers. Fig. 2 shows the C(1s),
Pd(3d), and In(3d) regions for representative Pd-In catalysts with a
fixed Pd loading (5 wt%, theoretical) and various In loadings (0.9-
2.1 wt%, theoretical). Irrespective of In loading, there was a Pd(3ds,5/
3ds3,,) doublet in the Pd(3d) region consistent with the presence of a
single species; the Pd(3ds,») binding energy was located at 335.2 eV
(£ 0.1 eV), indicative of metallic Pd [52]. A slight shoulder, visible on
the higher binding energy side of each Pd(3d) peak, may be attributed
to some unreduced Pd*>* adsorbed on the surface.

Analysis of the In(3d) region indicated two peaks consistent with an
In(3d3,>/3ds,2) doublet, whose In 3ds,, peak position suggests the
presence of both In(0) (443.4 = 0.1 eV) and In(IlI) (445.3 = 0.1 eV)
[52]. XPS depth profiling using high energy (4 kV) argon ions (data not
shown) revealed that the catalysts were in fact zero valent indium with
a thin layer of In(IlI), most likely In,O3;. XPS analysis of a control
sample containing only In (L_1.2In, not shown) only showed peaks
corresponding to In(IIl), confirming that Pd was required along with H,
to effectively reduce the In>" ions to the zero valent state.

Two primary carbon species were observed in the C(1s) region for
every catalyst. The lower C(1s) binding energy region (284.5 eV) was
attributed to alkyl carbon (i.e. —C-C- or —C-H), and the higher binding
energy region (> 286 eV) belonged to higher oxidation state carbon
singly bonded to oxygen (i.e. the C-OH and — C-O-C), both expected for
lignocellulose supports [53]. Upon metal deposition, no significant
shifts or new peaks were observed in the C(1s) envelope, indicating no
chemical bonding interactions between the support and the metals.
Infrared spectroscopy of the catalysts (provided in Fig. S2) also revealed
no changes in spectra between untreated and treated fibers, confirming
that the deposited Pd-In nanoparticles did not form chemical bonds



D.P. Durkin et al.

C(s) Pd(3d) In(3d)
I In“{/\
Npe— A M N
u\‘-
L_5Pd1.6In —/.L M N
/L i
L_5Pd1.2In M N \h
L_5Pd0.9In ‘/L —/\/L .,N
290 285 280 345 340 335 454 448 442
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with the polar oxygen-containing functional groups in the lig-
nocellulose [40].

3.3. TEM characterization of the lignocellulose-supported Pd-In catalyst

The most reactive bimetal catalyst (L_5Pd1.2In) for nitrate reduc-
tion was analyzed with TEM to assess metal nanoparticle size, dis-
tribution, and structure (Fig. 3). One L_1.2In sample was also analyzed;
however, the In-only sample did not form crystalline, zero valent In and
only produced an amorphous selected area electron diffraction (SAED)
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Fig. 2. X-ray photoelectron spectroscopy (XPS) of representative lig-
nocellulose-supported Pd-In catalyst powders. Catalyst label code is:
‘Substrate_wt%Pdwt%In’, with “L” representing linen powder. The theo-
retical mass loadings of metals, represented by weight percentage, are
reported in the code.

L _5Pd2.1In

L_5Pd1.6In

L_5Pd1.2In

L_5Pd0.9In

profile dominated by the lignocellulose substrate.

Low resolution TEM imaging (Fig. 3a) showed that the L_5Pd1.2In
catalyst contained densely packed nanoparticles throughout the fibers.
High-resolution TEM (HRTEM) images at the fiber edges (Fig. 3b) re-
vealed near-spherical nanoparticles with sizes around 5-10 nm. All
nanoparticles clearly showed lattice fringes, with little indication of the
presence of amorphous material. The SAED pattern from an area ca.
5 um in diameter acquired from the fiber edges of the catalyst is pre-
sented in Fig. 3c. The SAED profiles showed that each measured re-
flection (labeled A-E in Fig. 3c) was shifted to a lower 1/d value than

(b)

Fig. 3. Transmission electron microscopy (TEM) of a
lignocellulose-supported Pd-In catalyst powder
(L_5Pd1.2In). (a) A low resolution TEM image of the
catalyst revealing densely packed Pd-In nano-
particles; (b) A high resolution TEM (HRTEM) image
of the edge of the L_5Pd1.2In fibers; (c) A radially
averaged selected area electron diffraction (SAED)
profile of the nanoparticles indicates the presence of
a Pd-In alloy; (d) The observed centroid peak posi-
tions for L_5Pd1.2In are compared to calculated re-
flections for Pd and PdsIn as referenced in the
Inorganic Crystal Structures Database (ICSD), with
associated Miller Indices reported in parentheses.
Catalyst label code is: ‘Substrate_wt%Pdwt%In’, with
“L” representing linen powder. The theoretical mass
loadings of metals, represented by weight percen-
tage, are reported in the code. In the SAED profile,
intensity is presented in arbitrary units (A.U.).

04 06 08 1.0
1/d (&)

4 pd Metal] (€) d
In Metal Sample: L_5Pd1.2In *Pd;In Alloy **Pd
~ Pd,In Metal Peak | 1/d(A") 1/d(AY) @Ik 1/d (A" mlk)
D. A 0.43 0436 (112) | 0.448 (111)
$ B 0.49 0.487 (020) | 0.517 (002)
_g’ Ie 0.70 0.689 (220) | 0.731 (022)
& i 0.723 (024) n/a
g D 0.82 0.816 (132) | 0.857 (113)
- E 1.10 1.091 (240) | 1.127 (133)
EE 1.113 (136) n/a
* Pd3In calculated values from Inorganic Crystal Structures
Database (ICSD) Code 420250. **Pd calculated values from

ICSD Code 64922. *** Unresolved
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Measured In/(In+Pd) (%)

Fig. 4. Nitrate reduction rate constants of lignocellulose-supported Pd-In catalyst pow-
ders. The x-axis shows the catalysts measured In/(In + Pd) percentages as determined by
ICP-MS (wt%). Pseudo-first-order rate constants are normalized to gpq Lrxnsoin ~* (i-€., Pd
mass per volume of reaction solution) as determined by ICP-MS. Catalyst label code is:
‘Substrate_ wt%Pdwt%In’, with “L” representing linen powder. The theoretical mass
loadings of metals, represented by weight percentage, are reported in the code.

what would be expected for Pd metal, and toward SAED patterns in-
dicative of Pd-In alloys. Fig. 3d compares the observed reflections for
L_5Pd1.2In to the calculated reflections for pure Pd [54] and for the
PdsIn alloy [55].

These peak shifts are consistent with the phase being alloy, such as
Pd;In reported in the Inorganic Crystals Structures Database (ICSD),
and are in agreement with previous studies showing that Pd and In
readily form alloys [24,56,57]. However, the SAED patterns were not
precise enough to determine the nanoparticles exact structure/compo-
sition.

EDS of the nanoparticles in the HRTEM image showed that both Pd
and In were present (Fig. S3). The ratio of Pd to In measured in different
nanoparticle regions appeared more uniform than what was observed in
the Pd-Cu catalysts from our previous study, consistent with the XPS
and EDS data that show Pd-In composition throughout the fibers was
uniform.

3.4. Nitrate reduction of the Pd-In powder catalysts

Each Pd-In catalyst was assessed through nitrate reduction tests
(Fig. 4) to determine the impact of In composition on catalytic
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performance. The Pd-In catalysts were prepared with a theoretical Pd
loading of 5 wt%, and varied theoretical In loadings from 0.3-2.6 wt%.
Nitrate reduction rate constants were normalized to total mass of Pd
metal (determined by ICP-MS) in the reaction solution (i.e, gpq L™,
and plotted as a function of each catalysts measured In/(In + Pd)
percentage (wt%).

As In/(In + Pd) increased from 5 to 20%, nitrate reduction rate
constants increased by an order of magnitude, from 3.0( + 0.2) to
29.1( = 1.9) L h™! gpq~*. However, at higher In loadings, the nitrate
reduction rate constants decreased steadily until reaching 8.2( + 0.9) L
h™! gps " 'when the In/(In + Pd) percentage was 35%. Higher In
loadings were not investigated. The most reactive L Pd-In catalyst
(L_5Pd1.2In, k = 29.1( = 1.9) Lh ™! gpq ') was 10 times more reactive
than the most reactive L_Pd-Cu catalyst from a previous study tested
under the same reaction conditions (L_5Pd3.3Cu, k = 3.0( £ 0.5) L
h™! gpdil)-

The Supplementary Material contains a performance comparison
between our most reactive catalyst (L_5Pd1.2In) and Pd-In catalysts on
other conventional supports (i.e., activated carbon, titanium dioxide,
alumina, silica, and styrene divinylbenzene (Sty-DVB) resin) (see Table
S2). Each Pd-In catalyst considered for this comparison was evaluated
for nitrate reduction in batch reactors. Differences in reported results
are expected due to the varied nature of each support and widely varied
testing conditions (e.g., initial concentration of contaminant, catalyst
loading, pH) used in each study.

3.5. Catalyst stability during storage in dry air

Nitrate reduction tests and XPS depth profiling were used to explore
the stability of L_5Pd2.6In during nine months of storage in dry air; the
results of this study are presented in Fig. 5. While no changes were seen
in the C(1s) and Pd(3d) XPS spectra for each catalyst (data not shown),
the amount of In(III), that represents In,03, increased slightly from 37
to 56 at% (with respect to total In) from day 0-60 (Fig. 5a). Depth
profiling of the samples ‘aged’ from day 0-60 consistently removed this
thin oxide layer within 30 min of sputtering argon ions (Fig. 5b presents
the XPS spectra after sputtering the 60-day old catalyst). In each
sputtering experiment, as sputtering depth increased, the catalyst In/
(In + Pd) concentration increased, ultimately approaching the EDS-
measured metal ratios for an L_5Pd2.6In catalyst. This observation
supports the conclusion reached by XPS and EDS that although the fiber
surfaces were Pd-rich, just beneath the surface and into the bulk the Pd-
In composition was more uniform.

Fig. 5. Stability and reactivity of a lignocellulose-supported Pd-In catalyst
(b) powder (L_5Pd2.6In) stored in dry air. (a) X-ray photoelectron spectro-
scopy (XPS) of the catalyst, with catalyst age and corresponding nitrate
reduction reactivity provided in the legend; (b) XPS of the 60-day old
catalyst after argon ion sputtering (1 kV). Catalyst label code is:

180 ‘Substrate_wt%Pdwt%In’, with “L” representing linen powder. The theo-
retical mass loadings of metals, represented by weight percentage, are
reported in the code. Pseudo-first-order rate constants are normalized to

60 2pd Lixnsoln ~— (i-€., Pd mass per volume of reaction solution) as determined
by ICP-MS.
Sputter
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Corresponding nitrate reduction tests of each aged sample (see
Fig. 5a) revealed that the lignocellulose-supported Pd-In catalyst did
not lose reactivity during extended storage in dry air. Between day O
and 30, no significant change in reactivity was observed. After 60-days
of storage, the catalysts observed rate constant was slightly higher,
although within the same order of magnitude expected for its compo-
sition. After being stored for 9 months, a final nitrate reduction test
revealed that the L _5Pd2.6In catalyst was still just as reactive
(k =10.3(+x09)L h! gpdil); because the reactivity did not sig-
nificant change during 9 months of aging, further XPS analysis was not
pursued. This lack of change in reactivity due to aging is consistent with
the small changes seen by XPS for aged vs. as-prepared catalysts.

3.6. Scalable method to prepare catalyst yarns through natural fiber
welding

Our previous work demonstrated NFW’s potential to fabricate free-
standing structures from lignocellulose-supported catalysts as a proof of
concept [40]. In the current study, we present a new NFW method that
can control catalyst loading onto a natural fiber substrate (linen yarn)
through a simple, scalable process. Our goal was to design a welded-
catalyst system to effectively reduce nitrate from complex water ma-
trices that would be encountered in water and wastewater treatment
environments.

Fig. 6 shows the general process used to fabricate and test the fiber-
welded catalyst yarns, with a more complete description provided in
the Supplementary Material. First, an IL-based ‘ink’ was prepared
containing L_5Pd1.2In, the most reactive Pd-In powder catalyst. This
‘ink’ was delivered to the surface of untreated linen yarn at a desired
rate, controlled by a syringe pump and/or the speed of the motor
pulling the yarn. By using natural fiber welding (NFW), as much as
79 m of fiber-welded catalyst yarns were easily produced for a single
experiment. While the powder catalysts for this work were developed
with IW at the bench-scale, recent studies have presented IW as a
scalable method to produce supported-nanoparticles. Zhang, et al. de-
monstrated scalable IW of Pt-based bimetal nanoparticles on carbon,
alumina, silica, cesium oxide, and titanium oxide [58]. Kitamura, et al.
studied a scalable method using sonication to support Pd nanoparticles
on silk-fibroin [59]. Thus, in the current NFW application of welding
catalyst to yarn, total process scalability will only be limited by the
amount of catalyst and yarn available for the welding procedure; other
reagents or solvents (e.g., EMI-Ac, acetonitrile) can be recycled.

SEM of each fiber-welded catalyst yarn (not shown) revealed how
the NFW process delivered a thicker coating of to the linen yarn surface.
ICP-MS was used to quantify the amount of metals actually welded onto
each yarn (Table 1). Theoretical catalyst mass loadings on each fiber-
welded yarn were approximated by the dry mass difference between
treated/untreated samples and the theoretical IW loadings of the
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L_5Pd1.2In powder. The measured bulk loadings in Table 1 represent an
average of 5 yarn samples tested. The ICP-MS data revealed that some
Pd and In was lost during the NFW reconstitution step, when water was
used to remove IL from the yarn and stop the welding process. While
some loss during reconstitution was not surprising, the data indicate
that more In was lost than Pd in the rinse water, such that the final In/
(In + Pd) composition (wt%) on the welded catalyst yarns was low (ca.
11-13%) compared to theoretical value of L 5Pd1.2In (20%). EDS
measurements (not shown) of several regions of these coatings further
confirmed an In/(In + Pd) composition (wt%) in the yarn coatings
which varied between 9 and 14%. Aside from this metal loss, elemental
mapping of the catalyst coating on ‘NFW_Pd-In High’ shows that the
NFW process evenly distributed both Pd and In onto the yarn surface,
while also welding the core of the yarn scaffold (Fig. S4), delivering a
robust material that was easily integrated into a catalyst reactor (see
Fig. 6 and Fig. S5) for nitrate reduction tests.

3.7. Nitrate reduction with fiber-Welded Pd-In catalysts

After being loaded onto the Teflon jig and integrated with the gas
distribution system, each fiber-welded Pd-In catalyst was evaluated for
nitrate reduction before and after low temperature H, regeneration at
105 °C in the tube furnace (Fig. 7). The regeneration process improved
catalyst reactivity by ca. 31-58% after regeneration (compare tests (a)
and (b) for each catalyst reported in Fig. 7). The reactivity of each re-
generated fiber-welded catalyst system, normalized to catalyst loading
(mass of Pd, as measured by ICP-MS) in the reaction solution were very
similar to each other (within error). However, the nitrate reduction rate
constants for the highest performing fiber-welded Pd-In catalyst was
still ca. 3-4 times lower than the constituent powder catalyst of
L_5Pd1.2In shown in Fig. 4. This reduction in performance was most
likely due to the lower In/(In + Pd) (wt%) composition on the welded-
yarns, due to preferential loss of In in the preparation which would
decrease the In/Pd ratio and hence the reactivity of the alloy. Although
gas-liquid mass transfer of H, may have decreased the fiber-welded
catalyst performance, our control experiments showed how using the
diffusers to increase catalyst exposure to H, improved the observed rate
constant by more than 25%. While mass transfer limitations may also
have been introduced by immobilizing the catalyst onto the support;
the fact that the fiber-welded catalyst were only 3—4 times less reactive
indicates this impact was minimal.

Next, five individual reactors each containing 15 m sections of yarn
with the highest catalyst loading (‘NFW_Pd-In High’) were tested in
increasingly complex water matrices. Each assembled reactor was im-
mersed in a different water matrix, and the catalysts stability and ef-
fectiveness to reduce nitrate were evaluated. Fig. 8 shows these test
results, normalized to catalyst loading (mass of Pd) in the reaction so-
lution. ICP-MS of a test solution for dissolved Pd and In revealed that

Linen Yarn

Catalyst Welded

et onto a Linen Yarn

Catalyst
‘Ink’

Reconstitution
Bath

Nitrate Reduction with a
Fiber-Welded Pd-In Catalyst

Fig. 6. Fabrication of a fiber-welded Pd-In catalyst yarn and its application
for nitrate reduction.
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Table 1
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Inductively coupled plasma-mass spectrometry (ICP-MS) of fiber-welded Pd-In catalyst yarns, with comparison to theoretical loadings. *

Sample ID Bulk Loading Theoretical Loading Bulk Loading Theoretical Loading Bulk Loading Theoretical Loading
(ICP-MS) aw) (ICP-MS) aw) (ICP-MS) aw)
Pd (wt%) In (Wt%) In/(In + Pd) (wt%)
NFW_Pd-In High 1.2 (0.2) 1.7 0.19 (0.1) 0.44 13.1 (2.9) 20.0
NFW_Pd-In Med 0.4 (0.02) 0.7 0.05 (0.01) 0.19 11 1.7) 20.0
NFW_Pd-In Low 0.2 (0.1) 0.3 0.03 (0.01) 0.08 11.6 (2.2) 20.0
L_5Pd1.2In (used for NFW) 5.1 4.9 1.2 1.2 19.0 20.0
Reconstituted L_5Pd1.2In (IL-treated 4.7 4.4 0.6 1.1 11.2 20.0
and water rinsed)
Pd (ppm) In (ppm) In/(In + Pd) (wt%)
Water used to rinse L_5Pd1.2In 3.2 - 1.2 - 28.3 -

2 Bulk loading data are an average of 5 ICP-MS measurements, with standard deviation reported in parentheses. Theoretical loadings of Pd and In on the fiber-welded catalysts were
estimated from IW theoretical values of the catalyst powder and the mass of the catalyst powder loaded on the yarns. Catalyst label code is: ‘Substrate_wt%Pdwt%In’, with ‘L’ representing
linen powder. The theoretical mass loadings of metals on the powder, represented by weight percentage, are reported in the code. Fiber-welded catalyst yarns are labeled ‘NFW_Pd-In

Low/Med/High’ and correlate with an increased catalyst metal loading.
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Fig. 7. Nitrate reduction performance for fiber welded Pd-In catalyst yarns (‘NFW_Pd-In
Low/Med/High’) (a) before catalyst regeneration and (b) after catalyst regeneration in
the tube furnace under H, gas at 105 °C. Pseudo-first-order rate constants are normalized
0 gpd Lixnsomn * (i.€., Pd mass per volume of reaction solution) as determined by ICP-MS.
Data for each 6 h nitrate reduction test are reported with error to 95% confidence in-
tervals. Catalyst label code is: ‘Substrate_wt%Pdwt%In’, with “L” representing linen
powder. The theoretical mass loadings of metals, represented by weight percentage, are
reported in the code. “NFW_Pd-In Low/Med/High’ correspond to loadings of 0.2/0.4/
1.4 mg of Pd-In catalyst metals per meter of yarn.
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Fig. 8. Nitrate reduction performance of fiber-welded Pd-In catalyst yarn (‘NFW_Pd-In
High’) in ultrapure water, as well as water matrices from the Frederick P. Griffith Jr.
Water Treatment Plant (GWP) (using source water from the Occoquan Reservoir, VA) and
the Broad Run Water Reclamation Facility (BRWRF). Pseudo-first-order rate constants are
normalized t0 gpg Lrxnson ~* (i.€., Pd mass per volume of reaction solution) as determined
by ICP-MS. Data for each 6 h nitrate reduction test are reported with error to 95% con-
fidence intervals. Each fiber-welded catalyst yarn contained 1.4 mg of Pd-In catalyst
metals per meter of yarn.

negligible metals (< 0.001 wt% Pd and 0.01 wt% In, compared to the
measured metals loaded on the yarn) leached into the reaction solution
after more than 40 h of testing.

These results demonstrated the viability of using robust, stable and
reactive lignocellulose-supported Pd-In catalyst systems to treat com-
plex waters. However, differences were observed in measured rate
constants for the ‘NFW_Pd-In High’ reactors tested in each water matrix
(for example, compare ‘test 3 in ultrapure water’ to ‘test 3 in GWP-Raw’
shown in Fig. 8). Each fiber-welded Pd-In catalyst in the real water
matrices appeared to exhibit slightly lower reactivity than the one
tested in ultrapure water. A control experiment (described in the Sup-
plementary Material) determined that higher background nitrate con-
centrations present in the GWP and BRWRF waters (see Table S3) were
largely responsible for these lower observed rate constants. By ac-
counting for these differences in initial nitrate concentrations, and
comparing each catalyst’s initial reaction rates instead of rate constants,
it becomes more apparent that the fiber-welded catalyst’s performance
in ultrapure water, GWP-Raw, GWP-Finished, or BRWRF-Finished were
quite similar (within error) (Fig. S6). The only catalyst that exhibited a
slight reduction in initial reaction rate was the one tested in BRWRF-
Post MBR; we believe that the presence of other constituents in BRWRF-
Post MBR (i.e., alkalinity or organic matter) was the reason for this
slight reduction in catalyst performance.

In each water matrix, the ‘NFW_Pd-In High’ catalyst reactivity in-
creased slightly (14-40%) as the number of tests increased (see Fig. 8).
We believe this effect was due to the catalysts prolonged exposure to
the reducing environment at room temperature, (i.e, when the fiber-
welded catalysts were exposed to water/H,/CO, for ca. 18 h between
tests 1-3). To test this hypothesis, a final experiment was performed.
First, the ‘NFW_Pd-In High’ reactor (previously evaluated in ultrapure
water) received a low temperature H, regeneration at 105 °C, and was
conditioned in ultrapure water/H,/CO, for 24 h prior to spiking nitrate
and conducting any nitrate reduction tests. After this initial activation,
the catalyst endured a single nitrate reduction test daily for 5 con-
secutive days. Between tests, the entire reactor assembly was stored in
the water/H,/CO, solution. Fig. 9 shows that, after the initial 24 h
activation, a 43% improvement in reactivity was achieved in the first
test, and the catalyst remained stable and highly reactive through
5 days (144 h) of testing. When the same experiment was conducted in
GWP-Raw (using the ‘NFW_Pd-In High’ catalyst reactor previously
evaluated in GWP-Raw), the initial 24 h activation improved the cata-
lyst reactivity more than 60%. Differences in nitrate reduction rate
constants between the ‘NFW_Pd-In High’ catalysts in each water matrix
were due to higher initial nitrate concentration and natural organic
matter in the GWP-Raw water.
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4. Discussion
4.1. Lignocellulose supported Pd-In nanoparticle catalysts

In our previous study, we demonstrated how lignocellulose fibers
from linen and bamboo yarns could be used as sustainable supports to
grow small (5-10 nm) Pd and Pd-Cu nanoparticles while maintaining
the integrity of the natural fiber support [40]. That study revealed that
the nanoparticles were not chemically bonded to the support and that
the catalyst fibers could be post-processed through NFW without ne-
gatively impacting catalyst performance. In the present study, we used
the same IW method and low temperature thermal treatment in N, and
H, to prepare a series of Pd-In nanoparticle catalysts on linen fibers.
Material characterization of the linen powder supported catalysts was
largely in agreement with results from our previous study, principally
(i) Pd-In nanoparticle catalysts were not chemically bonded to the
supports, (ii) Pd preferentially reduced at the fiber surface, (iii) Pd-In
nanoparticles were small (ca. 5-10 nm) metallic and crystalline, with
Pd-In alloys at the fiber edges, and (iv) the integrity of the support was
maintained throughout the metal deposition process, allowing it to be
post-processed via NFW.

Despite the marked similarities, we uncovered three distinct dif-
ferences between Pd-Cu and Pd-In nanoparticles on lignocellulose fi-
bers. Compared to Pd-Cu, the Pd-In catalyst had a more uniform com-
position, was up to 10 times more reactive when tested under the same
reaction conditions, and exhibited extremely high stability during sto-
rage in air. The following discussion suggests how these three ob-
servations are inter-related.

The EDS analysis of each catalyst revealed the Pd-In metals were
more uniformly distributed throughout the lignocellulose fibers as
compared to the Pd-Cu system (see Fig. S1). This observation was
supported by data acquired from TEM and XPS depth profiling of the
Pd-In powder catalysts. We conclude that a more uniform Pd-In dis-
tribution on lignocellulose enhanced the catalytic activity, allowing
more nitrate ions to interact with and be reduced by catalyst of the
optimal composition. Many reports, including the present study, have
shown how a catalyst’s performance is influenced by promotor/noble
metal composition on various supports [19,24,27,56,60-62]. It is pos-
sible that the observed Pd-In uniformity was a result of Pd-In alloy
formation, which was detected in the TEM analysis of the L_5Pd1.2In
catalyst (see Fig. 3). Previous studies have established that Pd and In
will easily form alloys under reducing environments at or slightly above
room temperatures [24,25,57,60]. In the synthesis of Pd-In on lig-
nocellulose, the metals’ exposure to H, at 120 °C likely allowed Pd-In to
mix together as each reduced to their zero-valent state (as measured by
XPS) and formed the air-stable alloy.

A thin oxide layer on the In metal (observed in XPS and removed by
ion sputtering) also likely contributed to the catalysts high air-stability.
The Pd-In nanoparticles prepared in this study were crystalline
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Fig. 9. Nitrate reduction performance for fiber-
welded Pd-In catalyst yarn (‘NFW_Pd-In High’) be-
fore and after 24 h activation in ultrapure water with
H,/CO, bubbling. Following activation, testing oc-
curred over 5 consecutive days of in the (a) ultrapure
water matrix and in (b) raw water from the Frederick
P. Griffith Jr. Water Treatment Plant (GWP-Raw).
Each fiber-welded catalyst yarn was regenerated in
the tube furnace under H, gas (105 °C) prior to
evaluation. Between each day of testing, the catalyst
reactors were stored in ultrapure water with H/CO»
bubbling for 18 h. Pseudo-first-order rate constants
are normalized to gpq Lixnsoln * (i.e., Pd mass per
volume of reaction solution) as determined by ICP-
MS. Data for each 6 h nitrate reduction test are re-
ported with error to 95% confidence intervals. Each
fiber-welded catalyst yarn contained 1.4 mg of Pd-In
catalyst metals per meter of yarn.

(b)

With Activation

(determined by TEM), and contained primarily zero valent Pd and zero
valent In (determined by XPS). In the presence of O,, crystalline In
metal will quickly develop a thin, conductive oxide layer that can
protect it from further oxidation [63]. With the crystalline Pd-In na-
noparticles in our study, this In,O3 layer formed immediately upon
exposure to the atmosphere, and had limited growth (< 19% as de-
termined by XPS of aged samples) during 2 months of storage in the
desiccator (see Fig. 5). Any oxidation that did occur on the Pd-In na-
noparticles during storage could easily be remediated with the low
temperature thermal treatment in H, gas at 105 °C. We hypothesize this
thin oxide layer did not degrade catalyst reactivity because In,O3 thin
films are conductive [64,65], with reported resistivities in the range of
1 x 107 Qm [66]. Although this is not as conductive as Indium metal
(resistivity ca. 8 x 1078 Qm) [67], the thinly oxidized promotor metal
nanoparticles were still conductive enough to allow any electron
transfer and oxygen atom transfer processes to occur during nitrate
reduction. Using XPS in a previous study, Chaplin, et al. also detected a
surface layer of In,O3 on alumina-supported Pd-In catalysts, postulating
that underlying zero valent In (also detected with XPS) still played a
vital role for nitrate reduction despite the surface In,O5 layer [68].

4.2. Nitrate reduction reactivity and stability with Pd-In lignocellulose
powder catalysts

The lignocellulose-supported Pd-In catalysts exhibited an optimum
composition for enhanced reactivity towards the catalytic hydrogena-
tion of nitrate (see Fig. 4). Previous studies have reported optimal In/
(In + Pd) (wt%) for nitrate reduction on other supports, including silica
(20%) [56], alumina (17-29%) [19,24,56], activated carbon (20%)
[60], titanium dioxide (29%) [62], and sty-DVB resin (20%) [27]. Pd-In
composition has also been optimized on alumina for N-ni-
trosodimethylamine reduction (20%) [23]. Our results are comparable
to these previous studies, with the most reactive Pd-In catalyst having
an optimum In/(In + Pd) percentage of 20%. The existence of an op-
timum In loading indicates that In is an important promotor metal for
nitrate reduction, and that Pd-In interactions critically enhance the rate
of reaction as shown in previous studies [19,24,27,56,61]. These stu-
dies show sufficient In sites, in direct contact with or in close proximity
to Pd, are needed to promote catalytic nitrate reduction. However,
excessive amounts of In likely reduce the number of accessible Pd
surface sites, limiting the hydrogen dissociation required to regenerate
zero valent In for nitrate reduction and the reduction of other reaction
intermediates (e.g., NO, ™, N,O) on Pd.

When comparing L_5Pd1.2In to similar Pd-In catalysts loaded on
conventional supports, it is clear that our catalyst has comparable
performance for nitrate reduction (see Table S2). Many studies have
shown that reaction pH, reagent concentrations, and support char-
acteristics all impact the nitrate reduction rates of Pd-In catalysts
[11,19,25,27,60]. Prusse, et al. also showed how the availability of Pd
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active sites in Pd-based bimetal catalysts can also control selectivity of
nitrate reduction to either nitrogen gas or ammonia [19]. Krawczyk,
et al., showed how increased amounts of the Pd-In alloy, supported on
titanium dioxide, will drive the nitrate selectivity toward ammonia
[62]. In the present study, the lignocellulose-supported Pd-In catalysts
had relatively high selectivity toward ammonia (63-76% compared to
initial nitrate concentration) when reduction was complete and the
nitrate concentration was below the detection limit (Table S3). While
this result is undesirable for water purification, and may be in part to
the presence of Pd-In alloy nanoparticles, many studies have shown that
ammonia selectivity can also be governed by other parameters (i.e.,
initial nitrate concentrations, H, supply, pH, and water quality)
[24,28,49,69,70], which should be explored and optimized in future
studies.

4.3. Sustainable and scalable engineering of a lignocellulose-supported Pd-
In catalyst

Emergent water treatment catalysts are often first tested in batch
reactors [23-26,71], to optimize catalyst development and understand
the impact of water chemistry for catalytic performance, before they are
integrated into more advanced applications. Fine powder catalysts are
typically used for these batch reactions, while pelletized catalysts (e.g.,
supported on porous alumina or activated carbon) with a larger particle
size are used in flow-through reactors, such as catalyst-packed beds
[16,17,69,72], to treat contaminants in a continuous mode. However,
these powder and pelletized catalysts are difficult to recover, re-
generate, or reuse. Although our fiber-welded catalysts were evaluated
in a semi-batch reactor, in their present form they are also well-suited
for incorporation into continuous-flow reactors. Not only do lig-
nocellulose-supported Pd-In catalysts exhibit comparable reactivity, but
they are easily recovered for subsequent regeneration/reuse compared
to powders or pellets.

Typically, embedding reactive metals (e.g., Pd, and other pro-
moters) into the porous structure of conventional catalyst supports for
these continuous-mode applications slows mass transfer rates of re-
actants, significantly limiting their catalytic reactivity. For example,
when Pintar, et al. presented the first integrated ion-exchange/hydro-
genation catalyst hybrid, an alumina-supported Pd-Cu packed-bed re-
actor [33], they observed extremely low reactivity (compared to the
same catalyst powder tested in a batch reactor [21]). They attributed
their results to poor gas-liquid mass transfer of H,. Due to this mass
transfer limitation, Pintar, et al. concluded that only ca. 1-10% of the
catalyst was being exploited to reduce nitrate in the fixed-bed config-
uration. More recently, Bergquist, et al. observed 25 times lower re-
activity in their Pd-In catalyst on activated carbon, when tested in a
similar packed-bed reactor, as compared to the same powder tested in a
batch reactor [17], also attributing the loss to limitations of mass
transport of H, to the immobilized catalyst. In contrast, the reactivity of
our fiber-welded Pd-In catalyst reactor was only 3—4 times less reactive
than its constituent L, 5Pd1.2In powder.

It is plausible that the fiber-welded Pd-In catalyst retained more of
its catalytic reactivity (as compared to previous studies using conven-
tional supports [17,33]) due to the porous, hydrophilic nature of the
linen fibers. These physical characteristics may have lessened potential
impacts from reduced aqueous/solid mass transfer rates of nitrate to the
catalyst surface. Some of the observed loss in reactivity may still be due
to poor gas-liquid mass transport of H,, as was suggested by both
Pintar, et al [33] and Bergquist, et al. [17] The fact that the fiber-
welded catalysts performance improved 25% after gas diffusers were
integrated into the reactor supports this hypothesis, although the cur-
rent testing configuration makes a quantitative assessment of mass
transfer impacts challenging. We conclude that the primary reason the
fiber-welded catalyst were less reactive was due to metal loss that oc-
curred during NFW reconstitution, when IL was rinsed from the yarns to
quench the welding process. Regardless, the performance of the present
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system is significantly improved compared to previous continuous-
mode reactor designs.

Some physical loss of both metals during the NFW reconstitution
was expected, as the nanoparticles were not covalently bound to the
lignocellulose support. However, it is unclear chemically why more In
than Pd was lost when water was used to rinse out the IL. As a noble
metal, Pd should not be oxidized in water, and despite its lower stan-
dard redox potential, neither should In (In®*/In —0.338 V vs. NHE;
Pd?*/Pd 0.915V vs. NHE) [73]. Nor should Pd or In be impacted by
acetonitrile (the co-solvent in the NFW ‘ink’), a common solvent used
for sol-gel synthesis of metal nanoparticles such as In [74]. In metal is
known to be susceptible to oxidation in acidic media (i.e., the mineral
acids[75,76] as well as acetic acid [77]), but the imidazolium cation
has extremely low acidity and is not likely to oxidize either metal [78].
Any acidic character in EMI-Ac would come from the slight excess of
acetic acid used in the synthesis of EMI-Ac to mitigate IL decomposition
to carbene [79,80]. Because the acid content of EMI-Ac is typically very
low (less than 1 wt% as measured by titration in the present study)
[44], it is very unlikely the NFW ‘ink’ solution or rinsing agent were the
cause of this metal loss; however, we have insufficient data at this time
to rule out either possibility. We remain confident that this challenge
will be overcome with further optimization of the NFW process, and
that the full potential of fiber-welded Pd-In catalysts can be realized.
Once assembled, however, the fiber-welded Pd-In catalysts did not
leach metal (Pd or In) during prolonged exposure to the slightly acidic
(pH 4.5) environment of the nitrate reduction tests, a pH lower than
anything expected in the NFW ‘ink’, and their reactivity remained high
and stable during more than 180 h of evaluation over 4 months. This is
consistent with the sustained level of reactivity observed over time as
shown in Fig. 9.

The NFW process proved to be an effective way to deliver a con-
trolled amount of catalyst to the surface of the linen yarn support. By
changing the syringe pump rate during the welding process, different
amounts of L_5Pd1.2In were delivered to the yarn (Table 1), and nitrate
reduction tests of each system (Fig. 7) showed how catalyst loading
impacted nitrate reduction performance. The catalytic reactivity of
each NFW_Pd-In catalyst (i.e., Low, Med, and High) was very close,
indicating a similar degree of catalyst active sites were accessed with
each reactor and that mass transport was not significantly limiting
catalyst performance.

Although the catalysts observed rate constants were lower in the
complex waters, this was due to primarily to higher initial nitrate
concentrations (see the Supplementary Material). Lemaignen, et al.
reported a similar initial nitrate concentration effect during a study of
Pd-In catalysts supported on activated carbon [60]. To a lesser degree,
catalyst performance was slightly degraded by other constituents pre-
sent in the water, such as alkalinity and/or (natural) organic matter. In
a previous study, Chaplin, et al. demonstrated that these constituents
can inhibit Pd-based catalysts during nitrate reduction [81]. Interest-
ingly, during each testing sequence, our Pd-In catalysts performance
always increased from test 1 to test 3, indicating some benefit from
extended exposure to the reducing environment. We ascribe this effect
to the catalyst activation that occurred during continuous exposure to
the reducing environment in the test solution. Our final evaluation
(shown in Fig. 9) showed that this 24 h activation period in H, and CO»,
in the absence of nitrate, should be used to condition the fiber-welded
Pd-In catalysts for optimal performance.

4.4. Environmental implications

In combination, lignocellulose-supported Pd-based catalysts and the
NFW method are an environmentally friendly alternative to water
treatment solutions using conventional catalyst supports. The catalysts
are prepared through IW, which can be engineered in a scalable
manner. The remarkable stability of the lignocellulose-supported Pd-In
catalyst, combined with the negligible amount of metals that leached
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from the welded yarns, are a testament to the sustainable, robust nature
of the product NFW delivers. Not only can NFW strongly adhere the
catalyst fibers to the linen yarn support, but the process can be con-
trolled to deliver different catalyst loadings, and its scalability is only
determined by the amount of catalyst and yarn used during the welding
process. With the current methods and technology highlighted in this
study, for example, one mile of ‘NFW_Pd-In High’ could easily be pre-
pared in our lab today and would consume only ca. 9 g of Pd and 2.3 g
of In; this would be enough catalyst to assemble a portable, stand-alone
system with a 100-fold increase in capacity. Because our catalysts show
high reactivity and are not significantly mass-transport limited, they are
viable candidates for membrane reactors [82], trickle-beds [33], hybrid
flow-through systems [17], or alternative free-standing, portable fiber-
welded designs. However, mass transfer between the gas/liquid/solid
interfaces must continue to be critically evaluated in future applications
to realize the full potential of NFW catalyst systems for water treatment.
Additionally, fiber-welded catalysts are easy to separate from the test
solution, exchange for fresh catalyst, and regenerate for subsequent use.
While our study shows how a low temperature thermal treatment in H,
effectively regenerates Pd-In catalysts by reducing oxidized metals,
other chemical methods (i.e., treatment with hypochlorite, as shown by
Chaplin, et al.) [68] can also be applied to restore Pd-In catalyst per-
formance after it has been fouled, for example by reduced sulfur species
in complex waters.

It is clearly an advantage that lignocellulose-supported catalysts can
be post-processed via NFW, at scale and sustainably using en-
vironmentally friendly ILs (which can be recycled). To advance the
technology beyond this study, some NFW processing steps must be
further optimized (for example, determining how to remove IL with
little or no impact to catalyst metal composition). Regardless, NFW
offers a cost-effective, sustainable, eco-friendly alternative for en-
gineering catalysts in real-world water treatment. Beyond this appli-
cation, our study shows the promise that NFW holds as a platform for
introducing functional-cellulose systems into other technologies, for
example as photocatalysts, sustainable ion-exchange systems, energy
storage technologies, bioremediation, sensing, and multi-functional
reinforcement materials for synthetic polymers.

5. Conclusion

This report showed that lignocellulose-supported palladium-indium
(Pd-In) catalysts were 10 times more reactive and more air-stable than
Pd-Cu catalysts prepared in a similar method from our previous study.
The catalyst powders contained small (5-10 nm), near-spherical Pd-In
nanoparticles loaded on milled linen fibers, with Pd-In alloy and a
uniform Pd-In metal composition throughout the support. Through
Natural Fiber Welding (NFW), the lignocellulose-supported Pd-In pow-
ders were welded onto untreated linen yarn, using a custom-built yarn-
coating system and a scalable process that controlled catalyst loading
onto the support. The welded Pd-In catalyst yarns were integrated into
a novel water treatment system, and procedures were optimized to
maximize the reaction rate constants for nitrate reduction, including (i)
catalyst regeneration in low temperature thermal treatment in H, at
105 °C (leading to a 31-58% increase of reactivity), (ii) enhanced H,
distribution to catalyst via gas diffusers (leading to a 25% increase of
reactivity), and (iii) 24-h activation period exposing the catalyst to an
aqueous reducing environment (leading to a 43-60% increase of re-
activity). Through more than 180 h of evaluation during a four-month
period of nitrate reduction tests in ultrapure water, the fiber-welded Pd-
In catalyst reactor remained reactive and stable, showing no signs of
degradation and no detectable metal leaching. When tested in raw or
(partially) treated water and wastewater, the fiber-welded catalysts
were also reactive and robust, with minimal adverse impact due to
naturally occurring constituents in the complex water matrices. Our
study highlights a scalable approach through NFW to design water
treatment system components using green engineering methods and
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sustainable catalyst support materials. The evaluation of fiber-welded
catalyst reactors represents a significant advance towards designing a
commercially relevant system to meet the challenges of nitrate decon-
tamination in complex, real-world water matrices. Beyond water
treatment, the highlighted methods offer a sustainable platform for
using functional-cellulose systems in a wide-array of technologies, in-
cluding photocatalysis, energy storage, sensing, and bioremediation.
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