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Abstract of Dissertation

Design and Application of Sustainable Pd-based Catalysts for Nitrite and Nitrate
Reduction

Nitrate (NO3") is one of the most common contaminant around the world in both
surface water and groundwater. Its contamination has increased in recent years and is
mainly caused by the application of man-made fertilizers and feedlot runoff. The
consumption of high level nitrate containing drinking water can lead to a potentially fatal
disease called methemoglobinemia, or ‘blue baby syndrome’ in infants, and its
transformation product, nitrite (NO;"), may form carcinogenic N-nitroso compounds in

the human body.

Owing to its high efficiency and simple operation, Pd-based catalytic hydrogenation of
nitrate and nitrite has emerged as a promising chemical denitrification method to treat
nitrate and nitrite contaminated water. Pd-based catalysts immobilized on supports,
including activated carbon (AC), alumina (Al,O3), silica (SiO,), titanium dioxide (TiOy),
tin oxide (SnOy), and ceria (CeO,), have been developed and extensively explored,
because these supports can promote uniform distribution of metal nanoparticles with
well-controlled properties, and thus achieve decent catalytic activity and stability for
nitrate and nitrite hydrogenation. The primary goal of this study is to develop emerging
and sustainable supports for the immobilization of Pd-based catalysts to remove water
contaminants (i.e., nitrite and nitrate), characterize these supported catalysts, optimize

their catalytic performance (i.e., activity, selectivity, and longevity) towards contaminant



reduction, and understand the mechanism of catalyst degrading contaminants with

enhanced performance.

Given their superior properties such as large specific surface areas and high porosity
and stability in aqueous media, polymer nanofibers (NFs) are an appealing alternative to
other materials as a catalyst support. In this study, electrospun polyacrylonitrile NFs
(bulk PAN NFs, BPAN) were chosen as the catalyst support due to many advantages of
PAN NFs, including the low cost, simple synthesis, high strength, light density, and
processability. The obtained Pd catalysts (Pd/BPAN) were tested during the
hydrogenation of nitrite. In order to increase hydrophilicity of PAN NFs and thus the
dispersion of Pd nanoparticles (NPs), two methods were explored. One was to add strong
acid functionalized multi-walled carbon nanotubes (MWCNTS) into the PAN polymeric
solution (denoted as MPAN). The other method was to hydrolyze the electrospun PAN
NFs by treating with a sodium hydroxide (NaOH) ethanolic/aqueous solution, which
converted the nitrile functional groups on the surface of PAN NFs to imine conjugated
sequences (denoted as HPAN). Pd was subsequently anchored on MPAN and HPAN by
incipient wetness and sodium borohydride (NaBH,) reduction (denoted as Pd/MPAN,
and Pd/HPAN), both of which showed improved catalytic activity towards nitrite

reduction compared with Pd/BPAN.

Next, we synthesized carbon nanofiber (CNF) supported Pd catalysts via one-pot
electrospinning and explored their application for nitrite hydrogenation. CNFs were
chosen as the catalyst support because of their high surface areas, porosity, thermal

stability, and excellent mechanical and electrical properties. A mixture of Pd



acetylacetonate [Pd(acac),], PAN, and non-functionalized MWCNTSs was electrospun and
thermally treated to produce PA/CNF-MWCNT catalysts. We quantitatively analyzed Pd
exposure on electrospun Pd/CNF catalysts for catalyst optimization, and then applied
these catalysts for nitrite hydrogenation. The addition of MWCNTSs with a mass loading
of 1.0-2.5 wt% (to PAN) significantly improved nitrite reduction activity compared to the
catalyst without MWCNT addition. The results of CO chemisorption confirmed that the
addition of MWCNTSs increased Pd exposure on CNFs and hence improved catalytic

activity.

Lastly, graphitic carbon nitride (g-C3N,) was investigated as an emerging catalyst
support due to its abundant N-containing functional groups and a tunable surface area and
pore size. The support can also be synthesized from earth abundant precursors, and it is
stable and environmental benign. Pd-based catalysts (i.e., Pd and Pd-Cu) supported on g-
C3N4 were prepared for nitrite and nitrate hydrogenation, and the optimized catalysts
showed high reactivity for contaminant degradation, excellent selectivity for nitrogen gas
over ammonium production, and stability over multiple reaction cycles. g-C3N4 supports
produced very small metal NPs (1-5 nm) for catalytic reactions, by taking advantage of
its hydrophilic nature, abundant N-containing groups, and porous structures. EG
reduction effectively loaded Pd and Pd-Cu NPs on the catalyst support, with improved

catalytic performance and sustainability for catalyst synthesis.

Overall, results from these studies demonstrate that electrospun NFs, CNFs, and g-
C3Ny are promising catalyst supports for Pd-based catalysts towards water

decontamination. Future studies will focus on emerging catalyst supports, such as

Vi



graphene and nitrogen-doped carbon, for the development of effective, robust, and

sustainable catalysts for water purification.
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Chapter 1: Introduction
1.1 General Overview

The Earth is a watery planet. About 71 % of the Earth’s surface is covered by water.
Although the total volume of water on the Earth is ~ 1.4 billion km®, 97 % of this water is
saltwater in the ocean and about 2 % is stored as the form of glaciers and polar ice, all of
which are not usable by humans. 2 The left 1 % of water is the fresh water that is usable
by humans, of which 70 % is used for agriculture irrigation, 20 % is allocated for industry,
and only 10 % is for domestic use.' The continued exponential population growth has led
to correspondingly increasing demand for the Earth’s limited fresh water.> * Clearly, this
10 % fresh water is not enough since nearly 4.8 billion people around the world live in
the areas where fresh water scarcity directly threatens human water security.® To make it
even worse, as the increase of urbanization, industrialization, and agricultural activities, a
wide diversity of chemicals (e.g., endocrine disrupting compounds (EDCs),
pharmaceuticals and personal care products (PPCPs), heavy metals, pesticides,
disinfection byproducts (DBPs)) have been discharged to receiving water bodies,
polluting our limited fresh water sources.* ® Many of these chemicals can cause
detrimental and/or chronic effects to human health and lead to ecological disturbances in
receiving water. Water contamination is an increasing concern and threatens water
productivity. The development of high-efficiency, robust, and sustainable methods for

water decontamination is of utmost importance.*

Palladium (Pd)-based catalytic hydrogenation has emerged as a promising water

decontamination strategy, as supported Pd-based catalysts can activate H, and treat a

1



variety of contaminants, including oxyanions (e.g., nitrate (NO3), nitrite (NO;"), bromate
(BrOg3), perchlorate(ClO4)), N-nitrosamines (e.g., N-nitrosodimethylamine (NDMA)),
and halogenated compounds (e.g., trichloroethylene, diatrizoate) (Figure 1.1).”*? These
contaminants can be present in surface water, groundwater, and even treated water.® 34
Of these contaminants, nitrate is of a significant concern. As an oxyanion, nitrate is
highly soluble in water (91.2 g/100 mL, 25 °C), has a low affinity for most natural
sorbents, and thus it is persistent and mobile in the environment, and is the most
ubiquitous chemical contaminant in the world’s aquifers.***® The consumption of nitrate
through drinking water can lead to methemoglobinemia in infants, also known as ‘blue-
baby syndrome’, and its reduction intermediate, nitrite, can cause the formation of N-
nitroso compounds (e.g., NDMA) in the human body, which are carcinogenic.'” *® Due to
these associated health concerns, the United States Environmental Protection Agency
(USEPA) has set maximum contaminant levels (MCL) for nitrate and nitriteat 10 mg L™

and 1.0 mg L™ as nitrogen, respectively.**°

Nitrate, released from human activities such as fertilizer uses, feedlot runoffs, manure
applications, and sewage treatment, can easily leach through soil into groundwater and
surface water and thus contaminate sources of drinking water.**® In spite of growing
health concerns and regulatory actions, violation of nitrate MCL and average duration of
violations in groundwater systems are still increasing, indicating the persistence of nitrate
problems in drinking water."® A recent study conducted from 1992 to 1999 by the United
States Geological Survey reported that about 11 % of samples from domestic wells and
2 % of the samples from public supply wells contained levels of nitrate that exceeded the

MCL.*®



Cl™

oPd-M NPs

Figure 1.1 Schematic of the transformation of NO3", BrO3’, ICM (lodinated X-ray
contrast media), and CIO,4” during hydrogenation by Pd-M catalysts (M = Cu, In, Re).

Only important products are shown.



Other than Pd-based catalytic hydrogenation, traditional physiochemical and biological
treatment processes have also been developed and evaluated for nitrate removal from
drinking water.” Physicochemical treatment processes (e.g., ion exchange and reverse
osmosis) typically produce concentrated brine solutions, which must be further treated or
disposed. Although biological treatment is comparably cost-effective and reduces nitrate
to innocuous end products by utilizing microorganisms, the process is sensitive to the
changes in water quality and requires strict system control so incomplete denitrification
(ending at NO, or N,O) does not occur.?’ Another limitation of the use of biological
treatment for drinking water is the concerns associated with pathogens, turbidity, and

chlorine demand for the treated water.?°
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Figure 1.2 Nitrate reduction pathway on Pd-based catalysts. NO is a proposed

intermediate. Adapted from our previous publications.* %



Pd-based catalytic nitrate reduction has been demonstrated by using Pd-based
bimetallic catalysts. It initially produces intermediate nitrite and then possibly nitric oxide

(Figure 1.2). The end products are dinitrogen (N) and ammonia (NHs):’

00 ¢®0 w MO V'O OO0 pkd

~

00 TO w VO U0 OO0 pw

Promoter metals (M in equation (1a) and (1b), e.g., Cu, Sn, and In) are usually required to
initiate nitrate reduction, but the subsequent reduction of nitrite and other intermediates
only requires Pd.®**?#%° The economic feasibility of Pd-based catalysts was addressed in
a pilot study of trichloroethylene (TCE) reduction in groundwater at Edwards Air Force
Base California.*® Pd-based catalytic treatment was demonstrated to be potentially less
expensive than treatment with activated carbon ($8/1000 gal versus $10-$336/1000
gal).** However, TCE reduction rates are at least an order of magnitude higher than those
for nitrite and nitrate. Also, the generation of undesirable product ammonia in nitrite and
nitrate reduction is of concern. Therefore, the key practical challenges of the development
of Pd-based catalytic treatment for nitrate and nitrite are to maximize the catalytic
activity and selectivity toward desired reduction products (N;) over ammonia and

enhance the longevity of the catalysts.

1.2 Research Objectives

The overall goal of this research was to develop sustainable supported Pd-based
catalysts with enhanced performance (e.g., activity, selectivity, and longevity) by

innovative synthesis methods and earth-abundant and environmentally-benign materials

5



for the treatment of oxyanions (i.e., nitrite and nitrate) in drinking water. Specifically, Pd
catalysts supported on electrospun polyacrylonitrile (PAN) nanofibers (NFs) were
synthesized by electrospinning and incipient wetness, and tested for their ability to reduce
nitrite during hydrogenation. Similarly, Pd catalysts supported on electrospun carbon
nanofibers (CNFs) were synthesized by electrospinning and subsequent thermal treatment
and tested for hydrogenation of nitrite. Pd and Pd-Cu catalysts supported on emerging
support graphitic carbon nitride (g-C3N4) were also synthesized and tested for the
removal of nitrite and nitrate, respectively. The specific objectives of this research are as

follows:

1. Synthesize PAMNIFs by electrospinning, explore functionalization methods of PAN
NFs for the immobilization of Pd catalysts, aridvestigate the catalytic performance

for nitrite hydrogenation.

Immobilization of Pd nanoparticles (NPs) on an ideal support will not only facilitate
separation and reuse of the noble metal, but also prevent the leaching of the NPs and
contamination of the environment.*" *? Pd-based catalysts loaded on conventional catalyst
supports, including activated carbon,®* 3* alumina (Al,0s),2*%* %% silica (SiO,),**" and
titanium dioxide (TiO,),***! have been developed and extensively studied. Recently,
polymer NFs have received attention as catalyst supports, because of their superior
properties such as large specific surface area to unit mass ratios, high porosity, and

stability in aqueous media.*" 3 *

In this study, PAN NFs were fabricated from a process commonly known as
electrospinning, which is capable of producing ultrafine fibers with diameters in the

6



nano- to micrometer range.43 In order to increase hydrophilicity of PAN NFs and thus the
dispersion of Pd NPs, two methods were explored. One was to add strong acid
functionalized multi-walled carbon nanotubes (MWCNTS) into the PAN polymeric
solution to obtain the composite (MPAN).* The other method was to hydrolyze the
electrospun PAN NFs by treating with a sodium hydroxide (NaOH) ethanolic/aqueous
solution, which converted the nitrile functional groups on the surface of PAN NFs to
imine conjugated sequences (HPAN).* Pd was subsequently anchored on bulk PAN NFs
(without treatment, BPAN), MPAN, and HPAN by incipient wetness and sodium
borohydride (NaBH,) reduction. Next, the prepared supported catalysts were evaluated
for nitrite hydrogenation. The influences of MWCNTSs loading and NaOH treatment on

the catalytic performance were investigated.

2. Fabricate CNFsupported Pdcatalysts viaone-pot electrospinningmethod and study
the effects of MWCNTaddition on thecatalytic performance towardsitrite

hydrogenation.

Owing to their high surface area and porosity, thermal stability, readiness for surface
functionalization, and excellent mechanical and electrical properties, CNFs are an ideal
catalyst support.? * 4’ CNFs synthesized by chemical vapor deposition or thermal
carbonization usually do not have surface functional groups, and thus chemical
functionalization of their surface with strong acids or other oxidizing agents (e.g., nitric
acid, sulfuric acid, hydrogen peroxide) is generally required to improve metal
nanoparticle binding to the supports and minimize NP size for enhanced catalytic

performance.? 4647



In this work, Pd catalysts supported on CNFs were fabricated by a facile and
environmental-friendly route, which avoided the energy-intensive and time-consuming
chemical functionalization process. The Pd loaded CNFs (Pd/CNFs) were fabricated by
electrospinning and subsequent thermal treatment. In order to increase the Pd exposure
on the surface of CNFs, non-functionalized MWCNTSs with a mass loading of 1.0-2.5
wt % (to PAN) were added into the PAN polymeric solution, which resulted in
significant enhancement of the catalytic activity towards nitrite reduction compared to the
catalyst without MWCNT addition. The catalysts were characterized by CO
chemisorption, X-ray photoelectron spectroscopy (XPS), inductively coupled plasma-
mass spectrometry (ICP-MS), and transmission electron microscopy (TEM) to provide a

mechanistic understanding for the enhancement of the catalytic performance.

3. Synthesize §3N,4 from different precursors and Pdbasedcatalystssupported on
these gC3N4, andstudy theimpacts ofdifferent precursors andcatalystpreparation

methods on theatalytic performance.

Lately, g-C3N4 has received attention as heterogeneous catalyst support mainly
because of its rich nitrogen content. It consists of a backbone of C-N bonds and contains
a high concentration of N sites, located at defined positions within the layers (Figure
1.3).%% It has a range of merits that promote its application as a catalyst support. First,
g-CsNy is hydrophilic and has abundant N-containing functional groups (e.g., -NH, -NH_,
and triazine) that facilitates the dispersion of metal NPs and improves catalytic activity
(Figure 1.3).*® *° Second, the surface area and pore volume of g-CsN, can be tailored in

synthesis to promote uniform loading of metal NPs.** Third, g-C3sN, can be synthesized



from earth-abundant precursors (e.g., urea, melamine) via a facile and scalable thermal
polycondensation method, it is thermally and chemically stable, it is not soluble in water,
and it is biocompatible with no reported toxicity.*® °>* However, very limited study
reported the development of g-C3N,4 supported metal catalysts for contaminant

hydrogenation to date,>* and none explored for the bimetal systems on the g-C3N, support.

Electronic

properties Bronsted basic
functions

,?.,JL
H-bonding
Lewis basic motif
functions

Figure 1.3 Structure of g-CsN4. Adapted from a previous publication.*

In this work, g-C3N4 was synthesized from different precursors, i.e., melamine, urea,
and a supramolecular complex of melamine, cyanuric acid, and barbituric acid via
thermal polycondensation (denoted as M, U, and MCB). M, U, and MCB supported Pd
NPs were prepared by incipient wetness, and subsequent NaBH, reduction or thermal H,
reduction. Pd and Pd-Cu NPs on MCB were prepared by ethylene glycol reduction.
Monometallic and bimetallic catalysts were tested for the hydrogenation of nitrite and
nitrate, respectively. The catalytic performance was evaluated by longevity during

multiple-cycle reduction and selectivity towards ammonia.



1.3 Outline of Thesis

Chapter 3 contains an unpublished work in preparation. This work addresses research
objective 1, and developed PAN NF supported Pd catalysts for nitrite hydrogenation.
Chapter 4 contains the work published in ACS Appl. Mater. Interfacestitled
“Enhancement of Nitrite Reduction Kinetics on Electrospun Pd-Carbon Nanomaterial
Catalysts for Water Purification” with co-authors David P. Durkin, Maocong Hu, Xiangin
Wang, Nathan A. Banek, Michael J. Wagner, and Danmeng Shuai in 2016. This work
addresses research objective 2, developed a facile synthesis method for CNF supported
Pd catalysts by electrospinning and thermal treatment, and proposed a mechanism for
enhancement on nitrite hydrogenation by the addition of MWCNTS. Chapter 5 contains
the work published in ACS Appl. Mater. Interfacesititled “Graphitic Carbon Nitride
Supported Ultrafine Pd and Pd—Cu Catalysts: Enhanced Reactivity, Selectivity, and
Longevity for Nitrite and Nitrate Hydrogenation” with co-authors David P.

Durkin, Nathan A. Banek, Michael J. Wagner, and Danmeng Shuai in 2017. This work
addresses research objective 3, and comprehensively studied the effects of different
precursors of g-C3N,4 and catalyst synthesis methods on the catalytic performance (i.e.,
nitrite and nitrate kinetics and selectivity towards ammonia). It also explored catalyst
longevity during multiple nitrite and nitrate reduction cycles. Chapter 6 contains major

conclusions, engineering significance, and future research directions.
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Chapter 2. Literature Review
2.1 Introduction

This chapter includes the review of literature which is related to Pd-based catalysts for
nitrite and nitrate hydrogenation. Specially, catalyst synthesis methods and experimental
conditions was the focus of this review. Catalyst synthesis methods, including wet
impregnation and incipient wetness, and important experimental conditions, including pH,

H, flow rate, and water matrix, were described in this review chapter.

2.2 Synthesis of Pd Monometallic and Bimetallic Catalysts for Nitrite and Nitrate

Reduction

Supported Pd monometallic catalysts used in a lot of studies were purchased from
commercial chemical suppliers (e.g., Sigma-Aldrich). Their synthesis methods are not
open to the public due to their patents. In literature, the immobilization of catalysts NPs
to porous supports were usually achieved by two main impregnation methods, including
wet impregnation and incipient wetness, followed by treatment with reductants (e.g.,
NaBH, and H,) for the reduction of metal precursors.>® *® Impregnation and drying is a
frequently used preparation method because of its simple execution and low waste

streams.*®
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Figure 2.1 Influence of Pd precursors on the catalyst activity and selectivity in nitrite

hydrogenation. (Adapted with permission from ref 58. Copyright 1993 Elsevier)
2.2.1 Wet Impregnation

Typically, the active metal precursors (e.g., Pd(NO3s),, PdCl,) are dissolved in an
aqueous solution with an excess amount of solution. The excess liquid is eliminated by
evaporation or by draining. Although the deposition is slow and requires several hours or

days, catalyst NPs with well controlled sizes and high dispersions can be achieved.>
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Table 2.1 Nitrate removal activity and ammonia formation as a function of Pd:Cu mass

ratio®
Pd:Cu ratio Nitrate removal activity Ammonia
[mg min™ (g of catalyst)™] [mg L™
8:1 1.89 7.2
6:1 2.50 8.8
4:1 3.13 5.1
2:1 0.89 10.3
11 0.30 8.5

@Adapted with permission from ref 58. Copyright 1993 Elsevier

In one study, Pd was loaded on alumina and silica by wet impregnation using aqueous
solutions of PdCl,, Pd(NO3),, or Pd(NH3)4(OH),. After mixing the suspension, the excess
solution was evaporated and then the solids were dried overnight at 100 °C, calcinated in
air at 500 °C for an hour, and reduced by H,/N, mixture gas at 350 °C for at least 6
hours.?® They prepared Pd-Cu bimetallic catalysts by impregnation of the obtained Pd
catalyst with Cu(NO3); solution following similar procedure described above. As shown
in Figure 2.1, the Pd monometallic catalyst prepared with Pd(NH3)4(OH), showed the
highest activity and lowest selectivity towards ammonia in nitrite reduction, which was
attributed to the better adsorption of the cationic tetraaminocomplex compared to the
anionic tetrachlorocomplex.®® In this study, metals, including Fe, Co, Pt, Ni, Ag, and Cu,
were investigated as promoter metals and tested for nitrate reduction.®® Although most of

these metals could act as promoter metal and reduce nitrate, they showed limited activity
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and very high ammonia selectivity (Figure 2.2). The highest nitrate reduction activity
and lowest ammonia selectivity was obtained by Pd-Cu catalyst. In the following
experiments, the authors prepared a serial of Pd-Cu bimetallic catalysts with Pd loading
fixed at 5 wt % and varied Cu amount from 0.6 to 5 wt %, corresponding to a Pd:Cu mass
ratio from 8:1 to 1:1 (Table 2.1). With the increase of Cu loading, the catalysts’ nitrate
reduction activity showed an increasing and then decreasing trend and the optimum

activity and ammonia selectivity was obtained at a Pd:Cu ratio of 4:1.
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Figure 2.2 Nitrate reduction activity and ammonia selectivity by Pd-based catalysts with
different promoter metals. (Adapted with permission from ref 58. Copyright 1993

Elsevier)

Pintar et al.>°

also used similar method for the synthesis of Pd-Cu bimetallic catalysts
supported on y-Al,O3. The only major difference in these two studies was Pintar et al.
first deposited Cu onto the support and then Pd. Strukul et al.®® synthesized Pd-Cu

bimetallic catalysts by wet impregnation with H,PdClg solution of alumina-copper oxide

supports. Traditional Pd-Cu bimetallic catalysts supported on alumina were also prepared
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similarly by using y-Al,O3. This study demonstrated that Pd-Cu were present as a Pd-Cu
intermetallic compound, probably an alloy. The catalysts, especially the ground Pd/4Cu-
Al,O3 spheres, showed significantly higher activity for nitrate reduction under similar
experimental conditions compared to other catalysts prepared in the same fashion.®® They
even did not observe obvious nitrite build-up during the reaction. An interesting finding
of this study was that this catalytic nitrate reduction may be diffusion controlled when
comparing their data obtained from the sphere and the ground catalysts (Table 2.2).
These catalysts also showed a moderate ammonia selectivity (60-80 %). In another
study,®* Cu was deposited on a commercial Pd/y-Al,O3 catalyst by a modified wet
impregnation method, during which Cu(NOg3), was added into a suspension of Pd/y-Al,0O3
under hydrogen flow. The hydrogen flow was able to partially reduce Cu ions with the

presence of Pd.

Wang et al.®?

reported Cu-Pd/active carbon catalysts prepared by wet impregnation of
PdCI; and Cu(NOs3),. It was found that N, formation increased while N,O decreased with
respect to nitrate conversion during the reduction (Figure 2.3). Interestingly, ammonia
selectivity was found to be almost independent of nitrate conversion, while nitrite
concentration was negligible throughout the reaction. An optimal Cu/Pd atomic ratio of
0.66 (equals to mass ratio of 0.4) was obtained, and the activity and selectivity (~ 2 % for
ammonia) became nearly constant with further increase of Cu/Pd atomic ratio.®* Matatov-
Meytal et al.®® prepared Pd-Cu catalysts supported on woven cloth (Pd/Cu-GFC) by wet
impregnation method using mixed Pd and Cu acetates in agueous ammonia (pH 10).

Similarly, the nitrate removal activity versus Cu/Pd ratio showed a volcano trend and an

optimal mass ratio of Pd/(Pd+Cu) around a value of 0.81 (equals to Cu/Pd mass ratio of
15



0.23) (Figure 2.4a). The catalyst sample with this Pd-Cu composition also gave the
lowest final ammonium ion yield. However, nitrite reduction activity of this serial of
catalysts showed a different trend. It decreased monotonically with the increase of Cu
amount in the catalyst (Figure 2.4b). Pure Pd catalyst without Cu was found to be active

for nitrite reduction, but inactive for nitrate reduction.

Table 2.2 Nitrite and nitrate reduction by Pd-Cu/ y-Al,Oj3 catalysts. (Adapted with

permission from ref 60. Copyright 1996 Elsevier)

Hydrogenation of nitrates and nitrites at 25°C

Catalyst Nitrate Nitrite
Activity (mg/min g Pd) NH, form. (ppm) Activity (mg/min g Pd) NH, form. (ppm)

Pd/2 Cu-Al,O, spheres 16.6 4.6 15.2 43

Ground 98.8 59 356 7.1

Pd/4 Cu-Al,O, spheres 15.6 5.9 9.95 13.8

Ground 231 7.1 220 95

Pd/ Al O, spheres 0.85 13.4 8.1 55

Pd/y-Al,0, 6.9 18 161 48

Pd-1 Cu/y-ALO, 144 8.8

Pd-2 Cu/y-AL,Os 126 7.8

Reaction conditions: 0.24 g cat. 5% Pd in 150 ml H,O containing 100 ppm KNO, (NaNO,); hydrogen flow 150 ml/min.

In one study,?® the catalyst was synthesized by an impregnation method with some
modification of the methods described above and was called deposition/precipitation
method. First, they suspended the support material, alumina, in a 2 % Na,CO3 solution
for 15 min. Second, a 1.4 % Na,PdCl, solution was slowly introduced into the suspension
under vigorous stirring to precipitate and deposit Pd onto the support. After that, the
second metal (Cu, Sn or In) was introduced in the desired amount as a metal chloride
solution by the same manner. Then, sodium formate was added to reduce the metals to
elemental state at about 80 °C. After drying the solid at 70 °C overnight, the catalyst was
ready to use. Generally, an optimal metal ratio exists where the nitrate removal activity

reaches a maximum value.? Interestingly, the selectivity towards nitrogen gas also
16



reaches it maximum value at this metal ratio.”® In this study, when hydrogen was used as
reductant, their catalysts showed a rising activity with the increase of the content of the
second metal (Sn or In), i.e. decreasing Pd:Me ratio (Figure 2.5). While using formic
acid, a volcano shape curve with a sharp maximum for both catalysts at Pd:Me ratios of
about 5:1-6:1 was observed (Figure 2.5). These results indicates that the reductant also

plays an important role during catalytic nitrate reduction.?
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Figure 2.3 Selectivity as a function of conversion in the reduction of NO3- in pure water
over 3.6 Wt% Cu-2 wt% Pd/AC. Selectivity for (0) Ny, (8) N»O, () NHz, and (M) NO,".
Reaction conditions: temperature, 25 °C; reactant NO5", 1.6 mmol L™ (100 ppm), 81.6
umol h™; gas composition, H,/He/CO, = 5/45/50; total pressure, 1.0 atm; total flow rate

of gas, 0.18 L h™". (Adapted with permission from ref 62. Copyright 2009 Elsevier)

Zirconia (ZnOy) and tin oxides (SnO;) have also been explored as supports for Pd-

based catalysts which were deposited by wet impregnation method.** An interesting
17



result observed in this study was that the use of SnO; as the support coupled with Cu as
the catalyst promoter yielded only moderate activities and a poor selectivity, while the
sample without Cu, Pd/SnO,, exhibited both a rather good activity and the best selectivity
when CO, was used to control the pH of the solution.** This was probably because some
of the SnO; in the support was reduced to Sn metal during the reduction of the Pd catalyst.
In another study, SnO, was also used as supports for Pd and Pt catalysts.®® 5 % of Pd and
Pt containing catalysts were prepared by wet impregnation with PdCI, and H,PtCls.
Samples were dried and calcinated at 500 °C for 1 h in air (air flow rate 30 mL/min), and
then reduced in pure H, for 1 h (40 mL/min) with different temperature (i.e., 25, 50, and

120 °C). Both the Pd/SnO, and Pt/SnO, were shown to be reactive in nitrate reduction.
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Figure 2.4 Initial nitrate removal activity and final ammonia yields during nitrate (a) and
nitrite (b) reduction on Pd/Cu-GFC catalysts with different Pd-Cu ratios. Conditions:

25 °C, pH 6.5. (Adapted with permission from ref 63. Copyright 2001 Elsevier)

Pd-Cu bimetallic catalysts supported on TiO, were also prepared by wet impregnation
with dilute PdCI, solution and Cu acetate solution.*® A suspension of the metal precursors
and TiO, was ultrasonicated for 20 min and further stirred for 1 h in order to well-
disperse the samples. After that, aqueous solution of KBH,4 (1.0 M) was added dropwise
into the suspension under nitrogen atmosphere and excess KBH,4 (molar ratio of KBH, to
Pd was 5:1) was used to ensure complete reduction of the metal precursors to metal.*
They first fixed the total metal content at 3 wt %, varied the molar ratio of Pd:Cu, and
found an optimum at a definite ratio of 2:1. During the following experiments, they fixed
the molar ratio of Pd:Cu at 2:1, changed the total metal content, and found that low metal
content (1.5 wt %) or high metal content (6 and 9 wt %) was not beneficial to the

reduction of nitrate and the optimum content was 3 wt %.
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Figure 2.5 Nitrate removal activity in dependence of the Pd:Me ratio (Me: second metal)
for hydrogen or formic acid as reductant. Catalysts: Pd(5%)Sn(x%)/Al,0s,
Pd(5%)In(x%)/Al,03 (x: various). (Adapted with permission from ref 23. Copyright 2001

Elsevier)
2.2.2 Incipient Wetness

Incipient wetness method is one of the most efficient and facile impregnation methods
for the synthesis of heterogeneous catalysts.>® Another advantage of this method is that it
can be easily scaled up for industrial production.® In general, the metal precursor is
dissolved in a limited amount of an aqueous solution with a volume equal to the total
pore volume of the porous support.® *® Capillary force can incorporate the solution into
the pores when the metal precursor solution is added to the support.>® After drying the
mixture, successive reduction with reductants, such as NaBH, and H,, leads to the

generation of metal NPs in the support.
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Figure 2.6 TPR profiles of the bimetallic catalysts. (Adapted with permission from ref 66.

Copyright 2011 Elsevier)

Soares prepared a serial of Pd monometallic and Pd-Cu bimetallic catalysts on
different supports, including metal oxides, activated carbon, or carbon nanotube
composites by incipient wetness.®® The temperature programmed reduction (TPR)
profiles of Pd-Cu catalysts showed some interesting results. Pd and Cu monometallic
catalysts immobilized on AC, CNTs, and CeO; are around 150 and 250 °C,
respectively.®® A reduction peak in the range of 140 to 200 °C was observed in all
bimetallic catalysts and can be assigned to the reduction of Cu oxides promoted by the
presence of Pd.®® Only K-OMS-2 (i.e., cryptomelane) showed a peak at 256 °C. The

decrease in the reduction temperature of copper in the bimetallic catalysts gave an
21



indication that a close contact between copper and palladium species was achieved.® Pd
monometallic catalysts supported CeO, and TiO, were found to be reactive for nitrate
reduction as shown in Figure 2.7a, which was due to the promoting effect of the supports,
namely by the interaction of the oxygen atoms of nitrate with the oxygen vacancies on
ceria and Ti0..®® However, Pd catalysts supported on TiO, showed very high production
of ammonia (Figure 2.7c). They also prepared Pd-Cu bimetallic catalysts on different
supports (Figure 2.8). The Pd-Cu catalyst supported on K-OMS-2 was not reactive for
nitrate reduction. Manganese oxide supported Pd-Cu bimetallic catalyst was also not
reactive for nitrate reduction, which was probably due to the formation of Mn-Cu mixed
oxides. Interestingly, it was found that the bimetallic catalysts supported on Ce-O and
CeO, showed lower efficiency than CeO, supported Pd monometallic catalyst.®®
However, these bimetallic catalysts were highly selective to nitrogen (Figure 2.8c). Pd-
Cu catalyst supported on TiO, was found to be more active than that supported on Al,O3,
while the catalyst supported on SiO, showed similar nitrate conversion after 5 h and
nitrogen selectivity with that supported on Al,03.% Nitrite concentrations during the
reduction of nitrate remained very low for all the catalysts in this study (Figure 2.8b),
while ammonium concentration increases with nitrate conversion (Figure 2.8c). This
study also found out that the BET surface area and the metallic particle size did not have
a significant effect on the catalyst activity and the chemical nature of the support may

play an important role because it may interact with nitrate and promote its reduction.®
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Figure 2.7 a) NO3', b) NO,’, and ¢)NH," concentrations as a function of time during
nitrate reduction in the presence of 1%Pd monometallic catalysts (Initial nitrate
concentration: 100 mg L™, catalyst loading: 0.5 g L™, pH 5.5, H, flow rate: 100 Ncm?®
min, CO, flow rate: 100 Ncm?® min™, T = 25 °C). (Adapted with permission from ref 66.

Copyright 2011 Elsevier)
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Figure 2.8 a) NO3', b) NO,’, and ¢) NH,4" concentrations as a function of time during
nitrate reduction in the presence of 1%Pd-1%Cu bimetallic catalysts (Initial nitrate
concentration: 100 mg L™, catalyst loading: 0.5 g L™, pH 5.5, H, flow rate: 100 Ncm?®
min™, CO; flow rate: 100 Nem® min™, T = 25 °C). (Adapted with permission from ref 66.

Copyright 2011 Elsevier)

Soares et al. prepared Pd-Cu, Pt-Cu, and Rh-Cu bimetallic catalysts and monometallic
catalysts supported on activated carbon by incipient wetness, using aqueous solutions of
the corresponding metal salts (i.e., PdCly, HaPtCls, RhCls, and Cu(NO3),).%" After
impregnation, the samples were then dried at 100 °C for 24 h, heat treated at 200 °C in N,

for 1 h, and lastly reduced at 100 °C in H, for 3 h.%" It is generally believed that the
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presence of a noble metal and a promoter metal supported on activated carbon is required
for nitrate reduction. However, in this study, the physical mixture of 1%Pd and 1%Cu
can promote nitrate conversion (Figure 2.9) similar to that of Pd-Cu bimetal catalyst and
showed a better efficiency during the reaction, which was probably because of the in situ
formation of Pd-Cu active sites responsible for nitrate reduction by collision of particles.
Nitrite concentration was very low during the reaction in the presence of the physical
mixture of Pd-Cu with Rh catalysts, but this mixture was the most selective to
ammonium (Figure 2.9b&c). This study also showed that Pd-Cu bimetallic catalyst
supported on activated carbon presented the lowest selectivity to ammonium (Figure

2.9¢).

Yoshinaga et al. also prepared Pd-Cu catalysts on different supports by wet
impregnation.®® They first deposited Pd to the supports using PdCl, solution at room
temperature. After drying at 100 °C for 12 h, they further deposited Cu using Cu(NO3);
solution. The obtained wet solid was dried again at 100 °C for 12 h. Pd-Cu/AC catalysts
were treated in He at 300 °C for 1 h and then in H; at 300 °C for 2 h. Other catalysts were
treated in H; at 450 °C for 2 h. The Pd-Cu catalyst supported on AC gave a high
conversion of nitrate (97.1 %) and a high selectivity to N, (78.3 %) in nitrate
hydrogenation (pH 5.4) (Table 2.3). At pH 2.3, the Pd-Cu/AC catalyst showed even
higher conversion and better selectivity for N,. And the dissolution of Pd and Cu from
Pd-Cu/AC was negligible under both pH 5.4 and 2.3. However, considerable amount of
Pd and Cu was dissolved in the cases of SiO,, ZrO,, and Al,Os. The release of Al from

Pd-Cu/Al,O5 was also observed under acidic conditions.
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Figure 2.9 a) NO3', b) NO,’, and ¢) NH,4" concentrations as a function of time during
nitrate reduction in the presence of physical mixtures with Pd-Cu catalysts. (Adapted

with permission from ref 67. Copyright 2011 Elsevier)
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Table 2.3 Effects of Support for Pd-Cu Catalyst and pH Value of Reactant Solution.

(Adapted with permission from ref 68. Copyright 2002 Elsevier)

Dissolved
pH? L Selectivity! (%) amount® (%)
Surface area - Conversion®
Catalyst® (m?g!) Inlet  Outlet (%) N, NO; NH; N,O Pd Cu
Pd-Cu/SiO; 278 54 10.0 95.5 11.6 11.2 77.2 0.0 3.94 10.6
Pd-Cu/Al, O3 100 5.4 — 45.7 56.9 30.5 4.7 7.9 0.01 6.3
Pd-Cu/ZrO, 68 54 11.1 84.5 40.4 14.6 45.0 0.0 137/ 26.0/
Pd-Cuw/AC 1155 54 112 97.1 78.3 0.3 214 0.0 0.00 0.1¢
Pd-Cu/Al, O3 100 23 35 56.9 45.4 0.0 54.6 0.0 0.00" 30.7"
Pd-Cw/AC 1155 23 — 99.9 86.8 0.1 13.1 0.0 0.01 0.12

“Pd, 5.0 wt%, Cu, 0.6 wt% (Pd/Cu atomic ratio = 5).

b pH 5.4 and 2.3 for NaNO; and HNOs, respectively.

¢ Reaction conditions: NO3, 200 ppm (3.22 mmol-dm~), 39 em®-h™!; H, (1 atm), 84 cm® - h™'; catalyst, 1.0 g; reaction
temperature, 333 K; reaction time, 6 h.

¢ On the basis of N atoms.

¢ Percentage of the amount of metal detected in the solution at the outlet vs that in the fresh catalyst.

/ Only in the initial stage (1 h) were the dissolutions detected.

& Within the experimental error.

"3.7% Al was dissolved.

2.3 Effects of the Reaction Conditions on the Catalyst’s Performance
2.3.1pH

Nitrite and nitrate reduction and also the formation of ammonia are strongly influenced
by the pH value of the reaction solution. Generally, both the activity and selectivity for
nitrite catalytic reduction decrease with the increase of pH value.?* The more acidic the
solution, the higher the nitrate removal activity and the lower formation of ammonia.”® *®
Horold et al. found that half as much ammonia is formed at pH 5 than at pH 6 during
nitrate reduction by Pd-Cu/Al,03.°® However, more acidic solutions would lead to the

desactivation of the catalysts due to the dissolution of copper. Buffered nitrate solutions

can also be used to improve activity and selectivity by avoiding a pH-gradient inside the
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pores of the catalyst.”® However, it was also observed that Pd-In supported on AC and
other catalysts supported on Al,O3 did not display any noticeable change of reactivity
with decreasing pH and the decrease of pH also did not lead to increased production of
ammonium.® Overall, the nitrate removal activity reaches a maximum at moderate pH
values and may slight differ by the catalyst preparation methods.?® Carbon dioxide
bubbling is a common route to neutralize the hydroxide ions generated during the

reaction.®®

2.3.2 H, flow rate

It is also known that the selectivity to ammonia can be significantly influenced by the
hydrogen flow rate. Usually, a low H. flow rate promote the formation of N,.*® The
decrease of hydrogen flow rate gradually reduced ammonia production (Table 2.4),
though it also lowered the nitrate removal activity. This is because the formation of
ammonia needs more hydrogen molecules than the reduction to N. It was shown by

Pintar et al.”

that the selectivity to ammonium amounted to 70 % for nitrite reduction by
Pd/y-Al,O3 under pure H; flow, while this value was reduced to only 15 % with the use

of 60 % of carbon dioxide.

2.3.3 Water matrix

Chaplin et al.* presented a thorough and representative study of the effects of
different water constituents (e.g., SO4’, SO3’, HS", CI', HCO3', OH’, and humic acid) on
nitrate reduction by Pd-Cu/y-Al,Os. The nitrate reduction rate was decreased by over 2
orders of magnitude with the presence of sulfite, sulfide, and elevated chloride. The

increase of HCO3™ concentration decreased nitrate reduction rates, which was because of
28



the competitive adsorption of HCOj3' to nitrate active sites on the catalyst.?* Dissolved
constituents in the groundwater decreased the nitrate reduction rate from 2.4 x 10™ L/min

g cat to 3.7 x 10° L/min g cat and increased ammonia production.?*

Table 2.4 Nitrate removal activity and ammonia formation as a function of the hydrogen
flow rate (0.8 g Pd-Cu catalyst and 0.6 g Pd catalyst). (Adapted with permission from ref

58. Copyright 1993 Elsevier)

hydrogen flow rate nitrate removal activity ammonia
[ml/min] [mg/(min*g cat)] [mg/1]

0.2 0.05 0.48

1 0.24 1.66

5 0.49 2.36

10 0.62 2.70

50 1.08 3.00

100 1.28 3.20
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Chapter 3. Electrospun Polyacrylonitrile Nanofiber Supported Pd Catalysts for

Water Decontamination
3.1 Abstract

In this study, polyacrylonitrile (PAN) nanofibers (NFs) were synthesized via
electrospinning and used as Pd catalyst supports for the hydrogenation of nitrite. Both the
addition of surface-oxidized multi-walled carbon nanotubes (MWCNTS) into the
electrospinning PAN solution and post hydrolysis treatment of electrospun PAN NFs
with a NaOH ethanolic/aqueous solution significantly reduced the fiber diameters. Post
hydrolysis treatment with the NaOH ethanolic/aqueous solution introduced functional
groups, such as —OH groups, onto PAN nanofibers. Both of these two methods were able
to increase the catalytic activity towards nitrite hydrogenation. Compared with Pd/BPAN,
Pd/1%HPAN increased the catalytic activity by ca. 6 fold, while Pd/5%MPAN increased

the catalytic activity by ca. 2 fold.

3.2 Introduction

Nitrate (NOg") is the world’s most common contaminant in groundwater.** Its

contamination in both groundwater and surface water has increased all over the world in
recent years, mainly due to natural and man-made fertilizers and feedlot runoff.” "2 The
consumption of drinking water containing nitrate contamination is of serious health
concern because it can lead to a potentially fatal disease called methemoglobinemia,*” or
‘blue baby syndrome’, and its transformation product, nitrite, may also form carcinogenic

N-nitroso compounds in the human body."® For these health concerns, the USEPA has
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imposed standards for acceptable levels of nitrate and nitrite in drinking water with

maximum contaminant levels (MCL) at 10 mg L™ and 1.0 mg L™ as N, repectively.'**®

Current approaches that have been widely used to remove nitrate and/or nitrite include
biological denitrification with microorganisms and the use of ion exchange resins. lon
exchange process leads to the generation of a concentrated brine which requires further
treatment.”® Biological denitrification have a great potential in advanced nitrate

|.59

removal.”” However, biological treatment is problematic in drinking water treatment due

to slow reaction kinetics and the concerns associated with pathogens, turbidity, and

chlorine demand for the treated water.?® 2*

Owing to its high efficiency and simple operation, catalytic hydrogenation of nitrate
and nitrite with noble metal catalysts has emerged as a promising chemical denitrification
method to treat nitrate and nitrite contaminated water.”* Most catalysts investigated are
bimetallic catalysts, including a noble metal (e.g., Pd, Pt, Ru, Rh, or Ir) and a secondary
promoter metal (e.g., Cu, Sn, or In).” " Catalytic nitrate reduction is a two-step
reaction, in which the first step is the reduction of nitrate to intermediate nitrite at the
promoter metal site and the second step is the further reduction of nitrite mainly at the
noble metal site (Figure 1.2).” Pd-based catalysts have been demonstrated to be more

active, stable, and selective for nontoxic end products.” ™

Since it was first described in 1989,”” Pd-based catalysts immobilized on supports,

3537 titanium

including activated carbon,** ** alumina (Al,03),%4%® % * silica (SiO,),
dioxide (TiO5),%* tin oxide (Sn0,),** ceria (Ce0,),*® and carbon nanofibers (CNFs),?*
have been developed and extensively explored because these supports can promote
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uniform distribution of metal nanoparticles (NPs) with well-controlled properties and
thus achieve decent catalytic activity and stability for nitrate and nitrite hydrogenation.’
Given their superior properties such as a large specific surface area and high porosity and
stability in aqueous media, polymer NFs provide an appealing alternative to other
materials as a catalyst support.®****? Among polymer NFs, PAN NFs synthesized by
electrospinning have received attention due to the many advantages of PAN NFs,

including low cost, simple synthesis, high strength, light density, and processability.” "

Electrospinning is a facile and low-cost method, which can generate fibers with
diameters in the range of tens of nanometers to a few microns from a polymer solution
under an electrostatic forces.?’ Several important parameters, including the applied
electric field, jet length, solution conductivity and viscosity, flow rate, and humidity, can
influence the fiber diameter during electrospinning, indicating that electrospinning is a
versatile technique for the production of NFs with tunable fiber diameters, surface areas,
and porosity.®% 8 Compared with other high surface area, high porosity materials as
catalyst supports, electrospun polymer NFs are relatively easy to fabricate and can be

easily recovered and handled.®

In this study, PAN NF mats were prepared by electrospinning (bulk PAN NFs, denoted
as BPAN) and then used to immobilize Pd NPs for catalytic nitrite hydrogenation. In
order to increase hydrophilicity of PAN NFs and thus the dispersion of Pd NPs, two
methods were explored. One was to add strong acid functionalized MWCNTSs into the
PAN polymeric solution (denoted as MPAN).* The other method was to hydrolyze the

electrospun PAN NFs by treating with a sodium hydroxide (NaOH) ethanolic/aqueous
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solution, which converted the nitrile functional groups on the surface of PAN NFs to
imine conjugated sequences (denoted as HPAN).* Pd was subsequently anchored on
BPAN, MPAN, and HPAN by incipient wetness and sodium borohydride (NaBH,)
reduction (denoted as Pd/BPAN, Pd/MPAN, and Pd/HPAN). The obtained BPAN,
MPAN, and HPAN were characterized by scanning electron microscopy (SEM) and
attenuated total reflection (ATR) - Fourier transform infrared spectroscopy (ATR-FTIR).
Pd/BPAN, PdA/MPAN, and Pd/HPAN were characterized by ATR-FTIR and X-ray
photoelectron spectroscopy (XPS). The prepared supported Pd catalysts were evaluated

for nitrite hydrogenation.

3.3 Experimental Section
3.3.1 Materials

N,N-Dimethylformamide (DMF, > 99.8 %), polyacrylonitrile (PAN, MW = 150,000),
sodium nitrite (NaNO2, > 99.0 %), palladium nitrate dihydrate (Pd(NO3),-H,0, ~40% Pd
basis), sodium hydroxide (NaOH), sodium borohydride (NaBH,, > 98.0 %), and
concentrated nitric acid (HNOgz, 70 %) were purchased from Sigma-Aldrich (MO, USA).
Ethanol (absolute, 200 proof) were purchased from Fisher Scientific (USA). MWCNTSs
(95+ %, OD 20-30 nm) were purchased from Nanostructure & Amorphous Materials, Inc.
(TX, USA). All chemicals were used as received. Agqueous solutions were made from
ultrapure water (18.2 MQ cm at 25 °C) produced by a Millipore system (Direct-Q 3 UV,

Millipore, USA).
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3.3.2 Electrospinning of PAN Nanofibers and MWCNTs-Containing PAN

Nanofibers

PAN NFs (i.e., bulk PAN NFs, BPAN) were fabricated through a facile single-
spinneret electrospinning technique similar to our previous work.* A schematic of
electrospinning process is shown in Figure 3.1. In a typical procedure, 1 g of PAN was
dissolved in 10 g of DMF by stirring at 80 °C for 3 h. The prepared transparent solution
was electrospun using a 12 mL syringe with a 25 gauge, blunt needle (NNC-PN-25GA,
Nano NC) at a flow rate of 1 mL h™ (NE-300, New Era Pump Systems Inc.) and under an
applied voltage of 1.5 kV cm™ (PO30HP1, Acopian) in a closed chamber at room
temperature (20 = 1 °C). A rotating drum wrapped with an aluminum foil with a rotating
speed of 1000 rpm was used to collect the NFs. The as-spun NFs were dried in an oven

(2000 series, Isotemp®, Fisher) at 60 °C for 1 day.
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Figure 3.1 Schematic diagram of the electrospinning process.

For the synthesis of MWCNTSs-containing PAN NFs (MPAN), MWCNTSs were first
surface-oxidized by HNOj to create oxygen functional groups (e.g., -COOH, -C=0, and -
OH) on the surface and facilitate uniform dispersion in the PAN matrix. MWCNTSs were
functionalized in 3 M HNO; by refluxing at 110 °C for 5 h with continuous stirring.** 8
After HNOj refluxing, the surface-oxidized MWCNTSs were washed with plenty of water
to pH neutral and dried. For the synthesis of MPAN, a designated amount (i.e., 0.01, 0.03,
and 0.05 g) of the surface-oxidized MWCNTSs was dispersed in 10 g of DMF by

sonication (Branson Bransonic "™ M Series) for 2 h, after which 1 g of PAN was further

dissolved in this suspension by stirring at 80 °C for 3 h. The following procedure for the
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synthesis of MPAN were similar to that of BPAN as described above, and the prepared

samples were designated as 1% MPAN, 3%MPAN, and 5%MPAN, respectively.

3.3.3 Preparation of Hydrolyzed PAN Nanofibers

The hydrolysis of PAN NFs was carried out based on previous studies with minor
modification.*> ® In detail, 150 mg of the as-spun PAN NFs (i.e., BPAN) were gently
mixed in a NaOH ethanolic/aqueous solution for 20 min at 75 °C in a closed bottle. The
NaOH concentrations ranged from 0.5 wt % to 5 wt %. The molar ratio of ethanol to
water was 0.22. The hydrolyzed PAN NFs (designated as xX%HPAN, x was the
concentration of NaOH) was collected rinsed with water until neutral pH, then dried at

room temperature (20 + 1 °C) and stored in a desiccator before use.

3.3.4 Preparation of Pd Catalysts by Incipient Wetness

Pd catalysts supported on BPAN, MPAN, and HPAN were fabricated via incipient
wetness by a procedure similar to our previous work,™ and further NaBH, reduction. 1
wt % of Pd (theoretical loading) was loaded on the catalyst supports, including BPAN,
MPAN, and HPAN, and the prepared catalysts were designated as Pd/BPAN, Pd/MPAN
(i.e., Pd/1%MPAN, Pd/3%MPAN, Pd/5%MPAN), and Pd/HPAN (i.e., Pd/0.5%HPAN,

Pd/1%HPAN, Pd/3%HPAN, Pd/5%HPAN).

The catalysts were prepared as follows: first, 12.5 mg of Pd(NO3),-2H,0 was dissolved
in 2 mL of water, then gently mixed 0.4 mL of this fresh solution with 100 mg of the
catalyst supports, and vacuum dried at room temperature. Once dried, 20 mL of fresh

0.02 M NaBHj, solution (pH 12) was added onto the fiber mat in a 100-mL beaker and
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mixed slowly until no bubbles formed. Lastly, the greyish fiber mat was washed with

enough ultrapure water till pH neutral and dried at room temperature.

3.3.5 Batch Reaction and Analytic Methods

The batch reaction experiments of nitrite hydrogenation were performed in a 50 mL
glass bottle at 20 + 1 °C with a continuous H, (150 mL min™) and CO, flow (70 mL min’
1). The reaction solution was mixed at ca. 500 rpm to eliminate mass transfer
limitations.? 5 mg of catalyst was dispersed in 50 mL of ultrapure water (i.e., catalyst
loading of 0.1 g L™) via sonication for 3 min by a probe sonicator (amplitude 40 %,
Qsonica Q500) and vigorous stirring, and next pre-sparged with H, and CO, for 20 min.
The reaction was initiated by introducing nitrite from a concentrated stock solution (1 M)
to generate an initial nitrite concentration of 0.1 mM for the reaction. Samples were taken
at regular time intervals, filtered, and analyzed immediately. Nitrite was analyzed using
ion chromatography (Dionex 1CS-1100; Dionex lonPac™ AS18 column; 15 mM of

NaOH as eluent; 0.4 mL min™ of eluent flow rate; 25 pL injection volume).

3.3.6 Characterization

The structure and morphology of the prepared NFs, including BPAN, MPAN, and
HPAN, were characterized by a scanning electron microscope (SEM, FEI Teneo LV FEG
SEM). Before imaging, the NFs were sputtered with iridium prior to analysis
(Cressington Sputter Coater, 208HR). At least 300 fibers from different locations were
imaged and analyzed for fiber diameter with ImageJ. Chemical functionalities of all the
NFs were characterized by a Nicolet iS10 attenuated total reflection - Fourier transform

infrared spectroscopy (ATR-FTIR) using a wavenumber range from 4000-525 cm™ (32
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scans at 4 cm™ resolution). X-ray photoelectron spectroscopy (XPS) was performed in a
PHI 5400 XPS chamber under UHV conditions (pressure <10°® Torr). The materials
measured with XPS were agglomerates with the scale of several pum. Samples were
probed with a Mg K a X-ray primary beam source (1253.6 eV). Survey scans across the
range of primary beam energies were collected, as well as multiplex scans of selected
elemental binding energy regions. Peak positions were referenced to C1s, 284.5 eV, and
CasaXPS was used to determine chemical composition and atomic concentrations in the

near surface region (within 10 nm).

3.4 Results and Discussion
3.4.1 Surface Morphology and Structure of BPAN, MPAN, and HPAN

BPAN was fabricated by electrospinning of PAN polymer solution. 1%MPAN,
3%MPAN, and 5%MPAN were obtained by electrospinning PAN polymer solution
containing 1 wt %, 3 wt %, and 5 wt % MWCNTSs. Figure 3.2 (a), (b), (c), and (d) show
SEM images of BPAN, 1%MPAN, 3%MPAN, and 5%MPAN, respectively. The color of
the obtained fiber mats became darker with the increase of the MWCNT concentration
(Figure A.1 (a), left). The fiber diameter of BPAN was in the range of 240 to 550 nm
with an average of 368 £ 50 nm (Figure 3.2 and Table 3.1). With the addition of a small
amount of surface-oxidized MWCNTSs by HNOj3, the diameters of the obtained NFs were
obviously reduced, as shown in Figure 3.2 and 3.3. The fiber diameters of 1%MPAN,
3%MPAN, and 5%MPAN ranged from 100 to 500 nm (Figure 3.3). The average fiber
diameters of 1% MPAN, 3%MPAN, and 5%MPAN were 246 + 62, 241 + 45, and 234 +

49 nm, respectively (Table 3.1). The diameter of the NFs decreased significantly by the
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addition of only 1 wt % MWCNTS, and then decreased slightly with further increasing
MWCNT concentrations, which could result from the enhanced conductivity of the
polymer solution by the addition of MWCNTSs. This observation is in good agreement
with previous studies.** # % There were some protruded parts exposed to the outer
surface of the NFs in the MPAN samples (Figure 3.2 (c) and (d)), especially with higher
concentrations of MWCNTSs (i.e., 3%MPAN and 5%MPAN). The protrusion was the
MWCNT segments that were not embedded within the NFs, and it made the NF surface
rougher.®® However, almost no indication of knotted, entangled, and aggregated
nanotubes were observed (Figure 3.2), which indicates that the surface-oxidized
MWCNTSs were uniformly dispersed in PAN matrix and probably oriented along the

electrospun NF axis, 44 84,8688
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Figure 3.2 SEM images showing the surface morphologies of (a) BPAN; (b)

1%MPAN; (c) 3%MPAN; (d) 5%MPAN.
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Table 3.1 Fiber diameters of BPAN, MPAN, and HPAN.

Sample Diameter (nm)
BPAN 368 + 50
1%MPAN 246 + 62
3%MPAN 241 + 45
5%MPAN 234 + 49
0.5%HPAN 264 + 53
1%HPAN 251 +54
3%HPAN 319 + 58
5%HPAN 251 +52
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Figure 3.4 SEM images showing the surface morphologies of (a) 0.5%HPAN; (b)

1%HPAN; (c) 3%HPAN; (d) 5%HPAN.
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The HPAN was successfully synthesized from BPAN as shown by the color change of
these fiber mats after hydrolysis treatment. With the increase of NaOH concentration, the
color of the mats changed (Figure A.1 (b)). The color of the BPAN mat was white, while
that of 5%HPAN changed to yellow. This result is in good agreement with a previous
study.*> As shown in Figure 3.2, BPAN before hydrolysis had a relatively smooth and
uniform surface.* ® Hydrolysis treatment with NaOH solutions led to significant
shrinkage of the electrospun NFs as the thicknesses of the fiber mats reduced (Figure A.1
(a)) and the average diameters of the NFs decreased considerably from 368 + 50 nm to ca.
260 nm (Table 3.1 and Figures 3.4 and 3.5). Even with the hydrolysis treatment by a
NaOH concentration as low as 0.5 %, the fiber diameter significantly reduced to 264 + 53
nm from 368 + 50 nm of BPAN (Table 3.1). The hydrolyzed NFs were eroded,
especially for 5%HPAN, and the NFs shrank severely at higher NaOH concentrations
with fibers fusing together at the fiber intersections, which was probably because of the
introduction of both —OH and —COOQOH groups on the surface of PAN NFs as a result of
hydrolysis treatment.*> % 8 However, the hydrolyzed NFs still remained the fibrous
structure and morphology as the majority of the fibers were still round and their surfaces

were still smooth.
3.4.2 FTIR Spectroscope Analysis and XPS Study

The spectra of BPAN, 0.5%HPAN, 1%HPAN, 3%HPAN, and 5%HPAN is shown in
Figure 3.6 (a). The peak corresponding to 1452 cm* showed the bending vibration of the
CH. group.” The peak corresponding to 1668 cm* was ascribed to nitrile stretching

indicates the presence of acrylonitrile.® The intensity of peak at 2247 cm 2,
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corresponding to the stretching vibration of the nitrile groups (—CN), slightly decreased in
its intensity with an increase in NaOH concentration, which was probably because of the
conversion of a fraction of the nitrile groups on the surface of the PAN NFs to the imine
conjugated sequences.® ** The intensity of the —CH, stretching vibration at peak 2946
cm* reduced gradually, which could be ascribed to the hydrolysis of the ester group of
PAN.® The intensity of the broad adsorption band at 3357 cm* increased gradually with
the increase of the NaOH concentration. This peak corresponded to the stretching
vibration of —OH group and thus indicated the introduction of the —OH groups on the
surface of PAN NFs.* 89! After deposition of Pd onto BPAN by incipient wetness, a
noticeable change was that the peak corresponding to 1668 cm*almost disappeared
(Figure 3.6 (b)), indicating this conjugate C=N group might be responsible for the
anchoring of Pd NPs on the surface of BPAN.®*> * It was also observable that the
stretching vibration of —OH group in 3%HPAN and 5%HPAN were significantly reduced
after Pd deposition, which could be attributed to the binding of Pd onto the —OH groups

on the surface of HPAN.

The spectra of BPAN, 1%MPAN, 3%MPAN, and 5%MPAN is shown in Figure 3.7.
Compared with BPAN, the PAN NFs containing surface-oxidized MWCNTSs did not
show any noticeable change, which was probably because the majority of these
functionalized MWCNTs was embedded in the NFs. After deposition of Pd onto BPAN,
1%MPAN, 3%MPAN, and 5%MPAN, the peak corresponding to 1668 cm* almost
disappeared as well (Figures 3.6(b) and 3.7(b)), further confirming that the conjugate

C=N group could be responsible for the anchoring of Pd NPs. The peak at wavenumber
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of 2247 cm ™ corresponding to C=N bonds did not change, indicating that the nitrile

groups were not involved in the Pd deposition.®®

XPS was used to characterize the bonding environment and the oxidation state of the
catalysts. Figure 3.8 shows the C(1s), N(1s), and Pd(3d) regions for Pd/BPAN,
Pd/5%MPAN, and Pd/1%HPAN. The peaks centered at binding energies of 283.8 and
398.6 eV were for the C(1s) and N(1s), respectively. There was a Pd(3ds/,/3d32) doublet
in the Pd(3d) region consistent with the presence of a single species.'® ** This doublet
located at 336.3 eV (x 0.1 eV) and 341.7 eV (+ 0.1 eV), indicative of the presence of
Pd(I1) 3ds/, and 3ds,, respectively. Pd(0) may be oxidized by atmospheric oxygen in
catalyst storage or during XPS sampling.® % The oxidized surface species may be
reduced before catalytic activity tests by pre-sparging the catalyst suspension in batch
reactors with hydrogen gas.® 2° The atomic percentages of Pd determined by XPS for
Pd/BPAN, Pd/5%MPAN, and Pd/1%HPAN were all around 0.8~1.1 % (Table 3.2).
Compared with Pd/BPAN and Pd/5%MPAN, Pd/1%HPAN had relatively higher oxygen
content, which further confirmed that the hydrolysis treatment increased the oxygen

functionalities on the PAN nanofibers.
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Figure 3.6 ATR-FTIR spectra of (a) BPAN, 0.5%HPAN, 1%HPAN, 3%HPAN, and
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Figure 3.8 X-ray photoelectron spectroscopy (XPS) characterization of Pd/BPAN,

Pd/5%MPAN, and Pd/1%HPAN.
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Table 3.2 Catalyst surface elemental composition (ca. < 10 nm) measured by XPS and

reported in atomic percent (at %).

Sample Concentration (at %)
Carbon Nitrogen Oxygen Palladium
Pd/BPAN 73.0 17.6 8.6 0.8
Pd/5%MPAN 76.7 13.8 8.7 0.8
Pd/1%HPAN 72.5 16.7 9.7 1.1
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3.4.3 Nitrite Reduction on Pd/BPAN, Pd/MPAN, and Pd/HPAN

Nitrite was selected as the probe contaminant to investigate the catalytic performance
of Pd/BPAN, Pd/MPAN, and Pd/HPAN. After deposition of Pd, these samples still
remained their fibrous structure and morphology as shown in Figure A.2. As shown in
Figure 3.9 (a), the addition of surface-oxidized MWCNTSs gradually increased the
catalytic activity from (4.0 + 0.4) x 10~ min* for Pd/BPAN to (9.1 + 0.4) x 10 min*
for Pd/5%MPAN towards nitrite hydrogenation. This enhanced catalytic activity may be
ascribed to the increase of MPAN’s surface area. The addition of surface-oxidized
MWCNTSs into PAN polymer solution significant reduced NF diameters (Table 3.1),
which could lead to the increase of surface area and thus provide more available

anchoring sites for Pd deposition.

However, the catalytic activity of PA/HPAN did not increase monotonously with the
increase of the NaOH concentration during hydrolysis treatment. The catalytic activity
increased from (1.2 + 0.2) x 10 2 min * for Pd/0.5%HPAN to its maximum of (2.5 + 1.1)
x 102 min ! for Pd/1%HPAN and started to decrease (Figure 3.9 (b)), which suggested
that low NaOH concentration hydrolysis treatment was more effective to enhance the
affinity of Pd onto the electrospun NFs. The reason why a high NaOH concentration led
to lower activity was probably because the treatment resulted in significant reduction of
the thicknesses of the NF mats as shown in Figure A.1 (a) and thus lowered the porosity
of the NF mats. Compared with the addition of surface-oxidized MWCNTSs into the PAN
polymer solution, post hydrolysis treatment seemed to be more effective as the catalytic

activity was enhanced more noticeable for Pd/HPAN. Compared with Pd/BPAN,
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Pd/1%HPAN increased the catalytic activity by ca. 6 fold, while that of Pd/5%MPAN

was ca. 2 fold, which was probably because NaOH hydrolysis treatment not only

significantly reduced the nanofiber diameters but also increased functional groups on the

surface of the nanofibers.
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Figure 3.9 (a) Nitrite reaction rate constants of Pd/BPAN, Pd/1%MPAN, Pd/3%MPAN,

and Pd/5%MPAN; (b) Nitrite reaction rate constants of Pd/BPAN, Pd/0.5%HPAN,

Pd/1%HPAN, Pd/3%HPAN, and Pd/5%HPAN.
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3.5 Conclusions

In this work, PAN nanofibers were synthesized via electrospinning and used as
supports for the immobilization of Pd NPs. The addition of surface-oxidized MWCNTSs
into the electrospinning PAN solution and post-hydrolysis treatment of electrospun PAN
nanofibers with NaOH ethanolic/aqueous solutions were performed to enhance the
affinity of Pd NPs onto the surface of PAN nanofibers. SEM analysis confirmed that both
of the two methods significantly reduced the fiber diameters, which could expose more
surface anchoring sites for Pd NPs. The post hydrolysis treatment with the NaOH
ethanolic/aqueous solutions was also able to introduce functional groups, such as —OH
groups, on the electrospun PAN nanofibers as confirmed by ATR-FTIR. Post-hydrolysis
treatment seemed to be more effective to enhance catalytic performance in hydrogenation
of a waterborne contaminant, nitrite. Compared with Pd/BPAN, Pd/1%HPAN increased
the catalytic activity by ca. 6 fold, while that of Pd/5%MPAN was ca. 2 fold. Our study
demonstrated that one-pot electrospinning is very promising for sustainable and scalable
development of emerging catalysts due to the simplicity of catalyst synthesis and highly
tunable catalyst properties. The electrospun nanofibrous catalyst mats have a membrane

structure and can be used as a reactive filter for water decontamination.
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Chapter 4. Enhancement of Nitrite Reduction Kinetics on Electrospun Pd-Carbon

Nanomaterial Catalysts for Water Purification®

4.1 Abstract

We report a facile synthesis method for carbon nanofiber (CNF) supported Pd catalysts
via one-pot electrospinning and their application for nitrite hydrogenation. A mixture of
Pd acetylacetonate [Pd(acac)], polyacrylonitrile (PAN), and non-functionalized multi-
walled carbon nanotubes (MWCNTS) was electrospun and thermally treated to produce
Pd/CNF-MWCNT catalysts. The addition of MWCNTSs with a mass loading of 1.0-2.5
wt % (to PAN) significantly improved nitrite reduction activity compared to the catalyst
without MWCNT addition. The results of CO chemisorption confirmed that the addition

of MWCNTs increased Pd exposure on CNFs and hence improved catalytic activity.

! Reprinted with permission and modification from Ye, T.; Durkin, D. P.; Hu, M.; Wang,
X.; Banek, N. A.; Wagner, M. J.; Shuai, D. Enhancement of Nitrite Reduction Kinetics
on Electrospun Pd-Carbon Nanomaterial Catalysts for Water Purification. ACS Appl.
Mater. Interface016, 8, 17739-17744. Copyright 2016 American Chemical Society.
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4.2 Introduction

Pd-based catalytic reduction holds great promise for water purification because it
exhibits high efficiency to reduce a broad spectrum of persistent contaminants, including
oxyanions (e.g., nitrate, nitrite, bromate, chlorate, chlorite, perchlorate), N-nitrosamines,

29,37 and minimizes the

and halogenated compounds (e.qg., trichloroethylene, diatrizoate),
production of toxic intermediates and byproducts to eliminate the need of post-treatment.
Extensive studies have shown that the persistent contaminants pose risks to human and
ecological systems.' For example, nitrite has been proven to be carcinogenic due to the
formation of N-nitroso compounds in vivo, and the U.S. Environmental Protection
Agency has regulated the maximum contaminant level (MCL) of nitrite in drinking water
as 1 mg L™-N.?* % The development of Pd-based catalysts with the presence of Pd
nanoparticles (NPs) significantly increases catalytic activity for contaminant removal
because of enhanced surface area of Pd and unique catalyst structure-activity

relationships.?® *" The immobilization of extreme small NPs on supports enables catalyst

reuse, largely reduces NP leaching, and is more practical for water purification.

Carbonaceous nanomaterials [e.g., carbon nanotubes (CNTSs) and carbon nanofibers
(CNFs)] are desired supports for catalytic nanoparticles because of high surface area and
porosity, thermal stability, readiness for surface functionalization, and excellent
mechanical and electrical properties.” ** 4" Furthermore, enhanced catalytic activity has
been observed on carbonaceous nanomaterial supported catalysts compared to their
conventional counterparts (e.g., activated carbon or alumina supported catalysts), and

carbonaceous nanomaterial catalysts maintained high reactivity over multiple cycles of
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catalyst use.” The enhanced catalytic activity and stability is likely due to the well-
controlled properties of the catalysts and enhanced mass transfer rates in reactions. As-
synthesized carbon nanomaterials prepared by chemical vapor deposition or thermal
carbonization are lack of surface functional groups, and chemical functionalization of
carbonaceous nanomaterial surface with strong acids or other oxidizing agents (e.g., nitric
acid, sulfuric acid, hydrogen peroxide) is generally required to improve metal
nanoparticle binding to the supports and optimize the nanoparticle size for enhanced
catalytic activity.? * %’ However, unique features of carbonaceous nanomaterials (e.g.,
mechanical strength and electrical conductivity) are inevitably compromised after harsh
oxidative treatment because of etching and the introduction of defects.** Moreover,
chemical functionalization is time-consuming, energy-intensive, difficult to handle, and
lack of sustainability due to the treatment at an elevated temperature and waste
generation. These challenges limit the industrial-scale production and application of

catalysts that require surface treatment.?®

One approach to overcome the challenges of chemical functionalization is to fabricate
carbonaceous nanomaterials and grow NPs simultaneously for the one-pot synthesis of
composite catalysts.>*® Electrospinning is a versatile approach for the production of
ultrafine nanofibers (NFs), including CNFs (also known as carbonized polymer NFs), by
the extrusion of a polymer solution under electrostatic forces.®! Previous studies reported
the successful one-pot synthesis of Pd NPs on CNFs by the electrospinning of a
homogeneous solution containing a polymer plus a Pd precursor and subsequent thermal
conversion in a controlled atmosphere (e.g., in an inert gas for polymer carbonization and

in hydrogen gas for the reduction of Pd).** * % However, the performance of this facile
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synthesis method was limited because the majority of Pd NPs were embedded in the
CNFs.* 1 Catalytic hydrogenation is a surface mediated reaction and it requires the

29,101 and hence the

ensemble of exposed surface Pd atoms for reactant activation,
embedment of Pd significantly lowers the catalytic activity. Therefore, there is a need to
increase Pd exposure and catalytic activity for the one-pot electrospun Pd/CNF catalysts.
However, only limited studies have explored the reactivity improvement of the Pd/CNF

catalysts synthesized by one-pot electrospinning.”

In this study, we report for the first time that the addition of non-functionalized
MWCNTSs in the electrospinning dope (i.e., polymer-Pd precursor mixture) increases the
exposure of Pd on electrospun CNFs and the catalytic activity for nitrite hydrogenation.
To the best of our knowledge, this is also the first work to quantitatively analyze Pd
exposure on electrospun Pd/CNF catalysts for catalyst optimization, and to apply these

catalysts for water purification.

4.3 Experimental Section
4.3.1 Materials

N,N-Dimethylformamide (DMF, > 99.8%), polyacrylonitrile (PAN, MW = 150,000),
sodium nitrite (NaNO,, > 99.0%) were purchased from Sigma-Aldrich (MO, USA).
Potassium phosphate dibasic anhydrous (K;HPO,4, USP grade), and potassium phosphate
monobasic (KH,PO4, > 99.0%) were obtained from Fisher Scientific (PA, USA).
Palladium acetylacetonate [Pd(acac),] was obtained from VWR (PA, USA). Multi-walled
carbon nanotubes (95+%, OD 20-30 nm) were purchased from Nanostructure &

Amorphous Materials, Inc. (TX, USA). All chemicals were used as received. Aqueous
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solutions were made from ultrapure water (18.2 MQ cm at 25 °C) produced by a

Millipore system (Direct-Q 3 UV, Millipore, USA).
4.3.2 Preparation of MWCNTs/Pd/CNFs

The catalysts were fabricated via single-spinneret electrospinning and post-thermal
treatment. In a typical procedure, 0.143 g of Pd(acac), was first dissolved in 12 g of DMF
by stirring at 80 °C for 20 min, and next a certain amount of MWCNTSs was dispersed in
the solution by sonication (Branson Bransonic ™ M Series) for 2 h. Finally, 1 g of PAN
was added into the suspension of Pd(acac), and MWCNTS, and the suspension was
stirred at 80 °C for 3 h and further sonicated (Ultrasonic, PHO75EL) at 25 °C for 12 h.
The prepared suspension was electrospun using a 12 mL syringe with a 25 gauge, blunt
needle (NNC-PN-25GA, Nano NC) at a flow rate of 0.5 mL h™ (NE-300, New Era Pump
Systems Inc.) and under an applied voltage of 2 kV cm™ (PO30HP1, Acopian) in a closed
chamber. A rotating drum wrapped with an aluminum foil with a rotating speed of 500
rpm was used to collect the NFs. The as-spun NFs were dried in an oven (2000 series,
Isotemp®, Fisher) at 60 °C for 1 day. To obtain the Pd loaded CNFs, the as-spun NFs
were heated in a tube furnace (OTF-1200x-80, MTI Corporation) from room temperature
to 230 °C at a rate of 2 °C min™ and stabilized at 230 °C for 3 h in air, heated up to
850 °C at 5 °C min™ and held for 0.5 h in N, for carbonization, followed by cooling

down to 500 °C and holding at 500 °C for 2 h in H,, for the reduction of Pd** to Pd.

4.3.3 Batch Reaction and Analytic Methods

The batch reaction experiments of nitrite hydrogenation were performed in a 50 mL

glass bottle at 20 + 1 °C with continuous H, flow (150 mL min™) and mixing at ca. 500
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rpm. The rate of hydrogen flow and mixing has been optimized to eliminate the limitation
of reaction kinetics by hydrogen supply or external mass transfer. 25 mg of the catalysts
was dispersed by sonication for 20 min in a 50 mL phosphate buffer (1 mM, pH 7.3) (i.e.,
catalyst loading of 0.5 g L™ in the buffer), and pre-sparged with H, for 20 min. Pre-
sparging of H; is necessary to reduce surface oxidized Pd resulted from catalyst storage
in air, and it restores the catalytic activity." Reactions were initiated by introducing nitrite
from a concentrated aqueous stock solution. Samples were taken at regular time intervals,
filtered, and analyzed immediately. Nitrite adsorption by the catalysts was tested
following similar procedure, except without H, supply. No nitrite adsorption was
observed. The nitrite anion was analyzed using ion chromatography (Dionex ICS-1100;
Dionex lonPac™ AS18 column; 46 mM NaOH as eluent; 0.25 mLmin™ eluent flow rate;
25uL injection volume). Ammonia was measured by the Hach TNT 830 method (0.015-2

mg L™ NHs-N ultralow range) using a Hach DR 6000 UV-vis spectrophotometer.

4.3.4 Characterization

The structure and morphology of catalysts were characterized by a Zeiss Supra 40 VP
field-emission scanning electron microscope (SEM), and by a Philips CM 300 FEG
transmission electron microscope (TEM) operated at 300 kV. 300 fibers from at least 6
different locations were imaged and analyzed for fiber diameter with ImageJ. 500 Pd NPs
from at least 10 different locations were imaged analyzed for particle size with ImageJ.
X-ray photoelectron spectroscopy (XPS) was performed in a PHI 5400 XPS chamber
under UHV conditions (pressure <10°® Torr). The materials measured with XPS were

agglomerates with the scale of several um. Samples were probed with a Mg K a X-ray
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primary beam source (1253.6 eV). Survey scans across the range of primary beam
energies were collected, as well as multiplex scans of selected elemental binding energy
regions. Peak positions were referenced to C1s, 284.5 eV, and CasaXPS was used to
determine chemical composition and atomic concentrations in the near surface region
(within 10 nm). CO chemisorption was measured in an AutoChem 2920 11
(Micromeritics) equipped with a thermal conductivity detector (TCD). Hydrodynamic
diameters and zeta potentials of the catalysts in the phosphate buffer (1 mM, pH 7.3)
were characterized by dynamic light scattering and electrophoresis on a Zetasizer nano
ZS instrument (Malvern Instruments, U.K.). Braunauer-Emmitt-Teller (BET) surface area
and porosity analyses were performed by liquid N adsorption/desorption using a
Micromeritics TriStar 3000. Isotherm adsorption data for Po/P was recorded from 0.060-
0.989. The volume of micropores was determined by t-plot analysis, and the volume of
mesopores was determined by BJH analysis. Samples were degassed at 140 °C for 12 h
under dynamic vacuum (107 Torr) prior to analysis. One of the three sample
measurement ports of the TriStar was equipped with an empty sample tube with which
the saturation vapor pressure (Po) of N, was measured concurrently with each

measurement of the equilibrium vapor pressure (P) over the sample.

4.4 Results and Discussion

The electrospinning procedure of Pd-loaded CNFs is illustrated in Figure 4.1.
MWCNTSs (O.D. of 20-30 nm, I.D. of 5-10 nm) were purchased from Nanostructured &
Amorphous Materials, Inc. without post-surface functionalization. The MWCNTSs with

0.5-2.5% mass loading (to PAN) were dispersed in the solution of PAN and Pd(acac); in
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N,N-dimethylformamide (DMF) by ultrasonication. No precipitation of MWCNTSs from
the polymeric solution was observed during electrospinning. The electrospun polymeric
NFs were further heated in different atmospheres, including air, nitrogen, and hydrogen,
for the conversion to the Pd-CNF-MWCNT composites, i.e., PA/CNFs-x%MWCNTS (x =
0.5-2.5). A control sample without MWCNTS, i.e., PA/CNFs, was also prepared. The Pd
loading of the catalytic samples was 2.6-3.4 wt% (i.e., Pd mass to the total mass of the

catalysts), as determined by inductively coupled plasma-mass spectrometry (ICP-MS).

Table 4.1 Surface Area and Pore Volume of Pd/CNFs and Pd/CNFs-2.5%MWCNTSs.

Sample BET Surface Area Pore Volume (cm®g ™)
(m*g™) Micropores  Mesopores Total
Pd/CNFs 2.5x10 0.11 0.03 0.14
Pd/CNFs- 2.8x10° 0.10 0.06 0.16
2.50MWCNTSs
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Figure 4.2a and b show scanning electron microscopic (SEM) images of Pd/CNFs and
Pd/CNFs-2.5%MWCNTSs, respectively. Pd/CNF nanofibers exhibited a 1-D structure
with a diameter of 217 £ 55 nm. The addition of 2.5 wt% MWCNTSs not only
significantly reduced the nanofiber diameter to 64 = 24 nm, but also resulted in a curled
nanofibrous structure with beads (Figure 4.2b). The presence of non-functionalized
MWCNTSs in the electrospinning dope was expected to significantly increase the
electrical conductivity of the dope and consequently reduce nanofiber diameter.®*
However, the van der Waal interaction among MWCNTS is strong, and even extensive
ultrasonication (up to 12 h) did not disperse MWCNTSs in PAN sufficiently. The

MWCNTSs formed beads in CNFs due to agglomeration.

The surface properties of Pd/CNFs and Pd/CNFs-2.5%MWCNTSs are listed in Table
4.1. Though both samples were thermally treated under the same condition, Pd/CNFs-
2.5%MWCNTSs had a slightly higher surface area compared to Pd/CNFs, which is
probably because the addition of MWCNTSs reduces the diameter of the CNFs. Type 1l
isotherms were observed in liquid N, adsorption tests for Pd/CNFs and Pd/CNFs-
2.5%MWCNTSs (Figure B.1),*% and the results suggested that these two materials were
mainly macroporous. SEM and TEM images also confirmed that the macropores were
resulted from the non-woven structure of NFs (i.e., pores between the fibers). The
volume of micropores and mesopores for Pd/CNFs and Pd/CNFs-2.5%MWCNTSs was
small (Table 4.1). The formation of micropores and mesopores could be attributed to Pd
species reacting with carbon in the thermal treatment.®®®® These pores may also be
produced because of insufficient dispersion of MWCNTSs in the PAN solution, and

consequent poor contact between the MWCNTS and the CNFs converted from PAN.%’
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The intermingling of the electrospun CNFs were also able to create mesopores.'® The
micropores and mesopores created between the CNFs, MWCNTSs, and Pd NPs may
contribute to the increased catalytic reactivity for nitrite reduction, likely by improving

surface exposure of Pd to reactants through these pores.'%

Figure 4.2 Electron microscopic images of Pd/CNFs (a and c), and Pd/CNFs-

2.5%MWCNTSs (b and d). The presence of MWCNTSs in CNFs is highlighted in (d).
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The structure and morphology of Pd/CNFs and Pd/CNFs-2.5%MWCNTSs were also
characterized by transmission electron microscopy (TEM), as shown in Figure 4.2c and
d. Pd NPs are near spherical, and the introduction of MWCNTSs into CNFs did not alter
Pd NP size: 8.0 £ 1.8 nm for Pd/CNFs vs. 8.5 £ 2.3 nm Pd/CNFs-2.5%MWCNTSs. Pd
NPs were dispersed uniformly in both samples and some were partially exposed on CNF
surfaces. Pd/CNFs-2.5%MWCNTSs shows a unique structure with the embedded
MWCNTSs aligned along the axis of the CNFs, as shown in Figure 4.2d.%® This is
probably because MWCNTSs preferentially aligned with the electric field that also

stretched and formed the electrospun NFs.%*

The chemical states of Pd in Pd/CNFs and Pd/CNFs-2.5%MWCNTSs were analyzed by
X-ray photoelectron spectroscopy (XPS). As shown in Figure 4.3, Pd 3ds, photoelectron
transitions (ca. 335.6 eV) indicate that the Pd is in the 0 oxidation state, which is in close
agreement with literature reported values for similar Pd metal catalysts.** * One
Pd/CNFs-2.5%MWCNTSs sample (labeled in red in Figure 4.3) has a more visible
shouldering feature in the Pd 3d region, indicating that some Pd may exist in a higher
oxidation state. This could be due to the surface oxidation by atmospheric oxygen in
catalyst storage. Before catalytic activity tests, catalyst suspension in batch reactors was
sparged with hydrogen gas to reduce the oxidized surface species. Previous studies show
that hydrogen reduction under ambient conditions (e.g., room temperature, atmospheric
pressure) is sufficient to restore the catalytic activity.® 2° Our study also shows that the
activity of PA/CNFs-2.5%MWCNTs samples was reproducible though one sample
exhibited oxidized Pd, suggesting the oxidized Pd could be reduced to its elemental state

without compromising the activity.
66



Counts (a.u.)

S

345 340 335
Binding energy (eV)

Pd/CNFs-2.5%MWCNTs
Pd/CNFs

Figure 4.3 X-ray photoelectron spectroscopic (XPS) characterization of Pd/CNFs and

Pd/CNFs-2.5%MWCNTSs.



ICP-MS, XPS, CO chemisorption, and TEM were used to evaluate the loading of bulk
Pd, Pd on the surface and subsurface of CNFs, exposed Pd, and Pd dispersion,
respectively (Tables 4.2, B.1, and B.2). The bulk Pd loading represents the mass of Pd to
the total mass of the catalyst, and it indicates the overall Pd loading for the bulk sample.
XPS, with a limited penetration depth, only characterizes the Pd loading (i.e., atomic or
mass percentage of Pd to the catalyst) on CNF surface and subsurface within 5-10 nm in
contrast to CNF sample height at a um scale, no matter whether the Pd is exposed or
embedded within CNFs. The exposed Pd loading characterizes the amount of Pd
accessible to CO to the total mass of the catalysts, which could be used to explain the
varying catalytic activity among different catalysts because only accessible Pd promotes
nitrite reduction. The exposed Pd is different from Pd on CNF surface and subsurface,
because some exposed Pd could be accessible by CO through a deep pore (> 10 nm from
the surface) but not be measured by XPS.*** A schematic of the Pd loading on CNFs is
shown in Figure 4.4. The bulk Pd loading of Pd/CNFs was 1.3 fold higher than that of
Pd/CNFs-2.5%MWCNTSs, though both samples had the same theoretical Pd loading in
synthesis (i.e., Pd mass to the total mass of PAN and MWCNTS). One explanation is that
the addition of MWCNTSs improves the thermal resistance of PAN nanofibers, and it
results in reduced mass loss of the CNFs during annealing and decreased bulk Pd
loading.* The Pd loading on the surface and subsurface of CNFs of Pd/CNFs was also
found to be 1.5 fold higher than that of Pd/CNFs-2.5%MWCNTSs, and the surface and
subsurface loadings were 1.9-2.3 fold higher compared to the bulk loadings for both
samples. The results are consistent with previous studies, likely due to favorable

reduction of Pd and its migration to the surface/subsurface in the thermal hydrogen
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treatment.®® In contrast, the amount of exposed Pd did not increase with the increase of
the bulk or surface and subsurface loading of Pd, and Pd/CNFs-2.5%MWCNTSs exhibited
a 2.1 fold higher amount of the exposed Pd than Pd/CNFs. Pd exposure, defined as the
amount of exposed Pd that is accessible by CO to the bulk Pd, of Pd/CNFs-
2.5%MWCNTSs increased 2.8 fold compared to Pd/CNFs. However, Pd dispersion (i.e.,
the number of Pd atoms on Pd NP surface, regardless of the coverage by carbon, to the
number of Pd atoms in bulk NPs) calculated based on the NP size and geometry was
similar (Table B.2). Therefore, the addition of MWCNTS in the Pd/CNF catalysts
significantly increased the accessibility of Pd to reactants and is expected to improve

nitrite reduction activity.
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Table 4.2 Pd loadings of Pd/CNFs and Pd/CNFs-2.5%MWCNTSs analyzed by ICP-MS,
XPS, and CO chemisorption.

Bulk Pd | Surface and Exposed Pd Surface and | Pd
(Wt%) subsurface Pd | (nmol g™) subsurface exposure
by ICP- | by XPS by CO Pd to bulk Pd | (%)°
MS chemisorption | mass ratio
at%® | wi%® | °
Pd/CNFs |34+04 10+ |77+ |20£03 23+0.7 0.63 =
0.2 1.4 0.03
Pd/CNFs- |26+04 ({06+ |51+ |[43%£03 19+03 18+04
2.5%0MW 0.2 1.7
CNTs

# Weight percentage was calculated from atomic percentage and atomic weights. H was
not determined by XPS, and it was not considered for the calculation of the total mass of
catalysts. Only Pd, C, O, and N were considered. Because of the low weight percentage
of H, its contribution to the total mass of catalysts was negligible (see the Sl for details). °
The chemisorption stoichiometry of Pd/CO (molar ratio) was assumed to be 2.%  Pd
exposure was defined as the amount of the exposed Pd accessible by CO to the total Pd in
bulk determined by ICP-MS
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Nitrite was selected as the probe contaminant to explore the catalytic activity of a
series of Pd/CNFs-MWCNTSs with different MWCNT loadings (i.e., 0-2.5 wt%). The
nitrite reduction activity, represented by the pseudo-first-order rate constant, and the
initial turnover frequency (TOF) are shown in Figure 4.5a and b, respectively. Nitrite
reduction rate constant with respect to the bulk Pd loading (i.e., pseudo-first-order rate
constant to the bulk Pd mass loading in the reaction solution, details of calculation are
shown in the SI), increased significantly from (5.4 + 1.2) x 102 to 1.4 + 0.6 L min™ (g of
bulk Pd)™ with the increase of MWCNT loading from 0-1.5 wt%. The rate constant
leveled off beyond 1.5 wt% of MWCNT loading [1.3 + 1.1 L min™ (g of bulk Pd)™ for
Pd/CNFs-2.59%MWCNTSs]. The observed uncertainty in Figure 5a was likely resulted
from non-uniform dispersion of MWCNTSs in the PAN solution and synthesized CNFs
(e.g., the beads in Figure 4.2b), and consequent different Pd exposure. Though as-
purchased MWCNTSs were dispersed in the PAN solution by extensive ultrasonication,
MWCNTSs inevitably formed aggregates due to their minimal surface functional
groups.'® The non-uniform dispersion of MWCNTSs was also observed in previous

studies.** &
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Figure 4.4 A schematic of Pd loading characterization by ICP-MS, XPS, and CO
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Turnover frequency (TOF), the number of nitrite molecules reduced per exposed Pd
site per minute at the beginning of reaction, was calculated based on the reaction rate
constant and Pd exposure (Pd exposure is shown in Table 4.2 and Figure B.2, details of
calculation are shown in the Appendix B).2 Nitrite reduction TOF, for Pd/CNTs-
1.5%MWCNTSs and Pd/CNTs-2.5%MWCNTSs increased to 1.2 + 0.6 and 0.7 + 0.5 min™,
compared to the TOF, of Pd/CNTs (0.1 + 0.02 min™), respectively. The results are in
contrast with our previous observation that the TOF, for nitrite reduction on CNF
supported Pd catalysts was a constant under the same experimental condition (e.qg.,
hydrogen gas supply, pH, initial nitrite concentration), regardless of the size of near
spherical Pd NPs.? We also observed that nitrite reduction was sensitive to the structure
of Pd NPs, i.e., the shape and facet, and TOF, increase with the increased surface fraction
of (100) facet.® The Pd NPs prepared by one-pot electrospinning are near spherical
(Figure 4.2), without preferential growth of (100) facet. The discrepancy between the
current and previous study implies that factors other than exposed Pd, such as mass
transfer rates, and the adsorption of reactants, intermediates, and products on catalysts,
may also influence nitrite reduction activity. The external and internal mass transfer rates
were evaluated based on previous studies, and they indicated that both mass transfer rates
were much faster compared to nitrite reduction kinetics (details in the SI), and hence the
reaction was not limited by mass transfer. Zeta potential of Pd/CNFs increased slightly

from -54.3 to -46.4 mV with the addition of MWCNTSs (Table B.3, with 0, 1.5, and 2.5
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wt% of MWCNTS), and the results implied that stronger nitrite adsorption on Pd/CNFs-
2.5%MWCNTSs could be expected due to increased electrostatic attraction. Unique metal-
support interactions with MWCNTS may also enhance catalytic reactivity.’®*%" Future
work with a focus on the interactions between reactants/intermediates/products and
catalyst surface for nitrite (or nitrate) reduction will be necessary to fully understand the

mechanisms in the enhancement of catalytic activity.

Table B.4 compares the performance of Pd/CNFs and Pd/CNFs-2.5%MWCNTSs with a
number of reported catalysts for nitrite hydrogenation, and the activity and selectivity
(i.e., dinitrogen versus ammonia production) of our catalyst were within the range of
reported results. It is worth noting that distinct Pd-based catalysts were tested under
different experimental conditions for nitrite reduction (e.g., different promoter metals,
catalyst supports, initial nitrite concentrations, pHs, buffer concentrations), and the
catalyst properties and experimental conditions significantly impact the catalyst
performance.? 2:?° A relative high solution pH (7.3), low initial nitrite concentration (0.1
mM), and the presence of phosphate (1 mM) for the competitive adsorption on Pd were
expected to lower the reactivity and increase the ammonia production in our study.
Previous studies suggest that CNF-based Pd catalysts outperform Pd on conventional
supports, because the macroporous structure of entangled CNFs enhances mass transfer
rates, and CNFs may promote nitrite adsorption and hydrogen spillover.®*” Similar results
of enhanced mass transfer rates and increased intrinsic reactivity on the CNF-MWCNT
support were also observed in our study. The selectivity for ammonia production was also
high for PA/CNFs-2.5%MWCNTSs (72%), similar to the previous studies with CNF

supports for nitrite reduction (> 75%).29"% The electrical conductive nature of the
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carbon supports may promote hydrogen diffusion to Pd inside CNFs, increase reductant

availability, and enhance N-H formation over N-N pairing for ammonia production.'®

5 2.0

[ ERAC — | (b)

§% 10°] @) /1

et ] 1.5

C 3 o 1

8% E 101

g = 1074 w”

B £ O

r E 0.5

_‘g -

zZ 402l . T . : , 0.0+ . :
00 05 10 15 20 25 0 1 2

MWCNTs wt% to PAN MWCNTS wt% to PAN

Figure 4.5 The effect of MWCNTSs addition on nitrite reaction rate constant (a) and TOF,
(b) by CNF supported Pd catalysts. 0.1 mM of nitrite (initial concentration) was reduced
in a phosphate buffer (pH 7.3, 1 mM). Error bars represent the standard deviation of

replicates.
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4.5 Summary

Our work prepares CNF supported Pd NP catalysts via one-pot electrospinning for
nitrite reduction. The addition of non-functionalized MWCNTS in the electrospinning
dope reduces the CNF diameter and increases Pd exposure for enhanced reaction kinetics.
The increase of catalytic activity may also be contributed to the improved adsorption of
reactants/intermediates on the catalyst surface. Our study for the first time quantitatively
analyzes Pd exposure for the nanofibrous catalysts prepared by electrospinning, and it
provides mechanistic insights on the enhancement of catalytic activity for the
hydrogenation of persistent waterborne contaminants. One-pot electrospinning holds
promise for sustainable and scalable catalyst development because of simplicity in
catalyst preparation and highly tunable catalyst properties. Electrospun nanofibrous
catalysts also exhibit an integrated non-woven membrane structure compared to
conventional particulate catalysts, and it could be potentially used as a reactive filter for
water purification.’*° Reactive filtration removes contaminants by both physical
separation and chemical reaction, and it reduces waste generation (e.g., concentrated
brine, exhausted filter media), lowers the reactor footprint, and improves the
sustainability of water purification practices. Moreover, our catalyst would be beneficial
for many industrial applications at high temperatures. The embedment of metal
nanoparticles in CNFs will prevent NP aggregation at a high temperature, and

microporous channels to the surface of catalytic metal nanoparticles will allow the
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surface-mediated reactions but minimize coke formation.*** Both mechanisms are

expected to maintain an excellent long-term catalytic performance in practice.

Chapter 5. Graphitic Carbon Nitride Supported Ultrafine Pd and Pd-Cu Catalysts:
Enhanced Reactivity, Selectivity, and Longevity for Nitrite and Nitrate

Hydrogenation®
5.1 Abstract

Novel Pd-based catalysts (i.e., Pd and Pd-Cu) supported on graphitic carbon nitride (g-
CsN,) were prepared for nitrite and nitrate hydrogenation. The catalysts prepared by
ethylene glycol reduction exhibited ultrafine Pd and Pd-Cu nanoparticles (~ 2 nm, NPs),
and they showed high reactivity, high selectivity toward nitrogen gas over byproduct
ammonium, and excellent stability over multiple reaction cycles. The unique nitrogen-
abundant surface, porous structure, and hydrophilic nature of g-C3N, facilitates metal NP
dispersion, mass transfer of reactants, and nitrogen coupling for nitrogen gas production

to improve catalytic performance.

2 Reprinted with permission and modification from Ye, T.; Durkin, D. P.; Banek, N. A,;
Wagner, M. J.; Shuai, D. Graphitic Carbon Nitride Supported Ultrafine Pd and Pd-Cu
Catalysts: Enhanced Reactivity, Selectivity, and Longevity for Nitrite and Nitrate
Hydrogenation. ACS Appl. Mater. Interface17, 9, 27421-27426. Copyright 2017
American Chemical Society.
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5.2 Introduction

Graphitic carbon nitride (g-C3N,) has emerged as a promising photocatalyst for
selective oxidation, water splitting, environmental remediation, and renewable fuel
production.®® *** Beyond the scope of photocatalysis, g-CsN4 has several unique
properties to serve as an excellent catalyst support for metals. First, g-C3N, is hydrophilic
and has abundant N-containing functional groups (e.g., -NH,, triazine) as basic
coordination sites that facilitate metal nanoparticle (NP) dispersion.'** Second, the
surface area and pore size of g-C3N, can be tailored to promote uniform NP loading.'**
Third, g-C3Ny4 can be synthesized from earth abundant precursors (e.g., urea, melamine),
the synthesis process is facile and scalable, and the material is stable and environmentally

benign.*®

Herein, we report the synthesis of g-C3N,4 supported monometallic Pd and bimetallic
Pd-Cu NPs, with varied metal compositions, support properties, and metal loading
methods. Few studies of g-C3N,4 supported metal catalysts for contaminant hydrogenation
have been reported to date,>* **# 13 and this is the first report of bimetal NPs supported
on g-C3N,4 developed for contaminant removal and the systematic evaluation of their
catalytic performance. Nitrite and nitrate contamination is resulted from the intensive use
of fertilizers, inappropriate disposal of animal wastes and septic tank effluents, and the
discharge of industrial effluents, and the U.S. Environmental Protection Agency has
regulated the contaminant concentration in drinking water to prevent adverse human

health impacts after digestion.*® Pd-based catalytic hydrogenation has emerged as a
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promising technology for the removal of nitrite and nitrate in drinking water and ion
exchange brines for environmental remediation.” ® % A promoter metal (e.g., Cu, Sn, or
In), in direct contact or in close proximity with Pd, is required to enable nitrate reduction
to nitrite, while further reduction of nitrite to nitrogen gas or byproduct

ammonia/ammonium only needs Pd (Scheme 1).”

N,O ’;—d> N,
Pd ’
2
0_ Pd/Cu,In,Sn NO_ Pd I—I\;(—)-I Pd N
_ —_— |
3 I, 2 T g, HIN Hy 2
Pd
H,
NH;/NH}

Scheme 1. Nitrate reduction pathway on Pd-based catalysts. NO is a proposed

intermediate. Adapted from our previous publication.?
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5.2 Experimental Section

5.2.1 Materials

N,N-Dimethylformamide (DMF, > 99.8%), sodium nitrate (NaNOs, > 99.0%), sodium
nitrite (NaNO,, > 99.0%), palladium nitrate dihydrate (Pd(NO3),-H,0, ~40% Pd basis),
palladium acetate (Pd(Ac),, reagent grade, 98%), copper acetate (Cu(Ac),, 98%), urea
(98%), cyanuric acid (98%), barbituric acid (99%), titanium tetraisopropoxide (TTIP,
97%), acetic acid (= 99.7%), and polyvinylpyrrolidone (PVP, MW: 1,300,000 g mol™)
were purchased from Sigma-Aldrich (MO, USA). Melamine (ACROS Organic, 99+%),
ethylene glycol (EG, laboratory grade), and ethanol (Absolute, 200 proof) were
purchased from Fisher Scientific (USA). All chemicals were used as received. Aqueous
solutions were made from ultrapure water (18.2 MQecm at 25 °C) produced by a

Millipore system (Direct-Q 3 UV, Millipore, USA).
5.2.2 Preparation of g-C3N,4

g-CsN4 samples were prepared from different precursors (i.e., melamine, urea, and a
supramolecular complex of melamine, cyanuric acid, and barbituric acid) via thermal
polycondensation following our previous work,>* and they were designated as M, U, and
MCB. 20 g of urea or melamine powder was put in a crucible with a cover (not sealed)
under ambient pressure in air, heated to 550 °C at 2.3 °C min™, and held at 550 °C for 4 h
in a muffle furnace (KSL-1100X-S-UL, MTI Corporation). The obtained solid from
melamine polycondensation was ground into powder in a porcelain mortar before use.
For MCB synthesis, 2 g of melamine, 1.93 g of cyanuric acid, and 0.07 g of barbituric
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acid were mixed with 40 mL of ethanol at 1,000 rpm for 3 h, then sonicated for another 3
h (Branson Bransonic "™ M Series), and further dried on a hot plate at 80 °C with stirring.
The obtained dried white solid was ground and heated by the same thermal treatment as

urea and melamine.

5.2.3 Preparation of Pd Catalysts by Incipient Wetness

Catalysts were fabricated via incipient wetness similar to our previous work,'* and
subsequent NaBH, reduction. 5 wt % of Pd (theoretical loading) was loaded on the
catalyst supports, including U, M, and MCB, and the prepared catalysts were designated
as Pd/U-BH, Pd/M-BH, and Pd/MCB-BH. 12.5 mg of Pd(NO3),-H,O was dissolved in
0.75, 0.3, or 1 mL of ultrapure water, and added dropwise onto 100 mg of U, M, or MCB,
and the slurry was vacuum dried at room temperature until it was fully dried. The volume
of ultrapure water equaled to the pore volume of the supports, and it was determined
based on the mass difference between the dry and water saturated support.** NaBH,
solution (pH 12, with a molar ratio of NaBH, to Pd at 20) was then added dropwise to the
solid, and mixed for at least 8 h. Lastly, the solid was filtered and washed with sufficient
ultrapure water until the filtrate reached to a neutral pH. Pd/MCB-H, (5 wt % of Pd
loading, theoretical) was prepared by incipient wetness and subsequent thermal reduction
in H,. After the incipient wetness, the obtained dried solid was heated to 300 °C with a
ramp rate of 5 °C min, and held at 300 °C for 2 h in N.. Next the sample was heated to

and held at 300 °C for 2 h in H, for the production of metallic Pd NPs.
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5.2.4 Preparation of Pd-Based Catalysts by Ethylene Glycol Reduction

Briefly, 250 mg of MCB was dispersed in 200 mL of EG by sonication for 10 min
(Branson Bransonic ™ M Series) and further stirred at 1,000 rpm for 12 h in a 250-mL
round bottom flask. Pd(Ac), and Cu(Ac), solutions were then added dropwise into the
MCB suspension. Fresh Pd(Ac), and Cu(Ac), solutions were prepared each time by
dissolving the required amount of Pd(Ac), and Cu(Ac), in 2 mL of DMF and 10 mL of
EG and mixing at 37 °C (SCILOGEX MX-RD-E analog tube rotator), respectively. After
mixing at 1,000 rpm for 0.5 h, 0.5 M of NaOH (0.5 M in EG) was added to adjust the pH
of the suspension to 11, and then the suspension was refluxed at 125 °C for 6 h mixing at
600 rpm in an oil bath (9601-335 Instatherm® oil baths, Ace Glass). After cooling down
to room temperature, the solid was collected by filtration, washed with sufficient
ultrapure water, and dried in a vacuum desiccator (SCIENCEWARE® “Space Saver”,
Bel-Art, VWR). The prepared catalysts were designated as PdCu,/MCB-EG, and 5 wt %
of Pd loading to the support was maintained for all catalysts but Cu loading was varied
from 4 to 11 wt % to the support. For instance, 26.4 mg of Pd(Ac), and 64.3 mg of
Cu(Ac), (5wt % Pd and 9 wt % Cu to the support, theoretical) were added for the
preparation of PAdCug/MCB-EG. Pd/MCB-EG (5 wt % of Pd to the support, theoretical)

was also prepared without the addition of Cu.

5.2.5 Batch Reaction and Analytic Methods

The batch reaction experiments of nitrite and nitrate hydrogenation were performed in
a 50 mL glass bottle at 20 + 1 °C with continuous H, (150 mL min™*) and CO, flow (70

mL min™). The reaction solution was mixed at ca. 500 rpm to eliminate mass transfer
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limitations (see details in the SI for mass transfer rate evaluation). In our preliminary
experiments, light irradiation inhibited catalytic activity for nitrite degradation, likely due
to the photoactivity of g-CsN4. To avoid the adverse impact of light irradiation on
reactivity, we conducted all the experiments in the dark by covering the reaction bottle
with aluminum foil. 5 mg (for nitrite reduction) or 25 mg (for nitrate reduction) of
catalyst was dispersed in 50 mL of ultrapure water (i.e., catalyst loading of 0.1 and 0.5 g
L™ for nitrite or nitrate reduction) by sonication for 10 min, and next pre-sparged with H,
and CO, for 20 min. The reaction was initiated by introducing nitrite (1 M) or nitrate (0.5
M) from a concentrated stock solution to generate an initial nitrite or nitrate concentration
of 1 mM for the reaction. Samples were taken at regular time intervals, filtered, and
analyzed immediately. Nitrate and nitrite were analyzed using ion chromatography
(Dionex 1CS-1100; Dionex lonPac™ AS18 column; 15 mM of NaOH as eluent; 0.45 mL
min™ of eluent flow rate; 25uL injection volume). Ammonium was measured by the
Hach TNT 830 method (0.015-2 mg L™ NHs-N ultralow range) using a Hach DR 6000
UV-vis spectrophotometer. Nitrite and nitrate reduction on g-C3Ny (i.e., MCB) without
the presence of Pd and/or Cu was negligible, confirming that the metal(s) is (are) required

for contaminant hydrogenation.

The longevity tests were performed in a 400 mL glass beaker at 20 £ 1 °C with
continuous H, (150 mL min™*) and CO, flow (70 mL min™). The reaction solution was
mixed at ca. 700 rpm to eliminate mass transfer limitations. 35 mg (for nitrite reduction)
or 175 mg (for nitrate reduction) of the catalyst was dispersed in 350 mL of ultrapure
water (i.e., catalyst loading of 0.1 and 0.5 g L™ for nitrite or nitrate reduction) by

sonication for 20 min, and pre-sparged with H, and CO, for 30 min. The stability tests
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were conducted following two different procedures. For the first procedure, the catalyst
was collected by filtration (0.45 um membrane) after each reaction cycle and re-dispersed
in ultrapure water with a corresponding volume that kept the catalyst loading the same
over multiple cycles.*** The same initial nitrite or nitrate concentration was maintained
for each cycle. The results are shown in Figure 5b. The second procedure was conducted
based on the literature.?® Nitrite or nitrate of the same initial concentration was
successively introduced into the batch reactor at the beginning of each cycle, after
complete contaminant removal in the previous cycle. Bicarbonate (HCO3") was
accumulated in this procedure, due to the reaction between CO; and hydroxide formed in

nitrite or nitrate reduction. The results are shown in Figure S6.

5.2.6 Characterization

The structure and morphology of the catalysts were characterized by a scanning
electron microscope (SEM, JEOL 6700F, 10 kV) and a transmission electron microscope
(TEM, FEI TalosTM F200X, 200 kV). At least 100 Pd NPs from at least 6 different
locations were imaged and analyzed for particle sizes with ImageJ. For SEM, the
catalysts powders dispersed in ethanol were cast, dried on a sample stub, and then imaged.
For TEM, the catalysts were first dispersed in ethanol by sonication for about 10 min,
then cast and dried on an Au grid with a carbon support before imaging. X-ray powder
diffraction (XRD, Bruker Apex Il DUO) of the catalysts was collected using Cu K
a radiation. X-ray photoelectron spectroscopy (XPS, PHI 5600) of the catalysts was
performed under UHV conditions (pressure <10 Torr) using a Mg K a source (1253.6

eV). Photoelectrons were measured with a hemispherical energy analyzer with 58.7 eV
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constant pass energy. Peak positions were referenced to C1s, 284.5 eV, and CasaXPS
was used to determine chemical composition and atomic concentrations in the near
surface region (within 10 nm). The reference XPS data for Cu(0) and Cu(l) (originally
reported in a previous study™) were acquired using an Al K a source (1486.7 eV). The
concentration of Pd and Cu in the solutions and their mass percentages on the supports
were detected with inductively coupled plasma-mass spectrometry (ICP-MS, Agilent

7500i Benchtop).
5.3 Results and Discussion

g-CsN4 samples were prepared with different precursors, i.e., melamine, urea, and a
supramolecular complex of melamine, cyanuric acid, and barbituric acid via thermal
polycondensation (denoted as M, U, and MCB).>* Pd NPs supported on M, U, and MCB
were prepared by incipient wetness, and subsequent NaBH, reduction or thermal H,
reduction (i.e., Pd/M-BH, Pd/U-BH, Pd/MCB-BH, and Pd/MCB-H,).'* Ethylene glycol
(EG) reduction was used to load Pd and Pd-Cu NPs on MCB, i.e., Pd/MCB-EG and
PdCu,/MCB-EG, and it is advantageous because it was conducted under a mild condition
(125 °C), maintained the integrity of g-C3Nj, and facilitated metal NP dispersion (see

results). All theoretical Pd or Cu loadings were 5 or X wt % to the support (x = 4-11).
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Figure 5.1 (a, b) Transmission electron microscopy (TEM) of PA/MCB-EG with a lattice
spacing indicated in (c); (d) high angle annular dark field-scanning transmission electron
microscopy (HAADF-STEM) of Pd/MCB-EG, and the corresponding energy dispersive

X-ray spectroscopy (EDX) elemental mappings for N and Pd.
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Figure 5.2 TEM images of (a, b) fresh Pd/M-BH; (c) fresh Pd/U-BH; (d) fresh Pd/MCB-

BH; and (e) fresh PdA/MCB-H..
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Figure 5.3 Metal NP size distribution of (a) fresh Pd/M-BH; (b) fresh Pd/U-BH; (c) fresh
Pd/MCB-BH; (d) fresh PA/MCB-Hj; (e) fresh Pd/MCB-EG; and (f) fresh PdCug/MCB-

EG.
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Pd NP size of Pd/M-BH (4.5 £ 1.0 nm) was slightly larger than that of Pd/U-BH (3.3 £
0.8 nm), Pd/MCB-H; (2.9 £ 0.9 nm), Pd/MCB-BH (3.6 £ 0.8 nm), and Pd/MCB-EG (2.5
+ 0.6 nm) (Figures 5.1, 5.2, and 5.3). Pd NPs aggregated as clusters in Pd/M-BH
(Figure 5.2b) while Pd NPs were uniformly distributed in other samples. The high
resolution transmission electron microscopy (HRTEM) (Figures 5.1b and c) revealed
that the Pd NPs were crystalline, and the observed lattice spacing of 0.224 nm is in
agreement with that of the Pd(111) crystal plane.** For bimetallic PdCug/MCB-EG, Pd-
Cu NPs were well-dispersed on MCB with an average diameter of 2.3 + 0.7 nm (Figures
5.4a and b). The lattice spacing of 0.217 nm, which is in between that of Cu(111) and
Pd(111) crystal planes (0.209 and 0.224 nm, respectively), can be indexed to the (111)
crystal plane for highly crystalline, face-centered cubic (fcc) Pd-Cu alloys (Figure
5.4¢).!*® The energy-dispersive X-ray spectroscopy (EDX) elemental mappings (Figures
5.1d and 5.4d) showed that both Pd and Cu were homogenously distributed throughout
the samples. The porous structure of MCB was maintained after the loading of Pd and Cu

by EG reduction, as confirmed by scanning electron microscopy (SEM) (Figure C1).**
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Figure 5.4 (a, b) Transmission electron microscopy (TEM) of PdCus/MCB-EG with a
lattice spacing indicated in (c); (d) high angle annular dark field-scanning transmission
electron microscopy (HAADF-STEM) of PdCug/MCB-EG, and the corresponding energy

dispersive X-ray spectroscopy (EDX) elemental mappings for N, Pd, and Cu.

90



C(1s) N(1s) Pd(3d) Cu(2p) Cu LMM
o @ N NN JL—jL —”J\g__ Cu (0) Reference
/VI A /\_\J&_ ]
Used PACuy/MCB-EG . ~1 _\L |~ /\,_\/\_ J\_‘ Cu,0 Reference
/\ 9 "~ Used PACuyMCB-EG
PACu,/MCB-EG s o \_Q_ e AN /\"/L ———/\\_
/\ n PdCuy/MCB-EG
Used P&/MCB-EG B N A & L~
J\. /
PA/MCB-EG Lo | = L |~
L\ G
MCB — p 1 &
| — T 1 T T T T | — T 1
295 290 285 405 400 395 350 340 330 950 940 930 580 570 560

Binding Energy (eV)

Figure 5.5 X-ray photoelectron spectroscopy of MCB, fresh and used Pd/MCB-EG, fresh
and used PdCug/MCB-EG. Spectra for copper metal and Cu,0O are also included as
references for Cu(0) and Cu(l) identification.** C1: adventitious carbon (-C-H or -C-C-);
C2: sp? carbon (-N=C-); C3: m-n*; N1: sp® nitrogen (-C-N=C-); N2: terminal N-C(3);

and N3: r-*.>!
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X-ray photoelectron spectroscopy (XPS) was used to characterize the bonding
environment and oxidation state of the catalysts. Figure 5.5 shows the C(1s), N(1s),
Pd(3d), and Cu(2p) regions for representative catalysts and MCB. Three primary carbon
species located at ca. 284.5, 287.5, and 293.1 eV were observed in the C(1s) region
(Table C.1), in agreement with our previous study.>* Analysis of the N(1s) region
revealed three regions characteristic of g-C3N, (i.e., ca. 398.1, 398.9, and 404.3 eV)
(Table C.1). No significant changes to the C(1s) and N(1s) regions were apparent for
each sample containing Pd or Pd-Cu, indicating that the metals did not chemically bind to

the support.*®

Together, XPS, SEM analysis (Figure C.1), and X-ray powder diffraction
(XRD, Figure C.2) demonstrate that g-C3N4 kept its physical and chemical structure after
Pd and/or Cu loading.”* **® For Pd/MCB-EG, there was a Pd(3ds/,/3d3/,) doublet in the
Pd(3d) region consistent with the presence of a single species. The Pd(3ds/,) binding
energy was located at 335.0 eV (+ 0.1 eV), indicative of metallic Pd.**” A slight shoulder
on the higher binding energy side of the peaks suggests some oxidized Pd was present,
most likely unreduced Pd?* adsorbed on the surface. For PdCus/MCB-EG, the Pd(3ds/)
peak was broader, centered at a binding energy of 335.9 (+ 0.2 eV), also suggesting the
Pd surface was oxidized. Analysis of the Cu(2p) region for PdCug/MCB-EG revealed two
peaks consistent with a Cu(2ps/2/2p1/2) doublet, with a Cu 2ps/, peak position (932.4 £ 0.1
eV) that could be from either Cu(0) or Cu(l) species. To distinguish between Cu(0) and
Cu(l), inspection of both the Cu(2p) X-ray photoelectron transition and the Cu(LMM)
Auger line shapes was required.**® **® Comparison of the Cu(2p) and Cu(LMM) of

PdCuy/MCB-EG to reference spectra obtained in the same instrument showed that the Cu

was present as Cu(l). In PdCuys/MCB-EG, a slight ‘shake up’ peak at ca. 942.0 eV was
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also observed, indicating that some Cu(ll) was also present. Though we did not observe
Cu(0) for EG reduced catalysts, which is required for nitrate reduction, Cu(l) could be
reduced to Cu(0) with the presence of Pd in nitrate hydrogenation, or Cu(l) may also be a

reactive species for nitrate reduction.* ?°
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Figure 5.6 Nitrite reaction rate constants of Pd/M-BH, Pd/U-BH, Pd/MCB-BH,

Pd/MCB-H,, and Pd/MCB-EG.

93



Catalytic performance of Pd supported on g-C3N, for nitrite reduction was evaluated.
In our preliminary experiments, light irradiation inhibited catalytic activity for nitrite
degradation, likely due to the photoactivity of g-CsN,4. To avoid the adverse impact of
light irradiation on reactivity, we conducted all the experiments in the dark. Pd/MCB-EG
showed a catalytic activity similar to Pd/U-BH, Pd/MCB-BH, and Pd/MCB-H, for nitrite
hydrogenation (Figure 5.6 and Table C.2). The catalytic activity of these samples was
3.0-3.5 fold higher compared to that of Pd/M-BH for nitrite hydrogenation. Initial
turnover frequency (TOF,) for nitrite reduction, i.e., the number of nitrite reduced per Pd
site per time at the beginning of the reaction, was similar for Pd/MCB-EG, Pd/U-BH,
Pd/MCB-BH, and Pd/MCB-H,, but was 2.5 fold higher than that of Pd/M-BH (Table
C.2). These results are in contrast to our previous observation that TOF, of near-spherical
Pd NPs was the same for nitrite reduction under the same test condition (e.g., Hz supply,
pH, initial nitrite concentration), irrespective of the NP size.?® The discrepancy indicates
that factors other than metal dispersion, may also impact catalytic activity. The surface
area of U and MCB are significantly larger than that of M (Table C.3), and it may result

in enhanced mass transfer of reactants and TOF, during reaction.>> **
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Figure 5.7a exhibits a volcano-shape relationship of nitrate reduction rate constants
with increasing Cu loading in PdCu,/MCB-EG. The rate constant increased from (4.1 +
0.1) x 10° to (3.1 £ 0.7) x 10 min™ with a Cu loading increasing from 4 to 9 wt %. The
time course of nitrate and nitrite concentration for nitrate hydrogenation on PdCug/MCB-
EG was shown in Figure C.5. Further increase of the Cu loading to 11 wt % lowers the
reactivity steadily to (1.7 + 0.4) x 102 min™’. Cu is essential for nitrate reduction, and a
low Cu loading leads to slow reduction kinetics of nitrate. However, further increase of
Cu in the Pd-Cu alloys limits the number of reactive Pd sites for hydrogen dissociation
and reductant supply, which also in turn reduces the reactivity.** ** Therefore, an
optimum Cu loading exists to promote the reactivity for nitrate reduction. The optimal Cu
loading was relatively high compared to those found by other studies (Table C.4)."* A
previous study suggests that Pd-Cu NPs prepared on lignocellulose via H, thermal
reduction form both alloys and monometallic Pd or Cu NPs.™ It is likely that EG
reduction also results in the formation of both alloys and monometallic NPs, or Pd and
Cu NPs that are not in close proximity with each other.*** The separation of Pd and Cu
may change the optimum metal composition of catalysts developed by different methods

for nitrate reduction.

In addition to the catalytic activity, selectivity toward ammonium, i.e., the molar ratio
of produced ammonium to the initial nitrite or nitrate, was also evaluated at the end of
hydrogenation (i.e., when nitrite or nitrate concentration decreased below the detection
limit). No ammonia was expected in our system because of low pH of CO, buffered
reaction solution (pH 5.5) and a high pK, of ammonium (9.24). As shown in Scheme 1,

NO plays a critical role in determining the final end-products (i.e., toxic
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ammonia/ammonium and harmless nitrogen gas).”* Ammonia/ammonium is a byproduct
because of its adverse impacts to human health and ecological systems.
Ammonia/ammonium and nitrogen gas are the only end products for nitrite and nitrate
hydrogenation when sufficient reaction and hydrogen supply is allowed.?* Therefore,
lower selectivity toward ammonia/ammonium production indicates higher selectivity for

nitrogen gas and vice versa.

In our study, ammonium selectivity of Pd/MCB-EG, Pd/MCB-BH, and Pd/MCB-H
for nitrite reduction was 0.70 £ 0.06 %, 0.96 + 0.04 %, and 0.71 £ 0.08 %, respectively;
and the ammonium selectivity of PdCus/MCB-EG for nitrate reduction was 5.13 + 1.58
% (Table C.5). Ammonium selectivity for nitrate reduction was higher than that for
nitrite reduction, likely due to a low concentration of N-containing intermediates and the
inhibition of N-N coupling for nitrogen gas production in nitrate reduction. Nitrite, an
important reactant that determines ammonium selectivity, showed a much lower
concentration for nitrate reduction in contrast to nitrite reduction (M vs. mM, Figure
C.3). The ammonium selectivity is much lower than that of other supported catalysts,
although the same catalyst metals (i.e., Pd and Pd-Cu) and similar experimental
conditions (e.g., pH, initial nitrite/nitrate concentration) were used (Table C.4). Small NP
size is believed to promote ammonia/ammonium production, due to the presence of
abundant edges and corners on NPs facilitating N-H interaction.?® " A high content of Cu
may also enhance ammonia/ammonium production, likely due to the segregation of Pd
atoms on NPs, suppressing N-N coupling.®® Our g-CsN, supported Pd and Pd-Cu
catalysts have extremely small NP sizes and high Cu content; nevertheless, they only

produce negligible amount of ammonium. One possible explanation of low ammonium
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production for our catalysts is that the porous structure of g-C3sNy (i.e., MCB) improves
mass transfer of reactants. For example, fast diffusion of N-containing reactants and
intermediates in nitrite and nitrate reduction promotes N-N coupling and the formation of
nitrogen gas over ammonia/ammonium. Hydroxyl ions are released as a byproduct in
nitrate and nitrite hydrogenation, and high pH promotes ammonia/ammonium formation.
Fast diffusion and neutralization of hydroxyl ions controls the local pH in catalyst pores
and limits ammonia/ammonium production.”* **® However, Pd supported on non-porous
M (prepared by EG) also showed negligible ammonium production for nitrite reduction
(below the detection limit of 0.11%, data not shown). Therefore, low ammonium
selectivity of g-C3N4 supported Pd-based catalysts cannot be attributed to the impact of
metal NP size and composition, support porosity, and catalyst preparation methods.
Compared with other catalyst supports in Table C.4, low ammonium production could be
associated with the nature of g-C3Ny, e.g., abundant N-containing functional groups,

which requires further exploration.

Catalyst longevity was tested in 3 to 5 cycles of nitrite or nitrate reduction, and the
results are shown in Figures 5.7b and C.4 and Table C.5. Reactivity and ammonium
selectivity was retained for nitrite and nitrate reduction on Pd/MCB-EG and
PdCuy/MCB-EG, respectively, when a new batch of nitrite or nitrate solution with
recycled catalysts was used for each cycle (Figure 5.7b). However, all catalysts
gradually lost their activity over multiple cycles, when nitrite or nitrate was amended at
the beginning of each cycle continuously for the same solution (Figure C.4). Specifically,
PdCuo/MCB-EG lost almost 70% of its original activity after 3 cycles of nitrate reduction

(Figure C.4b). The metal loadings in both fresh and used catalysts (i.e., Pd/MCB-EG and
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PdCuy/MCB-EG) were close, and a small amount of Cu was lost after catalyst use
indicated by the XPS analysis (Table C.6). Inductively coupled plasma-mass
spectrometry (ICP-MS) analysis (Table C.7) also indicated that the amount of metals
leached into the reaction solution was negligible (less than 0.1 wt % of Pd or Cu to the
total Pd or Cu loading), and the solid catalyst samples showed limited amount of Cu loss
after use. TEM analysis (Figures C.5) showed that the NP size of the catalysts increased
slightly (by ca. 0.8 to 1.5 nm, Table C.8). Moreover, the fresh and used catalysts did not
show any noticeable change in the catalyst structure, chemical bonding, and oxidation
state (Figures 5.5 and C.5). These results indicated that the loss of the catalytic activity
was not mainly from leaching, agglomeration, or oxidation of the metals. The
accumulation of bicarbonate (HCOj3'), resulting from the reaction between CO, and
hydroxide produced in nitrite or nitrate hydrogenation, deactivated the Pd and Pd-Cu
catalysts because the anion competes with nitrite or nitrate for adsorption on catalytic

sites.?*
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5.4 Conclusions

In conclusion, we fabricated g-CsN,4 supported ultrafine Pd and Pd-Cu NPs for
catalytic hydrogenation of waterborne contaminants, nitrite and nitrate, and the optimized
catalysts showed high reactivity for contaminant degradation, excellent selectivity for
nitrogen gas over ammonium production, and stability over multiple reaction cycles. g-
C3sNy4 supports produce very small metal NPs (1-5 nm) for catalytic reactions, by taking
advantage of its hydrophilic nature, abundant N-containing groups, and porous structures.
EG reduction effectively loaded Pd and Pd-Cu NPs on the catalyst support, with
improved catalytic performance and sustainability for catalyst synthesis. Our study sheds
light on the development of innovative monometallic and bimetallic catalysts on an
emerging support of g-C3sN4, and the catalysts can be translated to a broad range of
applications, including chemical synthesis, renewable energy production, and

environmental remediation.
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Chapter 6. Summary and Conclusions

6.1 General Summary

This dissertation focused on the development of sustainable Pd-based catalysts for the
removal of waterborne contaminants (i.e., nitrite and nitrate). It explored different
catalyst supports, including electrospun polyacrylonitrile (PAN) nanofibers (NFs),
electrospun carbon nanofibers (CNFs), and graphitic carbon nitride (g-C3N4), which were
underexplored for environmental engineering applications. Catalytic kinetics, selectivity
(ammonia vs. nitrogen), and longevity for contaminant reduction were evaluated.
Extensive instrumental analyses (e.g., scanning electron microscopy (SEM), transmission
electron microscopy (TEM), and X-ray photoelectron spectroscopy (XPS)) were also
conducted to identify key catalyst properties that determine catalytic performance. These
Pd-based catalysts are effective, robust, and sustainable, and therefore they hold promise
for water decontamination. The following sections show the findings summarized from

this dissertation.

6.1.1 Electrospun PAN Nanofiber Supported Pd Catalyst Composites for Water

Decontamination

- Bulk PAN NFs (BPAN) were successfully synthesized via electrospinning and used as

the catalyst support for Pd.

- The addition of surface-oxidized MWCNTSs into the electrospinning PAN solution
(MPAN) and post hydrolysis treatment of electrospun PAN nanofibers with NaOH

ethanolic/aqueous solution resulted in significant reduction of fiber diameters, and post
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hydrolysis treatment introduced functional groups, such as —OH groups, to the

electrospun PAN NFs.

- Pd was successfully deposited on these electrospun NFs (i.e., Pd/BPAN, Pd/MPAN, and
Pd/HPAN) by incipient wetness. Both of the above mentioned two methods were able to
enhance the catalytic performance towards nitrite reduction. Compared with Pd/BPAN,
Pd/1%HPAN and Pd/5%MPAN showed increased catalytic activity by ca. 6 and 2 fold,

respectively.

- This is the first study to explore electrospun PAN NFs as Pd catalyst supports for water
decontamination. The electrospun nanofibrous catalyst mats have a membrane structure

and thus can potentially be used as a reactive filter for water purification.

6.1.2 Enhancement of Nitrite Reduction Kinetics on Electrospun Pd-Carbon

Nanomaterial Catalysts for Water Purification

- CNF supported Pd nanoparticle (NP) catalysts were prepared via a facile

electrospinning and subsequent annealing method.

- The addition of non-functionalized MWCNTSs in the electrospinning polymer solution
reduces the CNF diameter and increases Pd exposure for enhanced reaction kinetics. The
increase of catalytic activity may also be contributed to the improved adsorption of

reactants/intermediates on the catalyst surface.

- To the best of our knowledge, this is the first study that quantitatively analyzes Pd

exposure for the nanofibrous catalysts prepared by electrospinning.
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6.1.3 G-C3N, Supported Ultrafine Pd and Pd-Cu Catalysts: Enhanced Reactivity,

Selectivity, and Longevity for Nitrite and Nitrate Hydrogenation

- G-C3N, were synthesized with different precursors, i.e., melamine, urea, and a
supramolecular complex of melamine, cyanuric acid, and barbituric acid via thermal
polycondensation (denoted as M, U, and MCB). Pd NPs supported on M, U, and MCB
were successfully prepared by incipient wetness, and subsequent NaBH, reduction or
thermal H; reduction (i.e., Pd/M-BH, Pd/U-BH, Pd/MCB-BH, and Pd/MCB-H,).
Ethylene glycol (EG) reduction was also used to load Pd and Pd-Cu NPs on MCB, i.e.,

Pd/MCB-EG and PdCu,/MCB-EG (x = 4-11).

- Due to its abundant nitrogen functional groups, g-C3sN4 promoted the formation of
ultrafine Pd NPs with the particle sizes in the range of 1-5 nm, especially for Pd/MCB-

EG (2.5 £ 0.6 nm) and PdCug/MCB-EG (2.3 £ 0.7 nm).

- Pd/MCB-EG showed a catalytic activity similar to Pd/U-BH, Pd/MCB-BH, and
Pd/MCB-H, for nitrite hydrogenation. The catalytic activity of these samples was 3.0-3.5

fold higher compared to that of Pd/M-BH for nitrite hydrogenation.

- PdCu,/MCB-EG exhibited a volcano-shape relationship of nitrate reduction rate

constants with increasing Cu loading. The optimal Cu loading was 9 wt %.

- The optimized catalysts (i.e., PdA/MCB-EG and PdCuy/MCB-EG) showed high reactivity
for nitrate and nitrite degradation, excellent selectivity for nitrogen gas over ammonium

production, and stability over multiple reaction cycles.
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6.2 Engineering Applications

Results presented in this dissertation help develop emerging supports, including
electrospun NFs, CNFs, and g-C3Ng4, to immobilize Pd-based catalysts for nitrite and
nitrate removal. As a facile, low-cost, and scalable method, electrospinning is able to
generate fibers in nanometer diameters from a polymer solution under an electrostatic
force. Pd catalysts supported on the electrospun NFs can be easily obtained by
subsequent incipient wetness and NaBH,4 reduction. The biggest advantage of
electrospinning is that it can produce NFs with tunable fiber diameters, surface areas, and
porosity because several important parameters, including the applied electric field, jet
length, solution conductivity and viscosity, flow rate, and humidity, can be adjusted to
tune the fiber properties during electrospinning. Also, the inclusion of additive materials
(e.g., NPs and carbon nanotubes) in the electrospinning polymer solution and post
treatment of the electrospun NFs are available methods to tailor the characteristics of NFs
for specific applications. The addition of a small amount of surface-oxidized MWCNTSs
and post hydrolysis treatment with the NaOH ethanolic/aqueous solution significantly
reduced the diameters of electrospun PAN NFs, making them suitable for the use as Pd
catalyst supports for water decontamination. Another advantage of electrospun NFs is
that they have a membrane-like structure, which makes them promising as filtration
materials. A catalytic membrane system will be able to remove contaminants not only by
physical separation but also chemical destruction, which will be advantageous compared

with membrane filtration or catalytic hydrogenation alone.
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We also provided an alternative and sustainable approach for the synthesis of CNF
supported Pd catalysts, which included electrospinning and subsequent thermal treatment.
In order to deposit Pd on CNFs prepared by chemical vapor deposition, surface
functionalization of CNFs with strong acids or other oxidizing agents (e.g., nitric acid,
sulfuric acid, hydrogen peroxide) is generally required, which made the catalyst synthesis
process time-consuming, energy-intensive, difficult to handle, and lack of sustainability
due to the treatment at elevated temperature and waste generation. Our synthesis method
was facile and environmental-friendly because of the avoidance of chemical
functionalization and simplicity in operation. Furthermore, electrospinning is a simple
and industrial viable technique, which makes our catalyst synthesis method potentially

applicable in an industrial scale.

G-C3N4 has abundant nitrogen-containing functional groups, promotes the formation of
ultrafine NPs on its surface, and enhances catalytic performance for nitrite and nitrate
reduction, making g-C3N, a promising catalyst support for water decontamination. G-
C3Ny4 can be easily synthesized from earth abundant precursors (e.g., urea and melamine)
via a facile and scalable thermal polycondensation method. G-C3N,4 supported Pd-based
catalysts also showed low selectivity towards undesired end product ammonia. These
merits of g-C3N4 makes this catalytic technology more sustainable and energy-efficient

for water treatment.
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6.3 Future Research Directions

The application of Pd-based catalytic reduction in water treatment has three key
practical challenges: 1) maximizing of the activity and selectivity toward desired
products (N for nitrite and nitrate); 2) improving the catalyst resistance toward fouling;
3) designing reactors for full-scale applications.” These challenges have led to four
different research directions. The first direction is to explore the fundamental
understanding of the catalytic reaction through experimental analysis or computational
simulation (e.g., molecular dynamics and density functional theory simulations).* The
second direction is to find alternative metals, which are relatively inexpensive and can
replace Pd (e.g., Ru).” " The third direction is to design reactors for a large-scale
application of the Pd-based catalysts.*? The last direction is to find emerging and
sustainable supports for Pd to improve catalyst performance. In terms of finding
emerging and sustainable supports, the results and conclusion presented in this

dissertation shed light on several future research directions.

This dissertation indicates that electrospinning is a versatile technique for the
production of NF materials as catalyst supports. Other NFs that can be synthesized by
electrospinning, such as polyvinyl alcohol (PVA) NFs and titanium dioxide (TiO;) NFs,
also have the potential application as catalyst supports. Furthermore, electrospinning is
able to produce nonwoven nanofibrous membrane. Designing a hybrid catalytic
membrane system for contaminant removal will be an important research topic because a
catalytic membrane system will have synergistic effects and outperform single treatment

technology.
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Another future research area that is worth exploring is advanced materials containing
nitrogen functional groups. This dissertation has demonstrated that g-CsNj is an excellent
catalyst support. Other nitrogen-containing materials, such as nitrogen-doped graphene,

nitrogen-functionalized carbon, and boron nitride, are also of great research importance.

Lastly, the development of single-atom catalysts (SACs) will lead to the maximum
atom efficiency of expensive metals (i.e., 100 % metal dispersion). With 100 %
utilization of noble metals, emerging supports immobilized single Pd atom catalysts will
be able to significantly increase catalytic performance (i.e., reactivity, selectivity, and
longevity), and thus reduce the cost of material development for water purification. To
prevent the agglomeration of metal NPs and stabilize single atoms during synthesis, it
requires a robust support that can strongly interact with the isolated metal centers. It is
crucial for such a support to have a high surface area and contain cavities that can confine
the catalytically active atoms in an isolated form. Therefore, developing supported Pd

SACs will be a challenging but interesting research direction.
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Appendix A: Supporting Information for Chapter 3

A.1 Supporting Figures

Figure A.1 Photo images of (a) BPAN, 1%MPAN, 3%MPAN, and 5%MPAN; (b)

BPAN, 0.5%HPAN, 1%HPAN, 3%HPAN, and 5%HPAN.
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Figure A.2 SEM images of (a) Pd/BPAN; (b) Pd/1%HPAN; (c) Pd/5%MPAN.
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Appendix B: Supporting Information for Chapter 4

B.1 Aqueous/Solid Mass Transfer Limitations (Evaluation of External Mass
Transfer Rate). The aqueous/solid mass transfer rate constant for nitrite was calculated
based on the literature.™? Slip velocity of the catalyst particles is first calculated and used
to conservatively estimate the mass transfer rate between aqueous solution and the solid.

Stokes’ law was assumed to apply and the particle’s slip velocity was calculated by:

6 2"
00 P

in which g is standard gravity (9.81 m s?), pp 1S average density of the catalysts and is
assumed to be equal to that of activated carbon (2 g cm™), p is water density (1 g cm™ at
20 °C), W is absolute viscosity of water (1.002 g m™ s™ at 20 °C), the hydrodynamic size
dp of the catalysts was measured by dynamic light scattering and the average diameter is
3.58x10° nm for Pd/CNFs-2.5%MWCNTS. Hence, the slip velocity is 6.97x10°m s™.

The corresponding Reynolds number was calculated by the following expression:
N QO .
Yo hooes

in which v is kinematic viscosity of water (1.003x10® m? s at 20 °C). The Reynolds
number Re is 2.49x10™ < 1. This is indicative of laminar flow and Stokes law is

applicable.

The Peclet number (Pe) and Sherwood number (Sh) were calculated based on the

following equations:* 3
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in which D is the nitrite diffusion coefficient in pure water (1.9x10° m?s™). And the

aqueous/solid mass transfer coefficient for nitrite is calculated according to the following

expression:*

~

, O o ., p
Q; g

faa %, 00
C

N o6v

The value of K,y is 0.01365 m st The geometric surface area of the catalyst per volume
of solution, a, is calculated according to the following expression by assuming the

spherical structure of catalyst aggregates:?

0 £ Ol (DO "QADIO@RBYO 0
0 WD 60Q”"

Y ”
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where SA, is the geometric surface area of one catalyst aggregate, M is the mass of
catalyst in the reduction test (0.025 g), V,, is the volume of one catalyst aggregate, and Vg
is the volume of the reaction solution (50 mL).

™ o yYpmajg WO p

VLT PTA

P w p M
¢ pmQa %oﬁwpﬂdjc

The mass transfer rate constant was then calculated by multiplying the mass transfer

coefficient by the geometric surface area of the catalyst per volume of solution:
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This value is significantly larger than the observed nitrite reduction rate constant (0.0027

min™). Therefore, aqueous/solid mass transfer was not limiting the reaction rates.

B.2 Intraparticle Mass Transfer Resistance (Evaluation of Internal Mass Transfer
Rate). The following criteria were used to determine whether pore diffusion resistance

can significantly impact the measured reaction rates: *

No pore diffusion resistance: ——  pll 6

Significant pore diffusion resistance: —— p; (B9)

L and Dewere estimated according to the following equations:
o — (B9
0 — (B10

in which 0 is the porosity of the catalyst particle ranging from 0.2 to 0.7, t is the
tortuosity factor ranging from 2 to 10. In our calculation, conservative estimates of 0.2

and 10 will be used as values for 6 and 1, respectively. Therefore,

~ P& pmai &, o
(@) X o pm al

o Y pTE A

V&YX p TG
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The largest observed nitrite reduction rate constant was 0.0027 min™ (4.5x10°s™). This
rate constant and the L and D values calculated above were used to analyze the effects of
pore diffusion.

Q0O ® pmi LBX P T A
0O o pm a i

g pm p

Because the calculated value is significantly less than one, intraparticle mass transfer

resistance has negligible influence on the measured reaction rates.

B.3 Supporting Tables and Figures

Contribution of Element H to the Calculated Pd Loading Based on XPS Results

Table B.1 Calculation of Pd loading based on XPS results.

Atomic percentage ‘Without H mass® With H mass®

C N o} Pd Pdwt% Average Standard Pdwt% Average Standard
Is

% 1s% 1s% 3d% deviation deviation

Pd/CNFs

86.6 423 834 083 6.7 7.7 1.4 6.3 72 13
Pd/CNFs duplicate

849 46 945 1.1 8.7 82
Pd/CNFs-2.5%MWCNTs

87.1 599 617 077 63 5.1 1.7 59 4.8 1.6
Pd/CNFs-2.5%MWCNTs
duplicate 88.5 529 578 047 39 37

2 Not considering H for the calculation of the total mass of catalysts. ® Assuming the H
weight percentage as 5.7% as in polyacrylonitrile, which would be the highest end of H

weight percentage of CNFs because annealing resulted in the loss of H.°

After the conservative evaluation of H mass and its effect to the weight percentage of Pd

in XPS analysis, the Pd loading of Pd/CNFs and Pd/CNFs-2.5%MWCNTSs is 0.5 and 0.3
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% (wt%) larger when H mass was not considered, respectively. Therefore, the H content

in CNFs has little significance for the determination of Pd loadings.

Pd Dispersion. Pd dispersion (D) is defined as the number of Pd sites on nanoparticle
surface calculated from TEM analysis, regardless of Pd surface coverage by carbon, to
the number of Pd in bulk determined by ICP-MS. D of Pd/CNFs and Pd/CNFs-
2.5%MWCNTSs was calculated by assuming a cuboctahedral geometry of Pd
nanoparticles because nanoparticles were near-spherical observed by TEM and the
cuboctahedral geometry is the most stable.® The calculation of the number of surface Pd
sites (N) followed the method described in our previous publication with a minor

modification:®

4 0Qwo, B 0 i
0 . 0
v B 0 K
a 0 Qpo, B p1u ¢ 3
= U opp
v B 'F[U— J]V} P
p PR P
3 & 0Qo, .
0 - O "p¢
0
0 B 1]
0O P S 0p o
v B pR- W p@ p
o )
0 = P opt
<0 ¢ °F

where mis the catalyst loading for each reduction experiment (25 mg, Pd plus support),

Pd wt%is the mass percentage of Pd determined by ICP-MS, Mpq is the atomic weight of
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Pd (106.4 g mol™), Na is Avogadro’s number (6.022 x 10% mol™), Nsutace iand Niota are
the number of surface Pd atoms on the Pd nanoparticle i and the number of total Pd atoms
in the Pd nanoparticle i, j is the total number of Pd nanoparticles in one location (at least
10 different locations were imaged by TEM), v is the order of a cuboctahedral
nanoparticle, d is the nanoparticle diameter characterized by TEM, and dmetatmetar IS the
distance between metal atoms (0.275 nm for Pd). Calculated D of Pd/CNFs and

Pd/CNFs-2.59%MWCNTSs is listed in Table B.2.

Table B.2 Calculation of Pd dispersion and exposed Pd to surface Pd percentage based
on TEM, CO chemisorption, and ICP-MS results.

Sample Pd dispersion (D, %) Exposed Pd to surface Pd

percentage (%)

Pd/CNFs 182+21 3.5

Pd/CNFs-2.5%MWCNTSs 161+19 11.2

# Exposed Pd to surface Pd percentage is defined as the amount of exposed Pd that is
accessible to reactants (determined by CO chemisorption) divided by the amount of
surface Pd regardless of surface coverage by carbon (determined by TEM). In principle,

it equals to Pd exposure (Table 2) divided by Pd dispersion.
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Table B.3 Zeta potential of Pd/CNFs, Pd/CNFs-1.5%MWCNTSs, and Pd/CNFs-

2.5%0MWCNTs.
Sample Zeta potential (mV)
Pd/CNFs -543+15
Pd/CNFs-1.5%MWCNTSs -49.7 £ 0.7
Pd/CNFs-2.5%MWCNTSs -46.4+1.0

132



Table B.4 Comparison of reaction rate constant, TOF, and ammonia selectivity in

catalytic hydrogenation of nitrite.

Reaction rate

constant TOF NH; selectivity
Catalyst
L min™ (g of bulk min %
Pd)™*
Pd/Activated Carbon®®° N/AP 55 7
Pd/CNFs®®° 35.2 44 1.8
P
EZ?\‘;EE?{E‘;SC? N/A 0.013-0.063 N/A
Pd-In/Al,05%" 18.9 6.1 33.8
Pd/Al,04*° N/A 4 2.3
Pd/Carbon Fiber®? 1.0 1.1 46
Pd/Pumice™ N/A 31.8 0.2
Pd/SiO,° N/A 10.8 N/A
Pd/TiO, 2™ N/A N/A 20
Pd/Act:;/;ttii 1Carbon N/A N/A 3
Pd/CNFs" 12 N/A 9 75-82
P 1,13,
Pd/CNF Hei|4ry Foam N/A 126 87 +3
, 5;d|\/AC\/’\\/|cF:ETsk 1.27 +1.09 0.7+05 72
PA/CNFs® 0.05 + 0.01 0.1+ 0.02 Below detection

limit'

aH, flow rate of 135 mL min™, pH 5, initial nitrite concentration of 2 mM, and catalyst

loading of 0.05 g L™;

b hot available;
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¢ pH 7 (1 mM phosphate buffer), initial nitrite concentration of 0.1 mM, and catalyst
loading of 0.2 mg Pd ;

4 pH 7 (20 mM phosphate buffer), initial nitrite concentration of 0.08 mM, catalyst
loading of 0.375 g L™

® H, flow rate of 200 mL min™, pH 6 (50 mM phosphate buffer), initial nitrite
concentration of 0.217 mM,;

f H, flow rate of 400 mL min?, pH 5.5, initial nitrite concentration of 1.3 mM;

9 H, flow rate of 200 mL min™, pH 6, initial nitrite concentration of 0.65 mM, and 1 wt%
of Pd loading;

h H, flow rate of 400 mL min?, pH 3-7, initial nitrite concentration of 7.14 mM, catalyst
loading of 2.5 g L™;

' H, partial pressure of 0.4 bar, pH 7, and initial nitrite concentration of 0.435 mM, Pd
nanoparticles sizes in the range of 2 to 8 nm;

I H, partial pressure of 0.3 to 0.7 bar, pH 4.5-9, and initial nitrite concentration of 0.217-
0.435 mM;

K this study, pH 7.3, initial nitrite concentration of 0.1 mM nitrite, catalyst loading of 0.5
gL

" detection limit of 0.015-2 mg L NH3-N.

Calculation of Reaction Rate Constants and TOF,. Nitrite reduction follows pseudo-
first-order kinetics and the reaction rate constant (k, min™) was obtained from linear
regressions of the natural log of relative concentrations versus time plots. Catalyst
loading normalized nitrite reduction rate constant was then calculated by dividing the
reaction rate constant k by Pd loading in the reaction solution (g of bulk Pd L™).> The
initial turnover frequency (TOFo, min™') was calculated by dividing the product of the
reaction rate constant k and the initial nitrite concentration (Co, mol L™) by the

concentration of surface Pd (Csurface pa, Mol L™, determined by CO chemisorption):*
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Figure B.1 Liquid N; adsorption isotherms of Pd/CNFs and Pd/CNFs-2.5%MWCNTSs.
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Appendix C: Supporting Information for Chapter 5

C.1 Aqueous/Solid Mass Transfer Limitations (Evaluation of External Mass
Transfer Rate). The aqueous/solid mass transfer rate constant for nitrate was calculated
based on the literature.™ % *>*° First, we calculated slip velocity of the catalyst particles
and used it to conservatively estimate the mass transfer rate between aqueous solution
and the solid. Stokes law was assumed to apply and the particle’s slip velocity was

calculated by:

.om
© Tee 1P
in which g is standard gravity (9.81 m s2), p is water density (1x10° g m™ at 20 °C), p is
absolute viscosity of water (1.002 g m™ s™at 20 °C). pp is average density of the catalysts
and is assumed to be equal to that of MCB (1.34x10%g m™).*’ The hydrodynamic size dp
of the catalysts was assumed to be 2.39x10° m based on our previous study.*” Hence, the

slip velocity is 1.06x10° m s™. The corresponding Reynolds number (Re) was calculated

by the following expression:

v Q6 N &
e (0]
T C
in which v is kinematic viscosity of water (1.003x10°m? s™ at 20 °C). The Re is 2.53x10°

® < 1. This is indicative of laminar flow and Stokes law is applicable.

The Peclet number (Pe) and Sherwood number (Sh) were calculated based on the

following equations:* 3
0Q —nN 6o
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in which D is the nitrate diffusion coefficient in pure water (1.7x10° m?s™).2® And the
aqueous/solid mass transfer coefficient for nitrite is calculated according to the following

expression:*

X O . O .. P
Q 0QQ " "p LVQ
C

N ov

The value of Kays is 1.42x10° ms™. The geometric surface area of the catalyst per
volume of solution, a, is calculated according to the following expression by assuming

the spherical structure of catalyst aggregates:?

©

0 £ O (i "QADIO@BYO 0
0 WEVO6AQ”

d% n o¢

where SA, is the geometric surface area of one catalyst aggregate, M is the mass of
catalyst in the reduction test (0.025 g), V,, is the volume of one catalyst aggregate, and Vg
is the volume of the reaction solution (50 mL).

T CO wpmdajg T8t ¢ P

PE T p MQa %ciﬁrwpndjc LT pTA

wWod

The mass transfer rate constant was then calculated by multiplying the mass transfer

coefficient by the geometric surface area of the catalyst per volume of solution:

;O p8¢pmaji woPtw D O X @a Q¢
This value is significantly larger than the largest nitrate reduction rate constant
(PdCug/MCB-EG, 0.031 min™). By following the same method, the aqueous/solid mass

transfer was also evaluated for nitrite reduction. The 'Q ; cwas calculated as 17.9 min™
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which is significantly larger than the largest nitrite reduction rate constant (Pd/MCB-EG,
0.15 min™). Therefore, aqueous/solid mass transfer was not limiting the reaction rates for

both nitrate and nitrite reduction.

C.2 Intraparticle Mass Transfer Resistance (Evaluation of Internal Mass Transfer
Rate). The following criteria were used to determine whether pore diffusion resistance

can significantly impact the measured reaction rates:* *

No pore diffusion resistance: ——  pll  0x

Significant pore diffusion resistance: —— p; (C8)

L and Dewere estimated according to the following equations:

o — (C9

0 — (C10
in which 0 is the porosity of the catalyst particle ranging from 0.2 to 0.7, 7 is the
tortuosity factor ranging from 2 to 10. In our calculation, conservative estimates of 0.2

and 10 will be used as values for 6 and 1, respectively. Therefore,

mTa i
(@) Px P &, o8 prm a i
p T
Swpma
% cdo P p T

The largest observed nitrate reduction rate constant was 0.031 min™ (5.17x10™s™). This
rate constant and the L and D values calculated above were used to analyze the effects of
pore diffusion.
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The calculated value is significantly less than one. Similar method was applied for the
evaluation of intraparticle mass transfer rate for nitrite reduction. The obtained ——

value was 1.18 x 10, which is also significantly less than one. Therefore, intraparticle
mass transfer resistance has negligible influence on the measured reaction rates for both

nitrate and nitrite reduction.

Figure C.1 SEM images of (a) Pd/MCB-EG and (b) PdCus/MCB-EG.
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Figure C.2 X-ray powder diffraction (XRD) patterns of MCB, and fresh and used

PdCuy/MCB-EG.

XRD characterization of MCB, and bimetallic catalysts PdCus/MCB-EG (Figure S4)
revealed asharp peak at 27.5° in all samples attributable to the characteristic (002)
interlayer stacking peak of g-CsN, (Figure S4 inset).*” However, the spectra did not show
any clear signs of the presence of Pd or Cu in the catalysts, which suggests that very
small metal NPs dispersed on MCB, in agreement with our HRTEM results.*® The small
angle reflection at 2.5° indicates the long range ordering of g-CsNy.**  The enhancement
of the reflection after loading Pd and Cu onto MCB indicates that the metals are likely

nucleating at the sites commensurate with long range order,****

probably due to NP
nucleation facilitated by the lone pair electrons of nitrogen in g-CsN4.2** A more
detailed analysis (i.e., small-angle X-ray scattering (SAXS)) would be required to

understand the nature of this interaction.

141



1.0 3.0x10°

- 2.5x10°

084 m —a— Nitrate

] —u— Nitrite
. o - 2.0x10°®
S 06- ] =3
E N E
Q " 4 1.5x10° g
*@ ./ \. :§
| - 1.0x10°

0.2
.\.\ 4 5.0x10*
I\_\. 1
0.0 +— . . . — % 0.0

. .
0 20 40 60 80 100 120 140 160
Time (min)

Figure C.3 Time course of nitrate and nitrite concentration for nitrate hydrogenation on
PdCus/MCB-EG. Ammonium concentration was close to the detection limit in the
reaction, therefore the final ammonium concentration was determined at the end of

reaction, when nitrate concentration was below the detection limit (see Table C.5). The

reaction was conducted with an initial nitrate concentration of 1 mM, a catalyst loading
of 0.5 g L™, a H, flow rate of 150 mL min™*, and a CO, flow rate of 70 mL min™ at room
temperature (20 = 1 °C) in the dark. Further experimental details are described in the

Experimental Section.
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Figure C.4 (a) Nitrite reaction rate constants of Pd/MCB-EG, Pd/MCB-BH, and

Pd/MCB-H,, and (b) nitrate reaction rate constants of PdCus/MCB-EG over multiple

cycles of reactions. Reactions were conducted with an initial nitrite or nitrate

concentration of 1 mM, a catalyst loading of 0.1 (for nitrite) or 0.5 g L™ (for nitrate), a H,

flow rate of 150 mL min™*, and a CO, flow rate of 70 mL min™ at room temperature (20 +

1 °C) in the dark. Nitrite or nitrate was amended at the beginning of each cycle for the

same solution. Further experimental details are described in the Sl. Error bars represent

the standard deviation of replicates.
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Figure C.5 TEM images of (a) used Pd/MCB-BH; (b) used Pd/MCB-EG; (c) used

PdCuy/MCB-EG; and (d) used Pd/MCB-H,.
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Table C.1 Carbon and nitrogen binding energies for Figure 5.5.

Sample Cl(eV) | C2(eV) | C3(eV) | N1(eV) | N2(eV) | N3 (eV)
MCB 284.5 287.5 293.1 398.1 398.9 404.3
Pd/MCB-EG 284.5 287.6 293.1 398.1 398.9 404.3
Used Pd/MCB-EG 284.5 287.6 293.3 398.2 398.9 404.5
PdCuy/MCB-EG 284.5 287.6 292.9 398.1 399.0 404.3
Used PdCug/MCB- | 284.5 287.6 293.0 398.1 399.0 404.3
EG

Table C.2 Comparison of Pd dispersion of different g-C3N, supported catalysts and their

reaction kinetics for nitrite reduction.

Samples d (nm)? 0P D° (%) k (minH)? | TOF,(min™)®
Pd/M-BH 45+1.0 7.68 32.3 0.04 £0.02 2.6
Pd/U-BH 3.3£0.7 5.50 41.9 0.13+£0.07 6.6
Pd/MCB-BH 3.6+0.8 6.05 39.0 0.12+£0.03 6.6
Pd/MCB-EG 25+0.6 4.05 52.0 0.15+0.05 6.1
Pd/MCB-H, 29+09 4.77 46.5 0.14 +0.03 6.4

2d is Pd NP diameter determined by transmission electron microscopy (TEM); ® U is the

average order of cuboctahedral Pd NPs; °D is Pd dispersion and is calculated by:®

O

p U

b .
PRy LU

Y
5 P
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G
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6p p
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andQ ¢v pQ

nm for Pd);

.Q is the distance between metal atoms (0.275

4k is first order reaction rate constant (in the dark), obtained from linear regressions of

the natural log of relative nitrite concentrations versus time plots;

® The initial turnover frequency (TOFo, min'™), the number of nitrite molecules reduced

per exposed Pd site per minute at the beginning of reaction, was calculated by dividing

the product of the reaction rate constant k and the initial nitrite concentration (Co, mol L™)

by the concentration of surface Pd (Csurface pd)- Csurface pd 1S Calculated by dividing the

product of Pd catalyst loading (Cpg, g L™) and Pd dispersion (D) by Pd atomic weight

(106.42 g mol™): °

0 — 0Opg,
TOF, is calculated by:

YO O

op o.

Table C.3 BET surface area and pore volume of the supports.

Sample BET surface area (m” g™) Pore volume (cm® g™
M 9.8 0.07
U 52.2 0.37
MCB 83.3 0.56

Table C3 is obtained from our previous publication.’’
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Table C.4 Selectivity for ammonium production.

Ammonium selectivity (%)
Samples
After 1 cycle After 3 or 5 cycles?
Pd/MCB-EG 0.70 £ 0.06 091+0.12
Pd/MCB-BH 0.96 £ 0.04 1.34 £0.05
Pd/MCB-H, 0.71£0.08 0.99 £ 0.09
PdCuy/MCB-EG 5.13+1.58 550+1.34

4 Pd/MCB-EG, Pd/MCB-BH, and Pd/MCB-H; were tested in 5 cycles of nitrite reduction,
while PdCug/MCB-EG was tested in 3 cycles of nitrate reduction. The ammonium
selectivity over multiple cycles of the reaction was determined based on the ammonium
produced at the end of n™ cycle (n=3 or 5, when nitrite or nitrate was below the detection
limit) to the amount of total nitrite or nitrate added into the system. Nitrite or nitrate of
the same initial concentration was successively introduced into the batch reactor at the

beginning of each cycle, after complete contaminant removal in the previous cycle.
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Table C.5 Performance comparison of Pd and Pd-Cu catalysts on different supports for

nitrate and nitrite hydrogenation.'®

Pd

Cu

Catal

Initi
on on cule yst. al NOs R.eact Ammon
‘ t supp | supp fp(d Ul loadi | oH conver | 10N ium
upports | ort | ort (it 0/3)"" ng (buffer) | sion | UM€ | selectivi
(wt | (wt @L | M ) | (min) | Y (%)
%) | %)* b | M)
AlLOs” 5 [ 125 20 1.6 |1.61 6 100 25 18
5.5
Activated
carbon?® 1 1 50 05 | 161 | (carhon | 50 300 32
ate)
l\gﬁghem' 05 | 05| 5 | 08 |214| 57 9% | 90 55
TiO,™ 2 1 33 1 [1.61 6 54 10 59
7.3
Linen b
yarn’s 46 | 3.2 41 05 | 0.1 | (phosph | 121 | 360 | N/A
ate)
9-CsN4 55
+
(PdCus/ | 44 | 79 | 64 | 05 | 1 |(carpon| 85 | 60 5'11:8‘
MCB- :
EG)° ate)

2 Theoretical metal mass loadings. ® Not available. ¢ Present study.
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Initial

Ammoni

Pdon | Catalyst H NO, Reaction um
Supports | support | loading | - / P conversion time
(buffer) o
wt%)? | (gL™ (mM) (%) (min) selectivit
y (%)
Al,05” 2 1.6 2.17 6 100 40° 11.5
Silica® 2 1.6 2.17 6 100 80" 0.6
Activate 55
d 1 0.5 2.17 (carbon 100 300 18.4
carbon®® ate)
55
TiO,” 2 025 | 043 | (carhon 100 20 100
ate)
7.3
Linen b
yarn'® 4.8 0.1 0.1 (phosph 25 28 N/A
ate)
Carbon 5
Nanofib 5 0.05 2 100 20 2
ers’® (HCI)
g-CsN, 5.5
48 0.1 1 81 14 0.70
(Pd/MC ' ' (carbon 0.06
B-EG)® ate)

2 Theoretical metal mass loadings. ° Not available. ¢ Present study.

Table C5 is based on and updated from our previous publication.®
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Table C.6 Catalyst surface elemental composition (ca. < 10 nm) measured by X-ray

photoelectron spectroscopy (XPS) and reported in atomic percent (at %).

Concentration (at %)

Sample
Carbon | Nitrogen | Oxygen Palladium | Copper
MCB 37.6 50.4 0.7 0.0 0.0
Pd/MCB-EG 35.9 47.7 5.1 11 0.0
Used Pd/MCB-EG 37.5 45.9 4.9 0.8 0.0
PdCuy/MCB-EG 32.9 43.2 8.5 15 4.7
Used PdCuy/MCB-EG 34.3 45.6 6.5 11 2.9
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Table C.7 Metals loading on the supports and leached to the reaction solution determined

by inductively coupled plasma-mass spectrometry (ICP-MS)

Bulk loading® Tr;;(;ier:ig%al Bulk loading® Trs;)c:ﬁ:;%al
Samples Pd (Wt %) Cu (Wt %)
PA/MCB-BH 3.01 4.76
Used Pd/MCB-BH 3.75 4.76
Pd/MCB solution® 1.0 ppb (0.026%°)
PA/MCB-H; 4.47 4.76
Used PA/MCB-H, 43 4.76
E:I/:t’:gr?'Hz 0.9 ppb (0.020% %
PA/MCB-EG 3.74 4.76
Used Pd/MCB-EG 38 4.76
Spglll:\t/:gr?'EG 1.3 ppb (0.035%%
PdCus/MCB-EG 3.29 4.39 6.55 7.89
Used 4.04 4.39 4.95 7.89
PdCuy/MCB-EG
PACu9/MCB-EG 3.1 ppb (0.019% % 11.8 ppb (0.036%°)

solution®

2 Bulk loading was determined by ICP-MS of the solid catalysts. ° Theoretical loading is

the metal mass to the total mass of solid catalysts in theory. For example, the theoretical

loading of Cu is the mass of Cu to the total mass of g-C3N,4 support, Pd, and Cu. It is

151




different from the loading x defined in the label code for PdCu,/MCB-EG, where X is the
mass of Cu to the mass of the g-C3N, support. ¢ Metal concentration in the reaction
solution after longevity tests. ¢ The percentage of metal leached into the reaction solution

to the metal loaded on the support.

Table C.8 Metal NP diameter of fresh and used catalysts®

Fresh catalyst Used catalyst
Samples
(nm) (nm)
Pd/MCB-H; 29+0.9 3.7+1.0
Pd/MCB-BH 3.6+0.8 48+1.3
Pd/MCB-EG 25+0.6 40+1.2
PdCuy/MCB-EG 23107 3.6+0.9

2 Particle diameters were determined from TEM.
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