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Abstract

Abstract

Gold catalysts are currently a “hot topic” of research, as they show application in
many reactions of industrial and environmental importance. The catalytic activity of
gold nanoparticles supported on different carbon materials, as heterogeneous catalysts,
was tested for the microwave-assisted solvent-free oxidation of 1-phenylethanol by
tert-butyl hydroperoxide (TBHP). The catalytic performance was related to the
support interaction, reaction time and temperature, quantity of catalyst, presence of
additives, and other parameters. The possibility of recycling the catalysts was also

investigated.

Gold nanoparticles (1 wt. %) supported on a variety of carbon materials
(activated carbon, graphite, silicon carbide, carbon xerogel, nanodiamonds, and
microdiamonds), by two different methods (colloidal method and double
impregnation), were used as catalysts for the oxidation of 1-phenylethanol. A
maximum yield of acetophenone (99.9%) was obtained with Au nanoparticles
supported on microdiamonds by colloidal method, while Au nanoparticles supported
on silicon carbide by double impregnation method led to the minimum yield of 27.1%.
Moreover, catalyst recyclability was tested up to six consecutive cycles at the
optimized conditions for each catalyst, and it was observed that the catalytic activity
of gold nanoparticles supported on microdiamonds, prepared by the colloidal method,
maintains higher activity when compared with other catalysts after several reaction

cycles.

In addition, copper nanoparticles supported on carbon nanotubes were tested for
degradation of dyes. However, the obtained results were not suitable to be presented

and therefore are compiled in appendix.

Keywords: gold nanoparticles, carbon materials, heterogeneous catalyst, oxidation.



Resumo

Resumo

Os catalisadores de ouro s& actualmente um “hot topic” de investigag, uma
vez que tén aplicag em muitas reacg®s de importancia industrial e ambiental.
Neste projecto foi testada a actividade catal fica de nanopart Tulas de ouro suportadas
em diferentes materiais de carbono, como catalisadores heterogéneos, para a oxidaGo
assistida por microondas e isenta de solventes, por hidroper&ido de terc-butilo
(TBHP). O desempenho catal fico foi relacionado com a interacG® com 0 suporte,
tempo e temperatura reaccionais, quantidade de catalisador, presenc de aditivos e
outros pardmetros. A possibilidade de reciclagem dos catalisadores foi também

investigada.

As nanopart Tulas de ouro (1% p/p) suportadas numa variedade de materiais de
carbono (carv& activado, grafite, carboneto de silTio, xerogel de carbono,
nanodiamantes e microdiamantes), por dois mé&odos diferentes (mé&odo coloidal e
impregnag® dupla), foram usadas como catalisadores para a oxidag® de 1-
feniletanol. Foi obtido um rendimento m&imo de acetofenona (99.9%) na presen@
de nanoparttulas de Au suportadas em microdiamantes pelo mé&odo coloidal,
enquanto que as nanopart tulas de Au suportadas em carboneto de sil Tio por dupla

impregnag® conduziram a um rendimento m mimo de 27.1%.

Alén disso, para cada catalisador, foi testada, nas condig®s previamente
optimizadas, a sua possibilidade de reciclagem atéseis ciclos catal ficos consecutivos.
Foi observado que a actividade catal fica das nanopart tulas de ouro suportadas em
microdiamantes, preparadas pelo mé&odo coloidal, se mantén mais elevada, quando

comparada com a dos outros catalisadores, ap& vaios ciclos catal icos.

Adicionalmente, nanopart tulas de cobre suportadas em nanotubos de carbono
foram testadas para a degradag® de corantes. No entanto, os resultados obtidos n&
se afiguram adequados para serem apresentados nesta dissertagdb e consequentemente

s& compilados em anexo.


http://www.linguee.com/portuguese-english/translation/reac%C3%A7%C3%B5es.html
http://www.linguee.com/portuguese-english/translation/catalisadores.html
http://www.linguee.com/portuguese-english/translation/m%C3%A9todos+diferentes.html

Resumo

Palavras chave: nanoparttulas de ouro, materiais de carbono, catalisadores

heterogéneos, oxidaG.
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1. Introduction

1.1 Gold nanoparticles

Gold (bulk) have been considered as an inactive catalyst for a long time™. It is
not easily oxidized; moreover, the surface of gold does not absorb most of the
molecules from the gas state!?. However, Haruta™ and his co-workers found that
when gold nanoparticles (2-5 nm) are deposited on a Fe,O3; support, prepared by
co-precipitation and deposition-precipitation methods, present unpredictable high
catalytic activity regarding oxidation reaction of CO to CO, at room temperature or
even at low temperature such as -76 <€, which demonstrates that supported gold
nanoparticles are extremely active catalysts for the oxidation of CO even at low
temperature. Since then, supported gold catalysts have attracted much more attention
by scientists and engineers to discover the potential application of Au catalysts. Many
researchers began to study Au nanoparticles deposited on different kinds of support
(metal oxides, carbon xerogels, graphite, etc.)*®). They can be applied for oxidation

reactions such as selective oxidation of alcohols!"®, cycloalkanes'?, etc.

Nanoparticles are defined as particles with sizes between 1 and 100 nmtY.

Compared with bulk materials, nanoparticles with small dimensions exhibit different
physical and chemical properties™™. Additionally, gold nanoparticles are widely used
in the biological field™!. They can be coupled with different kinds of macromolecules,
which avoid breaking the bioactivity; so many researchers found that they can be used
as agents for drug delivery™ ™! biological imaging!*®, and diagnosis of diseases!*").
Nowadays, the major attention attracted by gold nanoparticles is their application in
catalytic systems; they can be applied as catalysts for a variety of chemical reactions,
such as reductiont*® and oxidation reactions!*. Moreover, the catalytic properties are
related to three crucial elements: contact structure®, support selection®!, and the
particle size®?. The first factor is the most important, since the perimeter interfaces

around gold nanoparticles provide the site for reaction.
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1.2 Heterogeneous catalysis

Both homogeneous and heterogeneous gold catalysts present interesting activity
among various reaction such as alkynes and alkenes selective hydrogenations and
oxidations %!,

Generally speaking, homogeneous catalysts react in the same phase during the
reaction process, while heterogeneous catalysts operate in a different phase when the
reaction occurs. The main difference between them is that every single catalytic entity
can act as a unique site in homogeneous catalysts, which makes homogenous catalysts
inherently more selective and active in contrast to the conventional heterogeneous
ones. The crucial advantage of a heterogeneous catalyst, when compared with a
homogenous one, is that the separation and recycling process of a heterogeneous
catalyst is much more simple and cheap than of a homogeneous catalyst, when
possiblel?.

For an extended period of time, the preparations of heterogeneous catalysts have
many challenges, i.e., the development of heterogeneous catalysts was regarded more
like alchemy than science. However, it began to develop in the 1970s when the
concept of the scientific basis for the preparation of the catalysts has arisen®.

There are a variety of methods for heterogeneous catalysts preparation, including
deposition-precipitation method, sol-gel technique, and hydrothermal approach, etc.

Deposition-precipitation® can be used to deposit gold with high dispersion on
metal oxides such as MgO, TiO,, and Al,O5 lwasawal®”) and co-workers have found
that the reaction between [Au(PPh3)](NO3) and OH groups from the metal hydroxides
supplied well-dispersed gold catalysts, and this method is the most efficient way to
synthesize Au/Mn,Oy (MNnO, Mn304, MnsOg, Mn,O3, MnO,), which showed high
catalytic activity for CO oxidation in air.

Sol-gel techniquel®® has been regarded as an attractive method to prepare
heterogeneous catalysts, and the texture, composition and structural properties can be
tuned by changing the parameters of the preparation process, thus making accessible

the production of tailored materials, for example, well-dispersed metals and
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chemically modified supports. Wang and colleagues® have been used the sol-gel
method to synthesize MWCNT-TiO, material as catalysts. The surface area of the
catalyst can be increased in this case, the solid state UV-Vis spectra indicated that the
absorption increased with increasing the MWNT/TiO; ratio from 1 to 40% of the
catalyst; the reason is that MWCNT in the complex material can be embedded in the
TiO, substrate, thus to alleviate the agglomeration of TiO; particles, so that the surface
area of the catalyst increased.

Typically, a heterogeneous metal catalyst is made of three parts: active metal part,
activators and a support material. Under some circumstances, the metallic state forms
the active component by itself®”. Nevertheless, this situation is mostly restricted to
noble metals and some basic metals used under specific conditions. Polymers can be
provided as stabilizers for metal nanoparticles (NPs) while binding weakly to the
surface of NP; their function is as ligands. Toshima®™ and co-workers used PVP to
stabilize bimetallic core-shell gold-palladium nanoparticles (Au-PdNPs) (core-Au;
shell-Pd), and it was demonstrated that the catalytic activity of bimetallic Au-Pd
core-shell nanoparticles is much higher than the simple PVP stabilized PdNPs, thus
the Au core increases the catalytic performance of PdNPs at the PANPs surface*?.
However, the catalytic performances are different when reverses the core-shell
formation (Pd core, Au shell); which can be used for methylacrylate hydrogenation.
There are other solid supports which stabilized the metal nanoparticles widely used in

recent years, such as carbonaceous materials and metal oxides (e.g. SiO; and Fe30y4).

1.3 Carbon supports

Carbon is regarded as a universal material which can be used for various
technological processes; that is mainly because carbon atoms can bond to each other
in different ways such as linear, planar and tetrahedral bonding settings, therefore
producing materials with a variety of performances®™. Electro-conductibility™*,
porosity™® and surface area® and other physicochemical properties could be

modified for desired applications. In generally, carbon catalysts with large surface
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area and well developed porosity can avoid sintering as much as possible with high
metal loadings®®”, and the distribution of pore size can be switched to apply to
different reactions!®®. When applied for heterogeneous catalysis, carbon materials
used as individual catalyst supports, not only permit the interaction with the active
phase, but also act as catalysts or catalyst poisons directly.

Moreover, the surface chemistry is related to the performance of carbon
materials when used as catalysts and catalysts supports%. Typically, carbon materials
are hydrophobic, have low affinity to polar solvents such as water, but show high
affinity to solvents such as acetone. While the hydrophobic property may influence
the distribution of the active phase beyond the carbon support, the surface chemistry
performance can be modified easily for carbon materials; oxidation is an effective
way to enhance the hydrophilic performancel®”. The surface groups influence the
acidity or alkalinity of the carbon surface; moreover, a few inorganic groups from the
organic precursor (coal or wood) could exist on carbon materials, and it is extremely
important for their performance, especially when they are used as catalysts supports.

Carbon materials, such as activated carbon, carbon xerogels, graphite and others
have been applied for heterogeneous catalysisi**4, as well as catalyst supports for
catalytic reactions for a long time. The majority of the catalysts are metals, or metallic
compounds supported on carbon materialst*®. The advantages of carbon materials are
not only to provide a well-developed dispersion phase, but also influence the catalytic
activity of the catalysts, which means that it may participate in any steps of the
reaction, or favor the mutual effect between active phase and support.

Activated carbon (AC) is known for its rich surface chemistry properties; it is
also a well-developed porosity material, and it has many advantages over other carbon
materials, such as high adsorption capacity*® and convenient disposal.

Carbon xerogels (CX) are mesoporous polymer based carbon materials with
large surface area (400-1100 m?/g), where the textural performance can be changed by
adjusting the parameters during the preparation processt*’*®!, and present applications
such as super capacitors, filters, and catalyst supports. Rodriguest*® and-co-workers

found in the glycerol oxidation, Au/SCX (dgarrett Joyner Halenda (83H) =2 NM) catalyst
5
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prefers the formation of glyceric acid (GLYCEA) ( (selectivity: 48%: X giycerol (GLY):
90%), and Au/20CX (dg;n=20 nm) catalyst favors the formation of formic acid
(FORMA) as the main product ( selectivity: 42%; Xgry: 90%)P%: which means that
the pore size of carbon xerogels determines the products of glycerol oxidation.

Graphite (GR) is an allotrope of carbon element, but either the natural graphite or
the manufactured graphite is rarely applied to catalyst supports. The main reason is
that the surface area of graphite is very low (10-50 m?/g). However, graphite materials
can produce graphite intercalated materials, which can develop a higher surface area
(100-300 m?/g). Additionally, the high surface area can be formed by high energy
ball-milling method with a sharply growth of surface area from 10 to 600 m%g™, and
they can be used in different reactions, such as NO reduction®, hydrogenation®?],
etc.

Silicon carbide (SC) is known as carborundum, is an inert, semiconductor,

41t is a material with excellent thermal conductivity!®®, high

abrasive material
radiation resistance®® and high breakdown voltage®”, which is appropriate for
demanding application under specific conditions. It can be used for light emitters’®®,
high power microwave equipment™!, and micro-electromechanical system (MEMS)
mechanicst®.

Carbon nanotubes (CNT) are filamentous materials with a hollow cavity; consist
of several layers of concentric graphitel® (typically synthesized by catalytic
decomposition of specific hydrocarbons), which present superiority over traditional
supports, such as high purity which can avoid self-poisoning. Moreover, they have
extraordinary mechanical properties, for instance, high electro-conductibility® and
thermo-stability. They provide the potential of adjusting specific metal-support
interaction, in the case to influence the catalytic selectivity. There also have different
approaches regarding the decoration of CNT!®3. Efforts have been done to decorate
CNT with various organic materials by the covalent attachment, and processing with
the surfactant by non-covalent attachment. Moreover, a lot of inorganic materials have

been coated on the surface of carbon nanotubes, and they have applications such as

sensors®, solar cells and magnetic apparatuses. Hernadil®® and coworkers obtained
6
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multi-walled carbon nanotubes (MWCNT) with a variety of inorganic materials such
as alumina and silica, which supplied a beneficial surface wettability for dispersion.

Nanodiamonds (ND) are monocrystalline diamond molecules generated from an
explosion process’®®. Normally, ND has small primary particle sizes (4-5 nm) with
narrow size distribution, with the extremely high surface area.

On the other side, microdiamonds (MD) have particle sizes from 1 to 2.5 pm,
which are extracted from rock samples by drill core or outcrop, and they are used in
grinding and abrasive technology. When compared with MD, ND has a smaller
particle size (4-5 nm) and higher surface area (BET surface area approximately 300
m?/g for ND, and 5 m%g for MD), which promotes the generation of a great amount

of surface reactive chemical functional groups®”

. It is expected that the individual
properties of ND will be applied for the exploitation of therapeutic agents for gene
treatment, antiviral, antibacterial therapy'®®, and tissue scaffolds®®. It was reported
that Amaneel™ and coworkers had used polycaprolactone nanodiamonds composite
scaffolds with an electrostatic spinning method for bone tissue engineering.

In the next table, is shown the description of the carbon materials used in this
work, which characterization has been done previously.
Table 1-1 Characterization of (powder) carbon samples obtained by adsorption of N,

at -196<T, and amounts of CO and CO, desorbed, as determined by TPD,

Sample Sample *Sper *V, *L *Vimicro  *Sexternal Cco Co,
designation material (m%g) (cm®g) (m) (cm¥g)  (m%g)  (umolig)  (pmol/g)
AC Activated carbon 974 0.67 - 0.348 260 740 205

CNT Carbon nanotubes 257 2.89 - ~0 257 194 70
NDPW Nanodiamonds 295 1.08 10.6 ~0 295 780 260
MD Microdiamonds 4 0.01 3.8 ~0 4 51 25

CcX Xerogel (pH=6) 611 0.90 13.6 ~0 611 564 156
CXL Xerogel (pH=5.5) 614 1.29 32.3 0.012 538 379 125
GR Graphite 5 0.02 45 ~0 5 40 21
sc Silicon carbide ~0 ~0 - ~0 ~0 - -

*Surface area (Seer), total pore volume (V,), average mesopore width (L), micropore volume (Vmicro), external area (Sextermnar)-

7
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1.4 Gold heterogenization methods

There are different methods to load gold on various supports, such as
deposition-precipitation method, sol-gel technique and hydrothermal approach, which
were mentioned in section 1.2. In our case, gold was loaded on the carbon supports by
two different methods: colloidal (COL) and double impregnation (DIM) method.

COL method!" refers to the simple and well known wet chemistry precipitation
approach, the solutions of diverse ions are mixed under specific temperature and
pressure to form insoluble precipitates. The COL method has proven to be specifically
appropriate to obtain nanoparticles with controlled morphologies and prominent
catalytic performancel™.

DIM preparation!’ is the procedure that the reaction between chloroauric acid
and a base (Na,CO3) produce the precipitation of gold hydroxide within the pores of
the catalyst. The chemical mechanism for the enhanced activity of such catalyst owes
to the formation of Au(OH); during the Au deposition process, not as gold chloride
(CI). Since the Cl is not bonded with the Au, is removed by the washing process. So it
could be a more active catalyst. The reason is that the chlorine may poison reaction
sites in the catalyst. Moreover, the gold nanoparticles can be easily sintered in the
presence of chloridel™.

The sizes of gold nanoparticles also play an important role that influences the
catalytic activity of such nanoparticlest™. Britt”” and co-workers have explained the
relationship between gold nanoparticles size, and chemical activity through the origin
of the effect; suggesting that the active sites of gold nanoparticles are the corners and
edges, and the catalytic activity can be explained by quantum size effects!®,
support-induce straint™®, and the function of low-coordinated Au atoms scales in
nanoparticles®. Zhou® and colleagues have used single-molecule microscopy of
fluorogenic reactions to study the catalytic activity influenced by gold nanoparticles
size. It can be observed that when decreased particle size; the substrate binding
affinity reduced, in the meanwhile, the catalytic conversion increased per surface area.

On the contrary, the product binding affinity increased when the particle size

8
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decreased.

Normally, the catalytic activity increased when the gold nanoparticles size
decreased, but in some conditions, there are optimized particle sizes for the catalytic
systems. For example, Valden® and co-workers have done the investigation about
dispersing Au NPs (1 to 6 nm) on single-crystalline TiO, surfaces, and they found that
when the gold particle size was between 2 and 4 nm, the highest catalytic activity was
obtained in the CO oxidation. The Table 1-2 presents a summary of the values of the

gold nanoparticles size and dispersion of the catalysts used in the present work.

Table 1-2 Average gold nanoparticle size, range and dispersion calculated from
HRTEM/HAADF measurements!’,

. Au range Metal
Sample Au average size (nm) i .
(nm) dispersion (%)

AU@AC (COL) 6.8+.5 1-20 16.9
Au@NDPW (COL) 7.6+.4 2-18 15.1
Au@NDLIQ (COL) 8.2+1.4 1-20 14.0
Au@MD (COL) 8.2+1.4 1-20 14.0
Au@CX(COL) 4440 1-14 26.2
Au@CXL(COL) 4440 1-14 26.2

The characterization of gold nanoparticle sizes has been done previouslyt™. The
Figure 1-1 shows HAADF micrographs and HRTEM images of gold nanoparticles on
CNT, AC, MD, NDPW, NDLIQ, CX, and CXL, respectively. The first technique
allows detection of the gold particles through the Z-contrast micrographs, as they are
seen as bright spots, while on HRTEM images gold nanoparticles are visible as darker

areas.
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AU/CNT-COL

Au/CXL-COL

— 100 nm

Figure 1-1 HAADF micrograph of Au/CNT-COL (a).
10

HRTEM

images

of



Metal nanoparticles as catalysts for oxidation reactions

AU/CNT-DIM (b). Au/AC-COL (c) and Au/MD-COL (d). HAADF micrograph of
AU/NDPW-COL (e). HRTEM images of Au/NDLIQ-COL (f) and Au/CX-COL (g).
HAADF micrograph of Au/CXL-COL (h). Gold nanoparticles are seen as darker spots
on HRTEM images and as bright spots on HAADF micrographs™®.

1.5 Reactions catalyzed by supported gold nanoparticles

Supported gold nanoparticles have been attracted much attention because of their
unique and superior catalytic properties’®*®®. The application of gold supported on
different materials in various reactions is presented in Table 1-3. Moreover, the
aerobic oxidations of alcohols primarily to carbonyl and carboxylic compounds
catalyzed by gold have been widely investigated in organic synthesis®?. Benzyl
alcohol is one of the most attractive substrates, and when substituted benzyl alcohols
contain electron-donating groups (CHs, OCHj3 or OH groups), are much more easily
oxidized compared with those without electron-donating groups. The catalyst
Au/GazAl;Og was very efficient and active on the benzyl alcohol oxidation at room
temperature. Moreover, Au/GasAl;Og catalyst produced extremely high turnover
frequency (TOF) of 25000 h™ under the temperature at 160 < and solvent-free
conditions®®. Additionally, the bimetallic Au-Pd catalysts with the ceria support
(scCeOy) supercritically prepared at 140 <C, in the absence of O, and in the solvent-
free conditions, showed high activity and selectivity for benzaldehyde (91%). The
other products were benzyl benzoate (3%), benzoic acid (2%) and toluene (3%). The
catalytic activity of Au-Pd supported on supercritically prepared ceria material
(Au-Pd/scCe0,) was almost 4 times more active than Au-Pd supported on standard
ceria material (Au-Pd/unCeO)¥. The catalyst morphology from high angle annular
dark field (HAADF) imaging, scanning transmission electron microscopy and X-ray
energy dispersive spectrometry (STEM-XEDS) mapping and X-ray photoelectron
spectroscopy (XPS) presented that both Au and Pd metallic constituents were well
mixed and consistently dispersed on the nanocrystalline CeO, support. Furthermore,
Mertens®®™ and co-workers have found that polyvinylpyrrolidone stabilized
gold-palladium clusters (ca. 1.9 nm) under solvent free conditions showed high

activity (TOF of 22500 h™ for benzyl alcohol, 59000 h™ for 1-phenylethanol), and the
11
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recyclability rate was more than 97% in the fourth oxidation run during the recycling
experiments. Takato® and co-workers observed that a hydrotalcite-supported
nanoparticle (Au/HT) was an efficient heterogeneous catalyst for the oxidation of
1-phenylethanol under mild conditions. Therefore, the turnover number (TON) and
TOF were 200000 and 8300 h™, respectively. Moreover, the catalyst can be easily
filtrated and recycled without loss of activity and selectivity. Furthermore, Ji®®"! and
colleagues have reported an efficient H,O,-Au approach for the oxidation of
1-phenylethanol under solvent free conditions, which was regarded as a green
oxidation of heterogeneous metal complexes. For instance, the catalyst gold supported
on TiO, obtained a conversion of 99%, and the yield of acetophenone was between 98
and 100%, which means that the well-dispersed gold nanoparticles in association with
a beneficial interaction with TiO, support is the major factor for obtaining high

activity in the H,O, mediated oxidation of 1-phenylethanol.

Table 1-3 Assay conditions for various reactions catalyzed by gold catalyst on
different supports.

Catalyst Conditions Y (%6)/C(%)/S(%)* Ref.
Au@anion-exchange oxidation of glucose to gluconic acid; Y98 86
resin 60<C, 2h, pO,=0.1 MPa.
Au@polystyrene oxidation of 1-phenylethanol to Y6 87
copolymer acetophenone; 160<C, 0.5h, pO,=0.1
MPa.
1%AuU@TiO, epoxidation of propene in the presence  C: 1.1; S: PO® (> 88
of dihydrogen; 50C 99)
1%AuU@TiO, epoxidation of propene in the presence  C:0.8; S: CsHg (< 88
of dihydrogen; 80<C 10), CO, (>70)
5%Au@CeO, n-heptanal air oxidation; 50<C, Y: 93.6 89

3.9mmol of aldehyde, 3.5g of
acetonitrile, 0.05¢g of catalyst, 3.5h

5%AU@Ce0, n-heptanal air oxidation; 25<C Y781 89
3.9mmol of aldehyde, 3.5g of

acetonitrile, 0.05¢ of catalyst, 3.5h

19%AU@Chitosan@SiO, hydroamination of aniline with C: 100%; Y: 99%; )
1-octyne in toluene. 50<C, 2h S: Imine: Ketone:
55:45.

12
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Table 1-3 Assay conditions for various reactions catalyzed by gold catalyst on
different supports (cont).

1%AU@SIO, hydroamination of aniline with C: 68%; Y: 64%,; 90
1-octyne in toluene. 50<C, 2h S: Imine: Ketone:
88:12.
0.5%Au@CeO, Oxidation of 3-octanol to 3-octanone. C:97:S >99 91
80<C, 3.5h

Y Yield; S: Selectively; C: Conversion. ° PO: propene oxide.

1.6 Present work

In this work, the catalytic activity of gold supported on different kinds of carbon
materials (activated carbon, silicon carbide, graphite, carbon xerogels, multi-walled
carbon nanotubes, nanodiamonds and microdiamonds) was studied for the oxidation
reaction of 1-phenylethanol to acetophenone, in the presence of aqueous tert-butyl
hydroperoxide (TBHP, 'BuOOH) as oxidizing agent, under several reaction conditions
(such as different temperature, different reaction times, different amounts of TBHP

and TEMPO additive), with the assistance of microwave irradiation (MW).

OH

;5 CHj

CHs Catalyst, MW

TBHP, solvent-free

Scheme 1-1 MW-assisted oxidation of 1-phenylethanol to acetophenone.

The oxidation of 1-phenylethanol was selected as the model reaction since it is
regarded as a very important reaction in organic chemistry'®®. Although the selectivity
and efficiency are high in traditional oxidation reactions, normally they use toxic
oxidants and solvents. A large amount of waste is produced during those reactions.
Thus, green oxidants such as hydrogen peroxide (H.O,) or TBHP are more suitable
oxidants and should be used. TBHP was selected as an efficient oxidant with high
stability for the oxidation of 1-phenylethanol. Moreover, the microwave irradiation

method is regarded as much more effective when compared with conventional heating;
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usually, similar yields can be achieved in a shorter time!®.
2. Experimental

2.1 Materials

Eight different kinds of carbon materials were used as supports for the gold
nanoparticles: activated carbon (AC) from Sigma-Aldrich Norit® ROX 0.8, silicon
carbide (SC) from VWR®, carbon xerogel (CX) synthesized by polycondensation of
resorcinol and formaldehyde at pH=6, CXL (carbon xerogel with larger width)
prepared at pH=5.5, graphite powder (GR) supplied by Sigma-Aldrich®, multi-walled
carbon nanotubes (CNT) from Nanocyl™ NC3100, nano-sized diamonds (powder,
NDPW) from Sigma-Aldrich®, and nanodiamonds (aqueous, NDLIQ) supplied by
NanoAmando®.

The preparation of the used gold catalysts was as follows!™. Gold (1 wt. %)
was loaded on the carbon supports by two different methods: colloidal methods (COL)
and double impregnation (DIM).

The first procedure consists in dissolving the gold precursor, HAuCl, * 3H,0
(Alfa Aesar), in water, adding polyvinyl alcohol (Aldrich) and NaBH,4 (Aldrich),
resulting in a ruby red sol to which the powder support is added under stirring (in the
case of NDLIQ, the ND suspension was added to the solution). After a few days, the
solution starts to lose color, as Au is deposited on the support. The colorless solution
is filtered, the catalyst washed thoroughly with distilled water until the filtrate is free
of chloride and dried at 110 €€ overnight. The organic scaffold is removed from the
support by a heat treatment under nitrogen flow for 3 h at 350 € (showed by
elemental analysis to be efficient for this purpose), and then, the catalyst is activated
by future treatment under hydrogen flow for 3 h also at 350 <€.

The DIM method consists in impregnating the support with an aqueous solution
of gold precursor and then with a solution of Na,CO3 (Sigma-Aldrich), followed by
washing with water and drying. This step removes chloride, which is well known to

cause sintering of Au particles, thus turning them inactive.

14
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1-Phenylethanol (98%), tert-butyl hydroperoxide (TBHP, 70%, ag. solution),
2,2,6,6-tetramethyl-1-piperidinyloxy radical (98%, TEMPO) and acetophenone (99%)
were obtained from Sigma-Aldrich, nitromethane (=99%) from ACROS, and the
acetonitrile (99.99%) from Fisher Scientific, UK.

2.2 Instruments

The catalytic activity was tested using microwave (MW) irradiation equipment.
It contains a Anton Paar Monwave 300 microwave reactor, which is suitable for a
rotational system and an IR temperature detector, applying a 10 mL reaction tube with
a 13 mm internal diameter, and the centrifuge ( speed of 10000 rmp; 1.5 mL %<8 PCR
tube) from Millipore Instrument.

Gas chromatographic (GC) analysis was performed at a Fisons gas
chromatograph (GC) 8000 instrument, using DB-642 (J&W) capillary column
(DB-WAX,column length: 30 m, internal diameter: 0.32mm), FID detecor, and the
Jasco-Borwin v.1.50 software.

GC-MS were carried out at a Perkin Elmer Clarus 600C facility (He as the
carrier gas). The ionization voltage was 70 eV. Gas chromatography was applying a
SGE BPX5 column (30 m x0.25 mm >0.25 pum) as the temperature programme. The
products were identified by comparison of the retention time regarding the reference

compounds.

2.3 Experimental procedure

2.3.1 MWe-assisted oxidation of 1-phenylethanol

The catalytic procedure was as follows: the catalyst (Au, loading 1 to 5 umol),
2.5 mmol of 1-phenylethanol and TBHP (70% aqueous solution) were added to a MW
G10 vessel. The mixture was stirred at 600 rmp at 10 W power MW, at different
temperatures (50 to 150 <C) for different times (30 to 720 min) in the microwave
reactor. As the boiling point of TBHP (aq. 70%) is 160 <C, for safety reasons. the

reaction temperature should below 160 <C. The conditions are presented in Table 1-4.

15



Metal nanoparticles as catalysts for oxidation reactions

Table 1-4 Assay conditions for the oxidation of 1-phenylethanol catalyzed by gold
nanoparticles supported on different carbon materials.

Entry Catalyst TBHP (mmol)  Au(umol)  T(T) t(min)
1 1%AU@AC(DIM) 510 15 50-150  30-120
2 1%AU@AC(COL) 5-10 15 50-150  30-120
3 1%AU@SC(DIM) 5-10 15 50-150  30-720
4 1%AU@SC(COL) 5-10 15 50-150  30-120
5 1%AU@GR(DIM) 510 15 50-150  30-120
6 1%AU@GR(COL) 5-10 15 50-150  30-120
7 1%AU@CX(DIM) 510 15 50-150  30-120
8 1%AU@CX(COL) 5-10 15 50-150  30-720
9 1%AU@CXL(COL) 5-10 15 50-150  30-120
10 1%Au@NDLIQ(DIM) 5-10 15 50-150  30-120
11 1%Au@NDLIQ(COL) 5-10 15 50-150  30-120
12 1%Au@NDPW(COL) 5-10 15 50-150  30-120
13 1%AU@MD(DIM) 5-10 15 50-150  30-120
14 1%AU@MD(COL) 5-10 15 50-150  30-120
15 AC 5 1 50-100 120
16 sC 5 1 50-100 120
17 GR 5 1 50-100 120
18 CcX 5 1 50-110 120
19 CXL 5 1 60-100 120
20 MD 5 5 110 120
212 1%AU@AC(COL) 10 5 110 120
20? 1%AU@SC(DIM) 5 5 110 120
23? 1%AU@GR(COL) 10 5 110 120
242 1%AU@CX(COL) 5 5 110 120
25 1%AU@CXL(COL) 10 5 110 120
26°  1%AU@NDLIQ(DIM) 10 5 110 120

®In the presence of 2.5mol% of TEMPO.
2.3.2 Products detection by GC analysis

After the reaction using microwave irradiation, the mixture needed to cool down
to room temperature. Then 50 pL of nitromethane (internal standard) was added. The
obtained mixture was stirred for ca. 15 min, therefore 1uL of the sample was taken
from the mixture, analyzed by GC after centrifuge (5000 rpm 5 min). The GC
temperature program used was as follows: the temperature of injection was 120 <€.
After the injection, the reaction temperature was held at 120<C for 1 min, then raised

the temperature, by 10 <T/min, either to 200 <C and maintained at this temperature for
16



Metal nanoparticles as catalysts for oxidation reactions

1 min. Helium was used as the carrier gas. The products were identified by

comparison of their retention times with known reference compounds.

2.3.3 Recycling procedure

Recycling of the catalysts was tested up to 6 consecutive cycles. In each cycle,
the method for recycling started by collecting the reaction solution from the G10
vessel, the catalyst was separated using centrifuge (5000 rpm, 5 min), and then wash
the catalysts with acetonitrile (repeated at least 2 times), dried under compressed air at
room temperature. Afterward, the catalysts were reused for the 1-phenylethanol
oxidation experiments, while the molar ratio of substrate to catalyst remained

constant.

Table 1-5 Assay conditions for the oxidation of 1-phenylethanol catalyzed by

recycled Au NPs supported on different carbon materials.

Entry Catalyst TBHP(mmol) Au(umol) T (T)  t(min)
1 1%AU@AC(COL) 10 3.255 110 120
2 1%Au@SC(DIM) 5 455 110 120
3 1%AuU@GR(COL) 10 3-5 110 120
4 1%Au@CX(COL) 5 4-5 110 120
5 1%AuU@CXL(COL) 10 1.5-5 110 120
6 19%AuU@NDLIQ(DIM) 10 4-5 110 120
7 1%Au@MD(COL) 10 25 110 120

2.3.4 Calibration curves for the internal standard method

In this procedure, solutions with 4 different concentrations of substrate and
product were prepared, each solution contained 1-phenylethanol (substrate), and
nitromethane (internal standard), TBHP (oxidant) and acetonitrile (solvent). Only the
amount of nitromethane remained the same (50 pL). The prepared samples are
presented in Table 1-6. Then the prepared solution was injected in GC instrument,
and the area of each compound was recorded and used to calculate the calibration

curve.

17
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Table 1-6 Assay conditions for calibration curve calculations using 4 concentrations

of solutions.
Entry 1-Phenylethanol Acetophenone TBHP Acetonitrile Nitromethane
(nL) (nL) (uL) (uL) (nL)
1 50 50 50 800 50
2 100 100 100 650 50
3 150 150 150 500 50
4 200 200 200 350 50

The calibration curves are presented in Figures 1-2 and 1-3. Figure 1-2 is the

calibration curve for acetophenone, Figure 1-3 is the calibration curve

1-phenylethanol.
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Figure 1-2 Calibration curve of acetophenone. Peak area ratio
acetophenone/nitromethane vs. concentration of nitromethane.
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Figure 1-3 Calibration curve of 1-phenylethanol. Peak area ratio of
1-phenylethanol/nitromethane vs. concentration of nitromethane.

From Figures 1-2 and 1-3, it can be seen that the coefficient is 7.39 and 7.95,
respectively, and the R? is 0.9996 and 0.9998, while R? is a statistical measure that
how close the data are to the fitted regression line, it is between 0 and 100%, so the

parameters explain we obtain higher variability to the response data.

3. Results and Discussion

3.1 Oxidation of 1-phenylethanol catalyzed by Au@AC

1% Au NPs supported on activated carbon (AC) was tested as a heterogeneous
catalyst for the microwave-assisted solvent-free oxidation of 1-phenylethanol by
'BUOOH. The influence of several catalytic parameters such as temperature and

reaction time was investigated and is presented as follows.
3.1.1 Influence of temperature

A series of experiments have been done to prove that different temperatures
influence on the yields of acetophenone, with the different gold loading methods:

colloidal method (COL) and double impregnation (DIM). The results are presented in
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Figures 1-4 to 1-6.
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Figure 1-4 Acetophenone yield vs. reaction time at different temperatures with
catalyst Au@AC (DIM).
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Figure 1-5 Acetophenone yield vs. reaction time at different temperatures with
catalyst Au@AC (COL).
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Figure 1-6 Comparison of the acetophenone yield vs. temperature for 2 h reaction
time with catalyst Au@AC obtained by different heterogenization methods.
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From the graphs above it can be seen that the reaction temperature has a great
influence on the 1-phenylethanol oxidation with assisted microwave method. In the
case of 1% Au supported at AC prepared with DIM or COL method, the yields
increased from 50 to 150 <C, so the most suitable temperature for the oxidation of

1-phenylethanol catalyzed by AU@AC is 150 <C.
3.1.2 Influence of reaction time

Several experiments, at different reaction times, have been performed and it was
found that the reaction time influenced the acetophenone yield. The results are shown

in Figures 1-7 and 1-8.
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Figure 1-7 Acetophenone yield vs. temperature at different reaction time with catalyst
Au@AC (DIM).

From Figure 1-7, it can be observed that with catalyst AU@AC, a longer reaction
time (2 h) leads to higher yields. The exception is at 50 <C, where the yield decreased
after 1 h reaction. The abnormal behavior could be attributed to possible mistakes
occurred in the experimental procedure, the most probable reason is the inaccurate

measuring of the catalyst.
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Figure 1-8 Acetophenone yield vs. temperature at different reaction time with catalyst
Au@AC (COL)
22



Metal nanoparticles as catalysts for oxidation reactions

From Figure 1-8, it can be observed that the yields increased steadily with time at
90 and 100 T, while the best reaction time for 50 and 80 <C is 1 hour. The catalytic
activity of DIM and COL at 100 <C after 2 hours reaction do not show significant

differences.
3.1.3 Influence of catalyst quantity

To know the influence of the quantity of catalyst on product yield, the reactions
have been performed during 2 hours at 80 and 110 <C. The results are shown in

Figure 1-9.
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Figure 1-9 Acetophenone yield vs. amount of catalyst at different temperatures for 2 h
reaction of catalyst Au@AC.

Regarding Figure 1-9, it can be found that the quantity of catalyst affects the
catalytic activity at 110 <C. In the case of 1% Au supported at AC (COL) the yield
increased almost 50 %, and in the case of 1% Au supported at AC (DIM) the yield
increased 30%. At 80 <C, the vyield declined even with the quintuple amount of
catalysts, so it can be observed that the higher quantity of catalysts with higher
temperature was the desirable conditions for the oxidation of 1-phenylethanol.

Tamao® et al have found that, in the case of catalyst Au (2 wt%) supported at
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AC at 80 <T for 3 h reaction, by solid grinding method (catalyst was 5.025 mol% vs.
substrate), the yield of oxidation of 1-phenylethanol to acetophenone is 8%. While in
our case, either by DIM method or COL preparation, the yield is below 8% when the
reaction time is 2 h. Especially needed to mention is that the catalyst was 0.04 mol%
vs. substrate, so in the presence of much less catalyst and less reaction time, we
obtained similar yield when compared to the literature!’®, which means for gold

loaded on carbon supports, colloidal method, and double impregnation preparation are

more efficient than solid grinding method.

3.1.4 Influence of additive TEMPO

After performing experiments regarding parameters such as different
temperatures, reaction times and catalyst quantities, the best condition found is 5
umol of catalyst AuU@AC (COL) at 110 <C for 2 hours. Then we have changed the

amount of ‘BUOOH and added additive TEMPO. The results are presented in Figure
1-10.
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Figure 1-10 Acetophenone yield vs. additive with catalyst Au@AC (COL). Reaction
conditions: catalyst (5 umol), 110 <C, 2 h, a: TBHP (5 mmol); b: TBHP (10 mmol); c:
TBHP (10 mmol), in the presence of TEMPO (2.5 mol %).

It can be observed that when twice the amount of TBHP was added at 110 <C

with catalyst AU@AC (COL), the yield increased 12.9%, while when 2.5mol%
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TEMPO was added, the yield decreased 27.9%, so it can be concluded that 10 mmol
of TBHP is better than 5 mmol TBHP for the oxidation of 1-phenylethanol with
catalyst AU@AC (COL), and the TEMPO additive has an inhibitor effect on the

catalytic activity.

3.2 Oxidation of 1-phenylethanol catalyzed by Au@SC

1% Au NPs supported at silicon carbide (SC) was tested as a heterogeneous
catalyst for the microwave-assisted solvent-free alcohol oxidation of 1-phenylethanol
by 'BUOOH. The catalytic performances were studied as a function of the temperature,

reaction time and other experimental conditions. The results are presented as follows.
3.2.1 Influence of temperature

A set of experiments have been done to demonstrate that different temperatures

influence the acetophenone yields. The results are presented in Figures 1-11 to 1-13.
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Figure 1-11 Acetophenone yield vs. reaction time at different temperatures with
catalyst Au@SC (DIM).
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Figure 1-12 Acetophenone yield vs. reaction time at different temperatures with
catalyst Au@SC (COL).
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Figure 1-13 Comparison of the acetophenone yield vs. temperature for 2 h reaction
time with catalyst Au@SC obtained by different heterogenization methods.

From the graphs showed above, it can be observed that a comparatively higher

yield is obtained at 150 <C both in DIM and COL methods, and the yield increased

58.5% with catalyst Au@SC (DIM); when the temperature increased from 110 to

150 <C. The vyield showed an increase of 50.5% with catalyst Au@SC (COL) from

110 to 150 <C, which means that the suitable temperature for catalyst Au@SC
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regarding the oxidation of 1-phenylethanol is 150 <C.
3.2.2 Influence of reaction time

A series of experiments have been done to understand how catalytic performance
is affected by the duration of the microwave irradiation. The yields of acetophenone
in these conditions were presented in Figures 1-14 and 1-15, as a function of

temperature, programmed in the microwave reactor.
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Figure 1-14 Acetophenone yield vs. temperature at different reaction time with
catalyst Au@SC (DIM).
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Figure 1-15 Acetophenone yield vs. temperature at different reaction time with
catalyst Au@SC (COL).

Regarding Figures 1-14 and 1-15, in the case of 1% Au supported at SC (DIM
and COL), it can be observed that the yields are increased by increasing the reaction
time at different temperatures, so 2 hours is the appropriate time for the oxidation of

1-phenylethanol of catalyst Au@SC.
3.2.3 Influence of catalyst quantity

A series of experiments have been done to know the influence of catalyst

quantity on the acetophenone yield. The results are shown in Figure 1-16.
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Figure 1-16 Acetophenone yield vs. amount of catalyst at different temperatures for 2
h reaction with catalyst Au@ScC.

From Figure 1-16, it can be observed that with the quintuple amount of the
catalysts, the yield increased 4.7% and 5.2%, respectively, for catalyst Au@SC (DIM)
and Au@SC (COL) at 80 <TC. In the case of 1% Au supported at SC (DIM), the yield
increased 29.3% at 110 <C, so it can be concluded that a higher quantity of catalysts

produced a higher amount of acetophenone.
3.2.4 Influence of additive TEMPO

After carrying out experiments involving parameters such as different
temperatures, reaction times and catalyst quantities, the best condition found is 5
umol of catalyst Au@SC (DIM) at 110 <C for 2 hours. Thus we have changed the
amount of 'BUOOH and added additive TEMPO. The results are presented in Figure
1-17.
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Figure 1-17 Acetophenone vyield vs. additive with catalyst Au@SC (DIM). Reaction
conditions: catalyst (5 umol), 110 <C, 2 h, a: TBHP (5 mmol); b: TBHP (10 mmol); c:
TBHP (5 mmol), in the presence of TEMPO (2.5 mol %).

From Figure 1-17 it showed that when twice the amount TBHP at 110 T with
catalyst Au@SC (DIM), the yield decreased 3.2%, as well as when adding 2.5 mol%
TEMPO (in the presence of 5 mmol TBHP), the yield decreased 18.7%. So it can be

concluded that twice the amount of TBHP and the TEMPO additive did not improve
the catalytic activity of Au@SC (DIM).

3.3 Oxidation of 1-phenylethanol catalyzed by Au@GR

1% Au NPs supported at graphite (GR) was tested as a heterogeneous catalyst for
the microwave-assisted solvent-free oxidation of 1-phenylethanol by ‘BUOOH. The
catalytic parameters were related to the temperature, reaction time, additive and other

conditions. The results are presented as follows.

3.3.1 Influence of temperature

Several experiments have been performed and it was found that the temperature

influenced the acetophenone yield. All the results are shown in Figures 1-18 to 1-20.
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Figure 1-18 Acetophenone yield vs. reaction time at different temperatures with
catalyst Au@GR (DIM).
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Figure 1-19 Acetophenone yield vs. reaction time at different temperatures with
catalyst Au@GR (COL).
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Figure 1-20 Comparison of the acetophenone vs. temperature for 2 h reaction time
with catalyst Au@GR obtained by different heterogenization methods.

From Figure 1-20, it can be observed that the yield of acetophenone is increased
with raising the reaction temperature, except for catalyst 1% Au supported at GR
(COL), the yield decreased 11% from 110 to 150 <C. While for catalyst Au@GR
(DIM), the yield increased 49.5% from 110 to 150 <C. So it can be figured out that the
suitable reaction temperature for Au@GR (DIM) is 110 <C, and the suitable
temperature for Au@GR (COL) is 150 <C.

3.3.2 Influence of reaction time

A series of experiments was performed to investigate how the reaction time

influenced the product yield. The results are shown in Figures 1-21 and 1-22.

32



Metal nanoparticles as catalysts for oxidation reactions

14
12
10
B -
Y
-~ mosh
R
= i
2 & m1lh
> m2h

1

Figure 1-21 Acetophenone yield vs. temperature at different reaction time with
catalyst Au@GR (DIM).
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Figure 1-22 Acetophenone yield vs. temperatures at different reaction time with
catalyst Au@GR (COL).

It can be observed from the graphs above that the yield increased for a longer
reaction time for both catalysts Au@GR (DIM) and Au@GR (COL). 2 h reaction time
produced a higher quantity of acetophenone when compared with 0.5 and 1 h reaction

time.
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3.3.3 Influence of catalyst quantity

In this section, different quantities (1 and 5 pumol) of catalysts were used to
evaluate the catalytic activity of the gold supported catalysts with oxidation of
1-phenylethanol. The results are shown in Figure 1-23.
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Figure 1-23 Acetophenone yield vs. amount of catalyst at different temperatures for 2
h-reaction with catalyst Au@GR.

From Figure 1-23, in the case of 1% supported at GR (DIM) at 80 <C, the yield
decreased 0.5% with quintuple the amount of catalyst, as well as at 110 <C, the yield
decreased 0.2%. However, the yield increased 22% with the quintuple quantity of
catalyst AU@GR (COL) at 110 <C. So it can be concluded that higher quantity of
catalyst was considered as a better condition for the oxidation of 1-phenylethanol of

catalyst Au@GR (COL) with high temperature.
3.3.4 Influence of additive TEMPO

After performing experiments involving parameters such as different
temperatures, reaction time and catalyst quantities, the desirable condition found is 5
umol of catalyst AuU@GR (DIM) at 110 <C for 2 hours. Thus we have changed the
amount of ‘BuOOH and added the TEMPO additive. The results are shown in Figure
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Figure 1-24 Acetophenone yield vs. additive with catalyst Au@GR (DIM). Reaction
conditions: catalyst (5 umol), 110 <C, 2 h, a: TBHP (5 mmol); b: TBHP (10 mmol); c:
TBHP (10 mmol), in the presence of TEMPO (2.5 mol %).

From Figure 1-24, it can be observed that when twice the amount of TBHP was
added, in the case of catalyst AU@AC at 110 <C, the yield increased 4.5%, while
when 2.5mol % TEMPO additive was added, the yield increased 19.8%. Thus it can
be concluded that in the presence of 10 mmol TBHP and 2.5mol % TEMPO, the
catalytic activity was higher when compared with 5mmol TBHP and without TEMPO.

3.4 Oxidation of 1-phenylethanol catalyzed by Au@CX

1% Au NPs supported at carbon xerogel (CX) was tested as a heterogeneous
catalyst for the microwave-assisted solvent-free oxidation of 1-phenylethanol by

'BUOOH. The catalytic activity was related to temperature, reaction time and other

conditions.
3.4.1 Influence of temperature

A series of experiments have been done indicated that the reaction temperature

influences the product yield. The results are shown in Figures 1-25 to 1-27.
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Figure 1-25 Acetophenone yield vs. reaction time at different temperatures with
catalyst Au@CX (DIM).
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Figure 1-26 Acetophenone yield vs. reaction time at different temperatures with
catalyst Au@CX (COL).
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Figure 1-27 Comparison of the acetophenone yield vs. temperature for 2 h reaction
time with catalyst Au@CX obtained by different heterogenization methods.
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From Figure 1-27, it can be observed that the acetophenone yield increased
when raised the temperature, and in the case of 1% Au supported at CX (DIM), the
yield increased 64.5% from 110 to 150 <C. Therefore, it can be concluded that the
best reaction temperature for catalyst Au@CX either by DIM method or COL
preparation is 150 <C.

3.4.2 Influence of reaction time

In this section, different reaction times were performed to discuss the
relationship between reaction time and catalyst catalytic activity of catalyst Au@CX.

The detailed results are present in Figures 1-28 and 1-29.

37



Metal nanoparticles as catalysts for oxidation reactions

10
g_
g
5
6 -
gi c _ mO5h
= 4 m1h
= 5 m2h
7 -
1 -
ﬂ_
7 T
4_1

Figure 1-28 Acetophenone yield vs. temperature at different reaction time with
catalyst Au@CX (DIM).
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Figure 1-29 Acetophenone yield vs. temperatures at different reaction times with
catalyst Au@CX (DIM).

From Figures 1-28 and 1-29, it can be figured out that a longer reaction time (2
h) led to higher yields. Therefore, in the case of 1% Au supported on CX, the suitable

reaction time is 2 hours.
3.4.3 Influence of catalyst quantity

A series of experiments have been performed to know the influence of the
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quantity of catalyst on acetophenone yield. The results are shown in Figure 1-30.
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Figure 1-30 Acetophenone yield vs. amount of catalyst at different temperatures for 2
h reaction with catalyst Au@CX.

From Figure 1-30, it can be observed that with the quintuple quantity of the
catalysts, the yield decreased 0.5% at 80 <C regarding catalyst Au@CX (DIM).
However in the case of 1% Au supported at CX at 110 <C, both in DIM and COL
method, the yields increased. So the higher quantities of catalysts are regarded as

better conditions for the oxidation of 1-phenylethanol with catalyst Au@CX.
3.4.4 Influence of additive TEMPO

After carrying out experiments regarding parameters such as different
temperatures, reaction times and catalyst quantities, the best condition found is
catalyst Au@CX (COL) with 5 pmol quantity under 110 <C for 2 hours. Then we
have changed the amount of 'BUOOH and added TEMPO additive. The results are

shown in Figure 1-31.
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Figure 1-31 Acetophenone yield vs. additive with catalyst Au@CX (COL). Reaction

conditions: catalyst (5 umol), 110 <C, 2 h, a: TBHP (5 mmol); b: TBHP (10 mmol); c:
TBHP (5 mmol), in the presence of TEMPO (2.5 mol %).

From Figure 1-31, it can be observed that when adding twice the amount of
TBHP at 110 <C of catalyst Au@CX (COL), the yield decreased 5.3%, as well as
when adding 2.5 mol% TEMPO, the yield decreased 1.3%. Thus it can be concluded

that 10 mmol TBHP and 2.5 mol% TEMPO did not help the increasing of the activity
of the catalyst Au@CX (COL).

3.5 Oxidation of 1-phenylethanol catalyzed by Au@CXL

1% Au NPs supported on carbon xerogel (CXL) was tested as a heterogeneous
catalyst for the microwave-assisted solvent-free oxidation of 1-phenylethanol by

'BuOOH. The catalytic activity was related to the temperature, reaction time and other

conditions. The results are presented as follows.

3.5.1 Influence of temperature

Several experiments have been done at different reaction times, more specifically,
the catalytic activity can be performed at different reaction temperatures (60, 100, 110

and 150 <C). The results are presented in Figure 1-32.
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Figure 1-32 Comparison of the acetophenone yield vs. temperature for 2 h reaction
time with catalyst Au@CXL obtained by different heterogenization methods.

It can be found that regarding the catalyst 1% Au supported at CXL that the yield
of acetophenone increased by raising the temperature from 60 to 150 <C, so it can be

concluded that the best reaction temperature for catalyst Au@CXL was 150 <C.
3.5.2 Influence of the support

From Figure 1-32, in the presence of carbon material, the yield of the product

was much lower than Au supported at CXL prepared with COL method, at 110 <C.
3.5.3 Influence of catalyst quantity

Catalyst Au@CXL (COL) was selected to discuss how the quantity of catalyst

influences the catalytic activity. The results are shown in Figure 1-33.
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Figure 1-33 Acetophenone yield vs. amount of catalyst for 2 h reaction at 110 <C with
catalyst Au@CXL (COL).

From Figure 1-33, it can be observed that with 2 hours reaction at 110 <C, the
yield increased by raising the quantity of Au@CXL catalyst. Thus in this case, the
higher quantity of catalyst was considered as a better condition for the oxidation of

1-phenylethanol with catalyst Au@CXL (COL).
3.5.4 Influence of additive TEMPO

After performing experiments regarding parameters such as different
temperatures, reaction times and catalyst quantities, the best condition found is
catalyst Au@CX (COL) with 5 umol quantity at 110 <C for 2 hours. Then we have
changed the amount of ‘BuOOH and added TEMPO additive. The results are as

follows.
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Figure 1-34 Acetophenone yield vs. additive with catalyst Au@CXL (COL). Reaction
conditions: catalyst (5 umol), 110 <C, 2 h, a: TBHP (5 mmol); b: TBHP (10 mmol); c:
TBHP (10 mmol), in the presence of TEMPO (2.5 mol %).

From Figure 1-34, in the case of 1% Au@CXL (COL), the yield increased 7%
when adding twice the amount of TBHP, as well as when adding 2.5mol% TEMPO
additive, the yield was almost 99%, thus it can be concluded that 10 mmol TBHP and
2.5mol % TEMPO additive promote the catalytic activity of Au@CXL (COL).

When compared with Au@CX (COL), the catalytic activity of catalyst Au@CXL
(COL) was different when adding twice the amount of TBHP. As mentioned before,
Elodie and his colleagues have found that for glycerol oxidation, Au/5CX (dgq =5 nm)
catalyst leads to GLYCEA as the main product (selectivity of 48% at Xgy =90%),
while Au/20CX (dg;n =20 nm) favors the constitution of DIHA (selectivity of 42% at
Xory =90%), the reason is that narrow pores in the support can result in an easier
over-oxidation of the primary products. As in our case, there is no secondary products,
but when twice the amount of TBHP was added, the yield was decreased with catalyst

Au@CX (COL), and yield increased with catalyst Au@CXL (COL), it might because
that the over-oxidation was occurred more for narrow pores than large pores, and

become an obstructive factor for the oxidation for 1-phenylethanol.

3.6 Oxidation of 1-phenylethanol catalyzed by AUu@ND

1% Au NPs supported at nanodiamonds (ND) was used as a heterogeneous
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catalyst for the microwave-assisted solvent-free oxidation of 1-phenylethanol by
'BUOOH. The catalytic activity was influenced by temperature, reaction time and

other conditions. The results are shown below.
3.6.1 Influence of temperature

A series of experiments with different temperatures have been performed, and it

was observed that the temperature affects the catalytic activity. The results are shown

below.
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Figure 1-35 Acetophenone yield vs. temperature for 2 h reaction with catalyst
Au@ND.

Figure 1-35 shows that the acetophenone yield increases for higher temperatures,
and the yield was much higher at 150 <C than 60 <C, for example, the acetophenone
yield of 1% Au supported at NDLIQ (DIM) at 60 T is 2.7%, while the yield at
150 T is 84.9%, so it can be concluded that temperature above 100 <T is better for

the oxidation of 1-phenylethanol.
3.6.2 Influence of catalyst quantity

Several experiments with different catalyst quantities have been performed, and
it was found that the catalyst quantity influenced the acetophenone yield. The results

are shown in Figure 1-36.
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Figure 1-36 Acetophenone yield vs. amount of catalyst for 2 h reaction with catalyst
Au@ND.

From Figure 1-36, it can be observed when the quintuple amount of catalysts,
the yield of catalyst 1% Au supported at ND increased at 110 <C, and for instance, the
yield of Au@NDLIQ (DIM) increased 26.8% when adding quintuple quantity catalyst.
It can be concluded that a higher quantity of catalyst was regarded as a better

condition for the oxidation of 1-phenylethanol with catalyst Au@ND.
3.6.3 Influence of additive TEMPO

After carrying out experiments regarding parameters change, such as different
temperatures, reaction time and catalyst quantities, it can be concluded that the best
conditions are: 5 umol of catalyst Au@NDLIQ (DIM) at 110 <C for 2 hours. Thus we
have changed the amount of 'BuOOH and added additive TEMPO. The results of the

catalytic activity are shown as follows.
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Figure 1-37 Acetophenone vyield vs. additive with catalyst AU@NDLIQ (DIM).
Reaction conditions: catalyst (5 umol), 110 <C, 2 h, a: TBHP (5 mmol); b: TBHP (10
mmol); ¢c: TBHP (10 mmol), in the presence of TEMPO (2.5 mol %).

Figure 1-37 showed that when twice the amount of TBHP was added in the
reaction, the yield increased 31.9% with catalyst Au@NDLIQ (DIM), since the yield
is already 99.2% after the TBHP was added, so the catalytic activity did not have a
significant difference after 2.5 mol % TEMPO additive was added.

3.7 Oxidation of 1-phenylethanol catalyzed by Au@MD
1% Au NPs supported at micro-diamonds (MD) was used as a heterogeneous
catalyst for the microwave-assisted solvent-free oxidation of 1-phenylethanol by

'BuOOH. The catalytic activity was influenced by temperature, reaction time and

other conditions. The results are presented below.

3.7.1 Influence of temperature

Several experiments with different temperatures have been performed with
catalyst Au@MD (COL), and it was found that temperature has influenced the

catalytic activity. The results are shown below.
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From Figure 1-38, in the case of 1% Au supported at MD (COL), the yield
increased 38.4% from 60 to 100 <C, and the yield in 110 <C is lower than in 100 <,
while the yield increased 54.5% from 110 to 150 <C, so the best temperature for the
oxidation of 1-phenylethanol with catalyst Au@MD (COL) is 150 <C.

3.7.2 Influence of catalyst quantity

In this section, a series of experiments with different catalyst quantities have
been performed, and it was observed that the catalyst quantity influenced

acetophenone yield. The results are presented below.
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Figure 1-39 Acetophenone yield vs. amount of catalyst for 2 h reaction of catalyst
Au@MD.

It can be seen from Figure 1-39 that higher quantity of catalyst obtained higher
product yield, for example, in the case of 1% Au supported MD (DIM), the yield
increased 34.1% by adding a quintuple quantity of catalyst. So it can be concluded
that higher quantity of catalyst promotes a significant increase in catalytic activity of

Au@MD.

3.7.3 Influence of heterogenization method
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Figure 1-40 Acetophenone yield vs. heterogenization method at 110 <C for 2 h
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reaction time with Au@MD.

From Figure 1-40, in the case of the reaction only with support, the yield of
product decreased 69.5%, when compared with 1% Au supported at catalyst MD
(COL). So it can be concluded that Au is the main active part for the increasing of the

catalytic activity of Au@MD catalyst. Moreover, COL heterogenization method leads

to better acetophenone yields than DIM procedure.

3.7.4 Influence of oxidant amount

After performing experiments regarding parameters such as different

temperatures, reaction times and catalyst quantities, the best conditions found is
catalyst Au@MD (COL) with 5 umol quantity under 110 <C for 2 hours. Then we

have changed the amount of '‘BuOOH. The results are shown as follows.
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Figure 1-41 Acetophenone yield vs. amount of oxidant for catalyst Au@MD (COL).

Reaction conditions: catalyst (5 umol), 110 <C, 2 h, a: TBHP (5 mmol); b: TBHP (10
mmol).

From Figure 1-41, it can be observed that in the presence of Au@MD (COL),
when twice the amount of TBHP was added in the reaction, the yield increased 10%.

So 10 mmol TBHP can promote Au@MD (COL) to have better catalytic activity.
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3.8 Recycling experiments

The conditions selected for recycling experiments were those leading to the
highest yield for each carbon supported material, and they were all tested up to 6
consecutive cycles. In each cycle, the product was tested by gas chromatography and
then the catalyst was collected from the reaction vessel and centrifuged (repeated at
least 2 times), thoroughly washed and dried under compressed air. Afterward, it was
reused for the next 1-phenylethanol oxidation cycle experiment. The molar ratio of

substrate to catalyst and oxidant to catalyst was constant. The results are as follows.
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Figure 1-42 Effect of the catalyst recycling on the yield of acetophenone with
catalysts. Reaction conditions: 110 €, 2 h. Au@AC (COL) (catalyst (1:5 umol; 2-4:
3.25 pumol); TBHP (10 mmol)); Au@SC (DIM) (catalyst (1:5 umol; 2-4: 4.5 umol);
TBHP (5 mmol)); Au@GR (COL) (catalyst (1:5 umol; 2-4: 3 umol); TBHP (10
mmol); TEMPO (2.5 mol %)); Au@CX (COL)(catalyst (1:5 pumol; 2-4:4 pmol);
TBHP (5 mmol)); Au@CXL (COL) (catalyst (1:5 pumol; 2-4:1.5 pymol); TBHP (10
mmol); TEMPO (2.5 mol %)); Au@NDLIQ (DIM) (catalyst (1:5 umol; 2-4:2 umol);
TBHP (10 mmol); TEMPO (2.5 mol %)); Au@MD (COL) (catalyst (1:5 pmol; 2-4:2
umol); TBHP (10 mmol)).

There was no obvious activity loss with catalyst Au@GR (COL) after 3 cycles,

but the yield decreased 45.9% in the 4™ cycle when compared with the 3™ cycle.
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Moreover, for the last two cycles the yield stays around 27%.

In the presence of catalyst Au@MD (COL), the catalytic activity was above 90%
in the first two cycles, but it decreased 34.2% in the 3" cycle. The yield is 24.7% after
the 6™ cycle.

For the catalyst Au@NDLIQ (DIM), in the second, third, fourth and fifth cycle,
the obtained catalytic activity was 81%, 74%, 71% and 69%, respectively, so the
activity remains in a high level in the first 5 cycles, but decreased in the 6™ cycle, the
yield decreased 29.3% when compared with 5™ cycle.

For catalyst Au@CXL (COL), the catalytic activity remained at a high level in
the first two cycles; the yield is 93.5% in the second cycle, and the yield began to fall
sharply after the 3" cycle, while the yield stays around 20% in the last three cycles.

The catalytic activity of Au@CX (COL) and Au@AC (COL) dropped sharply
after the first cycle, the yield decreased 63.1% and 44.1%, respectively.

3.9 Catalytic performance comparison of the different supported

gold nanoparticles for the oxidation of 1-phenylethanol

The initial yields for mostly catalysts under the best conditions are close to 100%.
While for Au@AC (COL), Au@SC (DIM) and Au@CX (COL), the yields are still
low in initial yield. Longer reaction time was then tested, in the case to know how

reaction time can influence the acetophenone yield. The results are as follows.
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Figure 1-43 Acetophenone yield vs. reaction time with different catalysts. Reaction
conditions: catalyst (5 umol), TBHP (10 mmol), 110 <C, 2 h.

It can be observed from Figure 1-43, that the reaction time has different effects
on the acetophenone yield regarding different catalysts. In the case of catalyst
AUu@AC (COL), the yield increased 10.4% when increased reaction time from 2 to 3
hours and the yield is almost 100% after 3 hours reaction. Regarding catalyst Au@SC
(DIM), the yield of acetophenone increased with more reaction time, while the yield
is 54.3% after 12 hours reaction. The yield is low when compared with other catalysts,
since the SC is usually covered by a silicon dioxide layer at its surface, even after
longer reaction time, the passivation layer is still a disadvantage for the oxidation
reaction. In the presence of catalyst Au@CX (COL), the yield of acetophenone only
increased 2.7% when increased reaction time from 2 to 12 hours, the reason could be
that CX material shows mesoporous properties with large pore size, and the adequate
reaction can be done in a limited time. So shorter time is the appropriate reaction
condition for industrial purposes.

Thus after performing the experiments for all catalysts, varying parameters such
as different temperatures, reaction times, catalyst quantities and others, it is important
to compare the properties of the various supports under the same conditions. The

results are as follows.
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Figure 1-44 Effect of catalyst quantity on the yield of acetophenone for the
MW-assisted oxidation (2 h) of 1-phenylethanol with TBHP (5 mmol), at 110 <C with
catalysts obtained by DIM method.

From Figure 1-44, it can be observed that catalyst quantity has a significant
influence on the MW-assisted oxidation of 1-phenylethanol. With 5 times increasing
in catalyst quantity regarding double impregnation (DIM) method, the yield increased
in most of the catalysts, especially the yields of AuU@NDLIQ and Au@MD increased
26.8% and 34.1%, respectively, while with 5umol of catalyst, catalyst AuU@AC, and
Au@GR obtained lower yields when to compared with 1 pmol of catalyst.
Additionally, Au@NDLIQ formed by DIM preparation obtained better yield than
another catalyst; this could owe to the existence of variety surface groups and

mesoporosity of nanodiamonds which increasing the catalytic activity.
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Figure 1-45 Effect of catalyst quantity on the yield of acetophenone for the
MW-assisted oxidation (2 h) of 1-phenylethanol with TBHP (5 mmol), at 110 T with
catalysts formed by COL preparation.

It can be seen from Figure 1-45 that catalyst quantity has an important effect on
the MW-assisted oxidation of 1-phenylethanol. When the catalyst quantity is changed
from 1 to 5umol, it showed improvement in the yield for most of the catalysts (expect
for Au@SC) with COL method, more specifically, the yield increased 48.6% with
catalyst AU@AC, as well as increased 44.7% with catalyst Au@MD. Moreover, Au
supported on CX and CXL formed by COL method obtained a higher yield than other
catalyst. It was found in the literature recently that well-developed mesoporosity of
carbon supports was useful for the catalytic activity of Au supported on carbon

materials in hydroamination of alkynes!*.
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Figure 1-46 Effect of the heterogenization method for catalysts (1 umol) on the yield
of acetophenone for the MW-assisted oxidation (2 h) of 1-phenylethanol with TBHP
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Figure 1-47 Effect of the heterogenization method for catalysts (5 umol) on the yield
of acetophenone for the MW-assisted oxidation (2 h) of 1-phenylethanol with TBHP
(5 mmol) at 110 <C.

As it can be seen from Figures 1-46 and 47 that catalysts prepared by COL
method led to higher yields of acetophenone than those prepared by DIM method, as

reported previously"™, which means that catalysts obtained by COL preparation are
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more active than those formed by DIM method, except for catalyst Au@SC.
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Figure 1-48 Yield of acetophenone carried by MWe-assisted oxidation of
1-phenylethanol (2 h) with catalysts formed by DIM method with different
temperatures.
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Figure 1-49 Yield of acetophenone produced by MW-assisted oxidation of
1-phenylethanol (2 h) with catalysts obtained by COL preparation with different
temperatures.

A 10 <T increasing in temperature leads to a significant increase in the yield of
acetophenone, for both catalysts obtained by DIM method and COL preparation,

except for SC (the yield did not change sharply by increasing the temperature from
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100 to 110 <C). Normally SiC is covered by a protective layer of silicon dioxide
formed on its surface, and high temperature is needed to increase the catalytic activity.
It also can be observed that catalysts AU@AC and Au@GR formed by COL method
are more active than those obtained by DIM preparation at 110 <C, which means that

higher temperature (110 <C) is needed with catalysts obtained by COL method.
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Figure 1-50 Catalytic activities of different catalysts. Reaction conditions: catalyst (5
umol), TBHP (® 5mmol; M 10mmol), 2 h, 110 <C.
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Figure 1-51 Catalytic activities of different catalysts. Reaction conditions: catalyst (5
umol), TEMPO (2.5 mol %), 2 h, 110 <C, in the presence of TBHP: Au@AC (COL):
10 mmol; Au@SC (DIM): 5 mmol; Au@GR (COL): 10 mmol; Au@CX (COL): 5
mmol; Au@CXL (COL): 10 mmol; Au@ND (DIM): 10 mmol.

From Figure 1-50, it can be found that the amount of TBHP has a significant
influence on the MW-assisted oxidation of 1-phenylethanol. Using 10 mmol of TBHP,
a higher yield was obtained when compared with using 5 mmol of TBHP among most
of the catalysts, except for catalysts Au@SC (DIM) and Au@CX (COL). For the
AU@ND, the yield increased 31.9% by adding the double amount of TBHP, which is
the highest increasing of the product among all the catalysts. The main reason is that
ND has the largest amount of surface group.

It can be found from Figure 1-51 that TEMPO additive does not play a major
role in the oxidation of 1-phenylethanol under the tested conditions. Especially for the
catalysts AU@AC (COL), the yield decreased 27.9% when adding 2.5 mol% of
TEMPO, while the existence of TEMPO additive increases 18.8% the vyield of
acetophenone with catalyst Au@GR (COL).

As reported in the literature!?, copper(11) complex [Cu(H,R)(HL)]-H-O, used
for the solvent free microwave (MW) assisted oxidation of 1-phenylethanol with
TBHP, the yield is 65.9% in 15 minutes under 25W MW irradiation, while in the
presence of TEMPO, the yield increases up to 80% in the same conditions, showing
high efficiency of using TEMPO additive. In the present study, the yield did not
increase significantly when 2.5 mol% TEMPO was added. Moreover, for some
catalysts such as Au@SC (DIM), addition TEMPO hampers the reaction. This can be
considered an advantage of the present system, as it can convert 1-phenylethanol to

acetophenone in high yields without the need of additive promoters.
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Figure 1-52 Effect of the heterogenization method for catalysts (1 umol) on the yield
of acetophenone for the MW-assisted oxidation (2 h) of 1-phenylethanol with TBHP
(5 mmol) at 150 <C.
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Figure 1-53 Effect of catalyst quantity on the yield of acetophenone for the
MW-assisted oxidation (2 h) of 1-phenylethanol with TBHP (5 mmol), at 150 <C with
catalysts obtained by DIM method.
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Figure 1-54 Effect of reaction temperature on the yield of acetophenone for the
MW-assisted oxidation (2 h) of 1-phenylethanol with TBHP (5 mmol), at 150 <C with
catalysts obtained by COL method.

From Figure 1-52 it can be seen that for catalysts Au@AC and Au@MD, COL
method obtained higher a yield than DIM preparation, while for catalyst Au@SC,
AU@GR, and Au@CX, COL method was more efficient than DIM. Moreover, from
Figures 1-53 and 1-54, higher temperature (150 <C) obtained better catalytic activity
than lower temperature (110 <C), both in DIM preparation and COL method.
Especially for catalyst Au@SC, the yield increased 58.1% in DIM method, also 50.5%
increment with COL preparation, but for catalyst Au@GR, the yield decreased from
110 to 150 <C.

4. Conclusion

This study was focused on the catalytic activity of different Au NPs@carbon
materials, prepared by two different methods (double impregnation and colloidal
method), which were used as catalysts for the microwave-assisted solvent-free
oxidation of 1-phenylethanol under different conditions. The presence of higher
catalyst quantity (5 umol) led to a higher yield of acetophenone when compared with
lower quantity (1 wmol) for most catalysts. For example, for catalyst Au@MD (COL)

the yield increased 49% when the catalyst quantity is changed from 1 to 5 umol.
60



Metal nanoparticles as catalysts for oxidation reactions

Moreover, with longer reaction time, a higher yield of acetophenone was obtained; for
instance, regarding catalyst Au@SC (DIM), with TON of ca.135 and a yield of 54.3%
after 12 h reaction, while with TON of ca.17.6 and a yield of 7.9% after 2 h reaction.
In addition, the temperature was also very important for the product yield; the yield
increased 58% with catalyst Au@SC (DIM) when the temperature increased from 110
to 150 <C. Besides, the catalytic activity of adding twice the amount of TBHP
depends on the different carbon supports, and 2.5 mol% TEMPO did not promote or
even hamper the oxidation reaction, the yield decreased 28% when adding TEMPO
regarding catalyst Au@AC (COL). It was also found that the catalysts synthesized by
COL method led to higher acetophenone at 110 < when compared with DIM
preparation because normally COL method resulting in a larger dispersion and lower
average particle size.

Catalyst recycling was tested up to six consecutive cycles for each carbon
supporting materials at the best operation conditions. It was found that for catalyst
AUu@NDLIQ (DIM), the activity dropped to 69% after the fifth cycle, while the
catalytic activity was 55% higher when compared with catalyst Au@CX (COL) in the
5" cycle.

The catalytic performance is different among all the Au@carbon catalysts that
we have been studied; the different behavior can be explained by the gold
nanoparticle size, mesoporosity properties of the support and dispersibility

characteristics in the heterogeneous reaction medium.
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Appendix | -Experimental results for the oxidation of
1-phenylethanol with gold nanoparticles supported on

carbon materials as catalysts
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Table Al-1 Experimental results for the oxidation of 1-phenylethanol with Au@AC
(DIM) as catalyst.

Entry Catalyst Time T TON_CAT® TOF¢ Yield
(Hmol) (h) () (%)

1 1 0.5 50 134.6 269 5.3
2 1 1 50 195.7 196 6.0
3 1 2 50 101.4 101 4.6
4 1 0.5 80 188.0 376 6.7
5 1 1 80 184.5 185 7.6
6 1 2 80 316.2 158 9.5
7 5 0.5 80 41.9 84 10.9
8 5 1 80 45.1 45 10.5
9 5 2 80 51.7 26 12.8
10 1 0.5 90 187.3 187 9.6
11 1 1 90 163.4 163 8.0
12 1 2 90 292.4 292 12.8
13 1 0.5 100 198.4 397 10.7
14 1 1 100 257.2 257 12.3
15 1 2 100 345.5 173 15.0
16 1 2 110 175.5 88 15.0
17 5 2 110 95.7 48 44.3
18 1 2 120 238.3 119 19.8
19 1 2 150 658.4 329 56.9
20° 1 2 100 155.5 78 7.7
21° 1 2 100 103.8 52 11.8

%in the presence of 10 mmol TBHP

® in the presence of 2.5 mol% of TEMPO.

¢ turnover number (mole of product per mol of Au catalyst)
dturnover frequency (turnover number per unit of time)
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Table Al-2 Experimental results for the oxidation of 1-phenylethanol with AU@AC

(COL) as catalyst.
Entry Catalyst Time T TON_CAT® TOF¢ Yield
(pmol) (h) (T) (%)
1 1 0.5 50 1716 343 5.5
2 1 1 50 152.4 152 5.7
3 1 2 50 110.4 55 4.8
4 1 0.5 80 156.1 312 6.5
5 1 1 80 254.0 254 8.9
6 1 2 80 213.1 107 8.9
7 5 0.5 80 34.4 69 8.5
8 5 1 80 39.3 39 9.8
9 5 2 80 52.2 26 12.4
10 1 0.5 90 234.1 468 8.4
11 1 1 90 201.2 201 9.5
12 1 2 90 239.0 120 11.0
13 1 0.5 100 198.4 397 9.7
14 1 1 100 227.4 227 11.5
15 1 2 100 321.7 161 14.7
16 1 2 110 303.7 152 27.4
17 5 2 110 158.8 80 76.0
18 1 2 120 433.4 217 36.7
19 1 2 150 854.9 428 455
20° 5 2 110 196.1 98 88.9
21° 5 2 110 129.0 65 61.0
22° 5 3 110 233.7 80 99.3

%in the presence of 10 mmol TBHP
® in the presence of 2.5 mol% of TEMPO.
¢ turnover number (mole of product per mol of Au catalyst)

dturnover frequency (turnover number per unit of time)
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Table Al-3 Experimental results for the oxidation of 1-phenylethanol with Au@SC
(DIM) as catalyst.

Entry Catalyst Time T TON_CAT® TOF¢ Yield
(pmol) (h) () (%0)

1 1 0.5 50 427 86 2.0
2 1 1 S0 45.7 46 2.2
3 1 2 50 42.8 21 2.0
4 1 05 80 86.9 174 43
5 1 1 80 123.4 123 5.3
6 1 2 80 164.0 82 7.0
7 5 05 80 50.4 101 9.0
8 5 1 80 57.3 57 9.7
9 5 2 80 76.2 38 117
10 1 0.5 90 221.2 443 8.0
11 1 1 90 266.5 267 9.6
12 1 2 90 332.6 166 11.4
13 1 0.5 100 212.6 425 8.4
14 1 1 100 302.0 302 11.5
15 1 2 100 397.4 199 14.8
16 1 2 110 189.8 95 15.4
17 5 2 110 56.6 28 26.6
18 1 2 150 830.7 415 73.5
19° 1 2 100 362.4 181 14.6
20° 1 2 100 267.7 134 8.4
21° 1 2 110 52.1 26 23.4
99b 1 2 110 17.6 9 7.9
23° 5 3 110 98.8 33 40.6

242 5 12 110 134.9 11 54.3
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% in the presence of 10 mmol TBHP

®in the presence of 2.5 mol% of TEMPO.

¢ turnover number (mole of product per mol of Au catalyst)
dturnover frequency (turnover number per unit of time)

Table Al-4 Experimental results for the oxidation of 1-phenylethanol with Au@SC

(COL) as catalyst.

Entry Catalyst Time T TON_CAT? TOF® Yield
(pmol) (h) (T) (%0)

1 1 0.5 50 40.6 81 1.9
2 1 1 50 45.3 45 2.0
3 1 2 50 45.8 23 2.1
4 1 0.5 80 79.0 158 3.0
5 1 1 80 107.4 107 4.3
6 1 2 80 1875 94 6.3
7 5 0.5 80 45.9 92 8.5
8 5 1 80 58.8 59 10.1
9 5 2 80 75.9 38 11.5
10 1 0.5 90 222.4 445 8.2
11 1 1 90 255.5 256 9.0
12 1 2 90 348.1 174 10.9
13 1 0.5 100 241.0 482 11.7
14 1 1 100 423.6 424 131
15 1 2 100 676.3 338 16.0
16 1 2 110 167.8 84 16.0
17 5 2 110 28.9 15 13.4
18 1 2 150 813.0 407 66.5

& turnover number (mole of product per mol of Au catalyst)
® turnover frequency (turnover number per unit of time)
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Table Al-5 Experimental results for the oxidation of 1-phenylethanol with AU@GR
(DIM) as catalyst.

Entry Catalyst Time T TON_CAT® TOF¢ Yield
(pmol) (h) () (%0)

1 1 0.5 50 46.1 23 2.1
2 1 1 S0 63.4 32 2.3
3 1 2 50 76.6 38 2.6
4 1 05 80 66.7 134 2.7
5 1 1 80 84.3 84 3.3
6 1 2 80 157.7 79 4.9
7 5 0.5 80 14.6 29 3.0
8 5 1 80 18.0 18 35
9 5 2 80 25.7 13 4.7
10 1 0.5 90 79.8 160 2.8
11 1 1 90 92.1 92 5.2
12 1 2 90 158.6 80 5.2
13 1 0.5 100 226.1 452 7.1
14 1 1 100 203.2 203 7.3
15 1 2 100 378.2 189 13.0
16 1 2 110 29.6 15 141
17 5 2 110 159.2 80 14.3
18 1 2 150 709.8 355 63.8
19° 1 2 110 542.3 226 14.8
20° 1 2 110 152.2 76 6.2

% in the presence of 10 mmol TBHP

®in the presence of 2.5 mol% of TEMPO.

¢ turnover number (mole of product per mol of Au catalyst)
dturnover frequency (turnover number per unit of time)
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Table Al-6 Experimental results for the oxidation of 1-phenylethanol with AU@GR

(COL) as catalyst.
Entry Catalyst Time T TON_CAT® TOF¢ Yield
(pmol) (h) () (%0)
1 1 05 0 69.0 138 2.9
2 1 1 50 67.8 68 2.9
3 1 2 50 716 36 2.8
4 1 05 80 72.9 146 3.0
5 1 1 80 98.2 98 3.8
6 1 2 80 138.8 69 5.2
7 1 0.5 90 91.6 183 3.9
8 1 1 90 120.4 120 5.0
9 1 2 90 193.9 97 6.9
10 1 0.5 100 167.2 335 7.2
11 1 1 100 288.4 288 10.0
12 1 2 100 458.8 229 14.8
13 1 2 110 574.3 287 53.7
14 5 2 110 157.5 78.8 75.7
15 1 2 150 494.6 247 42.7
16 5 2 110 165.8 83 80.2
17° 5 2 110 211.2 106 99.9

%in the presence of 10 mmol TBHP

® in the presence of 2.5 mol% of TEMPO.

¢ turnover number (mole of product per mol of Au catalyst)
dturnover frequency (turnover number per unit of time)
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Table Al-7 Experimental results for the oxidation of 1-phenylethanol with Au@CX
(DIM) as catalyst.

Entry Catalyst Time T TON_CAT? TOF® Yield
(pmol) (h) () (%0)

1 1 0.5 0 64.1 128 2.8
2 1 1 S0 59.4 59 2.7
3 1 2 50 70.8 35 34
4 1 0.5 80 87.9 176 3.7
5 1 1 80 79.4 79 3.4
6 1 2 80 1433 71 5.1
7 5 0.5 80 145 29 2.8
8 5 1 80 18.7 19 35
9 5 2 80 29.3 15 4.6
10 1 05 90 101.9 204 4.3
11 1 1 90 132.0 132 4.9
12 1 2 90 154.8 77 6.1
13 1 0.5 100 1105 221 4.4
14 1 1 100 153.9 154 5.6
15 1 2 100 275.5 138 8.9
16 1 2 110 207.0 104 22.3
17 5 2 110 90.4 45 43.4
18 1 2 150 1018.6 509 86.8

& turnover number (mole of product per mol of Au catalyst)
® turnover frequency (turnover number per unit of time)
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Table Al-8 Experimental results for the oxidation of 1-phenylethanol with Au@CX

(COL) as catalyst
Entry Catalyst Time T TON_CAT® TOF¢ Yield
(Hmol) (h) (T) (%)
1 1 0.5 50 67.5 135 2.9
2 1 1 50 70.8 71 2.8
3 1 2 50 68.3 34 2.9
4 1 0.5 80 75.7 151 3.2
5 1 1 80 79.4 79 3.4
6 1 2 80 111.0 56 4.2
7 1 0.5 90 149.8 300 5.9
8 1 1 90 236.9 237 8.5
9 1 2 20 311.1 156 10.8
10 1 0.5 100 159.7 320 5.6
11 1 1 100 215.6 216 7.1
12 1 2 100 338.7 170 10.8
13 1 2 110 593.1 297 58.4
14 5 2 110 208.2 104 91.1
15% 1 2 100 155.8 78 6.3
16" 1 2 100 108.9 55 3.9
172 5 2 110 189.3 95 85.8
18° 5 2 110 178.6 89 84.5
19 5 3 110 209.7 70 91.2
20 5 12 110 204.5 17 93.8

%in the presence of 10 mmol TBHP

® in the presence of 2.5 mol% of TEMPO.

¢ turnover number (mole of product per mol of Au catalyst)
dturnover frequency (turnover number per unit of time)
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Table Al-9 Experimental results for the oxidation of 1-phenylethanol with Au@CXL

(COL) as catalyst

Entry Catalyst Time T TON_CAT® TOF¢ Yield
(mol) (h) (T) (%)

1 1 2 60 53.5 27 4.0

2 1 2 100 226.0 113 10.0

3 1 2 110 787.1 394 426
4 2.5 2 110 335.1 168 745
5 S 2 110 188.0 94 90.9
6" 5 2 110 214.2 107 97.9

b

7 > 2 110 230.0 116 99.9
8 1 2 150 970.2 485 91.8

%in the presence of 10 mmol TBHP

® in the presence of 2.5 mol% of TEMPO.

¢ turnover number (mole of product per mol of Au catalyst)
dturnover frequency (turnover number per unit of time)

Table Al-10 Experimental results for the oxidation of 1-phenylethanol with Au@MD
(DIM) as catalyst.

Entry Catalyst Time T TON_CAT? TOFP Yield
(Hmol) (h) (C) (%)

1 1 2 110 237.7 119 21.3

2 5 2 110 126.2 63 55.4

3 1 2 150 815.0 408 68.9

& turnover number (mole of product per mol of Au catalyst)
® turnover frequency (turnover number per unit of time)
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Table Al-11 Experimental results for the oxidation of 1-phenylethanol with Au@MD

(COL) as catalyst.
Entry Catalyst Time T TON_CAT® TOF* Yield
(pmol) (h) (T) (%)
1 1 2 100 500.9 250 44.1
2 1 2 110 454.8 227 43.8
3 5 2 110 177.6 89 88.2
4a
5 2 110 202.6 101 99.9
> 1 2 150 1365.1 683 98.3

%in the presence of 10 mmol TBHP
® turnover number (mole of product per mol of Au catalyst)
“turnover frequency (turnover number per unit of time)

Table AIl-12 Experimental results for the oxidation of 1-phenylethanol with
Au@NDLIQ (DIM) as catalyst.

Entry Catalyst Time T TON_CAT TOF Yield
(pmol) (h) () (%0)

1 1 2 60 28.1 14 2.7

2 1 2 100 393.6 197 33.2
3 1 2 110 553.2 277 51.4
4 5 2 110 173.2 87 78.2
5 1 2 150 960.8 480 84.9
6° 5 2 110 224.3 112 99.2
7 5 2 110 249.3 125 99.9

%in the presence of 10 mmol TBHP

®in the presence of 2.5 mol% of TEMPO.

¢ turnover number (mole of product per mol of Au catalyst)
dturnover frequency (turnover number per unit of time)
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Table AIl-13 Experimental results for the oxidation of 1-phenylethanol with
AUu@NDLIQ (COL) as catalyst.

Entry Catalyst Time T TON_CAT? TOF® Yield
(mol) (h) (T) (%)

1 1 2 60 23.8 12 3.9

2 1 2 100 272.2 136 31.3

3 1 2 110 542.2 271 495
4 5 2 110 135.3 68 67.3
S 1 2 150 1055.5 528 85.3

& turnover number (mole of product per mol of Au catalyst)
® turnover frequency (turnover number per unit of time)

Table Al-14 Experimental results for the oxidation of 1-phenylethanol with
AUu@NDPW (COL) as catalyst.

Entry Catalyst Time T TON_CAT®  TOF® Yield
(pmol) (h) (0) (%)

1 1 2 60 335 17 35

2 1 2 100 400.3 200 37.0

3 1 2 110 484.1 242 48.0
4 1 2 150 1008.8 504 87.5

& turnover number (mole of product per mol of Au catalyst)l
® turnover frequency (turnover number per unit of time)
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Appendix Il — Copper nanoparticles supported at CNT used

for degradation of dyes
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1. Introduction

Carbon nanotubes (CNT) are allotropes of carbon with the cylindrical
nanostructure, and the ratio of length to diameter can up to 132,000,000:1™, which is
much larger than other materials. They exhibit predominant thermal conductivity®,
mechanical properties®™ and electrical propertiest, so they can be used as additives to
different kinds of material. CNT can be produced as single (SWCNT) or multi-walled
(MWCNT), where multi-walled carbon nanotubes contain several tubes in concentric
cylinders, and normally the numbers of the concentric walls can up to 25 layers or
more. Thus the diameter of MWCNT can be 30 nm when in comparison with 0.7-20
nm for typical SCWNTs .

Many researchers have been preparing Cu@CNT using different methods, for
example, chemical reduction preparation®, thermal reduction”, microemulsion
method™, polyol process™™ and dc and arc discharge™. A small amount of CuO/Cu,0
is formed along with the preparation of CuNPs. Thus the difficulty in the synthesis of
CU@CNT is to avoid the oxidation of Cu nanoparticles!™". Figure 2-1 presents the
SEM images of CU@CNT nanocomposite used in this study™?, obtained by using
ethylene glycol as the oxidant since it is a mild oxidizing agent that can prevent
contamination or unexpected materials. From SEM images it can be seen that Cu is

well dispersed through the CNT matrix.

15.0kV SEI SEM X 15,000 15.0kV SEI

Figure 2-1 SEM images of Cu-CNT nanocomposite powder. (a) x30000; (b) x15000.
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Pigments have many industrial applications; for instance, they can be used for

[31 " Colored wastewater from

coloring fabric, cosmetics, food and other materials
textile, dyeing, and food, raised several important environmental risks. Given an
example from textile industry, ca. 15% of the dye not used during the dyeing process
is released as effluent. Besides, a lot of organic compounds are formed during the
period of the dyeing process, and some of them are carcinogenicl™. So it is very
urgent to solve the wastewater issues, it is a big threat since the hydrolysis reaction of
the contamination in the wastewater can form a lot of toxic compounds*®.

The methods for dye decoloration can be classified into physical, chemical and
biological techniques’®!. Environmental catalysis plays an important role in
decreasing the form of the toxic chemicals by using energy efficient, residue-free
methods™. Sunil and colleagues!*® have been found that a CU@CNT composite has
immense potential used as antimicrobial agents, since Cu nanoparticles have good
compatibility with the bacterial cell walls (because of the surface groups), and the
function of the carbon nanotubes is to increase the interface area between the
Cu@CNT nanocomplex and bacterial cell walls. Thus, they have a big advantage for
antimicrobial applications. Kuo™® have been observed that TiO, conjunct with CNT
composite have a high efficiency for photodegradation. In this case, CNT not only
blocks the electron--hole pair generation; but also can increase the surface area. Thus
the number of hydroxyl groups also increased on the surface of the composite, so it

can be assumed that appropriate quantity of CNT can rise the photocatalytic activity

of TiO, greatly.

2. Experimental

2.1.  Materials and instruments

Hydrogen peroxide (H,0,, 30% ag. solution), NaOH (= 97.0%, pellets), copper
(Cu)-CNT were from Sigma-Aldrich. The hydrochloric acid (HCI; purity of 37%)
from Panreac. Acetone (p.a.) and acetonitrile (MeCN, 99.99%) were from Fisher
Scientific, deionised water from Merck KGaA (AFS® D water purification systems).
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The pigments were brilliant blue, methyl violet, amaranth, and tartrazine, which were
purchased from Merck. The TLC plates (Silica Gel 60) were from WVR.
The catalytic activity of Cu@CNT was measured by UV-Visible

spectrophotometry at a Perkin-Elmer Lambda 750 spectrophotometer.

2.2. Experimental Procedure

2.2.1  Catalytic decoloration of organic pigments

Brilliant blue, methyl violet, amaranth, and tartrazine (Table 2-1) were selected
as pigments to investigate the catalytic activity of CU@CNT. The pigment solution
was prepared at different pH values (pH=2, pH=7, and pH=12) since the pH value is
very important regarding the catalytic degradation reactions; it does not only
influence the surface charge® of the catalysts but also determine the absorption
behavior of pigments®. So in order to understand the effect of pH, the pigment
solution under acid (pH=2), neutral (pH=7) and base (pH=12) were needed in the
experimental section First of all, the pigment solution was prepared with suitable
concentration according to the calibration curve of each pigment, which presents in
Table 2-2. Then, 15 mg of catalyst Cu-CNT was added, and the reaction suspension
was magnetically stirred for 30min. Then 3 ml of 30% H,0, ag. solution was added.
Afterward, the sample was put into a 10 mm quartz cell, and the UV test started
immediately. Each sample was carried out every five minutes. Also, all the reactions

should be occurred under the dark circumstance, to avoid the sunlight irradiation.

87



Metal nanoparticles as catalysts for oxidation reactions

Table 2-1 Structure and molecular mass of the pigments used in the present work.

Molecular mass

Name Structure
(9/mol)

(@

N
HO4S
Brilliant C () so:
N

O / 825.97
blue <

N
A
. N S04Na
Tartrazine /@/"*N = C ’ 534.36
OH
Na0s$

Amaranth | 604.473

o=—s=—o0

Methyl cr

violet O ‘\
\N \N*/

407.98

IUPAC name of each pigment:
ethyl-[4-{[4-[ethyl-[(3-sulfophenyl)methyl]amino]phenyl]-(2-sulfophenyl)meth
ylidene]-1-cyclohexa-2, 5-dienylidene]-[(3-sulfophenyl)methyl]azanium;
PTrisodium(4E)-5-0x0-1-(4-sulfonatophenyl)-4-[(4-sulfonatophenyl)hydrazono]-
3-pyrazolecarboxylate;
‘Trisodium(4E)-3-o0x0-4-[(4-sulfonato-1-naphthyl)hydrazono]naphthalene-2,7-di
sulfonate;
d4-{Bis[4-(dimethylamino)phenylJmethylen}-N,N-dimethyl-2,5-cyclohexadien-1
-iminiumchlorid.
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Table 2-2 Concentration of the pigments used for the study of their decoloration at
different pH values.

Pigment concentration concentration (pH=2) concentration (pH=12)
(pH=7) /(mg/L) /(mg/L) /(mg/L)
Brilliant blue 5.6 4.2 -
tartrazine 66.7 50.0 51.2
Amaranth 35.6 18.5 30.8
Methyl violet 16.2 15.9 -

Different concentrations were chosen under different pH with the same catalysts,
because different dissolving capacities were obtained at different pH values, so the
desirable concentration should be selected for the following experimental section.
Moreover, the concentration was different among different catalysts, since the

structure of the pigments also determined the dissolving capacities of the pigments.

2.2.2  Calibration curve for brilliant blue

In this procedure, brilliant blue solutions with 11 different concentrations were
prepared, at different pH (pH=2, pH=7, and pH=12). The initial pigment stock
solution had the concentration of 100mg/L, and the prepared samples are listed in
Table 2-3. Then, the absorbance of each diluted solution was measured, and a

calibration curve was established. The results are presented at Figures 2-2 to 2-4.
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Table 2-3 Assay conditions for calibration curve calculation using 11 different
concentrations of brilliant blue solution.

Entry concentration (mg/L) brilliant Blue (mL) distilled water (mL)
1 75 7.5 2.5
2 50 5 5
3 40 4 6
4 30 3 7
5 20 2 8
6 10 1 9
7 8 0.8 9.2
8 5 0.5 9.5
9 2 0.2 9.8
10 1 0.1 9.9
1 0.5 0.05 9.95
4 - —_—11
—11rep
35 - —
=10 rep
—
3 ——grep
—
—f e
~25 - — 7
E —Trep
=t —6
£ ? ——&rep
£ —
é 1.5 G, TEP
4
1 LA — e
Jrep
05 - z
Zrep
1
0 . =S
250 300 350 400 450 500 550 600 650 700
Concentration (mg/L)

Figure 2-2 UV-Vis spectra with different concentrations of brilliant blue at pH=2. For
calculation purposes, only absorbance below 1 a.u. was calculated.
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Concentration (mg/L)

Figure 2-3 UV-Vis spectra with different concentrations of brilliant blue at pH=7. For
calculation purposes, only absorbance below 1 a.u. was calculated.
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Figure 2-4 UV-Vis spectra with different concentrations of brilliant blue at pH=12.
For calculation purposes, only absorbance below 1 a.u. was calculated.

From Figures 2-2 to 2-4, the absorbance under different concentrations at
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different pH can be observed, and the maximum absorbance wavelength of brilliant
blue at studied pH was used to construct the calibration curve, and the results are

presented below.

Table 2-4 Maximum absorbance wavelength of brilliant blue at different pH values.

Entry Con. MpH=2) Absorbance MpH=7) Absorbance  M(pH=12) Absorbance
/(mg/L) /nm (pH=2) /nm (pH=7) /nm (pH=2)
1 75 590 3.70 596 3.68 548 0.26
2 50 594 2.67 598 2.61 550 0.18
3 40 591 2.15 599 2.10 549 0.14
4 30 593 1.63 601 1.58 548 0.12
5 20 593 1.08 642 1.07 548 0.10
6 10 634 0.63 644 0.60 551 0.06
7 8 637 0.53 644 0.49 552 0.06
8 5 638 0.35 644 0.32 542 0.05
9 2 639 0.17 643 0.13 541 0.05
10 1 641 0.10 644 0.09 542 0.04
11 0.5 639 0.98 642 0.06 542 0.04
45
4 1 w=0.0494x +0.1069
- B2=0.9976
’;:‘ 2 —4—absorbance
52'5 ——Linear
_E 5 (absorbance)
51.5
'
05 -
o 10 20 30 a0 50 &0 70 80

Concentration (mg/L)

Figure 2-5 Calibration curve of brilliant blue at pH=2.
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a5 y=0.0273%-0.0246
RZ=0.9927
- 2 7 —+—ahsorbance
& 1.5 —Linear
(¥
= (absorbance)
£
= 1
2
0.5
a . . : . .
0 20 40 60 B0 100

Concentration (mg/L)

Figure 2-6 Calibration curve of brilliant blue at pH=7.

0.4 -
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)
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Absorbance(a.n
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t

H 20 44 &0 BO 100
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Figure 2-7 Calibration curve of brilliant blue at pH=12.

From Figures 2-5 to 2-7, in the case of pH = 2, the coefficient is 0.0494, and R?
is 0.9976, for pH=7, the coefficient is 0.0273, and R? is 0.9927. Moreover, the
coefficient is 0.003, and R? is 0.9981 at pH=12, and R? is a statistical measure that
how close the data are to the fitted regression line. The equation of the regression can
be achieved to calculate the concentrations of the samples in the working range, by

simply plugging X in the equation; in this case, the suitable concentration can be
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selected for brilliant blue at different pH in the following work.

2.2.3  Calibration curve for tartrazine

The preparation of tartrazine solution followed the same method as for brilliant
blue, which was presented in Table 2-5. Therefore, the absorbance of each diluted
solution was measured by UV-Visible spectrophotometry, and then the calibration

curve was established. The results are shown from Figures 2-8 to 2-10.

3.5
—11

—— 11 rep
3 - —10
— 10 rep
—8
Srep
2.5 - a
Brep

Trep

—6

Grep

Erep

drep

Absorbance(a.n.)

Irep

0.5 - 2rep
1

lrep

250 00 350 400 450 500 550 600
Concentration (mg/L)

Figure 2-8 UV-Vis spectra with different concentrations of tartrazine at pH=2. For
calculation purposes, only absorbance below 1 a.u. was calculated.
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Figure 2-9 UV-Vis spectra with different concentrations of tartrazine at pH=7. For
calculation purposes, only absorbance below 1 a.u. was calculated.
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Figure 2-10 UV-Vis spectra with different concentrations of tartrazine at pH=12. For
calculation purposes, only absorbance below 1 a.u. was calculated.

From the graphs above, the absorbance of different concentrations at different

pH values can be observed, then the maximum absorbance wavelength of tartrazine at
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studied pH was used to establish the calibration curve, and the results are shown

below.

Table 2-5 Maximum absorbance wavelength of tartrazine at different pH values.

Entry Con. MpH=2) Absorbance MpH=7) Absorbance  MpH=12) Absorbance
/(mg/L) /nm (pH=2) /nm (PH=7) /nm (pH=2)
1 75 440 2.84 429 2.52 400 2.21
2 50 434 2.08 425 1.77 401 1.53
3 40 434 1.67 425 1.41 398 1.25
4 30 434 1.26 428 1.05 399 0.96
5 20 435 0.87 427 0.74 398 0.65
6 10 433 0.44 423 0.38 400 0.35
7 8 434 0.36 418 0.30 397 0.28
8 5 437 0.24 422 0.21 399 0.19
9 2 437 0.13 421 0.10 399 0.10
10 1 435 0.08 422 0.07 399 0.07
11 0.5 438 0.05 420 0.05 397 0.05
35 4
3 y=000384% + 0.0658
R*=0.9965

Absorbance(a.u.)

==fp==gzhsorbance

Linear
(absorbance)

I:I T T T 1
a 20 440 a0 80
Concentration (mg/L)

Figure 2-11 Calibration curve of tartrazine at pH=2.
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Figure 2-12 Calibration curve of tartrazine at pH=7.
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Figure 2-13 Calibration curve of tartrazine at pH=12.

From the graphs above, it can be known that R? is 0.9965, and the coefficient is
0.0384 at pH=2, in the presence of pH=7, R? and coefficient is 0.992 and 0.0336,
respectively. Regarding pH=12, the coefficient is 0.0294, and R? is 0.9993. The
regression equation is used to calculate the unknown concentration of samples in the
working range by the absorbance, and R? is the statistical measure that how close the
data are to the fitted regression line. In this case, the suitable concentration can be

chosen for tartrazine at different pH regarding calibration curve, which is important
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for the following work.
2.2.4  Calibration curve for amaranth

The preparation of amaranth solutions uses the method same as for previous
pigments (tartrazine and brilliant blue), and is presented in Table 2-6. Moreover, the
absorbance of each diluted solution was measured by UV-Visible spectrophotometry,

thus allowing establishing the calibration curve. The results are presented below.
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Figure 2-14 UV-Vis spectra with different concentrations of amaranth at pH=2. For
calculation purposes, only absorbance below 1 a.u. was calculated.
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Figure 2-15 UV-Vis spectra with different concentrations of amaranth at pH=7. For
calculation purposes, only absorbance below 1 a.u. was calculated.
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Figure 2-16 UV-Vis spectra with different concentrations of amaranth at pH=12. For
calculation purposes, only absorbance below 1 a.u. was calculated.

It can be observed from Figures 2-14 to 2-16 that, in the case of pigment

amaranth, the maximum absorbance wavelength with different concentrations at
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studied pH values can be observed, and the results are presented as follows.

Table 2-6 Maximum absorbance wavelength of amaranth at different pH values.

Ent Con. MpH=2) Absorbance MpH=7) Absorbance MpH=12) Absorbance
ntr
Y /(mg/L) /nm (pH=2) /nm (pH=7) /nm (pH=2)
1 75 547 4,31 522 2.39 494 1.63
2 50 557 411 524 1.64 492 1.10
3 40 590 3.60 522 1.31 491 0.90
4 30 588 2.96 522 0.91 492 0.67
5 20 588 2.05 524 0.69 491 0.45
6 10 589 1.14 522 0.35 489 0.25
7 8 589 0.82 522 0.29 492 0.20
8 5 589 0.58 522 0.11 490 0.14
9 2 593 0.21 525 0.11 491 0.08
10 1 593 0.11 526 0.07 491 0.06
11 0.5 593 0.07 530 0.07 492 0.04
5 -
431 y=0.0844x + 0.1398
4 4 R==0.9911
3.5
: 3 == rgzhsorbance
E 25
= Linear
-E 2 (absorbance)
= 15
1
0.5
0 r r r r r .
0 10 20 30 40 50 &0

Concentration (mg/L)

Figure 2-17 Calibration curve of amaranth of pH=2.
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Figure 2-18 Calibration curve of amaranth of pH=7.
18
16 4 y=1000213x + 0.0357
' R*=0.9999
14
- 12
z 1 4 ==f§=ghsorbance
o’
2
| 0.8 Linear
£ o0g (absorbance)
z
E 0.4
0.2
0 T T T 1
0 20 40 &0 BO

Concentration (mg/L)

Figure 2-19 Calibration curve of amaranth at pH=12.

From Figures 2-17 to 2-19, it can be observed that R? is 0.9877, and the
coefficient is 0.0851 at pH=2 for amaranth. Regarding pH=7, R? and coefficient is
0.9978 and 0.0317, respectively. At pH=12, R? is 0.9999, and the coefficient is 0.0213.
R? is the coefficient of multiple determinations for multiple regressions. Moreover,
the regression equation is used to calculate the unknown concentration of the sample
in the working ranging by the absorbance. So the suitable concentration can be

selected for amaranth regarding calibration curve, and it is important for the following
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work.
2.2.5  Calibration curve for methyl violet

The preparation of methyl violet solutions used the same procedure as brilliant
blue, which is presented in Table 2-7. Then the absorbance of each diluted solution
was measured by UV-Vis spectrophotometry, to establish the calibration curve. The

results are presented from Figures 2-20 to 2-21.
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Figure 2-20 UV-Vis spectra with different concentrations of methyl violet at pH=2.
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Figure 2-21 UV-Vis spectra with different concentrations of methyl violet at pH=7.
It can be observed from Figures 2-20 and 21, in the case of pigment methyl

violet, the maximum absorbance wavelength with different concentrations at studied

pH values (methyl violet cannot dissolve at pH=12), and the results are shown below.
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Table 2-7 Maximum absorbance wavelength of methyl violet at different pH value.

Ent Con. MpH=2) Absorbance MpH=7) Absorbance
ntr
Y /(mg/L) /nm (pH=2) /nm (pH=7)
1 75 547 431 546 4.23
2 50 557 411 550 4.23
3 40 590 3.60 546 4.01
4 30 588 2.96 558 3.71
5 20 588 2.05 586 3.21
6 10 589 1.14 585 1.90
7 8 589 0.82 584 154
8 5 589 0.58 586 0.91
9 2 593 0.21 586 0.35
10 1 593 0.11 588 0.10
11 0.5 593 0.07 589 0.10
4 -
y=0092Zx+ 00908
35 4 R®=0.9938
3
:?2'5 ==fp==gzhsarbance
E 2 Linear
E (absorbance)
T 15
z
= 1
0.5
D T T T T 1
0 10 20 30 40 50

Concentration (mg/L)

Figure 2-22 Calibration curve of methyl violet at pH=2.
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Figure 2-23 Calibration curve of methyl violet at pH=7.

From Figure 2-22 and 2-23, regarding with pH=2, R? is 0.9938, and the
coefficient is 0.092. In the case of pH=7, R? and coefficient is 0.9928 and 0.1621,
respectively. The suitable concentration for pigment methyl violet in the following

work can be calculated from the regression equation, which is very important.

2.3. Pigment analysis

The decoloration of pigment solutions was related to Langmuir Hinshelwood
(L-H) kinetic equation, used to describe the heterogeneous reaction for a long time.
When possible, the degradation of the pigments was subjected to the first order

kinetics, which is given by the equation:

In (%) = Kapp t 1)
where  Ags is the initial absorbance of the pigments.
Aj is the absorbance of the pigments at time t.
Kapp is the reaction rate constant (min™)

The prepared pigment solutions were subjected to UV-Vis detection in the
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presence of the catalyst. The absorption spectrum of the pigment solution was
changed over a period of time regularly, the absorbance decreased with the irradiation
time, therefore indicating the decoloration of the pigment solution, and it can be

explained by the equation as follows:
. . Al
decrease in absorption (%) = (1 — E) %x 100 2
where As

iIs the initial absorbance of the pigment.

A is the absorbance of the pigment at time t.

A set of experiments have been performed to study the catalytic activity of
Cu@MWCNT with different pigments at different pH values. The color of the
pigments changed with the reaction time (the time varied with different pigments

performance). The colors of the pigments are presented in Table 2-8.

Table 2-8 Color of the pigments before and after the decoloration catalyzed by
Cu@MWCNT component with different pH value.

pH=2 pH=7 pH=12
Pigment Before After Before After Before After
reaction reaction reaction reaction reaction reaction
brilliant
blue
tartrazine
amaranth
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il

—
methyl -
violet ‘ H

Since we have been constructed a calibration curve for each pigment, we can

choose the best concentration for each sample, in the case of the following work,
which have been presented in Table 2-2. The maximum absorbance wavelength of

pigments at different pH values is presented in Table 2-9.

Table 2-9 Maximum absorbance wavelength of pigments at studied pH values.

Pigment AMpH=2) /nm MpH=7) /nm MpH=12) /nm
Brilliant blue 627 627 627
Tartrazine 431 426 401
Amaranth 521 513 490
Methyl violet 587 583 -

2.3.1  Decoloration of brilliant blue

Brilliant blue FCF is known as a triarylmethane dye. It is a reddish-blue powder;
the common application for brilliant blue is the coloring agent for food such as ice
cream and packet soups, it also can be used in soaps and mouthwash. In this study, we
explored the activity of CU@MWCNT to catalyze the decoloration of the brilliant
blue by the use of H,0O, as the oxidant. UV-Vis spectrophotometry was used to track
the Kinetic study in 120 minutes at different pH values. Since brilliant blue cannot
dissolve well at pH=12, we did not test the activity of pigment at pH=12. The UV

spectra of the pigment at different pH values are presented in Figure 2-24.

107



Metal nanoparticles as catalysts for oxidation reactions

0.16 brilliantblue

0.13 - brilliant blue
+catalyst +catalyst
014 +H2I:.)2-:lm|n 0.12 - P +H202Z Omin
10min g ——— 10min
——20min 20min
0.11 A
0.12 4—— 30min —— 30min
40min —— 40min
= a1 50min 011 =dmin
3 0.1 4 . iy 60min
60min
£ - = 0.09 - .~ 90min
U 90min o A
& 120min = 1:' 1 L=
5 008 1 5 0.08 - i\ %
2 £ 0N
3 _ - R o
< 006 = 8097y \
— 0.06 - _ '
0.04 — N pH=7 LR
— by
0.05 A W, T m——
pH=2 R —
0.0z T T T 1 s
500 550 600 £50 700 0.04 ' '
, 560 610 660
wavelength/nm wavelength/nm
0.16 -
0.14 1
0.12 = ", m
L
ERER *
= * #* pH=2
a *
Y g.08 4 .
= * B pH=7
[ *
0
o
0.04 A
':| T T 1
a 50 100 150
Time {min)

Figure 2-24 The UV-Vis spectrum of brilliant blue catalyzed by CU@MWCNT in the
presence of H,O, as oxidant at pH=2 and 7. Thus the maximum absorption
wavelength vs. reaction time was plotted at different pH.

It can be observed from Figure 2-24 that the experimental results are not good
enough to use eq. (1) or (2) to determine the constant rate and the decoloration rate,

respectively.
2.3.2  Decoloration of Tartrazine

Tartrazine is known as a synthetic lemon yellow azo pigment; it can be used for
food coloring. Since it is cheap to produce, and it is more stable than most natural

food colorings. Tartrazine is a water-soluble pigment and has a maximum absorbance
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at 425 nm. In our study, we use CU@MWCNT to catalyze the decoloration of pigment
tartrazine in the presence of H,O, as an oxidizing agent. UV-Vis spectrophotometer
was used to monitor the kinetic study in 36 min at different pH values. The UV

spectra of pigment at different pH values are presented in Figure 2-26.
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Figure 2-25 The UV-Vis spectrum of tartrazine catalyzed by CU@MWCNT in the
presence of H,O, as oxidant at pH=2 and 7. Thus the maximum absorption
wavelength vs. reaction time was plotted at different pH.

Figure 2-25 shows the rates for the decoloration of tartrazine using
Cu@MWCNT as a catalyst in 36 min reaction at different pH values. The catalyst has
good activity at pH=7, and the maximum absorption wavelength shifted from 428 nm

to 448 nm, but there is no obvious change in color. While the experimental results are
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not good enough to use eq. (1) or (2) to determine the constant rate and the

decoloration rate, respectively.
2.3.3  Decoloration of amaranth

Amaranth is a well-known azo pigment, which presented a reddish-rose color
from the amaranth plant. It can be used for coloring textile materials, paper and
additives for jams. It was used as a hazardous dye since high concentrations of this
dye can cause health problems. It is regarded as a water-soluble pigment, and thus
hard to remove by using traditional chemical treatment.

In this study, we explored the catalyst CU@MWCNT to catalyze the decoloration
of amaranth by the use of H,0, as the oxidant. UV-Vis spectrophotometry was used to
track the Kkinetic study in 180 minutes at different pH values. The decoloration

reaction was carried out directly in 10 mm quartz cell. The UV spectra are shown in

Figure 2-26.
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Figure 2-26 The UV-Vis spectrum of amaranth catalyzed by CU@MWCNT in the
presence of H,O, as oxidant at pH=2,7and12. Thus the maximum absorption
wavelength vs. reaction time was plotted at different pH.

As it can be seen from Figure 2-26, the maximum absorption wavelength shifted
from 513 nm to 542 nm at pH=2, and the wavelength shifted from 493 nm to 390 nm
at pH=12, and slightly shifted from 520 nm to 510 nm at pH=7 after 24 h reaction. In
the presence of pH=2, the maximum absorbance decreased from 1.72 to 0.792 after 3
h reaction, while the absorbance decreased to 0.035 after the 24h reaction, and the
conversion is 97.9%, the color also changes from reddish to transparent after the 24h
reaction, which is presented in Table 2-13. In the case of pH=7, the maximum
absorbance shifted from 1.15 to 1.13 after the 3h reaction; the conversion is low
because the absorbance was increasing from 0 to 70 minutes, and decreasing after 170
min, which means the reagent is not being consumed until 70 minutes. it also can be
observed that the absorbance decreased to 0.170 after 24 h reaction, and the
conversion is 85.6%, and the color change a lot. For pH=12, a large number of
bubbles exists in the quartz cell, in the presence of H,O, in alkaline condition. It is
probably the explanation why the curve is not smooth. While the maximum
absorbance is decreased from 0.693 to 0.231 after 3 h reaction, and the conversion is
66.8%. While the experimental results are not good enough to use eq. (1) or (2) to

determine the constant rate and the decoloration rate, respectively.

2.3.4  Decoloration of methyl violet
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Methyl violet is also known as crystal violet. It has six attached methyl groups.
The dye is with a blue-violet color when dissolved in water. It is known in medicine,
which is the active component in gram stain that used to classify bacteria. It also can
be used as a pH indicator, with a range from 0 to 1.6. Methyl violet has been widely
used for textile and paper dyeing as well. While more effort is needed to deal with the
pollution of the pigment. In this study, we explored the catalyst CU@MWCNT to
catalyze the decoloration of methyl violet with H,O, as the oxidant. UV-Vis
spectrophotometer was used to trace the kinetic study in 180 min at different pH
values. The UV spectra of the pigment at different pH values are presented in Figure

2-30.
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Figure 2-27 The UV-Vis spectrum of amaranth catalyzed by CU@MWCNT in the
presence of H,O, as oxidant at pH=2 ,7 and 12. Thus the maximum absorption
wavelength vs. reaction time was plotted at different pH.

It can be observed from Figure 2-27 that the decoloration rate of methyl violet
catalyzed by CU@MWCNT complex. In the presence of pH=12, since the pigment
cannot dissolve well in basic condition, so the graph do not have distinct maximum
absorption wavelength, and large quantities of bubbles are derived from the
decomposition of H,0,. Fatema?? and colleagues have also been found that they
cannot check the influence of basic pH on methyl violet pigment decoration in the
presence of H,O,, the main reason is that crystal violet reacts with OH" to produce a
colorless, non-conjugated form of the pigment. In the case of pH=2, the absorbance
decreased from 1.71 to 1.17 after the 3h reaction. Moreover, for pH=7, the absorbance
decreased from 2.75 to 0.364. Thus the catalyst has a better activity at pH=7 than at
pH=2. However, the experimental results are not good enough to use eq. (1) or (2) to

determine the constant rate and the decoloration rate, respectively.

3. Conclusion and future work

Some of the results are reasonable; while most of the results are not acceptable,
probably due to non-determined experimental errors, and needed to be repeated in the

future work. For example, in the literaturesi®2% the figures regarding the maximum
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absorption wavelength vs. reaction time that plotted at different pH, mostly they have
well linearly coefficient; while in most of the results obtained by me, they did not
show acceptable linearly coefficient. Moreover, in my experimental process, the size
and the color of Cu-MWCNT component have a significant influence on the
absorbance results, which might be the reason why cannot obtain well linearly
coefficient; in addition, the results of UV-Vis spectrum of pigments catalyzed by
Cu-MWCNT in the presence of H,O, as oxidant at pH=12, all the figures that have
been obtained are not good, which appears unsmoothed curve. So more work needs to

be done in the future, to solve the problems detected in the presented results.
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