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Chapter 1

General introduction



1-1 Clean freshwater and water crisis

It is well known that many countries around the world are facing a problem of water
crisis. The main causes of the water crisis are the shortage of available water and water
pollution. Fresh water accounts for only 3 % of the world’s water resources, and 70 % of
the fresh water are glaciers, which means that the water available for consumption is
around 1 % of the world’s water resources [1]. Moreover, as population grows,
urbanization and industrial activity increase, freshwater demand is also increasing [2, 3],
and the United Nations World Water Development Report (2020) highlighted that
global water consumption has increased six times over the past 100 years and continued
to grow at approximately 1 %/year [4]. The mismatch between demands by people and
natural freshwater supplies is leading to water shortages, affecting industrial and
agricultural production [5].

On the other hand, the quality and stability of fresh water are critical for human
health and for economies and ecosystem stability. World Health Organization (WHO)
experts have found that 80 % of all diseases and 50 % of child deaths worldwide are
related to unsatisfactory quality of drinking water [6, 7]. Contamination of surface water
and groundwater is another cause of the current water crisis [3, 4]. Water pollution is
caused mainly by natural and anthropogenic causes [8, 9]. Natural sources of water
pollution include soil erosion, leaching of minerals from rocks and decaying of organic
matter, whereas anthropogenic sources of water pollution include discharge of waste into
water bodies from agriculture, households and industrial units [9]. Agro-chemical wastes
include fertilizers and pesticides widely used in crop fields to enhance productivity, which
is a serious cause for water contamination. Increased urban surface runoff and increased
municipal and industrial discharges all result in increased loadings of nutrients to urban
streams. Moreover, chemicals containing acids, alkalis and dyes from industries,
metallurgical units, food processing units, paper mills and textiles are dumped and poured

down into rivers as effluents. The disposal of polluted water into water bodies without


https://www.sciencedirect.com/science/article/pii/S0959652622041464#bib84
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/water-consumption
https://www.sciencedirect.com/topics/chemical-engineering/potable-water

proper treatment must cause outbreak of serious diseases, which further decreases

available freshwater resources and exacerbates the water crisis [9].

1-2 Current status of nitrate pollution in groundwater

Nitrate pollution in groundwater is becoming more and more serious, and there are
many causes for that (Fig. 1-1). The excessive use of nitrogen fertilizers in agricultural
development was the main cause of nitrate pollution in groundwater. Crop yields
increased after 1940 because of the mechanization of agriculture in industrialized
countries in North America and Western and Central Europe, but it had caused soil erosion
and pollution of surface water and groundwaters, which was a direct consequence of
applying large quantities of fertilizers in these countries [10, 11] . In addition, domestic
and industrial wastewater are among the fastest-growing sources of nitrate for
groundwater [12, 13]. Moreover, the use of manure to farmland also caused the nitrate
pollution in groundwater [14, 15]. While agricultural activities were the major cause of
nitrate pollution, non-agricultural activities, including leakage from septic tanks, sewage
systems, landfills, and the discharge of improperly treated industrial and domestic

wastewater also caused serious nitrate pollution [16].

Domestic and

ili i i water
fertilizer industrial waste 4/],@

Fig. 1-1 Nitrate resources polluting groundwater.
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Groundwater is one of the significant sources of freshwater, and most of which was
used for agriculture and drinking purposes [12, 17, 18, 19]. Nitrate in groundwater and
drinking water has long been studied for detrimental effects on human health. In 1945, it
was found that nitrate in drinking water can cause methemoglobinemia (blue baby
syndrome), particularly to infants and fetuses [20, 21, 22, 23, 24, 25] , which promoted
the U.S. EPA to establish a drinking water standard of 10 ppm NO3-N. Similarly, the
World Health Organization (WHO) had set a Maximum Contaminant Level (MCL) as
11.3 ppm NO3-N, which is based on no blue baby syndrome under such levels [26, 27,
28, 29]. In addition, research has emerged on the link between nitrates and thyroid cancer,
which is the 9" most common cancer and represents 5.1 % of the female cancer [26, 28].
Nitrate-contaminated drinking water during pregnancy is also associated with a higher
risk of congenital disabilities such as neural tube congenital disabilities and preterm birth,
as well as meagre birth weight [16, 29]. Moreover, it was proved that exposure to nitrate-
contaminated water caused colorectal cancer, thyroid issues, and congenital disabilities

[16, 29]. In view of this, the removal of nitrate in groundwater is necessary and urgent.

1-3 Common methods for nitrate removal from groundwater

Groundwater polluted with nitrate is a worldwide problem, and there are so many
researchers paying attention to this area all over the world. Accordingly, various methods
were used to treat it, including biological denitrification [30, 31], reverse osmosis [32],
ion exchange [33, 34, 35] and catalytic reduction [36, 37, 38, 39] and so on.

Among these methods, ion-exchange method has been intensively investigated for
the removal of NO;™ in water because of facile operation and rapid treatment [23, 40, 41,
42]. Anion-exchange resins are among the most useful and common anion-exchangers
[43, 44, 45, 46]. However, anion-exchange resins must be regenerated using brine (a
concentrated salt solution) when their ion-exchange capacity is saturated [47, 48, 49].
Consequently, the regeneration of spent resin produces waste brine containing
concentrated NO3~, which requires cumbersome post-treatment [49].

In contrast to ion exchange, the catalytic reduction of NO3™ in water has attracted
4



considerable attention because NO3™ can be ideally decomposed to harmless N> (eq. 1-1)

[50, 51, 52, 53, 54].
NOs~ + 5/2H; — 1/2N, + 2H0 + OH- (eq. 1-1)

Bimetals consisting of precious metals such as Pd and Pt and base metals such as Cu, Sn,
and In, which typically require supports, have been used as catalysts for this reaction [36,
50, 55, 56, 57]. The reaction mechanism for NO3™ reduction over bimetallic catalysts has
been widely studied [58]. As shown in Scheme 1-1, NO3™ is reduced to NO> on the
surface of the base metal (Cu, Sn, and In), while noble metal has no activity in this process.
But NO>™ is further decomposed to N> or NH4" completely on the surface of noble metal
(Pd, Pt, and Rh). The oxidized base metal formed by the reduction of NO3™ is reduced to

regenerate low valent state of the metal by the reaction with hydrogen activated on the
NO;y Cu? Pd

NO, Pd
. : X > HZ

2. NH," + 20H-

noble metal surface.

Scheme 1-1. Reaction pathway of nitrate reduction with a bimetallic catalyst [58].

However, a major limitation of this method is the formation of undesirable nitrite
and ammonia (eqgs. 1-2 and 1-3, respectively) [36, 37, 56]. In addition, a slow reaction
rate is another problem on the catalytic reduction which necessitates a long treatment time

and a large reactor [25].
NO;™ + H> — NO> + H20 (eq. 1-2)

NOs™ +4H; — NH3z + 2H,0 + OH™ (eq. 1-3)
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1-4 Two-step process for nitrate removal and decomposition

To address the problems of ion exchange and catalytic methods simultaneously, Choi
et al [58]. proposed the integration of catalytic reduction with anion-exchange removal
using a metal-loaded anion-exchange resin (Fig. 1-2). They developed a bimetallic PdCu-
nanoparticle-containing anion-exchange resin (PdCu@resin). In this process,
PdCu@resin initially captured NO3™ in water through an anion-exchange reaction.
Subsequently, the PdCu@resin was removed from water and treated with a Ho/CO»
mixture at 6 bar for the catalytic reduction of NO3™ in the resin. Herein, this is referred to
as a two-step process. An advantage of the two-step process is that it enables the rapid
treatment of polluted water based on an ion-exchange reaction. Another advantage of this
process is that the decomposition of NO3;~ and regeneration of the spent resin occur
simultaneously, because NO3;~ on the anion-exchange sites in the spent resin is replaced
with OH™ formed by the reduction of NO3™ (eq. 1-1). Therefore, brine is unnecessary for
regenerating the spent resin. Furthermore, the formation of undesirable byproducts (nitrite
and ammonia) does not need to be considered so much, because these byproducts do not

contaminate the treated water.

NOj reduction

OH capture

ion-hopping by IX sites

IX Resin I

Fig. 1-2 Two-step process for NO3;™ reduction [58].



1-5 Purpose of this study

As mentioned in Chapter 1-3, bimetallic Pd particles, including PdCu and PdSn, are
necessary as catalytically active species to decompose NO3~. Moreover, studies on the
catalytic reduction of NO3™ in water indicate that bimetallic Pd particles are essential
because the bimetallic sites promote the first step of the reaction (NO3~ — NO2") [59, 60,
61, 62], which is a rate-determining step in the catalytic reduction of NO3™ in water [59,
60, 63, 64, 65]. However, the preparation method of bimetallic Pd catalysts was
complicated compared with single metal catalysts. Furthermore, bimetals involve a
considerably larger number of parameters in the catalyst preparation to determine the
performance [66, 67, 68], making it difficult to optimally design and understand the
catalysis for the reaction.

According to previous studies, single metals in supported catalysts have low
activity (even no activity) for NOs™ reduction in water. However, this author thought that
the catalytic performance of single metal catalyst for NOs;~ decomposition would be
affected by the preparation method, type of supports and reaction conditions, and such
single metal catalysts should show catalytic activity for NO3™ reduction if the appropriate
metal is selected, properly prepared, and reacted under the appropriate reaction conditions.
Especially, because the reaction conditions (temperature, hydrogen pressure, and
presence/absence of water) for NO3~ decomposition in the two-step process are markedly
different from those of the conventional catalytic reduction of NO3™ in water, and this
author expected that the NO3;~ decomposition to regenerate spent resin proceeded even
with a single-metal catalyst if the appropriate metal and reaction conditions were used.
Therefore, the purpose of this study is to develop a single-metal catalyst that is highly

active in the decomposition of NO3™ in anion-exchange resin for the two-step process.



1-6 Structure of this thesis

This thesis consists of five chapters.

In the first chapter, the current freshwater use and problem, situation of nitrate
contamination in groundwater and the harm of nitrate pollution to humans are described.
And after comprehensively considering the advantages and disadvantages of various
methods usable for nitrate removal, especially ion exchange and catalytic methods.
Finally, the purpose of this study which is to develop an anion exchange resin containing
single metal catalyst that is highly active in the decomposition of NO3™ in the two-step
process is clearly stated.

In the second chapter, anion-exchange resin (Amberlite™ IRA410(OH), Organo
Co.) containing metal particles (M@AER) was prepared and the ion-exchange and
catalytic performance of M@AER for NO3;~ decomposition was investigated using a two-
step process. Among the tested metals, Au was chosen as an active single metal introduced
into the resin because AuCls™ in resin did not need to be reduced by additional reducing
agents. The preparation conditions of anion-exchange resin containing Au particles
(Au@AER) and the reaction conditions for NO3~ decomposition was intensively
investigated to improve the catalytic performance for NO3~ decomposition. Finally, the
reusability of Au@AER was also tested.

In the third chapter, the decomposition mechanism of the NO3™ in Au@AER was
investigated especially focusing on the role of water on the reaction, and it was proved
that water in Au@AER played an important role in NO3~ decomposition.

In the fourth chapter, the catalytic performance of Ru@AER, which showed the
highest activity for NO3~ decomposition in Chapter 2, was investigated. The influence of
the reduction conditions of RuCls™ in Ru@AER and the reaction conditions for NO3~
decomposition was investigated. Finally, the reusability of Ru@AER was also tested.

In the fifth chapter, the conclusions and future perspective of the study are stated.
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Chapter 2

Rapid removal and catalytic
decomposition of nitrate in anion-
exchange resin containing gold
nanoparticles
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2-1 Introduction

As mentioned in Chapter 1, anion exchange resin is a commonly used anion-
exchanger for NO3~ removal, and Choi et al. [1] developed a bimetallic PdCu-
nanoparticle-containing anion-exchange resin (PdCu@resin) for a two-step process.
Mendow et al. also reported the removal and decomposition of NO3™ in a two-step process
using a catalyst similar to that used by Choi et al. (PdCu@resin), while they used H» at 1
bar instead of the H»/CO; mixture at 6 bar [2]. Mendow et al. further investigated
bimetallic PdSn particles in resin and found that PdSn@resin was regenerated in a shorter
reaction time than PdCu@resin [3].

Although bimetallic catalysts are active for NO3;™ reduction, the preparation process
is complicated, and the performance can be affected by a lot of parameters. Therefore, it
is worth considering whether anion exchange resin containing single metals are active for
NOs3™ reduction in the two-step process.

In this chapter, the performance of anion exchange resin containing most of precious
metals, including Ru, Rh, Pd, Ir, Pt and Au, for NO3;~ decomposition in the resin was
investigated, and it was found that all of them exhibited catalytic activity for NO3z~
decomposition in 1 bar Hz at 80 °C. However, among the precious metals examined, only
Au did not require a reduction treatment with additional reducing reagent to form metal
particles in the resin, because AuCls~ was spontaneously reduced in the resin. The
spontaneous reduction mechanism of AuCls™ in the resin was also explored. Because the
spontaneous reduction of AuCls™ could be advantageous for large-scale applications, Au-
introduced resin was further investigated in the preparation conditions to improve the
catalytic performance for NO;~ decomposition. The optimal reaction conditions for NO3~
decomposition and the products of NO3;~ decomposition were also investigated. Finally,
the reusability of the catalyst was tested to demonstrate the feasibility of the two-step

process with this catalyst.

20



2-2 Experimental
2-2-1 Material preparation

Ten grams of anion-exchange resin (Amberlite™ IRA410(OH), Organo Co.), which
have quaternary ammonium groups (—[(CH3)>N(C2HsOH)]"OH") as anion-exchange sites,
were treated in 100 mL of 5 % NaCl solution at room temperature for 1 h to exchange
OH™ in the resin with Cl". Subsequently, the resin was further treated in 100 mL of
ultrapure water at room temperature for 15 min and collected via filtration. This process
was repeated five times. The obtained resin is referred to as AER.

Gold nanoparticles-incorporated AER was prepared as follows. An aqueous solution
of HAuCls was prepared by dissolving a certain amount of HAuCls-4H>O (FUJIFILM
Wako Pure Chemical Co.) in 10 mL of ultrapure water. AER (0.5 g) was added to the
solution, and the suspension was stirred at 38 °C for 12 h. The resin was collected via
filtration and washed with ultrapure water. The obtained material is subsequently referred
to as Au@AER. Au@AER samples with different Au loadings were prepared by changing
the amount of HAuCls-4H>O in the solution.

The hydrogen treatment of Au@AER was performed as follows: 0.5 g of Au@AER
was placed in a glass tube reactor, and N> (10 mL min') was allowed to flow into the
reactor at room temperature for 30 min. After that, the gas was changed to H> (10 mL
min '), and the temperature was increased to 80 °C and the reactor was maintained at this
temperature for 1 h. The material obtained after this treatment is referred to as
Au@AER(H>).

M@AER(H2) (M=Pd, Pt, Rh, and Ir) samples were prepared using the same
procedure as that for A u@AER(H2) but KoPdCls (FUJIFILM Wako Pure Chemical Co.),
H,PtCls-6H>O (FUJIFILM Wako Pure Chemical Co.), NazRhCls(FUJIFILM Wako Pure
Chemical Co.), and Na,IrCls-6H20 (Sigma-Aldrich) were used instead of HAuCls-4H>O.
Only for Ru@AER(Hz), RuCl3'nH,O (FUJIFILM Wako Pure Chemical Co.) was
dissolved in 6 mL of hydrochloric acid (0.1 mol L™!, FUJIFILM Wako Pure Chemical

Co.) instead of ultrapure water, because it was not dissolved in ultrapure water, and
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anionic RuClx"" complex was formed in the solution.

Furthermore, Au@AER was treated with NaBHs. Au@AER was added to 100 mL
of NaBH4 (Kanto Chemical Co.) solution (molar ratio of NaBH4 to Au was 10), and the
mixture was stirred at room temperature for 1 h. After that, the resin was collected via
filtration and washed with ultrapure water. The resulting material is referred to as
Au@AER(NaBH4). In addition, Au@AER was treated with NaBH4 after grinding in a

mortar for 5 min. The resulting material is referred to as Au@AER (ground-NaBHy).

2-2-2 Characterization

Powder X-ray diffraction (XRD) patterns were collected using an X-ray
diffractometer (Bruker, D2 PHASER 2nd Generation) with Cu Ka radiation at a scan step
of 0.02° in the 20 range of 10 - 80°. The average size of gold particle was calculated by
Scherrer’s equation.

Gold particles in the materials were observed using a transmission electron
microscope (JEOL JEM-2010) and particle size distributions of Au particles were
estimated from TEM images.

The oxidation state of the surface of the Au particles was investigated using X-ray
photoelectron spectroscopy (XPS; JPS-9010MC, JEOL) with Al Ka radiation.

Temperature-programmed reduction (H>-TPR) profile was obtained using a catalyst
analyzer (BEL-CAT, MicrotracBEL Co.) under 1 % H: flow. After the sample was
pretreated in He flow (25 mL min™') at room temperature for 1 h, the sample temperature
was increased in a flow of 1% Hx (Ar balance) at 5 °C min™!, while the concentration of
H> at the reactor outlet was monitored with a TCD detector.

Fourier transform infrared spectra were recorded on a JASCO FT/IR-4600 at room
temperature from 400 to 4000 cm'. The sample was diluted 100 times with KBr and was
pressed. Then the sample disk was set to the spectrometer under ambient conditions and
the spectrum was recorded with 32 scans at 2.00 cm ™! resolution. KBr disk without sample

was used for background measurement.
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All HAuCls solutions were characterized using a UV—vis spectrometer (V-670
spectrophotometer, JASCO) in the wavelength range from 200 to 800 nm with a

resolution of 1 nm.

2-2-3 Catalytic decomposition of NO3 in M@AER(H>) and Au@AER, and reusability
test

M@AER(H>) (0.1 g) was added to 100 mL of NOs solution (Co = 1.62 mmol L"),
and the mixture was stirred at 38 °C to take NOs3;  into M@AER(H2). After 1 h,
M@AER(Hz) was collected by filtration and the concentration of NO3™ in the solution,
which is referred to as Cin, was determined using an ion-chromatograph (IC-8100,
TOSOH) equipped with a column (TSKgel® Super IC-Anion HC). A solution of NaHCOs
(7.5 mmol L) and Na;COs (0.8 mmol L) was used as eluent. The amount of NOs

taken in M@AER(H2) (¢iaken, mmol g ') was calculated by eq. 2-1,

_ (Co—Cin)V

Qtaken = — (eq. 2-1)
where, V' and m are the volume of the NO3™ solution and the mass of M@AER(H>),
respectively.

Then, M@AER(H>) with NO3~ was fixed in a glass tube and N> (10 mL min™") was
fed to the tube at room temperature for 30 min. After the gas was changed to H> (10 mL
min '), the temperature was increased to 80 °C at a rate of 5 °C min™' and was maintained
for 2 h. Throughout this process, the gas at the outlet of the tube was blown into two trap
bottles containing dilute sulfuric acid (20 mmol L) to capture NH3 as NH4" if it formed.
The trap solution was analyzed using a ion-chromatograph (IC-2001, TOSOH) equipped
with a column (TSKgel SuperIC-AZ).

After that operation, the M@AER(H2) was taken out from the tube and was added
to 100 mL of NaCl solution (500 mmol L"), and the mixture was stirred at 38 °C for 1 h

to exchange undecomposed NO;3™ in the resin with CI". The resin was removed from the

solution, and the solution was analyzed by an ion-chromatography to determine the
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concentration of NO3~, which is referred to as Cundecomp. The amount of decomposed NO3~

(@decomp, mmol g 1) was calculated by eqgs. 2-2 and 2-3,

_ CundecompVNaCI
Qundecomp = m (eq. 2-2)

Qdecomp = (taken — Qundecomp (eq- 2'3>

where Vnact and m are the volume of the NaCl solution and mass of M@AER(H>),
respectively.

Reusability of Au@AER was investigated by performing ion-exchange removal of
NOs3™ and decomposition of NO;3™ in the resin repeatedly under the conditions mentioned

above up to five times.

2-2-4 lon-exchange isotherm for NO3~ over AER and Au@AER

Au@AER (0.03 g) and 10 mL of NO3™ solution with different concentrations (Co =
1,2,5,10, 15, 20, 30, 40, 50 and 100 mmol L!) were added to a test tube. The mixture
in the test tube was stirred at 38 °C for 8 h, and concentration of NO3™ in the solution was
analyzed using the ion-chromatograph. Amount of NO;  taken in Au@AER was
calculated by eq. 2-4,

_ (Co=Ceq)V
m

(eq. 2-4)

where Ceq, V, and m are the concentration of NO;3™ in the solution at 8 h, volume of the

q

NO;™ solution and the mass of Au@AER, respectively. The ion-exchange isotherm was
also measured for AER in the same manner as that for Au@AER.

Kinetic analysis for the ion-exchange removal of NO3~ was performed using the NO3~
solution (Co = 1.62 mmol L) in a process similar to that used for the ion-exchange

isotherm, and small portions of the solution were collected at regular intervals.

2-2-5 Influence of dose of AER and Au@AER for ion-exchange removal of NO3~
To 10 mL of NOs~ solution (Co = 1.62 mmol L), different amount of Au@AER
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(0.001 — 0.24 g) was added, and the mixture was stirred at 38 °C for 8 h. After A u@AER
was removed by filtration, the concentration of NO3™ in the filtrate was determined. A

similar experiment was also performed with AER.

2-2-6 lon-exchange rate of the introduction of AuCly to AER

An aqueous solution of HAuCls (Co = 7.5 mmol L") was prepared by dissolving
0.1854 g of HAuCls-4H>0 to 60 mL of ultrapure water. To this solution, 1.5 g of AER
was added, and this suspension was stirred at 38 °C up to 12 h. 1 mL of HAuClj4 solution
before AER addition was diluted 20 times by ultrapure water and 2 mL of the solution
after AER addition was taken at different time. These solutions were analyzed by UV-vis

spectroscopy.

2-2-7 Breakthrough test

A breakthrough test for the ion-exchange removal of NO3~ was performed using a
fixed-bed reactor at room temperature. One gram of Au@AER was fixed in a glass tube
and NOs~ solution (Co = 1.62 mmol L) was continuously fed to the tube using a pump
(LC-10AD, Shimadzu Co.) at a flow rate of 0.5 mL min!, while the concentration of
NO;™ at the outlet of the tube was determined every 30 min. A similar experiment was

also performed with AER.

2-2-8 Treatment of AER with Dess-Martin periodinane

One gram of AER was heated in N2 at 100 °C for 2 h to remove weakly adsorbed
water. Separately, 0.5 g of Dess-Martin periodinane (Sigma-Aldrich, 97 %) was dissolved
in 10 mL of dichloromethane (FUJIFILM Wako Pure Chemical Co.), and the treated AER
was added to it. Then, the mixture was stirred at room temperature for 3 h and was filtered.
The resulting resin is named AER-DMP. The treated resin was stored in ultrapure water

not to be dried.
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2-2-9 Introduction of AuCly to AER-DMP

An aqueous solution of HAuCls was prepared by dissolving 0.0247 g of
HAuCl4-4H>0O (FUJIFILM Wako Pure Chemical Co.) in 4 mL of ultrapure water. To the
solution, 0.2 g of AER-DMP was added, and the suspension was stirred at room
temperature for 12 h. The resin was collected by filtration and washed with ultrapure

water. The content of Au was 0.3 mmol g"!. The resulting resin is named Au@AER-DMP.

2-2-10 Treatment of Au@AER-DMP with NaBH,

An aqueous solution of NaBH4 was prepared by dissolving 0.011 g of NaBH4 (Kanto
Chemical Co., Inc.) in 10 mL of ultrapure water. To the solution, 0.1 g of Au@AER-DMP
was added, and the mixture was stirred at room temperature for 1 h. The resin was

collected by filtration and washed with ultrapure water.

2-2-11 Analysis of gaseous products formed by the decomposition of NOs™ in Au@AER
Au@AER (0.2 g) was added to 200 mL of NOs™ solution (Cp = 1.62 mmol L!) and
the mixture was stirred at 38 °C. After 1 h, Au@AER was collected by filtration.
Au@AER with NO3™ was fixed in a glass reactor and it was set to the reaction apparatus
with a mass spectrometer (M-201QA-TDM, Canon ANELVA Co) shown in Fig. 2-1.
After N> (10 mL min ') was fed to the reactor at room temperature for 30 min, the
temperature of the reactor was decreased to —50 °C by circulating refrigerant to the
furnace. Then, the gas was changed to H> (10 mL min!). After 1 h, refrigerant circulation
was stopped, and the temperature was allowed to naturally increase to 0 °C. During that
process, no product was detected in the gas at the outlet of the reactor. Then, the
temperature was increased to 80 °C at a rate of 5 °C min! and kept for 6 h. All the while,

the gas at the outlet of the reactor was analyzed by the mass spectrometer.
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Fig. 2-1 Analysis of the gaseous products formed by the decomposition of NO3™ in 0.3
mmol g ! Au@AER. Conditions: mass of Au@AER, 0.2 g; concentration and volume of
NOs~ solution, 1.62 mmol L' and 200 mL; temperature range during NOs~ decomposition

process, -50 °C ~ 80 °C.
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2-3 Results and discussion

2-3-1 Effect of metals on the performances of M@WAER(H>)

Fig. 2-2 shows the effect of metals in M@AER(H2) on the performance for NO3~
removal and decomposition, where M@AER(H>) containing 0.2 mmol g"! of metal was
used and the NO3~ decomposition was performed in H> at 80 °C for 2 h. Although 0.92
mmol g ! of NOs~ was taken in pristine AER without metal, no NO3~ was decomposed.
In contrast, NO3~ was taken in M@AER(H2) and was decomposed. While removal
performance of M@AER(H2) was almost the same as that of pristine AER, the catalytic
activity for NOs~ decomposition varied greatly depending on the metals. In the metals
tested here, Ru, Au and Rh were particularly effective for NO3~ decomposition. Among
them, Ru@AER(H>) showed the best catalytic activity and 0.20 mmol g of NOs~ was
decomposed. This decomposed amount corresponded to 18 % relative to the amount of

NO;™ taken in it, namely 18 % NO3™ conversion.
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Fig. 2-2 Effect of metals on the performance of M@AER(H2) for NO3™ uptake and NO3~
decomposition. The content of metal in M@AER(H>) was 0.2 mmol g'. NOs~ uptake
measurement: [NO3 ]Jo = 100 ppm (1.62 mmol L'); volume of solution, 100 mL; amount
of M@AER(H2), 0.1 g. NO3™ decomposition was performed in H> flow at 80 °C for 2 h.
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To form metal particles in AER, reduction of metal cation in the complex (MCli™)
was necessary after the introduction of it into the resin. In fact, without the reduction
treatment in H> at 80 °C, Ru@AER and Rh@AER showed only very low catalytic activity
for NO3~ decomposition (Fig. 2-3). In contrast, Au@AER without the treatment showed
almost the same catalytic activity as Au@AER(H) (Fig. 2-3), indicating that the
reduction treatment in H> was unnecessary for Au@AER. This was because of occurrence

of the spontaneous reduction of AuCls™ in AER.
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Fig. 2-3. Effect of H» treatment for M@AER (M=Ru, Au, and Rh) on NO;3~
decomposition. The content of the metal was 0.2 mmol g !. Conditions for H, treatment:
in H> flow at 80 °C for 1 h. The conditions for NO3;™ uptake and NO3;~ decomposition was

the same as those in Fig. 2-2.
Au@AER without H» treatment was also analyzed by H>-TPR to confirm whether

gold compounds in resin can be reduced by Hz, and the result is shown in Fig. 2-4. No

H> consumption peak was observed on H>-TPR profile for Au@AER up to 80 °C.
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Fig. 2-4. H>-TPR profile for Au@AER. In this experiment, Au@AER without NO3~ was

used. The content of Au in Au@AER was 0.3 mmol g .

To confirm that AuCls™ in AER was spontaneously reduced without H» treatment,
the Au@AER and Au@AER(H:) obtained by the treatment of Au@AER in Hz flow at
80 °C for 1 h were analyzed by XRD, and the XRD patterns are shown in Fig. 2-5(g). As
expected, there was obvious Au diffraction peaks in XRD pattern of Au@AER without
H> treatment. It is noted that the treatment of Au@AER in H> at 80 °C to obtain
Au@AER(H2) did not change the XRD patterns. For comparison, other M@AER and
M@AER(Hz) were also analyzed by XRD, and the results are also shown in Fig. 2-5. No
diffraction peaks of other metals were observed in all the XRD patterns before and after

H> treatment.
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Fig. 2-5 XRD patterns of M@AER and M@AER(Hz). M@AER(Hz) were obtained by

the treatment of M@AER in H> flow at 80 °C for 1 h. Dashed and solid lines are M@AER

and M@AER(H>), respectively. (a) Pristine AER, and M@AER and M@AER(Hz) with

(b) Rh, (c) Ru, (d) Pd, (e) Ir, (f) Pt, and (g) Au.

Although there were no diffraction peaks of other metals in XRD patterns of
M@AER(Hz) except for Au@AER(H2), part of NO3;  taken in M@AER(Hz) was
decomposed by Hj, implying that these metals were already reduced to form metal
particles in the resin. It was because the size of metals in M@AER(H2) was too small to
detect and the dispersion of that was high. To confirm this, M@AER(Hz) was analyzed
by TEM, and Fig. 2-6 shows the TEM images of each M@AER(H>). As expected, small

size metal particles were present in each sample.
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Fig. 2-6 TEM images of PA@AER(H2); Pt@AER (H2); Ir@AER (H2); Ru@AER (H»);
Rh@AER (H2); Au@AER (Hz). M@AER(H2) was treated in H> flow at 80 °C for 1 h.

and the content of metals in AER are 0.2 mmol g .

To investigate the effect of the reduction time of AuCls™ in Au@AER in H; flow at
80 °C on the size of Au particles and the amount of decomposed NO;~, Au@AER was
treated in H> for different treatment time. The prepared Au@AER(H») were analyzed by
XRD, and the results are shown in Fig. 2-7. XRD pattern of Au@AER(H2) was almost
identical regardless of the treatment time. Fig. 2-8 shows the effect of H» treatment time
on the amount of decomposed NO3™. The amount of decomposed NO3~ was almost the
same regardless of H> treatment time, suggesting that the reduction of AuCls™ in AER was
already completed even before the H, treatment. Among all M@AER(Hz), Au@AER
shows high (but not the highest) catalytic activity for NO3;~ decomposition and it was
unnecessary to reduce AuCls™ in AER by additional reducing agents, which decreased the
difficulty and cost of the catalyst preparation. Therefore, in the next and subsequent

sections of this chapter, Au@AER was focused on the investigation.
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Fig. 2-7 XRD patterns of 0.2 mmol g ! Au@AER that reduced by H» for different time.
(a) without H» treatment; (b) 1 h; (¢) 2 h; and (d) 3 h.
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Fig. 2-8. Effect of H» treatment time for Au@AER on NO3;~ decomposition. The content
of the metal was 0.2 mmol g '. Conditions for H» treatment: in H, flow at 80 °C for
different time. The conditions for NO3~ uptake and NO3;~ decomposition: NO3;~ uptake
measurement: [NO3 ]Jo = 100 ppm (1.62 mmol L!); volume of solution, 100 mL; amount

of Au@AER(H>), 0.1 g. NO3~ decomposition was performed in H> flow at 80 °C for 5 h.
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2-3-2 Introduction and reduction rate of AuCly in AER

AuCls~ was introduced in AER through ion-exchange process exchanging with Cl™
in AER. Therefore, in order to investigate the ion-exchange rate of AuCly, the
concentration of AuCls~ in HAuCls solution was tracked with the ion-exchange time, and
the UV-Vis absorption spectra and the calculated amount of AuCls™ in AER are shown in
Fig. 2-9 and Table 2-1. The HAuCl4 solution shows an intense charge transfer band at
222 nm and a moderate D—d transition band at 290 nm and there is no obvious absorption
in the range of 400-800 nm [4]. As shown in Fig. 2-9, after 1 h, the intense charge transfer
band and moderate D-d transition band disappeared, indicating that almost all AuCls™ in
the solution was taken in resin. This concluded that the ion-exchange process between
AuCly™ in HAuCls solution and CI™ in AER was completed within one hour, meaning that

it was a fast process.
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Fig. 2-9 UV-Vis spectra of HAuCl4 solution at different time of the AuCl4™ introduction
process. (Amount of AER, 1.0 g; volume and concentration of HAuCl4 solution, 10 mL

and 30 mmol L!; reaction temperature, 38 °C)
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Table 2-1. The amount of AuCls~ in AER calculated from the concentration difference

of HAuCl4 solution before and after ion-exchange process.

Time of ion-exchange/ h Amount of AuCls~ in AER% mmol g*
0 0
1 0.3
2 0.3
3 0.3
4 0.3
5 0.3
6 0.3
7 0.3
8 0.3
9 0.3
10 0.3
11 0.3
12 0.3

“ Calculated from the maximum absorption value of UV-Vis spectrum.

According to the XRD patterns shown in Fig. 2-5 and Fig. 2-7, AuCls” in AER was
spontaneously reduced before it was treated with H». Therefore, to investigate the
spontaneous reduction rate of AuCls™ in AER, the obtained Au@AER at different ion-
exchange time were analyzed by XRD, and the results are shown in Fig. 2-10. As shown
in Fig. 2-10, there were no diffraction peaks of Au in the XRD patterns of Au@AER with
less than 2 h of the AuCls™ introduction, while obvious Au diffraction peaks were observed
in the XRD patterns of Au@AER with more than 3 h. Therefore, it can be concluded that
the spontaneous reduction of AuCly™ is a slow process compared to the introduction (ion-

exchange) process of AuCls™ into AER.

35



| 1000 ¢ Au

[7]

e

g o~ U]

‘? M (k) N

[71] i S

g PSS W P

1= M

= M T pra
MM e, (h)
M (9
et ettt 0
R it (e)
™ (d)

20 /degree

Fig. 2-10 XRD patterns of 0.3 mmol g! Au@AER that prepared with different time. (a)
AER; (b) 0.5 h; (¢) 1 h; (d) 2 h; (e) 3 h; (f) 4 h; () 5 h; (h) 6 h; (1) 7 h; (5) 8 h; (k) 9 h; (1)
10 h; (m) 11 h; (n) 12 h.
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2-3-3 Spontaneous reduction of AuCly in resin

Regarding to the spontaneous reduction of AuCls™ in anion-exchange resin, Ishida et
al. [5] reported that three anion-exchange resins which included two weak basic resins
(Amberlite™ IRA 743 and Amberlite™ IRA 96SB) and one strong basic resin
(DAIAION™ HPA 25) were served not only as a support for Au particles but also acted
as a reductant for AuCls™ in the resins, in which AuCls~ was reduced by the reaction with
tertiary amino groups and quaternary ammonium one present in the resins to form Au’
particles. The anion exchange resin used in this study was different to those used by Ishida
et al. and had primary hydroxyl group at the anion-exchange site (—
[(CH3)2N(C2H4OH)]"CI"). Since generally alcohol acts as a reducing agent, the primary
hydroxyl group in AER could act as a reductant for AuCls . Therefore, it was speculated
that AuCls™ introduced in AER was reduced by the reaction with primary hydroxyl group
in AER to form Au® particles, and the hydroxyl group was also transformed to aldehyde
group at the same time. In order to confirm this hypothesis, Au@AER and pristine AER
were analyzed by FT-IR, and the results are shown in Fig. 2-11. It was found that as
expected, a new IR band that was not present in pristine AER was observed at 1700 cm™
"in a spectrum of Au@AER, which is a characteristic band of C=O vibration in aldehyde

group [6], which is consistent with the hypothesis.
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Fig. 2-11 FT-IR spectra of (a) AER and (b) 0.2 mmol g ' Au@AER.

To further confirm the spontaneous reduction process of AuCls™ by the reaction with
primary hydroxyl group in AER, Dess-Martin periodinane (DMP), a common oxidizing
agent to oxidize primary alcohol to aldehyde, was used to oxidize the primary hydroxyl
groups in AER, and the pretreated AER was used to prepare Au@AER in the same
procedure as that for previous Au@AER, where the obtained material is named
Au@AER-DMP. The XRD pattern of Au@AER-DMP is shown in Fig. 2-12(c). No
diffraction peaks of Au’ particles that appeared in XRD pattern of Au@AER were
observed, indicating that AuCls~ was not spontaneously reduced in AER treated with DMP,
which may be because the primary hydroxyl groups in AER was oxidized by DMP to
aldehyde groups. In addition, the prepared Au@AER-DMP was treated with NaBHa4, and
the XRD pattern of treated Au@AER-DMP is also shown in Fig. 2-12(d). The diffraction
peaks of Au® particles appeared, indicating that AuCls~ in AER-DMP was reduced by
NaBHa.
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Fig. 2-12. XRD patterns of (a) pristine AER, (b) Au@AER, (c) Au@AER-DMP, and (d)
Au@AER-DMP treated with NaBHa. The content of Au was 0.3 mmol g .
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Fig. 2-13 XANES spectra for Au@AER with different treatments. All spectra are

presented with phase shift correction.
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Besides XRD, Au@AER and Au@AER-DMP were also analyzed by XAFS. Fig. 2-
13 shows the Au-L3; edge XANES spectra for Au@AER with different treatments and the
compounds of HAuCls and Au foil. In the spectrum of Au@AER, there are peaks at 11921
eV and 11945 eV, corresponding to Au** and Au’ according to the spectra of HAuCls and
Au foil. The presence of the farmer peak (at 11921 eV) suggested that only part of AuCls~
in AER was spontaneously reduced by the primary hydroxyl groups. For the spectrum of
Au@AER-DMP, there was only a peak at 11921 eV, corresponding to Au*", indicating
that AuCls™ in Au@AER-DMP was not spontaneously reduced. The existence state of Au
in the resin obtained based on the XANES results are consistent with the conclusion
drawn based on the XRD analysis for Au@AER and Au@AER-DMP (Fig. 2-12).
Therefore, it is concluded that AuCls~ was reduced to Au® particles by the reaction with
the primary hydroxyl group in AER. The spontaneous reduction process of AuCls” in AER
is summarized as Scheme 2-1. AuCls” was introduced in AER by anion-exchange reaction.
Then, it was reduced by primary hydroxyl in quaternary ammonium groups to form Au®
particles and part of the generated C1™ occupied the ion-exchange sites. At the same time,

primary hydroxyl in quaternary ammonium groups was oxidized to aldehyde groups.
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Scheme 2-1 Reaction scheme of the reduction of AuCls occurring in AER.
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2-3-4 Influence of the Au content in Au@AER on NO3~ decomposition

In Fig. 2-14, the amount of NO3™ taken in Au@AER and the amount of decomposed
NO;™ are plotted as a function of the Au content in Au@AER. It is noted that the amount
of NO3™ taken in Au@AER was increased with increase in the Au content up to 0.2 mmol
g !, which was inconsistent with the theoretical ion-exchange process based only on the
anion-exchange sites of AER. This fact suggested that ion exchange sites different from
the originally present ones in AER were formed in Au@AER. It was speculated that those
newly formed ion exchange sites originated from CI™ that was formed during the reduction

of AuCls™ (Scheme 2-1) and were present on the surface of the Au® particles.

1.2
- 1.0 -
e
©
£ 0.8 1
£
S
> 0.6 -
[
©
€
5 0.4 1
o
£
0.2 1 {
0.0 T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Amount of Au in Au@AER/ mmol g™

Fig. 2-14. Influence of Au content in Au@AER on the (m) amount of NO3™ taken in the
resin and (@) amount of decomposed NO3™. NO3;™ uptake measurement: [NO3 Jo = 100
ppm (1.62 mmol L); volume of solution, 100 mL; amount of Au@AER, 0.1 g. NO3~

decomposition was performed in H> flow at 80 °C for 5 h.
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To confirm this hypothesis, the amount of AuCls™ and CI” in the solution before and
after the AuCls™ ion-exchange process was estimated, and Fig. 2-15 shows the relationship
between the amount of CI™ in the solution after ion-exchange process and the amount of
AuCly introduced into the resin. It was found that only a small amount of CI” was present
in the solution after the ion-exchange process. According to Scheme 2-1, the theoretical
amount of CI™ released to solution is 3 times (molar ratio) that of the introduced AuCls™,
and the amount of CI” released from AER to the solution is the same as that of the AuCl4~
introduced to AER. Therefore, the theoretical amount of CI™ in the solution is 4 times
large amount of the introduced AuCly™. But the actual amount of CI™ in the solution was
much smaller than the theoretical amount, which strongly supports the hypothesis that CI”

was adsorbed on the Au® surface.

B Actual amount -
® Theoretical amount P

Amount of CI7 mmol g™

Amount of AuCl,/ mmol g

Fig. 2-15 Relationship between the amount of CI™ released to the solution and the amount
of AuCly™ introduced into the resin.

Fig. 2-14 also shows the dependence of the amount of decomposed NO3™ on the Au
content in Au@AER. The amount of decomposed NO;3™ increased proportionally with the
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Au content (up to 0.3 mmol g ') and reached a maximum value where 0.27 mmol g ! of
NO3™ was decomposed. This amount corresponded to 25 % of NO3™ conversion. This
increase was simply due to the number of the Au sites available for the NO;~
decomposition. However, the addition of excess Au, on the contrary, led to slight decrease
of the amount of decomposed NO;". The decrease of the amount of NO;3™ taken in
Au@AER would be a primary reason for that of the decomposed NOs3™. In addition, the
formation of the large size Au particles in those Au@AER was another reason for it. Fig.
2-16 shows the TEM images of Au@AER. The large Au particles with an average
diameter of 23 nm were formed in Au@AER with excess Au content (1.2 mmol g! of
Au), while small and highly dispersed Au particles were present in Au@AER with low
Au content (0.3 mmol g!' of Au). The increase in the size of Au particles was also
confirmed from the XRD patterns of Au@AER with different Au contents. The XRD
patterns are shown in Fig. 2-17, and the crystallite size of Au calculated by Scherrer’s
equation is also shown in Fig. 2-18. The crystallite size of Au was increased from 12 to

24 nm as the Au content was increased from 0.1 to 1.2 mmol g .
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Fig. 2-16. TEM images and particle size distributions of Au particles for Au@AER with
(a) 0.3 and (b) 1.2 mmol g! of Au.
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Fig. 2-17. XRD patterns of Au@AER with different Au contents. (a) Pristine AER and
Au@AER with (b) 0.1 mmol g”!' Au, (c) 0.2 mmol g Au, (d) 0.3 mmol g'! Au, (e) 0.4
mmol g ! Au (f) 0.5 mmol g ! Au, (g) 0.7 mmol g ' Au, (h) 1.0 mmol g"' Au, and (i) 1.2
mmol g' Au. Those Au@AER were not treated with H» at 80 °C.
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Fig. 2-18. Relationship between the amount of Au and crystallite size of Au particles in
Au@AER. The crystallite size was calculated by Scherrer’s equation applying to the

strongest diffraction line.
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There was another possible reason for the decrease of the NO3™ decomposition and
this is that the introduced AuCls~ in AER was not completely reduced by primary
hydroxyl groups when excess amount of AuCls~ was introduced. Fig. 2-19 shows the Au-
L3 edge XANES spectra for Au@AER with different Au content and the compounds of
HAuCls and Au foil. In the spectrum of Au@AER (0.2 mmol g™'), there is only one peak
at 11945 eV, corresponding to Au’. However, in the spectrum of Au@AER (0.3 mmol
g™, peaks at 11921 eV and 11945 eV were observed, which means both Au*" and Au’
were present. As the amount of AuCls~ was increased to 0.7 or 1.2 mmol g™!, the peak at
11945 eV gradually disappeared while the peak at 11921 eV was gradually obvious,
which may be because there was a large amount of unreduced AuCls™ in AER. Therefore,
it can be concluded that all AuCls~ was reduced by primary hydroxyl when the amount of
that was less than 0.2 mmol g™! in AER, while only part of that was reduced when AuCls”
was excess. Based on these results, it was concluded that Au@AER with 0.3 mmol g ! of
Au was the best material in terms of ion-exchange performance and catalytic activity for

NOs™ removal and decomposition, respectively.
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Fig. 2-19 XANES spectra for Au@AER with different loadings of Au.

2-3-5 Effect of the preparation method of Au@AER on NOs~ decomposition

To improve the catalytic performance, the Au@AER treated with NaBH4 and the
Au@AER ground and treated with NaBH4 were investigated. The results are shown in
Fig. 2-20. As was discussed before, the treatment of Au@AER in H; at 80 °C, which gave
Au@AER(H2), had little impact on both NO;3;~ uptake and NOs;~ decomposition
performances. However, it should be noted that the treatment of Au@AER with NaBHa4,
which is a strong reducing reagent, brought about a slight increase in the catalytic
performance for NO3~ decomposition, although the NO3™ uptake was rather decreased
(Fig. 2-20(C)). Consequently, the NO3~ conversion was increased to 37 % by this

treatment.
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Fig. 2-20. Effects of the preparation procedure and treatment for Au@AER on NO3~
uptake and NO3~ decomposition. (A) Au@AER, (B) Au@AER(H2), (C) Au@AER
treated with NaBHa, and (D) Au@AER ground and treated with NaBHa.

The increase in the amount of decomposed NO;~ was more significant when
Au@AER was ground before treatment with NaBH4 (Fig. 2-20(D)). Au@AER obtained
using this procedure (grinding and then treatment with NaBH4) decomposed 0.38 mmol
g! of NOs~, which corresponded to 41 % of NOs~ conversion. The improvement in the
catalytic performance for NO3~ decomposition caused by the grinding and treatment with
NaBHj4 was probably because AuCls~, which remained unreduced spontaneously with the
primary hydroxyl groups in AER due to excess introduction of AuCls", was further
reduced with NaBH4 to produce additional Au® particles. The Au-L; edge XANES
spectrum for Au@AER (0.3 mmol g™') treated with NaBH4 also supported this conclusion
(Fig. 2-13). In addition, as Fig. 2-21 shows, the crystallite size of Au in Au@AER

47



obtained with this procedure was 14 nm, which was smaller than those in Au@AER (17

nm). The formation of smaller Au particles (av. 13.5 nm) was also confirmed from the

TEM image (Fig. 2-22). However, the grinding made small grains of the material, and it

would make its handling difficult and thus somewhat impractical. The preparation method

and conditions for obtaining Au@AER with high catalytic performance and ease of

handling must be further investigated.
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Fig. 2-21. XRD patterns of AER and Au@AER prepared by different preparation
procedure and conditions. (A) Au@AER, (B) Au@AER(H>), (C) Au@AER treated with

NaBH4, and (D) Au@AER ground and treated with NaBH4. Figures in parenthesis are

crystallite sizes of Au calculated by Scherrer’s equation.
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Fig. 2-22. TEM image and particle size distribution of Au particles for Au@AER ground

and treated with NaBHa.

2-3-6 lon-exchange property of Au@AER and comparison with the pristine AER

As was demonstrated before (Fig. 2-14), the introduction of the optimal amount of
Au (0.3 mmol g') into AER increased the ion-exchange capacity. However, the ion-
exchange sites in the material were changed with the introduction of Au particles due to
the oxidation of the primary hydroxyl groups at the ion-exchange sites and the formation
of new ion-exchange sites on the surface of Au particles, thereby altering the ion-
exchange property of the material. Thus, the ion-exchange property of Au@AER was
investigated in detail and compared with that of the pristine AER.

Fig. 2-23 exhibits the ion-exchange property of Au@AER and pristine AER. Fig. 2-
23(a) shows the relationship between the dose of resin and concentration of NO3™ in the
solution at equilibrium. For both materials, the concentration of NO3;~ was decreased with
the increase in the resin dose, and the difference between the two materials was minimal.
Fig. 2-23(b) presents the kinetics for NO3;™ removal over the two materials. It is apparent
that the kinetic behavior was nearly identical for both materials, and after 15 min almost

all NOs™ in the solution were removed under the conditions.
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Fig. 2-23. (a) Influence of the dose of AER and Au@AER on equilibrium concentration
of NOs™ in the solution. Conditions: [NO3 Jo=100 ppm (1.62 mmol L™!); volume of NOs~
solution, 10 mL; time for ion-exchange, 8 h; and temperature, 38 °C. (b) Kinetics for ion-
exchange removal of NO3™ over AER and Au@AER. Conditions; [NO3 Jo=100 ppm (1.62
mmol L!); volume of NOs~ solution, 100 mL; amount of AER and Au@AER, 1.0 g; and
temperature, 38 °C. (c) Adsorption isotherm for NO3;™ over AER and Au@AER. The solid
lines are drawn with Langmuir fitting parameters. Conditions: volume of NO3™ solution,
10 mL; amount of AER and Au@AER, 0.1 g; and temperature, 38 °C. The content of Au
in Au@AER was 0.3 mmol g '. Langmuir fitting parameters for ion-exchange removal

of NO3™ on AER and Au@AER
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Table. 2-2 Langmuir fitting parameters for ion-exchange removal of NO3™ on AER and

AU@AER.
Material gmax(Mmol g™) K (L mol™?)
AER 1.18 1.4
AU@AER? 1.46 0.83

*The content of Au in Au@AER was 0.3 mmol g .

In contrast to these, a notable difference between the two materials was observed in
the ion exchange isotherms for NO3™ (Fig. 2-23(c)). Both isotherms had Langmuir-type
shapes, and were analyzed using the Langmuir equation, yielding Langmuir fitting
parameters including ion exchange equilibrium constant (K) and maximum ion exchange
capacity (gmax) (Table 2-2). The introduction of Au particles to AER increased gmax from
1.18 (AER) to 1.46 mmol g' (Au@AER). However, the ion exchange equilibrium
constant (K) decreased from 1.4 (AER) to 0.83 L mol~! (Au@AER) with the introduction
of Au particles. A plausible reason for the decrease of K with the introduction of Au
particles is the change in the structure of the ion exchange sites in the resin with the
oxidation of the primary hydroxyl groups.

To confirm this, the primary hydroxyl groups at the ion exchange site in AER was
oxidized to the corresponding aldehyde by the reaction with Dess-Martin periodinane,
and the ion exchange isotherm for NO3~ was measured using the obtained AER-DMP and
the result is shown in Fig. 2-24. The result demonstrated that the change in the structure
of the ion exchange sites decreased the ion exchange equilibrium constant (Table 2-3),
which was almost the same as that for Au@AER, whereas the maximum ion exchange
capacity remained unchanged. The hydrophobicity around the ion exchange sites may
increase by changing the primary hydroxyl group to aldehyde, thereby weakening the

interaction between NO3~ and the ion exchange site.
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Fig. 2-24. Adsorption isotherm for NOs~ over AER-DMP. The line is drawn with

Langmuir fitting parameters. The conditions were the same as those shown in Fig. 2-23(c).

Table 2-3. Langmuir fitting parameters for ion-exchange removal of NO3;~ on AER-DMP.

Omax (Mmmol g %) K (L mol™?)

1.17 +0.04 1.1+0.54
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2-3-7 Optimization of the reaction conditions and product analysis for NOj;
decomposition in Au@AER

To increase the amount of decomposed NO3~, reaction conditions for NO3z~
decomposition in Au@AER, including reaction temperature and time, were investigated
using Au@AER containing 0.3 mmol g~! of Au. The results are shown in Fig. 2-25. The
amount of decomposed NO;~ was increased with increase in the reaction temperature
and the maximum decomposition amount of NO3~ was 0.27 mmol g ! at 80 °C. The
reaction at higher temperature rather decreased the amount of decomposed NOs3,
probably because the reduction of NO3;™ required the resin to swell with water, and the

resin was dried out too quickly at the high temperatures.
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Fig. 2-25 Influence of (a) reaction temperature and (b) reaction time on the amount of
decomposed NOs". The content of Au in Au@AER was 0.3 mmol g!. Conditions for

NO3™ decomposition: (a) reaction time, 5 h and (b) reaction temperature, 80 °C.

The reaction time also had a significant impact on the amount of decomposed NOs".
The amount of decomposed NO3™ gradually increased with the reaction time up to 5 h and
reached an almost constant value of approximately 30 %, but in other words,
approximately 70 % of NO3~ remained undecomposed in Au@AER. NO3~ was not
decomposed further despite extending the reaction time, because only NO3™ near Au

particles could diffuse to the surface of the Au particle and be decomposed.
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Fig. 2-26. Analysis of gaseous products formed by the decomposition of NO3™ in H flow
using a mass spectrometer. The temperature was increased from 0 to 80 °C at 5 °C min™!
and was kept to 6.25 h, while H> was flown to the reactor in which 0.2 g of Au@AER
with NOs;™ was fixed.

The products formed by the decomposition of NO3™ in Au@AER were analyzed
using a mass spectrometer. The reaction was performed using Au@AER with NO3™ in H»
flow from 0 to 80 °C. As Fig. 2-26 clearly shows, N>O was the main product, and N> was
a minor product, but NO and NO» were not detected. Ion chromatography analysis of the
trap solution demonstrated that no ammonia was formed during the reaction. Moreover,
NO:>", which is an intermediate product formed from NO3~, was not present in Au@AER
after the reaction regardless of the reaction temperature and time. Therefore, it was

concluded that NO;™ in Au@AER was decomposed according to the following reactions.

Main reaction NO3;  +2H, — 1/2N,0 + 3/2H,0O + OH™

Minor reaction NOs™+5/2H, — 1/2N; + 3/2H,0 + OH™
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In addition, the products of NO3~ decomposition were analyzed by Agilent 3000A
Micro CG, and the generated amount of NoO was calculated and the result is shown in
Fig. 2-27. According to the theoretical amount of NO3™ decomposition and the calculated
amount of N>O, it was concluded that N>O and N were the products formed by the NO3™
decomposition in 0.3 mmol g™ of Au@AER when it was treated by H» at 80 °C for 5 h

and the selectivity was 86.4 and 13.6 %, respectively.
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Fig. 2-27 Relationship of the amount of N>O produced and the reaction time. The amount
of Au in the resin was 0.3 mmol g™'. Conditions for NO3~ decomposition: reaction time,

6 h and reaction temperature, 80 °C.

Because N>O is greenhouse gas with strong greenhouse effect [7], and thus its
formation would be problematic. However, NoO can be easily converted to N> by the
reduction with H» in the presence of supported Ru or Rh catalyst [7, 8, 9, 10, 11].

Therefore, its formation is not a serious problem if the off gas is appropriately treated.
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2-3-8 Breakthrough and reusability tests

When contaminated water is practically purified on a commercial scale, continuous
treatment using a fixed-bed reactor is more suitable than intermittent treatment using a
batch reactor. In addition, the material (Au@AER) must be reusable in the NO3™ removal
and NOs3;~ decomposition cycle for the two-step process. Thus, breakthrough test for NO3~
removal with Au@AER was performed, and the result was compared with that for the
pristine AER. To a glass tube reactor containing 1.0 g of Au@AER, 1.62 mmol L! of
NOs solution was fed at a rate of 0.5 mL min™! up to 60 h, which corresponded to 1800
mL of the feed volume. Fig. 2-28 shows the results of the breakthrough tests for AER and
Au@AER. Initially, almost no NO3~ was detected in the solution discharged from the
reactor, and subsequently, the concentration of NO3~ was gradually increased with
increase in the amount of the feed volume and finally reached the same concentration as
that in the feed solution. The total uptake-amount of NO3™ for Au@AER was 1.34 mmol
g !, which was larger than that for AER (1.09 mmol g'). This was indicated by the
difference between the maximum ion exchange capacity of Au@AER (1.46 mmol g')
and AER (1.18 mmol g'). The increase in the concentration of NOs~, namely
breakthrough, was slower for Au@AER than AER, because the ion exchange equilibrium
constant of Au@AER (0.83 L mol™") was smaller than that of AER (1.4 L mol™), as

demonstrated from ion exchange isotherm measurements.
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Fig. 2-28. Breakthrough curves for NO3;™ removal over AER and Au@AER. Conditions:
[NO3 Jo=100 ppm (1.62 mmol L'); amount of AER and Au@AER, 1.0 g; flow rate of
NO;™ solution, 0.5 mL min!; and reaction temperature, room temperature. The content

of Au in Au@AER was 0.3 mmol g'.

The reusability of Au@AER was investigated. Au@AER and Au@AER obtained by
grinding and treatment with NaBH4 were used as typical examples for the reusability test.
The results are shown in Fig. 2-29. The results clearly shows that both materials did not
show any noticeable decrease in the performances for NOs3~ uptake and NO;~
decomposition up to five uses, demonstrating good stability in the repeated use in the ion-
exchange removal and catalytic decomposition of NO3;™. The spent Au@AER was
analyzed by XRD (Fig. 2-30), TEM (Fig. 2-31) and XPS (Fig. 2-32), the crystallinity and
crystallite size, particle size distribution, and the oxidation state of the surface of Au

particles in Au@AER scarcely changed after five uses.
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Fig. 2-29 Reusability test for ion-exchange removal and catalytic decomposition of NO3~

in the two-step process. (a) Au@AER and (b) Au@AER ground and treated with NaBHa.
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Fig. 2-30 XRD patterns of Au@AER (a) fresh and (b) spent.

Fig. 2-31 TEM images of Au@AER (a) fresh and (b)spent.

61



)
o &
O
(b) CACNY S
& &5 %
%%W%w %mﬁp ¥ A &
o ‘ .
Hooo
* e .S
. e @ ",
. > >
(@ . W .
.. -#‘.h.m x .-‘
AL Sy, w,
100 95 90 85 80

Binding Energy (eV)

Fig. 2-32. Au 4f XPS spectra of Au@AER (a)fresh and (b) spent.

In addition, to confirm the long-term stability of Au in Au@AER under ambient
conditions, Au@AER (0.2 mmol g ') was stored at room temperature in air (ambient
conditions) for 6 months and they were analyzed by XAFS. Au-L3; edge XANES spectra

are shown in Fig. 2-33. There was only Au’ peak in both spectra, indicating Au® particle

in AER was not oxidized under ambient conditions for 6 months.
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Fig. 2-33 XANES spectra for fresh Au@AER and Au@AER stored at room temperature

in air for 6 months.

2-3-9 Comparison of the performance of Au@AER with those of previously reported

catalysts

Finally, the catalytic performance of Au@AER for NO;  decomposition was
compared with those of previously reported catalysts in the two-step process [1, 2, 3],
which are summarized in Table 2-4. As mentioned in Chapter 2-1, all previously reported
catalysts contained bimetallic Pd particles introduced into anion exchange resin. The
catalytic activity of Au@AER is lower than that of previously reported materials, whereas
the selectivity is comparable (Table 2-4). However, Au@AER is the first example to
demonstrate that even a single-metal catalyst can exhibit activity for NO3~ decomposition
in the two-step process. This finding greatly advances optimal catalyst design and

elucidates the reaction mechanism.
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Table 2-4 Comparison of the catalytic performance of Au@AER with those previously reported.

Catalyst Reductant? Reaction Reaction XNOs—b S vao® SNH3d Ref.
conditions time (h) o
(%) (%) (%)

PA(1%)Cu(1%)/resin  ethanol ggbga:(HZ/ 0. 6 100 100 0 [1]
PA(1%)Cu(1%)/resin  ethanol gnga:(HZ/ 0. 24 100 100 0 [1]

. 1 bar H»
Pd(2%)Cu(0.5%)/WA30 hydrazine g 63 100 N/A N/AS  [2]

. 1 bar H»
Pd(2%)SNn(0.5%)/WA30 hydrazine g 24 975  66.2 311 [3]

. 1 bar H» This

Au@AER w/o reduction 353 K 5 41 100 0 work

*Reductant used for making metal particles.
®Conversion of NO3".

“Selectivity to N2 and N2O.

dSelectivity to NHs.

“Products were not analyzed.
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2-4 Conclusions

In this chapter, to demonstrate the hypothesis that the decomposition reaction of NO3~
in anion exchange resin would proceed even with a single metal, it was investigated the
anion exchange resin with various single metal particles for NO3~ decomposition in the
resin by the contact with 1 bar H> at 80 °C. NO3~ decomposition reaction proceeded with
various precious metals, while Ru, Au and Rh were particularly effective. Among them,
only Au did not require the treatment in H> to reduce the metal complex in the resin to
form metal particles, thus Au was the best metal introduced to the resin, although slightly
less active than Ru. The resin with Au particles prepared under the optimal conditions and
optimum Au contents decomposed 0.38 mmol g! of NOs~, which corresponded to 41 %
conversion, mainly into N2O in H> at 80 °C for 5 h. The introduction of Au particles in
the resin increased the ion exchange capacity from 1.18 (pristine resin) to 1.46 mmol g!
(with Au particles), while ion exchange equilibrium constant was decreased from 1.4 to
0.83 L mol . The resin with Au was reusable for ion exchange removal of NO3™ and its
decomposition in H> at 80 °C up to five uses without any performance degradation. Based
on the results, it was believed that the developed resin with Au particles will greatly
contribute to improving the efficiency of the two-step process for purification of water

contaminated with NO3™.
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Chapter 3

Reaction mechanism of nitrate
decomposition in anion-exchange resin
containing gold nanoparticles
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3-1 Introduction

In Chapter 2, it was demonstrated that Au@AER showed catalytic activity for NO3™
decomposition in the resin, and the maximum amount of decomposed NO3™ reached 0.38
mmol g™!, corresponding to 41 % of NO;5™ taken in resin, but approximately 60 % of NO3~
remained undecomposed in the resin even in the optimal reaction conditions. To improve
the catalytic performance of Au@AER for NO3™ decomposition, it is necessary to clarify
how NOs™ is decomposed in the resin.

Choi and co-workers proposed long-range diffusion of NO3™ within resin is possible,
and all of NO;™ exchanged in the resin appeared to reach the surface of PdCu particles
through consecutive ion-exchanges between the adjacent quaternary ammonium groups
(ion-hopping) [1]. Mendow also proposed that NO;™ present in the liquid reacted on the
bimetal sites when H» was fed, forming OH™ by the reaction. These OH™ were then
exchanged with the ions adsorbed in the resin, thus releasing NO3™ that was reduced on
the metal sites [2].

According to the conclusions by Choi et al. [1] and Mendow et al. [2], the free NO3™
(NOs™ in liquid swelling resin) in resin was first reduced, and OH™ was generated.
Therefore, it was considered that water in resin plays an important role in the NO3~
decomposition. Here, in Chapter 3, the effect of water in resin on NO3~ decomposition
was investigated in detail and the reaction mechanism of NO3~ decomposition is proposed

based on the obtained data.
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3-2 Experimental
3-2-1 Catalytic decomposition of NO3™ in Au@AER treated at 100 °C

The experimental procedure was the same as that in Chapter 2-2-3 but Au@AER
containing NOs~ was treated with N2 (10 mL min™") at 100 °C for 1 h before it was

contacted with Ho.

3-2-2 Continuous multiple decomposition of NO3™ in Au@AER.
The experimental procedure was the same as that in Chapter 2-2-3 but Au@AER
containing undecomposed NO;™ (namely after NO3™ decomposition) was soaked in 2 mL

of ultrapure water at room temperature for 30 min and then contacted again with H» at

80 °C for 5 h.

3-2-3 Catalytic decomposition of NOs™ in Au@AER in a high-pressure reactor
Au@AER (0.1 g) was added to 100 mL of NOs3~ solution (Co = 1.62 mmol L"), and
the mixture was stirred at 38 °C to take NOs3™ into Au@AER, and the Au@AER
containing NO3™ was placed in a glass tube and 10 atm of H> was fed to the tube at room
temperature, and then the temperature was increased to 80 °C and was maintained for 5
h. After that operation, Au@AER was taken out from the tube and was added to 100 mL
of NaCl solution (500 mmol L '), and the mixture was stirred at 38 °C for 1 h to exchange

undecomposed NO;3™ in the resin with CI™.

3-2-4 TG analysis of AER and Au@AER.
The weight change with heat was evaluated in the temperature range of 25-600 °C
using a TG 8120 equipment (Rigaku Thermoplus). The heating was performed in a static

air atmosphere with 10 mg sample at a rate of 10 °C min ™'
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3-3 Results and discussion
3-3-1 Water content in Au@AER

In Chapter 2, it was speculated that decomposition of only 40 % NO;3™ in
Au@AER was because only NO3;™ near Au particles could diffuse to the surface of the
Au® particles and decompose. The diffusion process of NOs™ in resin may be affected by
water in the resin. Therefore, to investigate the effect of water content in resin on the
diffusion process and the decomposition of NOs~, the weight loss of Au@AER in
25~600 °C was evaluated by TG-DTA in a static air atmosphere. Fig. 3-1 shows the
weight loss curves of AER and Au@AER. Three-stage weight losses were observed for
both samples. In the first stage, the weight losses are up to 100 °C, corresponding to 41
and 47 % of the weights of AER and Au@AER, respectively. The weight loss between
100 to 420 °C (the second step) was caused by the decomposition of the quaternary amino

group. Above 420 °C, the main backbone of the resin was completely decomposed.
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Fig. 3-1 TG-DTA curves of (a) AER and (b) Au@AER taken in static air.

In order to be closer to the actual conditions for NO3;~ decomposition, the weight
loss of Au@AER was measured under the same temperature and time as those for the
NO3~ decomposition reaction except that the H, flow was replaced with static air. The
result is shown in Fig. 3-2. It shows that most of water in the resin was removed before
the temperature reached 80 °C in the first 12 min, giving 29 % of the weight loss, while
the weight hardly changed after that. This TG analysis suggested that water corresponding
to 18 % of the weight of Au@AER remained in Au@AER during the NO;~ decomposition
reaction. In addition, according to the results of Fig. 2-26 and Fig. 2-27, NO3™ in
Au@AER was rapidly decomposed in the first 30 min, and the decomposition rate of
NO;s~ gradually slowed down as the reaction time was extended. Therefore, it was
speculated that the amount of decomposed NO3~ was related to the water content in the

resin.
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Fig. 3-2 TG curve of 0.3 mmol g ! Au@AER. The temperature was increased from 20 to
80 °C at 5 °C min ' and was kept to 6 h.

3-3-2 Decomposition of NOs™ performed in different conditions

To investigate the effect of water in resin on the amount of decomposed NOs",
Au@AER containing NO;~ was treated with N3 at 100 °C for 1 h to remove water in the
resin before NO3~ decomposition with H». This state is defined as “Dry”, and the amount
of decomposed NO3™ is shown in Fig. 3-3. Compared to the amount of decomposed NO3~
with normal process, it was obviously decreased for “Dry”, which were 0.3 and 0.18
mmol g for “Normal” and “Dry”, respectively. The amount of water in Au@AER
containing NOs™ treated in N> at 100 °C for 1 h (Dry) was analyzed by TG-DTA (Fig. 3-
4), and it was found that only small amount of water (2.7 % of the weight of Au@AER)
retained in the resin, while the water content of “Normal” was 47 % as mentioned before.
Thus, it is speculated that the removal of water by the treatment at 100 °C hindered the
diffusion of NO3~ on the ion-exchange sites in the resin to the Au’ surface and further
speculated that only NO3;~ adsorbed on the newly formed ion-exchange sites on Au
surface was decomposed in “Dry”.
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Fig. 3-3 Decomposition of NO3™ in Au@AER in different treatment condition. The
content of Au in Au@AER was 0.3 mmol g . NOs~ uptake measurement: [NO3 ]Jo = 100
ppm (1.62 mmol L); volume of solution, 100 mL; amount of Au@AER, 0.1 g. NO3~
decomposition was performed in H> flow at 80 °C for 5 h. (Normal) Au@AER containing
NO;™ was contacted with Hz at 80 °C for 5 h; (Dry) Au@AER containing NO3~ was dried
under N> atmosphere at 100 °C for 1h and then contacted with H, at 80 °C for 5 h;
(Continuous) Au@AER containing NO3~ was contacted with H» at 80 °C for 5 h, and it
was socked in ultrapure water for 30 min and collected by filtration, then it was contacted
with H» at 80 °C for 5 h again; (Soak) Au@AER containing NO3;~ was soaked in 1 mL of
ultrapure water and simultaneously contacted with H» at 80 °C for 5 h; (HP) Au@AER

containing NO3~ was contacted with 10 atm of Hz at 80 °C for 5 h.
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Fig. 3-4 TG-DTA curves of Au@AER treated in N> at 100 °C for 1 h.

In addition, the spent Au@AER that used for NOs;™ removal and decomposition in
the two-step process was soaked in water to swell, and it was treated with H> at 80 °C for
5 h as a second decomposition process (this treatment is called “Continuous”), and the
total amount of NO3;~ decomposed twice is also shown in Fig. 3-3 as “Continuous”. The
amount of decomposed NO;3™ for “Continuous” was almost the same as that for “Normal”,
indicating that no additional NO3~ decomposition occurred with the swelling treatment.
During the first NO3~ decomposition, NO3~ on Au surface, free NO3™ in the resin and NO3~
on ion-exchange sites of resin near to the Au® surface were decomposed, while NO3~ on
the ion-exchange sites of resin far away from Au® surface was not decomposed. In the
second decomposition process, even though the resin swelled again, the NO3™ on the ion-
exchange sites of resin far away from the Au’ surface could not diffuse to the Au® surface.

To Au@AER containing NO3~, 1 mL of ultrapure water was added to ensure the
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presence of excess water to expect easy diffusion of NO3™ in the resin and the Au@AER
was contacted with H> at 80 °C for 5 h (this state is called “Soak™). The amount of
decomposed NOs™ under this state was investigated, and the result is shown in Fig. 3-3
(Soak). The amount of NOs3™ taken in resin and decomposed under this state was almost
the same as those for “Normal”.

NO;3;~ decomposition reaction also occurred under high-pressure (10 atm) H>
atmosphere (this treatment is called “HP”) (Fig. 3-3 (HP)). There was a slight increase in
the amount of decomposed NOs~ from 0.3 (Normal) to 0.36 mmol g! (HP), and the
decomposition amount was not further increased even extending the reaction time to 12
h (data not shown), which proved that NOs~ on ion-exchange sites far away from the Au’

surface did not diffuse to reach the Au” surface even under high-pressure H> atmosphere.
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3-3-3 Reaction mechanism of NO3~ decomposition
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Fig. 3-5 Proposed reaction mechanism for NO3~ decomposition in Au@AER.

According to the above results, the reaction mechanism for NO3;~ decomposition in
the resin is proposed as Fig. 3-5. NO;~ adsorbed on the Au’ surface was firstly and
instantly decomposed when the Au@AER containing NO3;~ was contacted with Hz, and
the generated OH™ was adsorbed on the Au surface. And then, OH™ adsorbed on the Au’
surface were ion-exchanged with the free NO;™ in the resin or adjacent quaternary
ammonium groups, and the NO3~ that exchanged to the Au® surface was decomposed and
the ion-exchange sites of the resin was occupied by OH". However, if the distance
between OH™ on Au surface and NO;3;™ on the ion-exchange sites of the quaternary
ammonium groups exceeded a certain range, this ion-exchange process did not proceed
and the NO3~ was not decomposed any more. During the NO3~ decomposition process,
water promoted the diffusion of free NO3;~ and NO;™ on the ion-exchange sites of the

adjacent quaternary ammonium groups to the Au® surface.
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3-4 Conclusions

It was demonstrated that water played an important role in the decomposition
process of NO3™ in resin. The decomposition of free NO3™ and NO3™ on ion-exchange sites
of resin was hindered when the water was removed from the resin, while the
decomposition of NOs~ adsorbed on Au® surface proceeded in such conditions. During
the NO3;~ decomposition process in the resin, NO3;~ adsorbed on Au surface was
decomposed, and OH™ was generated and adsorbed on Au surface. Then, the generated
OH™ exchanged with free NO;™ in the resin or at adjacent quaternary ammonium groups,
and water promoted the diffusion of free NO3~ and NOs~ on the ion-exchange sites to Au’
surface. NOs~ that exchanged to the Au® surface was decomposed and the ion-exchange
sites of the resin were occupied by OH . However, NO3~ on the ion-exchange sites of
quaternary ammonium groups far from the Au® surface was not exchanged, thus was not

decomposed.
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Chapter 4

Rapid removal and catalytic
decomposition of nitrate in anion-
exchange resin containing Ru
nanoparticles
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4-1 Introduction

In Chapter 2, it was found that NO3~ decomposition proceeded on various single-
metal catalysts, and Ru, Au and Rh were particularly effective. Among the metals tested,
only Au did not require additional treatment to reduce the metal complex in the resin to
form metal (Au) particles because of spontaneous reduction. Therefore, the ion-exchange
and catalytic performance of Au@AER for NO3~ were investigated in that chapter.
However, only 41 % of NO3~ was decomposed when the resin with Au particles was
prepared under optimal conditions and with optimum Au content, which was because the
NO;™ on ion-exchange sites far from the Au’ surface could not diffuse to the Au® surface
as clarified in Chapter 3.

In early catalyst screening studies, monometallic catalysts are practically inactive
for the reduction of NO3~, and Ru shows only low activity [1, 2]. Therefore, Ru
hydrogenation catalysts have been largely overlooked for such applications. However, Ru
was considered again for nitrate reduction recently, because of the lower price than Pd
and Pt, and it was also proved that Ru has high catalytic performance for NO;~
decomposition [2, 3]. As the result in Chapter 2, among the metals tested, Ru showed the
highest catalytic performance for NO3~ decomposition. Therefore, the resin with Ru
particles for the reduction of NO3~ was taken in this chapter and was extensively
investigated.

Strathmann [2] reported that 5wt% Ru/C showed high activity for NO3~
decomposition when small amount of NO;s™ stock solution was introduced into an open
semi-batch system containing ultrapure water and Ru/C under continuous H> sparging (1
atm, 40 mL min') at constant temperature (25 + 0.5 °C), but the Ru/C needed to be
pretreated with H> at 350 °C for 2 h to reduce RuO2 on Ru surface and the prepared Ru
particles was easy to be oxidized to RuO; again. In addition, the selectivity of ammonia
reached 90 %, and secondary pollution to the treated water was caused because the NO3~
decomposition process was carried out in water.

In this chapter, Ru was chosen as a metal introduced into the resin and the
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preparation conditions were systematically investigated to improve the catalytic
performance for NO3~ decomposition over the two-step process, and it was found that the
temperature and pressure in the reduction of the Ru complex (precursor for Ru’ particles)
in the resin had a greatly impact on the generation of Ru® particles in resin. Optimization
of the reaction conditions for NO3;~ decomposition was also investigated with Ru@AER,
and it was found that water in resin greatly affected the amount of decomposed NOs™.

Finally, the reusability of the resin with Ru was tested.

4-2 Experimental
4-2-1 Material preparation

Ru-incorporated AER was prepared as follows. A solution of RuCls was prepared by
dissolving a certain amount of RuClz-nH>O (FUJIFILM Wako Pure Chemical Co.) in 10
mL of HCI (20 %). To the solution, 0.5 g of AER was added, and the suspension was
stirred at 38 °C for 12 h. The resin was collected by filtration and washed with ultrapure
water. The obtained material is referred to as Ru@AER. Ru@AER with different Ru
loadings were prepared by changing the amount of RuCl;-nH>O in the solution.

Ru@AER(H»2) was prepared by treating Ru@AER with H> as that for Au@AER
(Ha).

Ru@AER was treated with H» under high H» pressure atmosphere as follows. 0.1 g
of Ru@AER was added to an autoclave, and the autoclave was pressurized to 10 atm of
pure H> and heated at different temperatures for a certain time. The material after this

treatment is referred to as Ru@AER(HP-Hb).

4-2-2 Characterization

The prepared Ru@AER, Ru@AER(H2) and Ru@AER(HP-Hz) were analyzed by
XRD, TEM and TG-DTA as Chapter 2-2-2.
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4-2-3 Catalytic decomposition of NOs3™ in Ru@AER(H>) and reusability test
Procedure for the decomposition of NO3™ in Ru@AER was the same as that in
Chapter 2-2-3.

4-2-4 Effect of reduction conditions of RuCly in resin on NO3 decomposition

To an autoclave, 0.1 g of 0.1 mmol g' Ru@AER was added, and the autoclave was
flushed with H» repeatedly and then pressurized to 10 atm of pure H». Reduction reactions
of RuCls™ were carried out at five different temperatures (80, 100, 110, 120 and 130 °C)
for 3 h. To investigate the effect of reduction time of RuCls~ on NO3~ decomposition, the
reduction reactions were also performed at 120 °C for different time (0.5, 1, 2 and 3 h).
In addition, 0.1 mmol g! Ru@AER was also reduced under different pressure (1, 3, 5,
7.5 and 10 atm of pure H») at 120 °C for 3 h.

Then, the prepared 0.1 mmol g! Ru@AER(HP-Hz) was used to uptake NOs~ as
Chapter 2-2-3. Ru@AER(HP-H>) containing NO;~ was added to an autoclave, and the
autoclave was pressurized at 10 atm of pure H» and heated at 80 °C for 5 h to decompose
NOs™ in the resin. Finally, the Ru@AER(HP-H») was taken out from the autoclave and
was added to 100 mL of NaCl solution (500 mmol L) to exchange the undecomposed
NO;™ as Chapter 2-2-3.

4-2-5 Influence of the amount of water in resin on NO3; decomposition

As Chapter 4-2-1, Ru@AER(HP-H») was prepared by reducing Ru@AER under 10
atm H» atmosphere at 120 °C for 3 h, and it was used to ion-exchange with NO3™ solution
for 1 h. After that, Ru@AER(HP-H>) containing NO3~ was treated with three processes.

In the first process, Ru@AER(HP-H») containing NO3~ was placed in a glass tube
reactor, and N> was allowed to flow into the reactor and the temperature was increased to
100 °C and the reactor was maintained at this temperature for 1 h. The material obtained
by this treatment is referred to as Ru@AER(Dry). The collected Ru@AER(Dry)

containing NO3~ was contacted with 10 atm H» at 80 °C for 5 h in an autoclave reactor.
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In the second process, Ru@AER(HP-H) containing NO3;~ was placed in a glass tube,
and 0.3 mL of ultrapure water was added to this tube, and the obtained material is referred
to as Ru@AER(Wet) (all the NO3~ decomposition process in this chapter, unless
otherwise specified, were carried out under this condition). The collected Ru@AER(Wet)
containing NO3~ was contacted with 10 atm H» at 80 °C for 5 h in an autoclave reactor.

In the third process, 3 mL of ultrapure water was added into the glass tube with
Ru@AER (HP-H>) containing NO3™ to make sure the resin was soaked in water, and the
obtained material is referred to as Ru@AER(Soak). The collected Ru@AER(Soak)

containing NO3~ was contacted with 10 atm H» at 80 °C for 5 h in an autoclave reactor.

4-2-6 Influence of reaction conditions on NO3 decomposition

Ru@AER(HP-H,) was prepared by treating 0.1 mmol g' Ru@AER under 10 atm
of pure H, atmosphere at 120 °C for 3 h. Then, the prepared Ru@AER(HP-H>) was used
to uptake NO;3™ as Chapter 2-2-3. Ru@AER(HP-H>) containing NOs;~ was added to an
autoclave, and the autoclave was pressurized to different pressures (1, 3, 5, 6, 7.5 and 10
atm) of pure H» and then heated at 80 °C for 5 h to decompose NO3™ in resin. In addition,
Ru@AER(HP-Hz) containing NO;~ was also treated under 10 atm H> at 80 °C for
different time (1-5 h) to investigate the effect of reaction time on NO3~ decomposition.
Finally, the Ru@AER(HP-H>) was taken out from autoclave and was added to 100 mL of

NaCl solution (500 mmol L) to exchange the undecomposed NOs~ as Chapter 2-2-3.
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4-3 Results and discussion

4-3-1 Effect of reduction conditions of RuCly on the performance of Ru@AER(H>)
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Fig. 4-1 Influence of the reduction time of RuCls™ on the performance of Ru@AER(H>)
for NO3~ decomposition. The line chart represents the amount of NO3™ taken in resin and
bar chart represents the amount of decomposed NO3™. Purple represents the RuCls™ was
reduced by H» for 1 h and blue represents 3 h. Conditions: reduction temperature and
pressure, 80 °C and 1 atm; amount of Ru@AER(H>), 0.1 g; volume and concentration of
NOs™ solution, 100 mL and 1.62 mmol L. NOs~ decomposition was performed under 1

atm H> atmosphere at 80 °C for 5 h.

Fig. 4-1 shows the influence of the reduction time of RuCls™ (1 h or 3 h) in the resin
and Ru content in Ru@AER(H>) on the performance of NO3;~ decomposition. For these
experiments, NO3~ decomposition was performed under 1 atm H> atmosphere at 80 °C

for 5 h, but the RuCls™ in each Ru@AER(H2) was reduced with 1 atm H> at 80 °C. About
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1.06 mmol g! of NOs;~ was taken in each Ru@AER(H>) regardless the Ru content. In
addition, the decomposition performance of these Ru@AER(H2) was also almost the
same and was not increased with increase of the Ru content. Moreover, the performance
did not improve even though the reduction time was extended from 1 h to 3 h. It was
speculated that only a small amount of RuCls™ in resin was reduced to Ru particles in the

conditions.
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Fig. 4-2 Influence of the reduction temperature of RuCls~ on the performance of
Ru@AER(H>) for NO3;~ decomposition. Conditions: reduction time and pressure, 3 h and
1 atm; amount of Ru@AER(H>»), 0.1 g; volume and concentration of NO3™ solution, 100
mL and 1.62 mmol L. NOs~ decomposition was performed under 1 atm H, atmosphere

at 80 °C for 5 h.

To improve the catalytic performance of Ru@AER for NO3;~ decomposition, the

reduction temperature of RuCls™ in Ru@AER(H2) was increased up to 120 °C (Fig. 4-2).
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The ion-exchange performance of each Ru@AER(Hz) for NO3~ was almost unchanged,
meaning that the structure of the resin was not changed up to 120 °C. However, the
amount of decomposed NOs3~ was increased from 0.28 mmol g! (25 % NO3™ conversion)
to 0.37 mmol g ! (35 % NO;3™ conversion) when the reduction temperature was increased
to 100 °C and kept it the same even when the temperature was further increased.
According to the result in Fig. 3-3, the amount of decomposed NO3™ increased when the
NO3™ in Au@AER was decomposed by 10 atm of H», indicating that H pressure also
affected the amount of decomposed NOs™, and it will be discussed in detail in the next

section.

4-3-2 Effect of the Ru content in Ru@AER(HP-H;) and the reduction temperature of

RuCls on NO3~ decomposition

Fig. 4-3 shows the effect of reduction temperature of RuCls~ in Ru@AER under 10
atm H» atmosphere on NO;~ decomposition. For all Ru@AER(HP-H>), the amount of
decomposed NO;™ at each temperature was higher than that for Ru@AER(Hz). It was
proved that H» pressure had a great impact on the reduction of RuCls™ in the resin. In
addition, the amount of decomposed NO;~ was also affected by the Ru content in
Ru@AER (Fig. 4-3). For 0.05 and 0.08 mmol g' Ru@AER(HP-H>), the amount of
decomposed NO;~ was increased with increase of the reduction temperature and reached
a maximum where 0.75 and 1.04 mmol g ! of NOs~ were decomposed when the
temperature was 120 °C, corresponding to 70 and 96 % of NO3™ conversion, respectively.
This increase was attributed to the increased number of Ru sites available for NO3~
decomposition. However, when the temperature was further increased to 130 °C, the
amount of decomposed NO3™~ decreased, which may be because of the formation of large
size Ru particles. In comparison, for other Ru@AER(HP-H>) that Ru loading was more
than 0.1 mmol g!, the amount of decomposed NOs~ was increased with increase of the

reduction temperature to 120 °C and reached the highest value of about 1.06 mmol g!,

88



corresponding to 100 % NO;3™ conversion, and it was maintained at the value until 130 °C.
For 0.15 mmol g' Ru@AER (HP-H>), the maximum amount of decomposed NO3;~ was
obtained at 110 °C, which may be because enough Ru sites available for NO3~
decomposition were generated even though not all RuCls™ in the resin was reduced to Ru

particles.

Amount of decomposed NO;/ mmol g-'

0.2 - 0.05 mmol g™ ==de=—0.08 mmol g™
=—+—0.1 mmol g™ —#—0.12 mmol g™
—&—0.15 mmol g™
0 T T T T
80 90 100 110 120 130

Reduction temperature/ °C

Fig. 4-3. Influence of Ru content in Ru@AER(HP-H>) and the reduction temperature of
RuCls™ on the amount of decomposed NOs™. RuCls™ reduction was performed under 10
atm H> atmosphere for 3 h. NO;™ uptake measurement: [NO3 Jo = 100 ppm (1.62 mmol
L"); volume of solution, 100 mL; amount of Ru@AER(HP-Hz), 0.1 g. NOs

decomposition was performed under 10 atm H> atmosphere at 80 °C for 5 h.

Size of Ru particles in Ru@AER(HP-Hz) with different Ru loading obtained by the
treatment of Ru@AER under 10 atm H»> atmosphere at 120 °C for 3 h were analyzed by

XRD, and the XRD patterns are shown in Fig. 4-4. No diffraction peaks due to Ru® was
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observed in all XRD patterns, which may be because the size of Ru was too small to be

detected and the dispersion of Ru in resin was high.
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Fig. 4-4. XRD patterns of Ru@AER(HP-H>) with different Ru contents. (a) Pristine AER
and Ru@AER(HP-H;) with (b) 0.05 mmol g! Ru, (c) 0.08 mmol g! Ru, (d) 0.1 mmol
g ! Ru. Those Ru@AER(HP-H>) were treated with 10 atm of H, at 120 °C for 3 h.

Fig. 4-5(a) shows the TEM image of Ru@AER(HP-H>) that AER with RuCls~ was
treated with 10 atm H» at 80 °C for 3 h. There was no obvious Ru particle generated.
Therefore, the reason why only 40 % of NO3™ taken in resin was decomposed may be
because only a part of RuCls was reduced by H» at 80 °C. In contrast, highly dispersed
Ru particles in the resin were detected when the reduction temperature was increased to
120 °C (Fig. 4-5(b)), and the size of the Ru particle was about 3 nm. When the temperature
was increased to 120 °C, more RuCls™ in resin was reduced to form small size Ru’

particles, thus enough Ru sites were generated for NO3~ decomposition.
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Fig. 4-5. TEM images of 0.1 mmol g"' Ru@AER(HP-H>) that RuCls~ in Ru@AER was
treated with 10 atm of H; for 3 h at (a) 80 °C and (b) 120 °C.
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4-3-3 Effects of the reduction time and H> pressure of RuCls on the performance for NO3~

decomposition

Fig. 4-6 shows the effect of reduction time of RuCls™ on the amount of NO3™ taken
in resin and decomposed NO;3". The ion-exchange performance of these samples was
almost the same regardless of the reduction time of RuCls. However, the amount of
decomposed NO3~ was greatly affected by the reduction time, and it gradually increased
with increase of the reduction time, reaching 95 % of NO3™ conversion at 2 h. And 100 %

of NO;™ taken in resin was decomposed when the reduction time was further extended to

3 h
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Fig. 4-6 Influence of reduction time of RuCls™ on the amount of decomposed NO3™. The
content of Ru in Ru@AER(HP-H,) was 0.1 mmol g"!. Mass of Ru@AER(HP-H>), 0.1 g;
RuCls~ was reduced under 10 atm H> atmosphere at 120 °C. Conditions for NO3~

decomposition: reaction temperature and pressure, 80 °C and 10 atm; reaction time, 5 h.
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The H> pressure of the reduction of RuCls™ in the resin also had a significant impact
on the amount of decomposed NO3™ (Fig. 4-7). The amount of decomposed NO3~

gradually increased with the increase of the Ha pressure to 5 atm and reached about 100 %

of NOs™ conversion.
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Fig. 4-7 Influence of reduction pressure of RuCls™ on the amount of decomposed NOs".
The content of Ru in Ru@AER(HP-Hz) was 0.1 mmol g'. Mass of Ru@AER(HP-H.),
0.1 g; RuCls™ was reduced at 120 °C for 3 h. Conditions for NO3~ decomposition: reaction

temperature and pressure, 80 °C and 10 atm; reaction time, 5 h.
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4-3-4 Optimization of the reaction conditions for NO3~ decomposition in Ru@AER(HP-
H>)

Amount of decomposed NO;/ mmol g

0 1 2 3 4 5

Reaction time/ h

Fig. 4-8 Influence of reaction time for NO3~ decomposition on the amount of decomposed
NO;". The content of Ru in Ru@AER(HP-H>) was 0.1 mmol g !. Ru@AER(HP-H) was
treated under 10 atm H atmosphere at 120 °C for 3 h. Conditions for NO3~

decomposition: reaction pressure, 10 atm and reaction temperature, 80 °C.

Fig. 4-8 shows the change of the amount of decomposed NO;~ with the reaction time
for NO3~ decomposition. Ru@AER(HP-H;) containing NO3~ was treated with four
different processes to change the amount of water in the resin, and the catalytic
performance of Ru@AER(HP-H>) treated with different processes were also investigated.
Regardless of the processes, the amount of decomposed NO;~ was increased with increase
of the reaction time to 2 h and then became constant even extending the reaction time.
However, the water content in the resin had a great impact on the amount of decomposed
NOs~, which was consistent with the results in Chapter 3. To more intuitively reflect the
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water content in the resin, TG analysis was performed on the three samples (except the
sample soaked in water), and the weight loss curves are shown in Fig. 4-9. Only 0.45
mmol g”' of NO;3, corresponding to 41 % of NOs™ taken in resin, was decomposed when
the resin was dried at 100 °C for 1 h before NO3~ decomposition, and the water content
in the resin was only 2 % of the weight of this sample. As mentioned in Chapter 3, NO3~
was decomposed through the diffusion of NO3™ from ion-exchange sites of resin to metal
surface, so the water in the resin promoted the diffusion of NO3~. Therefore, the low
catalytic performance of Ru@AER(Dry) may be because the small amount of water
hindered the diffusion of NO3™ in the resin and only NO3™ near to Ru particles was
decomposed. For Ru@AER(Normal), the amount of water in resin was 27 %, and the
amount of decomposed NOs~ (0.78 mmol g!), which corresponds 71 % of NOs3
conversion, was higher than that of Ru@AER(Dry). Ru@AER(Wet) was prepared by
adding 0.3 mL of ultrapure water to Ru@AER(Normal) to make sure the resin was in a
wet state, and the amount of water was 48 %. Accordingly, the amount of decomposed
NOs~ was also increased to 1.10 mmol g~!, corresponding to 100 % of NO3~ conversion.
Therefore, it can be concluded that about 48 % of water content is enough to promote the
decomposition of all NO;™ in resin. However, NO3;~ decomposition performance was
decreased when the resin was soaked in water, which may be because the excess water

hindered the diffusion of H» to deep-inside the resin.
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Fig. 4-9 TG curves of Ru@AER(HP-H>) that treated with different processes.
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Besides the water content, H, pressure for NO3~ decomposition also affected the
amount of decomposed NO3~ (Fig. 4-10). The amount of decomposed NOs™ increased
until the pressure was increased to 7.5 atm, and then reached the maximum value (1.1
mmol g!). The increase of the decomposed amount may be because the high pressure
promotes the diffusion of H»> to deep-inside of resin, increasing the contact probability

between H> and NOs™ in resin, which is also consistent with the results in Chapter 3.
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Fig. 4-10 Influence of reaction pressure on the amount of decomposed NOs™. The content
of Ru in Ru@AER(HP-H>) was 0.1 mmol g"!. Ru@AER(HP-H>) was reduced under 10
atm H> atmosphere at 120 °C for 3 h. Conditions for NO3~ decomposition: reaction time,

3 h and reaction temperature, 80 °C.
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4-3-5 Reusability tests

Finally, reusability of Ru@AER(HP-H,) was investigated. 0. mmol g’
Ru@AER(HP-H») was used as a typical sample for the five-cycle reusability test (Fig. 4-
11), and the result shows slight decrease of the uptake and decomposition performance
for NOs;~ before the second cycles, which may be because the Ru@AER was treated at
120 °C for 3 h during the preparation process of Ru@AER(HP-H>), the water in resin
was removed. Therefore, in the first ion-exchange process, part of NOs;~ solution was
adsorbed into resin to replenish the water of resin, thus more NO3;~ was taken in resin than
the subsequent four times. Totally, according to the results of five cycles, it was proved

that Ru@AER(HP-H>) had good stability for NO3™ removal and decomposition.

1.4

Amount of NO:™ taken in resin

1.2 4 B Amount of decomposed NO:~
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Amount of NO,7 mmol g

Fig. 4-11 Reusability test for ion-exchange removal and catalytic decomposition of NO3~
in the two-step process. Five cycles of 0.1 mmol g'' Ru@AER(HP-H,). Ru@AER(HP-
H>) obtained by the treatment of 10 atm H; at 120 °C for 3 h. Conditions for NO3~

decomposition: reaction time and pressure, 5 h and 10 atm; reaction temperature, 80 °C.
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4-4 Conclusions

In this chapter, it was demonstrated that Ru had high catalytic performance for NO3~
decomposition. At atmospheric pressure of Ho, the maximum amount of decomposed
NOs~ was only 0.4 mmol g, corresponding to 37 % of NOs~ conversion, even when the
Ru content and reduction temperature of RuCls™ in resin were increased, which was
because most of RuCls™ in resin was not reduced. Highly dispersed and small size (3 nm)
Ru particles were generated when the temperature and H» pressure for the reduction of
RuCls was increased to 120 °C and 10 atm, respectively. The increase of temperature or
pressure alone could not promote the reduction of RuCls™. 100 % of NO3™ taken in resin
was decomposed at 80 °C for 5 h when the resin with Ru particles prepared under optimal
conditions. Moreover, water in resin affected the diffusion process of free NO3™ and the
exchange process of NO3™ on ion-exchange sites to Ru surface, and 48 % of water in resin
was enough to promote all NOs3~ taken in resin was decomposed. The resin with Ru
particles was reusable for the ion-exchange removal of NO3™ and NO3;~ decomposition for

up to five reuses without performance degradation.
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In this study, two single metal catalysts (Au@AER and Ru@AER) were developed
and both of them are active for NO3~ decomposition in the two-step process, indicating
that the decomposition reaction of NO3~ proceeded even with a single metal,
demonstrating my hypothesis stated in Chapter 1.

Firstly, Au@AER was developed for NO3™ decomposition because it did not require
the treatment in H» to reduce the metal complex (AuCls") in the resin to form metal
particles. 0.38 mmol g ! of NOs™, corresponding to 41 % conversion, was decomposed at
80 °C for 5 h when the resin with Au particles prepared under optimal conditions and Au
content. The maximum ion-exchange capacity was increased from 1.18 to 1.46 mmol g~
! due to the formation of new ion-exchange sites on Au surface. N2O was produced when
Au@AER containing NO3~ was contacted with Hz, which was because the NO;™ adsorbed
on Au surface and free NO;3™ in resin were decomposed, and thus the NO3;™ on ion-
exchange sites of quaternary ammonium group diffused to Au surface through
exchanging with OH™ generated from NO3~ decomposition and was decomposed in the
resin. However, the amount of decomposed NO;™ was not increased even extending the
reaction time because the diffusion of NO3™ on ion-exchange sites to Au surface was
hindered by the long-distance between ion-exchange sites and Au surface.

Then, to improve the catalytic performance of single metal catalyst for NO3~
decomposition, Ru replaced Au was introduced into anion exchange resin because it
showed higher activity than Au. The amount of decomposed NO;™ reached the maximum
value 1.06 mmol g~! of NOs~, corresponding to 100 % conversion, when RuCls™ in resin
was reduced by Hz under 10 atm atmosphere at 120 °C for 3 h and the NO3~
decomposition reaction was carried out under 10 atm H> atmosphere at 80 °C for 5 h.

It was also proved that water in resin greatly affected the amount of decomposed
NOs™, which was because the presence of water in resin promoted the diffusion of NO3™
on ion-exchange sites of resin to metal surface. And the catalytic performance of the
developed two single metal catalysts for NO3~ decomposition hardly degradation when

both of them were reused five times.
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This study broke the common sense that had been believed, which was that single
metal catalysts had low activity for NO3~ decomposition. It was proposed that anion
exchange resin containing single metal particles showed high activity for NO3™ reduction
in the two-step process, and the prepared single metal catalysts were stable in resin. Easily
preparation method and highly catalytic performance of this single metal catalysts
promoted the large-scale application in industry. Moreover, single metal catalysts for
NOs™ reduction were hardly reported previously, and the development of the single metal
catalysts in this study provided a direction for the widespread use of that in the field of

NO3~ decomposition.
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