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Nanogold supportedon amido-amidoxime functionalized silica (Au-Ami-SiO,) was
prepared by a simple mixing of armdo-amldomme functionalized silica in HAuCl, solution. Au-
Ami-SiO, was characterizw-ray dlffra;&;tlon (XRD) technique and surface area analyzer.
Toluene vapor adsorption on Aam-Sl(J ‘was. studied. The adsorption capacity was measured by
a fixed bed system at amblent emperature usmg argon as carrier gas. The effects of contact time,
flow rate and adsorbent / adsoppnon feapacny were investigated. Adsorption capacity
increased with increasing o contact t;me an . écreased with the increase in flow rate and
adsorbent dose. The maximum ‘idsorptmn capacrty o;ﬂ 1.36 g g'l was obtained at 45 min contact

time, 40 mL min ' flow rate and 0. 05 g o,f adserbem C;talytlc oxidation of toluene vapor using Au-
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CHAPTER 1

INTRODUCTION

1.1 Statement of the Problem

Nowadays, air pollution is a serious enviroamental problem. The effect of toxic
air pollution increases by emission of air pollutants into the atmosphere caused by the
industrial developments. Volatile organic compounds (VOCs) are recognized as major
air pollutants emitted from sesin mamffacturing industry, petrochemical industries,
refinery, including transportation aéﬁvitiééi painting, coating and chemicals ezc. [1].

VOC:s are toxic and carcinogeni¢ substances such as benzene, toluene and xylene efc.

Toluene is a volatile grganic compéﬁr;é and widely used in many industries as
a solvent. It is released from indoor and out&ééﬁ;ﬂ air into the environment. The central
nervous system is the primary farget orgar'l" To¢ toluene toxicity in both humans and
animals for acute (short—term) and chronic (long=tern1) exposures [2]. Therefore,

toluene removal is important for the prevention of human health.

The presence of VOCs/in ‘air émissions is one ‘of the problems concerned.
Several methods have been used to remove them from air including thermal oxidation,
catalytic loxidation,~adsorption; absorption, condensation, bio-filtration and membrane
separation. Among these methods, catalytic oxidation is an effective way for reducing

the amount of VOCs [3].

Catalytic oxidation is one of the most promising technologies for the
elimination of VOCs, because VOCs can be oxidized over a catalyst at temperature
much lower than those of thermal oxidation or combustion. The energy is saved and

the obtained product is less toxic or non-toxic such as H,O and CO, [4]. The widely



2
used catalysts are supported noble metal (Pt, Pd, Rh) or metal oxide (Cu, Cr, Mn) etc
[5].

Adsorption is the next most favoured technique for VOCs removal. It has good
removal (recovery) efficiency, easy operation and low cost [6]. The general adsorbents
were used in industries such as activated carbon and zeolite [3]. Moreover, silica was
selected to be an adsorbent in many reports [7- 9].

Recently, gold catalysts have been suceessfully employed in many catalytic
reactions, such as hydrogenation of carbon“oxide and hydrocarbons, NO reduction,
hydrochlorination of ethylene-and. the ogidation of VOCs [10]. Many reports presented
the removal of VOCs usifig geldnanoparticles or nanogeld supported on various metal
oxides such as Au/Fe,@, [ 4= 13]. Au/CieQIQ [5], Auw/ALO, [10, 14] and Aw/TiO, [15],
which can oxidize VOEs efficiently,as c;r:ltadl_yst. It was found that gold nanoparticles
or nanogold are better catalyst than bulk gold [16, 17].

However, the gold nanoparticles édtpp_qrted on silica solid support have not
been reported as the adsorbent and the cataﬂays?;‘:for VOCs removal. Therefore, in this
research, gold nanoparticle sﬁﬁbbrted silic.é. .égl_\.)vas investigated for the removal of

VOCs on the adsorption process and the catalytic oxidation. Toluene was chosen as a

model molecule of VOE€s.

1.2 Objectives of the thesis

1.2.1 To prepare gold nanoparticle supported silica gel.
1.2.2 To study parameter affecting the removal efficiency of toluene in air

using gold nanoparticles as adsorbent and catalyst.



1.3 Scope of the thesis

The scope of the thesis can be summarized as following:

1.3.1 To synthesize amido-amidoxime functionalized silica.
1.3.2 To prepare gold nanoparticles and to characterize by X-ray diffraction

spectroscopy (XRD) and surface area ¢
1.3.3 To study the adsorption effigic of nanogold towards toluene in air
by varying the following parameters: con @ rate and adsorbent dose.

1.3.4 To study ic oold for oxidation of toluene by

varying the following N S crature e concentration.

¥
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CHAPTER II

THEORY AND LITERATURE REVIEW

2.1 Properties of gold

r(& electronic configuration of gold
T—

dic table [18]. It is generally

Gold, (symbol Au)

is [Xe] 454" 6s andn( I 1

found in nature as me d is found in oxidation state

from -1to+5[19]. gold is shown in Table 2.1.

Phase

g,
Demﬁw'mamwmnﬁ

Boilingpoint (" C) 2856
CLER2 it'u NW']'J )£ ¢

%lectrlcal resistivity (L2 cm) at 20°C 2.35

Electronegativity 2.4

Metallic gold is the most noble of the noble metals which is not react with

oxygen, sulfur, or selenium at any temperature [20].



2.1.1 Bulk gold

Bulk gold has a soft, yellow color, bright luster and stability in air. It is ductile
metal and is generally alloyed to strengthen it. The melting point of bulk gold is 1064
°C. Bulk gold is characterized by high density, high electrical and thermal

conductivity leading to widespread use in several aspect.

2.1.2 Gold in nanoscale

The color of gold naneparticles rr|1ay range from red through purple to blue and
almost black due to«a change in their g,bsorption spectrum on the formation of
aggregates. The colorss$hown appearto d,-e‘pej_nd on the support used as well as on gold
concentration, morpholegy,/size and sizejlzdistribution [21]. A melting point of gold
nanoparticle is drawn from that 6f Bulk goi_;i.J'-The reason for this phenomenon is the
huge increase in surface area of gold nanopaﬁié{es. It is important to draw a distinction
between the properties of geld- 1 bulk for‘ﬁ*f-énd those properties it exhibits when
present in the form of tiny-naneparticles:—Fhe-unique-properties of gold at nanoscale

finds application in a wide variety of areas, including colloids for biomedical marking,

catalysts in chemical progessing and pollutien. control [18].

2.1.3 . Crystal structure and morpholegy

Bulk gold crystallizes in the face-centred cubic (fcc) habit which is closest-
packed. Naturally-occurring macro-crystals of native gold exhibit the highly
symmetrical cubic, octahedral or rombododecahedral crystal forms associated with this
crystal structure [22]. Nevertheless, there is consideration and even confusion in the

literature regarding the structure and external form of nano-particles of gold [23],



arising no doubt from the difficulties inherent in trying to physically characterize such
tiny objects. As a result, several endeavors have been made to predict the structure of
gold nanoparticles using molecular dynamics or other calculations. However, there is
not yet complete agreement between the results of the calculations and of the
experimental measurements, with conflicting claims being made for icosahedral or
decahedral quasi-crystal structure, amorphous structure, or octrahedra, cuboctahedra
and truncated octahedral based on fecc packing. Some shapes of gold nanoparticles are

shown in Figure 2.1 [24].

D7 O

#

Figure 2.1 Comparison of (a) truncatec?oéiahedron, (b) icosahedron, (c) Marks

decahedron and (d) cuboctahedron [24].

The nano-crystalline structure of gold diverges from the bulk gold. Several
attempts have been made to predict the structure, of gold nanoparticles by calculation.
Usually, the results from calculations are not completely in agreement, either with is

other orwith.the results,of experimental techniques,
2.2 Catalytic properties of gold

Gold is traditionally regarded as being the least useful of the noble metals for
catalytic purposes. However, the advent of nanoparticulate gold on high surface area

oxide supports has demonstrated its high catalytic activity in many chemical reactions



such as Haruta et al. recently discovered that supported gold nanoparticles are
extremely catalytically active for carbon monoxide (CO) oxidation at temperatures
much lower than room temperature when the gold particle size is below 5 nm [25, 26].
Many of reaction being studies will lead to new application areas for catalysis by gold

in pollution control, chemical processing, sensors and fuel cell technology.

2.3 Preparation of gold nanoparticle

Gold nanoparticles could be pfépared in aqueous solution by the chemical
reduction. Furthermore, gold nanoparticles could be also prepared by photochemical

reaction and other metheds [27 |

2.3.1 Chemical reduction

Gold nanoparticles preparation was prepared from substance in both solid and
solution forms. The reaction-between the substances and Au(Ill) is often a redox

reaction which changés-the-oxidation-state-of goid-fromi 3 to 0 (gold nanoparticle).

Two main chemical reduction processes are summarized as follows.
2.3.1.1 [ Useof reducing agents

The reducing agents have been. utilized for the reduction of Au(IIl) to gold
nanoparticles. General reducing agents for the preparation of gold nanoparticles are
NaBH, [28], citrate salts [29], ascorbic acid [30], hydroxylamine [31]. Alternatively,
other reducing agents can be used such as tetrakis(hydroxymethyl)phosphonium

chloride (THPC) [32] and borohydride [33, 34].



(a) Citrate reduction

Among the general methods of preparation of gold nanoparticles by reduction
of gold(III) derivatives, the most popular one has been that using citrate reduction of
HAuCl, in water, which was introduced by Turkevitch in 1951 [35]. The sodium
citrate first acts as a reducing agent. Backward, the negatively-charged citrate ions are
adsorbed onto the gold nanoparticles, introducing the surface charge that repels the
particles and prevent them from aggregation{36]. This method is very often used even
now when a rather loose-shell-of ligands is required-around the gold core in order to

prepare a precursor to valuable gold nanoparticle-based materials [37].
(b) The Brust-Schiffrin n}’éthod

The stabilization of gold nanoparti:c.'les*.was reported by Mulvaney and Giersig
in 1993, who showed the use of thaiols ih"ibﬁfjf_(‘:rent chain lengths. The technique of
synthesis used thiol ligands that strongly bln—d Wlth gold(0) due to the soft character of
both Au and S [38, 39]. AuCl4_rfr0m aqueoué ;hase is transferred onto toluene phase
using tetraoctylammonium bromide as the phase-transfer reagent and reduced by

NaBH, in the presence of dodecanethiol.
2.3.1.2 On solid reduction

An on-solid reduction method is a method that involves the reduction of
Au(III) by a solid containing reducing functional group. A solid support functionalized
with a reducing group was investigated by Lin et al [10]. The functionalized
polyacrylonitrile (PAN) with amidoxime group and then this product was subject to
reduce Au(III) into gold nanoparticles. Moreover, the advantages of amidoxime group

on solid support are that (i) there is an adsorption of gold nanoparticles, (ii) the solid



support acts as the stabilizer for preventing of agglomeration of gold nanoparticles and

(iii) the preparation step of nanogold was shortened.

2.3.2 Photoreduction

In this method, gold nanoparticles are prepared by light source. However, it is
not as extensive method as the chemical reduction method, because time required but it
has advantages that the controlled reduction of metal ions can be carried out without
using excess reducing agent, and no adsorbingscontamination on the product occurs in
the preparation process. Moreover, the radiation is absorbed regardless of the presence
of light-absorbing solutes and products and the reduction reaction arises uniformly in
the solution. Moriguchitet «al.[40] used dioctadeeyldimethylammonium chloride
(DODMA'CI) to formusComiplex with @uCl .- The DODMA AuCI, complex was
produced and exposed to UV-light for fheJ'- preparation of gold nanoparticles. This

photoreduction process lasted 12-hours.

2.3.3 Other methods

The seeding-growth-proceduic-is-another-popular-technique. Recent studies
have well led to control of the size distribution in the range 5-10 nm, although the sizes
can be manipulated by varying the ratio of seed to metal salt [41, 42, 43]. The step-by-
step particle enlargement 1s. more effective than a one-step seeding method to avoid
secondary nucleation [44].

Using a solution-spray technique [45], an aqueous solufion” of HAuCl, and
titanium tetrachloride was atomized by an ultrasonic device to produce a mist without
separation of the components: this was then calcined, and the fine particles collected
on a glass filter at the outlet. Samples of 1 wt. % Au/TiO, contained 4 nm particles
when the spray reaction temperature was 673 K.

Moreover, the sonochemical techniques [46], gold particles can be deposited

on the surface of supports by ultrasound, which induces chemical changes due to
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cavitation phenomena caused by the formation, growth and implosive collapse of
bubbles in a liquid [47]. Gold has been deposited on mesoporous silica in this way
[48], the support being first immersed for three weeks in a water-isopropanol solution
of HAuCl, to equilibrate the concentrations of the reagents throughout the pores: the
support turned purple during sonication. Radicals formed from the isopropanol may
also have participated in the reduction, which was faster in the pores than in solution,
and gave smaller particles (5.2 nm) than in solution (20-30 nm) in the absence of

support.

2.4 Application of goldnanoparticles

Many of the applications of gold are based on its unique properties. It is
probable that gold will furn out to havér_ a special catalytic chemistry of its own,
comprising both heterogeneous and homogencous aspects, and leading to appropriate

applications [49].

rsrda

Gold is used in a wide range of indurs—_.t_r_iﬂ'ra_lrand medical applications. Recently,
gold nanoparticle catalysts have been found to be active under mild conditions, even at
ambient temperature oi-less, they are seen as having the potential to reduce the running
costs of chemical plants and could increase the selectivity of the reactions involved
where applicable.

In pollution control applications, such as air cleaning, low light-off
autocatalysts and digsel oxidation catalysts 'have the purification of hydrogen streams
used in fuel cells; heterogeneous gold catalysts have the characteristics to become the
catalysts of choice. Table 2.2 lists such reactions, which usually take place at much
lower temperatures or with higher degrees of selectivity over Au catalysts than other

metal catalysts [50].



Table 2.2 Ongoing and potential applications of Au catalysts [50]
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Field of application Reactants or Reactions Support materials
Indoor air quality control | odour (commercialized), CO Fe,O,
Sick house gases TiO,
Pollutant abatement dioxin oxidation-decomposition | Fe,O,
NO reduction Al O,
N;O-decomposition Co,0,
H, energy carrier water-gas shift) Zr0,, CeO,

= Z,J"ﬂ

liquid-phase select.@ oxidation

=

propylene oxidation

COremoval ALO;, Mn,0,, Fe,O,
fuel'cell anode - Carbon black
Chemical process hydroc-hldrinatiori “ AuCl,/ activated carbon
3 F"
hydregenation ' ZnO

activated carbon

TiO, (anatase) and Ti-SiO,

2.5 Volatile organic compounds:(VOCs) inair

Volatile organic compounds (VOCs) are organic chemicals that easily vaporize

to atmosphere at room temperature [51]. These compounds based on carbon chains or

ring (and also containing hydrogen) and may contain oxygen, nitrogen and other

elements. These were not consisting of carbon monoxide, carbon dioxide, carbonic

acid, metallic carbides and carbonate salts [52]. VOCs often exist as vapors or liquids

at room temperature but may also be in the form of solids. For most VOCs, air is the
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main route of exposure. Common volatile organic chemicals and their sources are

listed in Table 2.3.

Table 2.3 Common volatile organic chemicals and their sources [53]

Chemicals

Major sources of exposure

Acetone

Alcohols (ethanol, isopropanol)

Aromatic hydrocarbons (toluene, xylenes,
ethylbenzene, trimethylbenzene)
Aliphatic hydrocarbons (octane; decane,

undecane)

Benzene

Carbon tetrachloride
Chloroform
p-Dichlorobenzene
Formaldehyde
Methyl chloride
Styrene
Tetrachloroethylene
Trichloroethylene

Terperies (limonenel Ol-pinéne)

Cosmetic

Spiits, cleansers

Paints, adhesives, gasoline, combustion
SOUTICes

Paints, adhesives, gasoline, combustion

SOurces

Smoking, auto exhaust, passive smoking

. Fungicides, global background
- /. Showering, washing clothes, dishes
;_I-{Jo"om deodorizers, moth cakes

* Pressed-wood,products

Paint stn'pping,r solvent use

Smoking

Wearing or, strong.dry-cleaned clothes
Unknown (cosmetic, electronic parts)

Scentedideodorizers, polishes, food, fabrics

VOCs are usually grouped into methane (CH,) and non-methane (NMVOCs).

Methane is an extremely efficient greenhouse gas, its environmental impact principally

related to its contribution to global warming. Within the NMVOCs, the aromatic

compounds such as benzene, toluene and xylene are suspected carcinogens [54].
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VOCs are emitted from various sources, both indoor and outdoor air. The main
indoor sources are consumer products (e.g. room air deodorants), building materials
(e.g. paints, adhesives) and personal activities (smoking, driving and taking showers).
Exposure from outdoor sources such as chemical plants, petroleum refineries,
automobiles, and hazardous waste sites appears to be low, accounting generally for no
more than 25% of personal exposure [53].

The emission of VOCs in air i$ a serious environmental problem because they
are harmful to plant, animal and human life: la" general, short-term health effects of
exposure to VOCs include eye, nose and throat irritation, and central nervous system
responses such as dizziness,headaches and loss of short-term memory. Besides, long-

term health effects may inelude cancer [53].

2.6 Information of toluene -

o

Toluene, also known as toluol, riiétl_;ylbenzene and phenylmethane, is a
colorless liquid with a sweet pungent odorﬁagd it evaporates quickly [55]. It is an
aromatic hydrocarbon that is widely used as a mixture added to gasoline to improve
octane ratings, to produce benzene and as a solvent-in paints, coating, synthetic
fragrances, adhesives, inks, and cleaning agents. Toluene is also used in the production

of polymers to make nylon, plasticisoda bottles and for pharmaceuticals, dyes,

cosmetic nail products, and the synthesis of organic chemicals [2].
2.6.1 Properties of toluene

The structure and physical/chemical properties of toluene are shown in Figure

2.2 and Table 2.4, respectively.
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Description < \~ liquid
Molecular formula TIT ‘\ '

Molecular weight (g/mol
& &3 irl < "J L

Density (g/em’) at 20°C “j - 0.8661

r’
Boiling point (°°C -
Y

U

. . s
Melting point '_;l
I !

Vapor pressure to&;r) at 25°C 28 1

Solubzhﬂ g ’J Ny j bl f}ﬂ‘ﬁ)rgamc solvents

Converszg;l factor (at 25°C) ¢ 1 ppm = 3.76 mg mu
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2.6.2 Sources and potential exposure

Toluene occurs naturally as a component of crude oil and is produced from
petroleum refining and coke oven operations. It is a major aromatic constituent of
gasoline [57].

Inhalation is the primary route of toluene exposure. The highest concentrations
of toluene usually occur in indoor air from the use of common household products
such as paint, paint thinners, adhesives, syathctic fragrances and nail polish and
cigarette smoke [53]. Evaporation of gasoline and automobile exhaust are the principal
sources of toluene to the ambient ait and toluene may also be released to the ambient

air during the production; use, and disp6sal of industrial and consumer products that

i

contain toluene.

_—
i

Levels of toluene/measured in rur'i_ll,lilrban, and indoor air averaged 1.3, 10.8,
and 31.5 micrograms per cubi¢ meter (ug/iﬁé),’i‘espectively [2].
4 <I. *

- N . ) .
Effect of toluene can OCCHI from ac,c;q?{ltal or deliberate inhalation of fumes,

ingestion or absorption through the skin. In the case of inhalation, toluene is rapidly

g =i

distributed to the more vasculated tissues such as the liver and brain [53]. Toluene is a

central nervous syét‘em (CNS) depressant which means it can decreased rate of
breathing, heart rate, and mental capacity [55]. The regulatory and advisory values for

exposure of toluené were shown in/Table 2:5 [2].
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Table 2.5 Regulatory and advisory values for exposure of toluene [2]

Government regulations Regulatory, advisory numbers” (mg/ m’ )
AIHA ERPG-1, ACGIH TLV 188

NIOSH REL 375

NIOSH STEL 560

OSHA PEL 754

AIHA ERPG-2, OSHA ceiling 2 1130

NIOSH IDLH 1885

“ Regulatory number are values' that ha{/e beél;; incorporated in Government regulation, while
advisory number are nonregulatory values prO\;ii,:de’d by the Government or other groups as advice.
OSHA numbers are regulatory;, Where_.as‘_NlOSﬁ:}__AQGIH, and AIHA numbers are advisory.
AIHA ERPG: American Industrial .Hygienér.rks_sociation’s emergency response planning
guidelines. ERPG=1"is the max@tﬁ# airborne concentration below which it is
believed nearly"aH’individualés‘f'c'i.)*blitd‘ be exposed up to one hour without
experieneiing-othei-thain-mild-transient-adveisc. health effects or perceiving a
clearly: defined objectionable odor; ERPG-ZT is the maximum airborne
concentration below which it is believed nearly all individuals could be exposed
up to one hourywithout experiencing | or developingdrreversible or other serious
health effects that could impair their abilities to take protective action.
ACGIH-TLVAmeriean Conference~of (Govermmental-andsIndustrial, Hygiene’s threshold limit
value
NIOSH REL: National Institute of Occupational Safety and Health’s recommended exposure
limit
NIOSH STEL: NIOSH’s recommended short-term exposure limit
OSHA PEL: Occupational Safety and Health Administration’s Permissible exposure limit
OSHA ceiling: OSHA'’s Permissible exposure limit ceiling value

NIOSH IDLH: NIOSH’s immediately dangerous to life or health concentration
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2.7 VOC removal techniques

Many different techniques are used to control VOCs emissions. These
techniques are classified into two different groups: In the first group, control of VOCs
emissions is achieved by modifying the process equipment, raw material, and/or

change of process, while in the other class an additional control method has to be

adopted to regulate emissions. Thoug er is the most effective and efficient
1mposs1ble to improve the process
nd group are add-on-control
techniques, further classifi {ifito’ \. f’."\ namely the destruction and the

~ wmg various VOC control

ﬂ‘lJElf’mﬂW?WEl']ﬂ‘i
’QW'WMﬂ‘iEU UAIINYAY
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Figure 2.3 Classification of VOC control techniques [58]
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VOCs are destroyed by different types of oxidation such as thermal and
catalytic, and digestion of VOCs under aerobic conditions by microbes (Bio-filtration).
Several techniques for recovery of VOCs such as condensation, absorption, adsorption

and membrane separation are discussed here in detail.

2.7.1 Thermal oxidation

Thermal oxidation is the proecss of oxidizing combustible materials by
rising their temperature above the auto ignition point in the presence of oxygen and
maintaining it at a high temperature for sufficient time to complete combustion to
carbon dioxide and water [59]; Availaﬂle with thermal energy recovery options to
reduce operating costs, thermal oxidizers gre very popular [58].

Thermal oxidation is a prdYéﬁ method for destroying VOCs. Thermal
oxidizer can be used to reduce 'emissions-':;i“rém almost all VOC sources, including

process vents, storage tanks, material trapéfqz_,r operations, treatment, storage and

disposal facilities, surface coating operations? and vessel cleaning operations [58].
2.7.2 Catalytic oxidation

Catalytie oxidizers operate similarly to thermal 'oxidizers. The catalyst
is always a noble metal such as gpalladium or_platinum (other, metals are used,
includifig Cry Mn, Cu,'Co, and Ni) entrusted on an alumina support [60]. The primary
difference is that the gas, after passing through the flame area, passes through a
catalyst bed. The catalyst has the effect of increasing the oxidation reaction rate,
allowing the reaction to appear at a lower temperature than that is required for thermal
oxidation. The catalytic system is well suited to low concentration operations or those
that operate in a cyclic manner. They are often used for vent controls where flow rates

and VOCs content are variable [59].
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Oxidation reaction, oxygen and VOCs migrate to the catalyst surface by
diffusion from the gas stream and are adsorbed onto the active sites on the catalyst
surface, where oxidation occurs. The products of oxidation reaction are then adsorbed

from the active sites by the gas [59]. The oxidation reaction is shown in equation 2.1

CxHyOz+[X+%—§}OZL:K>XCOZ+%HZO 2.1

Catalytic oxidizers are able to seduce the emission from many VOC
sources, including process. vents, gasoline bulksloading operations and solvent

evaporation processes [59].

2.7.3 Bio-filtration

Bio-filtration is a process 1n which polluted air is passed through a
porous packed medium that supports a gr&év?ing population of micro-organisms. The
contaminants are first adsorbed from the air_’@ _tl;_e water/bio-film phase of the medium.
The degree of adsorption is a function of the chemical characteristics of the specific
contaminant (water Solubility, Henry’s constant, and molecular weight). Once the

contaminants are adsorbed, the micro organisms change them to carbon dioxide, water,

inorganic products and biosmass 61, 62]:
2.7.4 'Condensation

Condensation is the process of converting a gas or vapor to liquid. Any
gas can be reduced to a liquid at lowering its temperature and/or increasing its
pressure. The basis approach is to reduce the temperature of the gas stream, but

increasing the pressure of a gas can be expensive [60].
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2.7.5 Absorption

Absorption is used to remove VOCs from gas streams by liquid solvent.
Any soluble VOCs will transfer to the liquid phase. In effect, the air steam is scrubbed.
This takes place in an absorber tower designed to provide the liquid vapor contact area
necessary to facilitate mass transfer. Using tower packing and trays as well as liquid

atomization can provide this contact [58].
2.7.6 Adsorption

Adsorption as applied to air p0111|.1til(.)n control 18 the process by which organic
molecules in a gas strcam are retained 01;4 ihe surface of solid particles [63]. The gas
molecules being removed ae referred to j"e;s{-the adsorbate, while the solid doing the
adsorbing is called the adsorbent. Adsorb:;e'rft'-s are highly porous particles. Several

materials are used effectively as,adsorbing a‘gen!;s. The most typical adsorbents used in
industry are activated carbon; silica gel,.;ctivated alumina (alumina oxide), and
zeolites (molecular sicves) [60].

The adsorption process is grouped into-two types, namely, physical
adsorption and chemisorption based on the interaction between adsorbate and
adsorbent which is shown in' Figure' 2.4} [60]. 'Chemisorption involves chemical
bonding and is irreversible [60]. Physical adsorption occurs when organic molecules
are held on the surface and in the pores of the adsorbent by the/weak Van der Waals
force of interaction and is widely characterized by low heat of adsorption, and by the
fact that the adsorption equilibrium is reversible and fast established [58]. Physical

adsorption has been found to be more significant in the case of separation processes

which are used completely in air pollution control systems.
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Step 1: diffusion to Step 2: migration into Step 3: monolayer

adsorbent surface pores of adsorbent buildup of adsorbate

Contaminant molecules

In a general membrane‘_'s«f;&ﬁi‘}a,‘t e waste gas stream is fed to an array of

L —
membrane modules; ¥ cintially ermeates the membrane.
The organics in the p- eate : ens_ﬂ;and remove as a liquid for
recycle or recovery. The Elriﬁed gas str&%;n is removed as the residue. Moving

rough the b b B R b b s on the permete

side of the mem%lrane lower than thesvapor pressure on the feed side,
o A bk o oo o W&lﬂy@ 5 however, some
vendors are considering inorganic materials, such as ceramics, to deal with more

rigorous applications [59].

There are several methods for abating VOC emissions in the air
pollution control. The major advantages and disadvantages of their performances are

listed in Table 2.6.
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Table 2.6 Advantages and disadvantages of VOCs abatement in air pollution control

[60, 63]
Techniques Advantage Disadvantage
Thermal oxidation - simplicity of operation - requires a high operating

- capability for hig temperature.

- relatively high operating costs

Catalytic oxidation - more expensive for the

have some limited
application for liquid and not
applicable for solid wastes

disposal

Adsorption  adsorbent progressively
Mdeteriorates in capacity as the
- faﬂility {0 remove gaseous or number of cycles increases
1 W) 1 e
stream to extremely low levels stream or vacuum source
R T B IRTREUAIR Y B B
mass-transfer efficiencies disposal problem

- ability to collect particulars as well as - product collected wet

gases
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Table 2.6 Advantages and disadvantages of VOCs abatement in air pollution control

(continued) [60, 63]

Techniques Advantage Disadvantage
Condensation - pure product recovery - relatively low removal
- water used as the coolant in and efficiency for gaseous
- indirect contact condenser dose contaminants
not contact the contaminated gas - coolant requirements may be
stream and can be reuscd extremely expensive
Biofiltration - requires lessinitial investment - slow
=fless nonsharmful secondary = selective microbes
waste ‘. . decomposes selective
- organics

) - no recovery of material

Membrane separation - useful for treating Veri:tl g-.é-lses that - have a temperature limitation
are difficultfo treat b);'..-u'—sigg for organic polymeric
conventional processe; e membranes

- recovery of solvent may offset ~‘membranes are rare and costly

the operating costs

Catalyti¢ oxidation is the most commonly used technique, though it destroys
the valuable VOCs. Further, the oxidation process with lower temperature is a good
economiical option:. It may also generate toxi¢c combustion,products, which need further
processing. These limit its applicability. Catalytic combustion is a good alternative that
overcomes some of its limitations.

Adsorption is the next most favored technique. It has good removal (recovery)
efficiency, though it requires higher capital investment and operating costs. Desorption

of adsorbent and separation of VOCs from desorbed solution increase the complexity
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and cost of the process. There are many solvent recovery units available commercially
based on the adsorption principle.

From the advantage of two techniques, the prepared Au-Ami-SiO, was
separated into two parts, the first part: SiO, was high surface area support and the
second part: gold could boost oxygen atom to react with toluene on surface. Both
advantages appeared in Au-Ami-SiO,, so adsorption and catalytic oxidation were
chosen to study in this work.

Since the pioneering work on Au cafalysts by Haruta [64], many studies of
gold catalysts and gold-suppoited catalysts (including Fe,O,, Co,0,, TiO,, and Mn,0,)
for VOCs oxidation have beenteported. Au/Fe,0, {11, 12, 13], Au/CeO, [5], Au/Al O,
[10, 14] and Au/TiO, [15)haye high activities for decomposition of different kinds of
VOC:s. In the case of gold supported on fe}:fic oxide could increase the mobility of the
lactice oxygen to oxidation rgaction [11, i,3]; which could completely oxidize toluene
at 400°C [11]. Other researchers Concludéa.-that gold metal was more efficiency than

respectively [13]. For Au/CeO,, gold

|

silver metal and copper metal on feitic ofihfq,
caused decreasing in strength of €e-O bon(_fé_ ,e;djacent to gold atoms, thus activating
the surface capping of oxygéﬁ [5] which .ir-lx;;)lgled in Mars-van Krevelen reaction
mechanism [5, 11, 131, toluene conversion started at abotuit 200 °C and 100 % was
achieved at 360 °C by deposition-precipitation method [5]. For Au/CeO,/AlL0O, and
Au/AlLO; catalysts, they could completely, oxidize benzene“at 300°C and lower in
Au/Fe,0, system [10]. Then oxidation benzene was used Au/TiO, as catalyst, which
could eompletely oxidize benzene at 3507C, Particlé 'sizd ‘and“amount of nanogold
particle affected catalytic efficiency [65]. Catalytic performance of nanosized Pt-Au
alloy catalyst in oxidation of methanol and toluene, the catalyst was efficiency oxidize
to toluene [66]. Recently, the effect of gold added to palladium supported on a new

mesoporous (TiO,) for total oxidation of volatile organic compounds was studied. It

was found that completely oxidized toluene at 220°C [15].
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According to the previous researches, it could conclude that gold nanoparticles
on metal oxide (Fe, Ce, Al, Zn and Ti) support exhibit a good capability in catalytic

VOCs oxidation especially for toluene.

General adsorbents have high specific surface area, small pores (micropore and
mesopore) responsible for adsorption. The adsorbents for VOCs removal were
continuously developed in many previous researches. The maximum toluene
adsorption capacity of mesoporous silica’ [67], zeolite [68], activated carbon [69],
MCM-41 [70] and silica [7] was 0.0013, 0.0049; 0.0059, 0.0066 and 0.0119 mol g_l,

respectively. From the literatures, silica was a good.adsorbent for toluene adsorption.

From both advantages.©f£old and silica mentioned in the previous paragraph,
the VOCs removal on gold nanoparticleé— éﬁpported on silica was investigated in this
study. Silica was chosen because of the ciae!ip and easy chemical modification. Since
functional groups of amidoxime have ré:i.uci_ng-adsorption capacity and selectivity
towards Au(III) ion [6], amidoxime silicdi‘{;v_ats"previously developed in our research
unit (Figure 2.5) and then used tb reduce%g;id ions to gold nanoparticles. In this

research, we are interésted in applying gold hanoparticles on silica support for removal

of VOCs. Toluene was chosen as a model molecule of VOEs.

Ho!
o N
: a
N _L
—0:57 " H “NH,

?O

Figure 2.5 Structure of amido-amidoxime functioalized silica.



CHAPTER III

EXPERIMENTAL

3.1 Chemicals

Iy

| "\\\\ ppliers

Chemicals

Air zero 99.99% \\ raxair
Argon gas 99.99% ' Praxair
(3-aminopropyl)triethoxy si ahe © R F1

POINT
Ethanol ﬂ u E]‘ ,J Vl EI W 5 w El‘ ).Isff?md U & V holding

G"“‘TW‘TR IR A

Calcium hydride v

Dichloromethane !D

Hydrdchloric acid 37% MERCK
Hydroxylamine hydrochloride MERCK
Methyl cyanoacetate Fluka

Potassium hydroxide MERCK




Table 3.1 Chemical list (continued)
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Chemicals Suppliers
Sodium hydroxide MERCK
Toluene Fisher Scientific

Toluene standard solution (10 ng/pL)

Ehrenstorfer Quality

3.2

Instruments and Apparafuses

The instruments used 1 this study were listed in Table 3.2.

Table 3.2 List of analytical astruments - '

Analytical instruments

';‘ﬁ;' Manufacture : Model

1.

2.

9.

, it
Gas chromatograph (GC) -~ Varian : CP-3800

d .l

Gas chromatograph-Mass spectroscopy  Varian :.Saturn 2200

(GC-MS)

. Surface area analyzer

. X-ray diffractométer (XRD)

. Transferpipette : 100-1000 uL,.0-10 pL
. Centrifuge

. Digital balance

. Stirrer

Stirrer/Hot plate

10. Glassware

BEL Japan : BELSORP-mini
DMAX2200/Ultima +(Rigaku)
Bran

Sanyo : Centaur 2

Mettler : AT 200

Gem : MS 101

CORNING : PC-420 and PC-620
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Adsorption Apparatuses

The homemade apparatus for adsorption of toluene vapor in our laboratory
comprises of a borosilicate tube reactor of 0.54 cm internal diameter and 11.0 cm
reactor length, a gas-liquid saturator, an argon gas cylinder and Tedlar® bag. The

apparatus was shown in Figure 3.1.

Catalytic Apparat

The homemade apparatus for oxidz on_of toluene in our laboratory

comprises of a borosili ¢ feactor-of 0.54 ¢cm ternal diameter and 11.0 cm
reactor length, heating cal cted to a temperature controller, a
gas-liquid saturator, an air, e js\! bag. The catalytic apparatus

AULINENINYINT
ARIAINTUNRIINYINY
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By pass

Ar

Figure 3.1  The apmatus for adsorption of toluene vﬁor.
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(5) adsorbent (6) quartz wool

(7) borosilicate tube reactor (8) Tedlar® bag
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(7) borosilicate tube reactor (8) heating cables

(9) Tedlar® bag (10) temperature controller

(11) thermocouple
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3.3 Methodology

3.3.1 Preparation of reagents

a) Dried toluene solution

b) Hydrochlori

Hydrochloric M) for pH adjustment were

prepared by subsequer tion.

Sodium hydroxide soluti ; onpH a0 stment of hydroxylamine solution

was prepared by dissolving an a _:i- oF. it of NaOH in deionized (DI) water.

e
| oy

P T

d) Potassium )

Potassium hydmxide solutions (1% w/v, 5% w/v.and 1 M) for pH adjustment

R T R AT
AN TUNM NN Y
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3.3.2 Preparation of gold nanoparticles on silica

a) Synthesis of amido-amidoxime functionlized silica.

The synthesis of amido-amidoxime functionalized silica was carried out in
three steps according to the procedure proposed by our colleaques; Ngeontae et al. [71]

as shown in Figure 3.3.

(]
0
%OH toluene MeO/U\,CN/tquene o JL/
EtO i ¥, _ N CN
OH * Et0SS > NH A AN > 3-035"M\ui
3 N 4 —O3S NH, 90— 100°C, 24 h 4
o4 EtO A 2 > (o)
90 100,8C, 24 1 g—o g' CASO
. AP‘SOZ - 2
} . HO
S0, o N

§ ) I

O, NH,OH / EtOH
X Cc 2
—O/-S|./_\/\NH “NH, =

-

?O ' 90— 100 °C, 24 h

1 , Ami-Si 02

Figure 3.3 The synthetic pathway of Ami—Si-O; [71].

Step 1: silica gel (25 g) in a 250 mL two-neck round bottom flask was refluxed
with dried toluenesat; 904100, °Crunder;stitring; andynitrogen atmosphere. After 1 hour
(3-aminopropylj)triethoxysilane (10 mL) was added. The mixture was stirred for 24
hours ~undes mitrogen: atmosphere. 0 The solid™ywas (filtered and| washed with
dichlorommethane (3 x 200 mL). The product was designated as AP-SiO,.

Step 2: AP-SiO, was refluxed with dried toluene at 90-100 °C for 1 hour.
Then, 6.2 g of methyl cyanoacetate was added. This mixture was stirred for 24 hours in
nitrogen atmosphere under reflux condition. The solid was filtered and washed with
ethanol (3 x 100 mL) and dichloromethane (2 x 200 mL), respectively. The product

was designated as CA-Si0,.
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Step 3: CA-Si10, was transferred to a 250 mL two-neck round bottom flask and
ethanol and hydroxylamine solutions were added. The latter solution was prepared by
mixing hydroxylamine hydrochloride (4.6 g) with sodium hydroxide (2.7 g) in DI
water (75 mL) and the pH of the solution was adjusted to 7.0 with 1 M HCl and 1 M
NaOH. The mixture was again refluxed at 78 °C for 24 hours under nitrogen
atmosphere. The solid was filtered and washed with distilled water (3 x 200 mL),
ethanol (2 x 200 mL), and dichleromethane (3 x 200 mL), respectively. The final

product, amino-amidoxime silica (Ami-S10,) was kept in a desiccator box.
b) Preparation of goldmnanoparticles

Gold nanoparticles were generally ‘,pl-rrepared by mixing 0.4 g of Ami-SiO, with
100 mL of Au (IT) solution (40 mg Aw/L). Tile pH of slurry was controlled at 3. The
mixture was stirred for 30 minutes, and theri‘f:éhtriﬁlged at 3000 rpm for 10 minutes.
The resulting solid (Au-Ami=SiQ.) was sepgféfg,q and dried at approximately 100 °C

for 2 hours [72].

34 Characterization of materials

XRD and Surface area analyzer were used for the characterization of gold

nanopaiticles.

3.4.1 X-ray driffraction (XRD)

The crystallite patterns of gold nanoparticles were determined. The diffraction
pattern was recorded in the 2-theta ranged from 10-90 degree using a CuK o radiation

(40 kV, 30 mA) equipped with a monochromator.
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3.4.2 Surface area analyzer
The gold nanoparticles were analyzed for the specific surface area by
nitrogen adsorption method using a BET model. The sample was weighed

approximately 40 mg and pretreated at 400 °C for 3 hours before each measurement.

3.5 Adsorption study

The adsorption of toluene vapor by Au=Ami-SiO, was studied using a fixed bed
system using the apparatus systcin as, shown in Figure 3.1. The adsorbent (Au-Ami-
Si0,) was loaded into the borosilicate tubular reactor, with the inner diameter of 0.54

cm and held in place by a'plug of/quartz wool, the adsorbent was covered with small

_—

amount of quartz wool. Argon was use'sl as a carrier gas. The gas flow rate was
adjusted using a rotameter /Then, gas from a pressurized cylinder was flowed into the

gas-liquid saturator previously filled with I’idui,d toluene (0.4 mL). The feed of toluene
i il
vapor was passed from top through the adserbent at ambient temperature. After time

-;_i"edlar® /bag. The concentration of

toluene vapor was determined using a gas éilfoniatograpﬁ 7(',,GC). The GC condition was

shown in Table 3.3.

In this Work, blankrtestiwas performed without adsorbeént in the reactor, at the

same condition.
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Table 3.3 GC condition for measurement of toluene vapor concentration.

Parameter Operating condition
Column CP-sil5 (30 m x 0.25 mm)
Injector temperature (°C) 250
Column temperature (°C ' ,
iy

Column flow (ml

= =
Carrier gas / 1 \Nz
Detector // N detector (FID)

Injection v

‘ Kl :'.) LAy
Moreover, the effect f'* §;II§1,';4tI time,
Pieress /8

investigated in this work. All'adsorption experi

rate and adsorbent dose were

ents were performed in duplicate.

The effect of ﬂow rates and contact tlmes were investigated under the

f°“°wmg"°“ﬂ‘hl8’3Wﬂﬂ‘ﬁwmﬂ‘i

At a 40 mL min" flow rate, the contact times were studied at;15, 30, 45, 60 and

sommabs | NI TV e

At a 60 mL min" flow rate, the contact times were studied at 10, 20, 30, 40 and

60 minutes.

At a 80 mL min_ flow rate, the contact times were studied at 7.5, 15, 22.5, 30

and 45 minutes.
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The amount of adsorbent was fixed at 0.1 g. The method of adsorption was

performed using the same procedure described in Section 3.5.

3.5.2 Effect of adsorbent dose

The amount of adsorbent was varied in a range of 0.05-0.2 g. The flow rate was
fixed at 40 mL min~ with varying contact  times of 15, 30, 45 and 60 minutes. The

reaction was performed using the same procedure described in Section 3.5.

3.6 Catalytic oxidation

3.6.1 Fixed bed system

The catalysis study was carried ouit_;-ftl_s'ing the apparatus shown in Figure 3.2.
The catalyst (0.05 g) was loaded into the bo;Lén)éi'l-{'icate tubular reactor and held in place
by a plug of quartz.wool, the catalyst por'tibﬁ‘ii)vas covered with a small amount of
quartz wool. Air zcto, with a purity of 99.99% was used as carrier gas. The
temperature of reactor was controlled to constant. At the same time air was flowed for
1 hour in order to equilibrate the catalyst.“The gas flow rate was adjusted using the
rotameter and' set t6 40 mL minl. Then, fair from a cylindér was flowed into the
saturator, previously filled with liquid toluene (04*mL). The feed'of toluene vapor in
air was passed from'top through-the catalyst at' a reaction-temperature. After time on
stream of 45 minutes, the effluent gas was collected in a Tedlar® bag. The
concentration of toluene vapor was determined using the GC with the condition shown

in Table 3.3.

In this work, blank test was performed without catalyst in the reactor, at the

same condition. All catalytic experiments were performed in duplicate.
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Parameters affecting the reaction were studied as follows:

3.6.1.1 Effect of temperature

The effect of temperature was studied by varying the temperatures of 25, 75,
125 and 175 °C. The experiment was performed in the similar way to that described in

Section 3.6.1.

Moreover, pure silicawas also used as a.control for the study of the effect of

temperature in the same manner.of Au-Ami-SiOz.

3.6.1.2 Effect of toluene concentration

-

The effect of tollené concentration was studied by varying the amount of
liquid toluene of 0.1, 0.2, 03 @nd 0.4 mL. The experiments were set up at the reaction

3 F"
temperature of 175 °C. The reaction was pﬁrformed in the similar way to that

described in Section 3.6.1.

In addition, puie-silica-was-also-used-as-a-contiolfor the study of the effect of

toluene concentration ifi the same manner of Au=Ami-Si0,.

3.6.2 'Equilibrium system

0.05 g of Au-Ami-SiO, was weighed and placed into a vial. Then 1.5 pL of
liquid toluene was added in the vial and heated at 25, 75, 125, 175, 225 and 275 °C for
45 minutes. The gas products were characterized by the GC technique. The GC
condition was shown in Table 3.3. The blank test and pure silica in each temperature

was studied in the same manner of Au-Ami-SiO,.
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In equilibrium system, the maximum product of toluene oxidation condition
was chosen to characterize by the GC-MS technique. The GC-MS condition was

shown in Table 3 .4.

Table 3.4 GC-MS condition for measurement of toluene vapor concentration.

Parameter SO )perating condition
% ;

e\

Injector te

Injection volume (p r'
_r - ==

"

JA TN
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CHAPTER 1V

RESULTS AND DISCUSSION

In this research, nanogold supported on amido-amidoxime functionalized silica
(Au-Ami-SiO,) has been prepared by faf simple mixing of amido-amidoxime
functionalized silica in the HAuCl, solution.The*adsorption efficiency of nanogold on
toluene vapor was studied and the catalgftic performance of nanogold on oxidation of

toluene in air was inves#igated:! LThe results are shown below.
|

4.1 Characterization of materials

4.1.1 X-ray diffraction {XXRD) -

Ad

T

XRD is a crucial tool for phase analysis such that the characteristic structure of
a crystalline materialcan be identified. In this work, XRD analysis was carried out for
characterizing the structure of Ami-SiO, and Au-Ami-S10,,.

XRD pattetng were shown(in Figute 411! The'board peak appeared in Figure
4.1 (a) about 16-35° two theta was observed in the XRD pattern of Ami-SiO,
corresponding to the amorphous silica characteristic ‘and the XRD pattern of Au-Ami-
SiO, (Figure 4.1 (b)) showed the characteristic peaks at 38, 44, 65 and 78° two theta
indicating the 111, 200, 220 and 311 planes of a faced centered cubic lattice of gold
nanoparticles, respectively [73]. The average gold crystalline size, determined by using
the Scherrer equation on the most intense peak of (111) reflection, was 17.1 nm. Size

of nanogold particle was 37 T 6 nm which was measured by TEM technique [72].
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Figure 4.1 XRD patternsf () Ami-Si05and (b) Au-Ami-SiO,.
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4.1.2 Surface area analyzer

e ¥/
sl A4

1 ]

The N, adsorption—deébi‘pti—(')n isothérm’ of Si0,, Ami-SiO, and Au-Ami-SiO,

are shown in Figuré__ 42 All samples show a typical 1sot:r_1¢rm of type IV isotherm in
the [UPAC classiﬁcatién. At low pressure (P/P) < 0.1),_&16 rapid increase in nitrogen
adsorption was_found indi¢ating a monolayer adsorption of N, on the surface. As the
relative pressure irereased” (P/P "= 0.1 < 0.8), ‘the adsorption increased and the
hysteresis loop.was obtained _at P/P, = 0.5 - 0.8, which suggested the multilayer
adsorption ‘on the“mesopores.” At higher relative pressure (P/P, >"0.8), the plateau
region was due to the fully pore filling followed by multilayer adsorption on the

surface of the particles.
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Figure 4.2 N, adsorption-desorption isotherm of (a) SiO,, (b) Ami-SiO,, and (c) Au-

Ami-SiO,.
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The specific surface area of SiO,, Ami-SiO, and Au-Ami-SiO, was determined
by the Brunaunauer-Emmett-Teller method (BET). Pore volume and pore size
distribution were calculated from the adsorption data by means of the Barrett, Joyner

and Halenda (BJH) method. The results are shown in Table 4.1.

Table 4.1 Physicochemical properties of SiO,, Ami-SiO, and Au-Ami-SiO, measured

by the nitrogen adsorption-desorption isotherms

Sample SBETa Vavgb Davgc

(M g (em' g) (nm)
Si0O, 463.9 0.671 3.28
Ami-SiO, 6.6 'l 0.462 3.71
Au-Ami-SiO, 363.8 0.430 3.71

‘Specific BET surface area
bAverage BJH pore volume

‘Average BJH pore diameter

The results show a significant decrease of surfac¢ area and pore volume in Au-
Ami-SiO, conipared fo| SiOs because’) pores | may <be <Covered and/or sealed by
amidoxime groups and the gold particles. In addition, the amidoxime group has played
role on the surface’atea-and|porevolunie of silica‘supportmore than gold particles.

On the contrary, pore diameter of Ami-SiO, was larger than that of SiO,. This
may be pore wall of SiO, and was explained that partially destroyed in the preparation
step of Ami-SiO,. However, there are no difference in pore diameters of Ami-SiO, and
Au-Ami-SiO,, suggesting Au has not affected on the pore structure.

The results from XRD and surface area analyzer confirm the successful

preparation of nanogold supported amido-amidoxime functionalized silica (Au-Ami-



Si0,). The Au-Ami-SiO, was further used in the adsorption and oxidation of toluene

vapour.
4.2 Adsorption study

The nanogold supported on amido-amidoxime functionalized silica (Au-Ami-
Si0,) was used for the adsorption study of teluene vapour using a fixed bed system.
The effect of various parameters such as contacttime, flow rate, and adsorbent dose
were investigated in order to obtain an of)timum condition for toluene oxidation.

The toluene adsgiptionsefficiency is presented in term of adsorption capacity

|
(), calculated according'to equation A-1.

4.2.1 Effect of contact time aﬁhd flow rate

4

The adsorption of gas (adsorbate) oris;d}‘id (adsorbent) can occur according to
the following steps. In the first step, the corftafﬁinant diffuses from the major body of
the air stream to the external-surface of the adsorbent paiticle. In the second step, the
contaminant moleculé migrates from the relatively small area of the external surface to
the pores within each adsorbent particle. The bulk of adsorption occurs in these pores
because the majority of available surface area in there. An the third step, the
contaminant molecule adheres to the surface in, the pore [54].r Thus, adsorption
phenomena are mainly. contrelled by the ‘external and interparticle diffusion which
their kinetics of mass transport are depended on the time. In this experiment, the
effects of contact time and flow rate were investigated to obtain the equilibrium time
for the adsorption process.

The experiment was carried out by fixing volume of toluene vapour, which

could be calculated by equation 4.1.
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V=Fxt 4.1
where; V = volume of toluene vapour, F = flow rate of stream and t = contact time

Since the volume of toluene vapour was constant, the flow rate of the reaction
was varied as follows; 40, 60 and 80 mL min . Therefore, the gas flow time would be
15, 10, and 7.5 minutes, respectively.

Figure 4.3 and Table 4.2 show thai'the adsorption capacity increases with
increasing contact time .until-the maximumi adsoiption capacity (q,, ) is reached
(maximum adsorption capaeitys q ) afterward the adsorption capacity slightly
decreased. This is becauge‘after the q . ‘point, the availability of active sites possibly
decreased. And when theflow rate increéséd, the g, obviously decreased because in
higher flow rate systems; the amount of toluene passed through the fixed bed of
adsorbent increased and o =~ Was.thus dé@reased. The efficiency of adsorbent was
decreased with increasing the flow rate proigably due to the fact that the contact time
between toluene molecules and adéorbent s:ﬁf};‘ée was shorter. In this work, the flow
rate of 40 mL min” Was choserﬁﬁf-(r)r further e.Xi-)-f;;i_nnlents.

The experimen’; procedure of the last two points in-€very experiment presented
in Figure 4.3 was slightly different from the others, the collection of gas phase by
Tedlar® bag was medified-that-two; and three jbags; were-used instead of one in the
fourth and fifthsadsorption experiments, respectively due to the limit of bag volume
and tolueneccontent im each=bag, was janalyzed~by) GG techniques The adsorption
capacitytwas calculated based on the difference between the peak area of toluene
without adsorbent (4,) and that of toluene with adsorbent (4 f) and the two or three
stages of toluene adsorption capacity; resulting from the toluene content in second or
third Tedlar® bags were assembled. From GC data of the second and/or third Tedlar®

bag, A, was higher than 4, this observation revealed that toluene content in the outlet

of the adsorbent bed decreased. The desorption of toluene previously adsorbed onto
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Au-Ami-SiO, might occur. This phenomena might be described by the fact that, after
the q,, point, there was no liquid toluene in the saturator (toluene was bubbled until
dryness) resulting that the toluene vapour concentration in gas phase diminished and
became zero (pure argon). When pure argon passed through the adsorbent, the
adsorption equilibrium expressed in Equation 4.2 was disturbed. According to Le

Chatelier’s principle, the equilibrium was driven to the right, resulting in desorption of

Wase. Thus, 4, was higher than 4,

7
Z.

toluene from the sorbent surface into \

(Toluene) ey haso (4.2)
1.4
12 -
2 10
=) 0
g (a)
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mL min"'and (c) 80 mL min", toluene adsorption condition was 0.1 g of Au-Ami-SiO,

at 25 +1°C.
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Table 4.2 Effect of contact time and flow rate on adsorption capacity of toluene

vapour onto Au-Ami-SiO,

Initial toluene
Ar flow rate  Contact time Adsorption capacity
» concentration e
(mL min ) (minute) 4 (gg)
(mgm")’

15 0.46 = 0.00

30 0.92 £ 0.01
40 1.23 £0.01
1.18 £ 0.02

0.92 £ 0.02

0.39 £ 0.01
0.70 £ 0.01
60 1.09 £0.01

0.96 = 0.02

0.90 = 0.02

AUGINENZTAY N T crom

amamaé@%ﬂﬁ‘l’mmﬁ“ﬂoj

524.19 23.57 0.35 1 0.01

“The concentration of toluene vapour was fixed 0.4 mL liquid toluene and varied
volume (flow rate x contact time)

*Mean (range), n =2.
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4.2.2 Effect of adsorbent dose

The effect of adsorbent dose on toluene vapour adsorption was studied in order
to observe the adsorption behavior of Au-Ami-SiO, by varying the amount of the
adsorbent in the range of 0.05 to 0.2 g. Furthermore, for each adsorbent dose at 40 mL

min” flow rate, the contact time was also varied in the range of 0 to 60 min.

100

- 80 = -

<

2 60 -

g (©)

& 40 -

S )
20 (a)
0

0 15 30 45 60

Time (min)

Figure 4.4 Effect of adsorbent dose on toluéﬁé removal:(a) 0.05 g (b) 0.1 g and (c) 0.2

g, toluene adsorption condition was at flow rate 40 mL min" of Au-Ami-SiO, at 25

+1°c.

Figure 4.4 demonstrated the percentage removal of toluene on Au-Ami-SiO, at
different adsorbént; dose: The percentage remoyal-could .be ealculated from equation
4.3 (Section 483). The result shows that the percentage removal increased when
increasingtadsorbetit dose.yIt=could|be explaitied that active sit€s increase at higher
adsorbert dose. However, the percentage removal decreased when increasing contact
time because toluene was bubbled until dryness and pure argon gas passed through the
sorbent, then the desorption occurred as explained in the previous section.

The adsorption capacity at different adsorbent doses was presented Table 4.3. It
was observed that the higher the adsorbent amount, the lower the adsorption capacity.

Actually, the adsorption capacity was expressed as amount of toluene adsorbed per
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unit mass of adsorbent. In our experimental condition, the adsorbent dose of 0.05 g
showed the highest adsorbality. Therefore, the adsorbent dose of 0.05 g was chosen for

further study.

Table 4.3 Effect of adsorbent dose on adsorption capacity of toluene vapour onto Au-

Ami-SiO,

Initial toluene

Adsorbent dose  Contact time Adsorption capacity
. concentration b
(2) (min) — (gg)
(mgm)
15 401,01 +1.77 0.85 £ 0.01
30 498.39 +0.56 1.21 £ 0.00
0.05 K
45 551424 1 1.86 1.36 £ 0.04
60 49839 £0.56 0.37 £ 0.00
15 401,01 31.77 0.46 & 0.00
30 498391 0.56 0.92 £ 0.01
0.1
45 550,24 1 1.86 1.23 £0.01
60 498.39 +0.56 1.18 £ 0.02
15 401.01 £1.77 0.27 £ 0.01
30 498.39 + 0:56 0.68 £ 0.00
0.2 45 55124 186 142 +0.00
60 498.39 £ 0.56 0.89 £ 0.01

“The amount of toluene was fixed at 0.4 mL of liquid toluene and Ar flow rate of 40

.-l
mL min

*Mean (range), n = 2.
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In conclusion, the appropriate condition for the adsorption of toluene vapour by
Au-Ami-SiO, was 45 min contact time, 40 mL min" flow rate and 0.05 g Au-Ami-
Si0,. The maximum adsorption capacity was 1.36 g g'l. This condition was chosen for
further study.

When comparing the adsorption capacity of other adsorbents reported in Table
4.4. The adsorption capacity of prepared adsorbent in this work was higher than
previous researches. Therefore, Au:Ami=SiO, was obviously a better adsorbent for

toluene vapour.

Table 4.4 Comparison of maximum adsorption capacity of various sorbents

Solid support q.. (rﬁol g) Ref.
Silica 0:0013 [67]
Mesoporous silicalite-1 }

0.0049 [68]

nanospheres (Zeolite) 222244
Activated carbon 0.0059 " [69]
MCM-41 0.0066 [70]
Silica (TMOS)" 0.0119 [7]
Au-Ami-SiO, 0.0148 This work

“Tetramethoxysilane was used for silica synthesis,
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4.3 Catalytic oxidation

The Au-Ami-SiO, was used in catalytic oxidation study of toluene vapour in
the continuous system. The effects of reaction temperature and toluene concentration
were investigated.

In this work, the activity of catalyst was reported in term of percentage removal

calculated according to equation 4.3 by using peak areas obtained from GC analysis,

A 0 A f
Removal(%) = ST x100 (4.3)

Where 4, = Peak area of tolugne at the outlet of the reactor without catalyst
A, = Peakar€a of tolueng at the outlet of the reactor with catalyst

4.3.1 Effect of temperatilre T .

The effect of t&nperature is one of parameters that-have strong influence in the
catalytic oxidation of-volatile organic compounds. The percentage removal from
catalytic oxidationy of stolueney ever  AusAmi-SiOy, and, Si0,-were investigated as a
function of reaction temperature. The temperature reaction was 25, 75, 125 and
175 °@> Therreaction conditionsswere fixed atireaction time o5 minutes, air flow
rate of 40 mL min ' and 0.05 g of catalyst dose. The results are shown in Figure 4.5

and Table 4.5.
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Figure 4.5 Catalytic oxidation of/tolucne on: (a) Au-Ami-SiO, and (b) SiO,, reaction
condition was at reaction'time 45 min, air j'f:_low rate 40 mL min " and 0.05 g of catalyst

at25 - 175 £ 3 °C.

Figure 4.5 demonstrated the percentaée_;removal of toluene over Au-Ami-SiO,
and SiO, at different temperatures. When the temperature-ncreased from 25 to 175 °C,
the percentage removal increased continuously until it reached a maximum percentage
removal at 53.06 & 0.04 % in Au-Ami-SiO, at 175 °C, the toluene and unknown peaks
appeared in Figure A-3- by GC technique. The unknown peak was identified by GC-
MS. MS spectrum of the final preduct showed m/z = 44 and, 91, which are the
molecular ass | of' CO,| and. toluene, respectively shown infFigure A-5. So the
oxidation reaction temperature appeared at 175 °C in Au-Ami-SiO,, which was
confirmed by GC and GC-MS technique. At reaction temperature lower 175 °C
disappeared CO, peak so percentage removal related to only influence of adsorption in
this temperature range. The increase in percentage removal corresponds to the increase

in the temperature.
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Comparing between Au-Ami-SiO, and SiO, at the same reaction temperature,
it was found that Au-Ami-SiO, showed higher toluene vapour removal than that of
pure SiO, because SiO, appeared only physisorption but Au-Ami-SiO, able to
chemisorption and physisorption with toluene vapour. So, the reaction temperature of

175 °C was selected for further studies.

Table 4.5 Catalytic oxidation of over SiO, and Au-Ami-SiO, at various

reaction temperatures

Reaction temperat %
| { | \
@\\\ 23.69 1 0.36
25 ("
| h\ 41271045
'P"“‘J"J J

% Removal

S i 25.70 £ 0.30
75 o
ol i . 49.05 %039
26.36 T 0.64
ﬂ ‘L! fJ VIWW%I" Ny
Si0, 26.041 0.04
ammmzwwmw R
q Au-Ami-SiO, 53.06 £0.04

Reaction condition: Air flow of 40 mL min'l, 45 min reaction time and 0.05 g catalyst

dose .
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When comparing the 50 percent removal of gold particle on other solid
supports reported in the literatures (Table 4.6), the prepared catalyst in this work was
active at the temperature lower than other previous researches. In Table 4.6, the

temperature with 50 percent removal (T.,, ) was reported. The T, of our experiment

50% 50%

was determined from Figure 4.5 and Table 4.5. Thereby, Au-Ami-SiO, is a good

candidate for catalytic oxidation of toluene.

Table 4.6 The 50 percent : icle on other solid supports for

Sample Ref.
Au/Fe,0, [13]
Au/CeO, [5]
AWTiO, [15]
Au-Pd/TiO, [15]
Au-Ami-SiO, A This work

-— \

- A

*T,, = temperature wﬂs p ; erm
AUEINYNINYINT
AR TUNMIINGAY
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4.3.2 Effect of concentration of toluene

The effect of the toluene concentration in the oxidation of toluene over Au-
Ami-Si0, was investigated. The toluene concentration was 190, 334, 511 and 685 mg
m". In this range (100-1000 mg m_s) effect to human health [2]. The results in Table
4.7 and Figure 4.6 show the percentage removal of toluene over Au-Ami-SiO, and
Si0, at different initial concentrations.’ It was seen that the percentage removal
increased abruptly from around 0 — 190 1ag m~ when the initial concentration
increased (from 190 to 685 mg m_s), percentage removal increased continuously until it
reached a maximum percentage removal at 53.06 % by 685 mg m”. The increase in
percentage removal cortesponds to increasc in the initial concentration.

Comparing the percentage remoli_/jclll;l between Au-Ami-SiO, and SiO, at the
same initial concentration, that of Au—Afni-fSiO2 was higher than that of pure Si0,.

This reason was describediin Section 4.3.1. So, the 685 mg m” initial concentration at

#

175°C was selected for further studies:.

100
80 E
60 7 (a)
40 ‘__’a/*,_’"
2% 1A 0neinSonara o ©
0 \ \ \ \ \ \
0 100 200 300 400 500 600 700

-3
Concentration (mgm )

Figure 4.6 Catalytic oxidation of toluene on: (a) Au-Ami-SiO, and (b) SiO, at various
the toluene concentrations, reaction condition was at reaction time 45 min, air flow

rate 40 mL min " and 0.05 g of catalyst at 175 °C.



Table 4.7 Catalytic oxidation of toluene over SiO, and Au-Ami-SiO, at various

toluene concentrations

56

Toluene concentration
4 sample %Removal
(mgm")
Sio, 8.15 1 0.67
190 , :
,’,,./. i0 35.09 £ 0.48
: BiO e — 13.51 £ 0.48
7/5%%\\\;\\ 37.37 1045
A6
' . s ?\\\\ 15.17 £ 1.03
511 o, A
\
48.11 £0.35
26.14 1 0.04
685
53.06 £ 0.04

Reaction condition: Air flow of 40 mL mig';, the reaction time 45 min and catalyst

o UE AN ENTNENN T
PAIATUAMINYAE
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4.4 Equilibrium system

The Au-Ami-SiO, was used in catalytic oxidation study of toluene vapour in
the equilibrium system. The effect of reaction temperature was investigated.

The effect of temperature in the oxidation of toluene over Au-Ami-SiO, and
Si0, were investigated. The temperature reaction was 25, 75, 125, 175, 225 and 275

o . 3. . L
C. The concentration of toluene was around.685 mg m * with 45 min reaction time

and 0.05 g Au-Ami-SiO,. Thesesults are collectedin Figure 4.7 and Table 4.8.

100 -
(a)

% Removal

— -

O T I T T T T T T T 1
25 50 75 100 125 150+ 175 200 225 250 275

Temperature(oC)

Figure 4.7 Catalytic oxidation of toluene over (a) Au-Ami-SiO, and (b) SiO, at

various reaction temperatures in the equilibrium system.

From Figure 4.7 and Table 4.8, it can be seen that the percentage removal of

toluene over Au-Ami-SiO, at different temperatures slightly increased in two steps; in
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the first step , the percentage removal in the range of 25 — 175 °C, it was the same
trend in Section 4.2.1 because toluene vapour was adsorbed to equilibrium point. In the
second step (175 — 275 °C), the percentage removal clearly increased because
nanogolds probably enhance the combustion of toluene. So toluene was oxidized in
that temperature range. The CO, appeared at 175 °C, the increase in CO, corresponds
to increase in reaction temperature until it reached a maximum percentage removal at
87.11 £0.15 %, at 275 °C.

For the SiO, system, percentage removalas not different in every temperature
reaction when it was compared-with the-continuous-system. So the result indicated that
SiO, did not facilitate the oxidation reaction of toluene.

Comparing the spergentage rémoval between continuous system and
equilibrium system at 175 °G(53.06 + 094 % and 70.09 £ 0.86 %), respectively, the
percentage removal of equilibrium"systerﬁa was higher than that of continuous system.
This may be due to the gffect of ,-contaég'f..time of toluene on catalyst surface. The
contact time of toluene molecules‘v"on Ali'i&_hli"SiOz in the equilibrium system was

s i Ad
-

longer than that in the continuous system. .

d .l
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Table 4.8 Catalytic oxidation of toluene over SiO, and Au-Ami-SiO, catalyst at

various the reaction temperatures in equilibrium system

Reaction temperature (°C) Sample % Removal

Si0, 2726 £0.17

\ ,": < 4536 10.16

27.60 £0.17

55.90 = 0.29

28.53 £ 041

-

68.02 1 0.18

2998 0.15

70.09 £ 0.86

33.06 £ 0.04

FJI UE IV Wﬁ?ﬂﬂ 1) Foeotoss
AR HINTUNET

Au-Ami-SiO, 87.1110.15

Reaction condition: the reaction time 45 min, catalyst dose of 0.05 g and 685 mg m”

initial toluene concentration.



CAPTER V

CONCLUSION

Nanogold supported on amido-amidoxime functionalized silica (Au-Ami-SiO,)
was prepared by a simple mixing of amide-amidoxime functionalized silica (Ami-
Si0,) in the HAuCl, solution. Then,J Au-AMI-SiO, was characterized by X-ray
diffraction (XRD) technigueand surfaCf; area analyzer. The results from all techniques
confirmed the successful preparation of éu-Ami—SiOz.

In the adsorption studys Au-Arni;SiIO2 was applied for the removal of toluene
vapour using a fixed bed system, The eff§Ct§_ of contact time, flow rate and adsorbent
dose were investigated./The@appropriate céndition for the adsorption of toluene vapour

by Au-Ami-SiO, was 45 min €ontaet time,-jﬁl{) mL min' flow rate and 0.05 g Au-Ami-

Si0, at ambient temperature. The maximumﬁfs’érption capacity was 1.36 g g_l.

Moreover, the catalytié ﬁfoperty of .Aﬁ;:;\_rhi-SiOz was investigated for toluene
vapour oxidation af e appropriate condition under air afmosphere. The effects of
reaction temperature and toluene concentration were inyestigated in two systems: the
first was coctinuous, systemr and the_second was batch_system. In the coctinuous
system, the reaction temperature and toluene concentration were studied in range of 25
— 175 °C and, 190 =685 mg m_3, respectively. Erom' the, results, the highest % removal
was 53.06 1£'0.04 % at 685 mg m~3, at 175 °C. The batch system was studied in range
of 25 — 275 °C with fixed toluene concentration at 685 mg m_3, the highest % removal
was 87.11 £ 0.15 % at 275 °C. The oxidative product appeared at 175 °C and when
the reaction temperature increased the oxidative product increased. The product was

identifed by GC-MS and CO, was found as the main product.
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The comparison in % toluene removal between Au-Ami-SiO, with SiO,
showed that at temperature above 175 °C, Au-Ami-SiO, can enhance the oxidative

reaction of toluene.

Suggestions for Future Work

The reuse of adsorbent and the higher reaction temperature in the continuous

system should be investigated. yxidative product should be examined

quantitatively.
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A-1 Adsorption capacity (q) calculation of Au-Ami-SiO,

From standard liquid toluene:

Concentration of standard toluene in methanol = 10 mg L'
Injection volume = 5 uL
Thus, amount of toluene = 10 % x5ul x ];SL
10 4L
5%10° mg
Peak area of standard tol 592
From sample toluene va
Injection volume | 5ul
For example, Peak area ‘ ; tolu : 6277
Peak area o rbed fu g 2066

Thus, Peak area from GC techniqu-of ac — 62772066

—— 011
Thus, amount of adsorbe 5 % 10° mg x 4211

592
3.56 x 10" mg
At total volume of toluen.g vapour Flow rate x time
ﬂumwmwmnmmm
min
== 0.6 Las
6
AR I AN o
= 42.7 mg
Adsorbent loading = 0.05¢g
42.7mg

Thus, adsorption capacity (q) =
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Figure A-2 Gas chromatogram of standard toluene. -,
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Figure A-3 Gas chromatogram of gas product OPT ﬂ mﬂtﬂﬁﬂ nﬂtm ﬂ)ﬁover Au-Ami-SiO, catalyst at 175 °C in the

continuous system.
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Figure A-4 Gas chromatogram of gas product obtained from catalytic oxidation of
toluene vapor over Au-Ami-SiO, catalyst at (a) 175, (b) 225 and (c) 275 °C in the

equilibrium system.
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