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Abstract

Absorption studies were performed in an attempt to gain a better understanding of the

discrepancies that exist between the previously reported average crystallite sizes for silver

titania adsorbents using oxygen chemisorption and XPS. Oxygen chemisorption, the stan-

dard technique for determining average particle size and dispersion is predicated on strong

assumptions that easily lead to a misrepresentation of surface characteristics. Accounting for

the native uptake of nitrated titania surface and using a Ag/O stoichiometric ratio of 2 for

the polycrystalline of the silver titania system surface gave a more accurate representation

of the particle size and average crystallite sizes. An atom balance versus Intensity balance

demonstrates a bimodal particle size distribution is a representation of the sample. A review

is given of the present understanding of silver based adsorbents developed by the Center for

Microfibrous Materials Manufacturing. A coherent picture has emerged from the synthesis

of all the different studies performed.
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Chapter 1

Introduction

Silver supported on titania adsorbents exhibit activities and selectivities for several im-

portant industrial applications. One such application is the liquid phase desulfurization of

complex fuels [2]. Ambient temperature and pressure desulfurization of liquid transportation

fuels offers great advantages when compared to higher temperature and pressure desulfur-

ization. However, the benefits of lower energy and simplicity are often diminished by low

capacity for sulfur removal. Ag/TiO2 adsorbents overcome the obstacle of low capacity

usually encountered in the process of desulfurization, while at the same time offering other

crucial advantages. These advantages include: good regeneration characteristics, no toxicity,

and selective adsorption of refractory aromatic sulfur compounds. Much research has been

performed in the development of Ag/TiO2 sorbents, however, more insight is needed to gain

a thorough understanding of the surface structure, adsorbates, and the bonding interactions

of the adsorbent system.

At 4 wt% loading, Ag/TiO2 has been shown to effectively remove sulfur containing

heterocyclic compounds from fuels such as JP5, JP8, and Nato F-76. X-ray Photoelectron

Spectroscopy (XPS) elemental analysis showed the composition as Ag, Ti, O, and spurious

C as expected. The energies of Auger M4N45N45 and XPS 3d5/2 lines were used to calculate

the Auger parameter α for Ag, which indicated that silver is present mainly as Ag+1. This

finding was also independently confirmed by the Electron Paramagnetic Resonance (EPR)

Spectroscopy. The majority of Ag in the Ag/TiO2 sorbent was diamagnetic Ag+1, with

minor concentrations (∼ 0.1% of total) as paramagnetic Ag+2 [3]. The titanium was present

mainly as diamagnetic Ti4+. Further success has been achieved in determining the active
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metal dispersion; however, there is some discrepancy regarding the reported mean particle

size [4, 5].

Particle size and dispersion are required for a fundamental understanding of the adsor-

bent system. Adsorption properties change with the dispersion and particle size. Ag/TiO2

adsorption properties can be correlated to the change in their chemical environment. Specif-

ically, the defected support and the bonding of isolated silver atoms. In an effort to char-

acterize the dimensions of the silver particle; oxygen chemisorption, XRD, XPS, and TEM

were used to determine the particle sizes in the Ag/TiO2 adsorbents. There was a dispar-

ity in the results reported among the techniques. Adsorption techniques are sensitive to

all crystalline surfaces, where as very small Ag particles will not be detected by XRD and

TEM. X-ray diffraction studies indicated particles were less than 5 nm in diameter. Oxygen

chemisorption resulted in an over estimation of particle size. These techniques are limited

by the fact that they are not a three dimensional evaluation of the particle. However, infor-

mation received from adsorption techniques is critical in developing an understanding of the

nature of active sites. Thus, to fully utilized this technique it is necessary to delineate the

interaction of oxygen and Ag crystallites on the TiO2 support.

In this work, surface studies are proposed to clarify the discrepancies that exist between

oxygen chemisorption and XPS. XPS experiments will be used to calibrate oxygen adsorp-

tion on silver surfaces. Supporting techniques will be used to complement data regarding the

chemical interaction of oxygen on isolated silver supported on TiO2. The underlying assump-

tions of oxygen chemisorption will be investigated. Specific studies targeting O2 monolayer

suppression on TiO2, stoichiometric ratio of Ag to O and the effect of reduction temperature

are suggested.

The interaction of oxygen with silver has been studied for a long time. Particularly, be-

cause of its use as a oxidation catalyst in important industrial reactions. Reactions not pre-

viously mentioned include, epoxidation of ethylene and propylene, oxidation of methane and

partial oxidation of methanol formaldehyde. In the literature, oxygen interaction with silver

2



surfaces is focused on a particular crystal plane. The relevance of those studies maybe lim-

ited with respect to multi plane silver surfaces. In this study, investigations were performed

on practical silver catalysts with polycrystalline surfaces for industrial catalyst development.
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Chapter 2

Literature Review

Sulfur removal from liquid fuels is an important process in the reforming of fuels. Sul-

fur compounds are unwanted products that need to be removed due to deleterious effects

on the environment. Adverse effects are noted in the deterioration of air quality and the

sulfur intolerance of specialized equipment such as, catalytic converters, fuel cell electrodes,

etc. Although conventional hydro-processing has been effective in reducing sulfur levels,

the removal of residual sulfur is inefficient and expensive. The process of removing resid-

ual sulfur is energy intensive and is a high consumer of hydrogen. Due to the high cost of

hydro-treating, alternative technologies such as adsorptive desulfurization (ADS) have been

explored for clean fuel refining. The use of adsorption materials is a more economical and

environmentally friendly solution with regards to the challenges presented in removing sulfur

from crude with heavy sulfur content. Many adsorptive material that aide in the removal of

organic sulfur compounds have been investigated [6–13].

The development of adsorbents with high sulfur capacity, high selectivity and multi-

cycle regenerability is needed for advancement. High sorption capacity (g of S per g of

sorbent) is needed to remove as much sulfur as possible from a large volume of fuel in

a single hydrocarbon stream pass. Selectivity is required to target specific compounds,

particularly sulfur containing heterocyclic compounds such as thiophenes derivates and their

alkylated derivatives that are difficult to chemically reform [14, 15]. It is also integral that

the absorbents be able to resist chemical changes that causes deactivation and has multi-

cycle retention properties to achieve competitive and economical sulfur removal. Ambient

temperature and pressure ADS of liquid fuels offers great advantages when compared to
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higher temperature and higher pressure HDS. The primary advantages being reduction in

energy usage, capital and operating costs.

Different materials have been researched for use in adsorptive sulfur removal. The ma-

jority of which involves the use of transition metals on high surface area supports such as

activated carbon, alumina, silica and titania, etc. [10, 11, 16–22]. The use of zeolites and

ion-exchange zeolites as support structures have also been investigated [7, 23–27]. An ad-

sorbent that has been of some use is silver-titania adsorbents [2, 22]. Ag/TiO2 adsorbents

utility involve simple and cost effective preparation, no hydro-processing, ambient operat-

ing conditions and multi-cycle regeneration. Also, of paramount significance is its unique

properties to selectively adsorb polycyclic aromatic sulfur heterocycles (PASHs) compounds,

for example, dimethyl substituted compounds during a single stream pass down to ppm or

sometimes ppb levels [22, 28].

Ag/TiO2 has been characterized using a number of different techniques. These experi-

mental techniques namely, XPS, TPR, EPR, EM, and OC have focused on elucidating the

surface properties of the adsorbent [3, 22, 28, 29]. Particle size and dispersion are two crucial

parameters to the activity and selectivity of such systems. The four techniques that were em-

ployed to study particle size and dispersion were XRD, XPS, TEM, OC. Different techniques

have a certain number of disagreements. These disagreements may be due to the sample

perspectives, different conditions in different samples, and the assumptions associated with

each technique.

X-ray diffraction XRD, is a non-destructive analytical technique which is used to derive

information about the crystal structure, chemical composition, and physical properties of

materials. With regards to particle size and dispersion, XRD does not give information

about dispersion, however a volume weighted average particle size can be derived. There are

two main drawbacks of XRD particle size determination. Firstly, the average particle size

is volume weighted instead of a more appropriate surface weighted average and secondly,

the lower detection limit is reported to be . 5 nm [30–32]. When the irradiated volume is
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too small, a sharp diffraction maximum does not build resulting in a diffraction broadened

pattern. Thus making this technique inapplicable to particle size below 5nm. An advantage

of XRD is that it elemental presence, however, it does not differentiate between oxidation

states.

EM can yield information on the topography, morphology, composition, particle size,

and crystallography of a given sample. There are several forms of EM available. In this work,

only transmission electron microscope (TEM) was used. In TEM, information is projected in

two-dimensional image from the interaction of the electron beam with matter encountered.

Detection is dependent on the existence of sufficient contrast between the particle and the

support.

TEM is a projected area, perimeter weighted average of size distribution. The main

advantages of TEM are that it is a straightforward technique and the particles can be viewed

from the images created. TEM is very prone to contrast issues; care must be taken during

interpretation regarding the possible sources of contrast. Ideally, contrast should be as a

result of the attenuation of electrons on the surface of the given sample but, there is also

contrast due to diffraction and interference which lead to misinterpretation [33, 34]. It is

difficult to contrast supported catalyst material, thus it is not a good technique for particle

size determination of supported catalysts. Other disadvantages are that it is destructive,

difficult and tedious to prepare; extremely thin sections of specimens, typically about 100

nm are needed. Several samples must be examined with a large number of particles to

produce a accurate quantitative representation of the sample.

Gaseous chemisorption, the most extensively used means of determining average particle

size and surface dispersion. Of all the techniques discussed, chemisorption gives the most

descriptive average weight with regards to the surface area, however the accuracy of the

techniques depends on underlying assumptions based on specific characteristics.
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Table 2.1: Surface properties of Ag/TiO2 sorbents with different silver loadings

Ag BET Pore Active Metal Average Dispersion

Loading (wt%) Surface Area (m2/g) Volume (ml/g) Surface Area (m2/g) Crystal Size (nm) %

4.00 114.2 0.2740 6.69 3.4 34.44

8.00 89.33 0.2303 10.7 4.1 28.66

12.00 79.22 0.2115 12.05 5.3 22.35

20.00 57.92 0.1331 14.31 6.9 17.04

Table 2.2: Comparison of experimental techniques

Experimental Information Received

Techniques Visible Species Particle Average Dispersion Composition

Agx Ag0 Ag1+ Ag2+ Size Weight

XRD yes no no no & 5 nm volume no yes

TEM no no no no yes number no no

OC no no; metal no no yes surface yes no

XPS yes yes yes yes yes near surface yes yes

7



Monolayer formation criteria — a monolayer of chemisorbing atoms (surface atoms

exposed) per number of total atoms is assumed to be directly proportional to the specific

uptake. Oxygen has been shown to be the adsorbate that most accurately predicts the

particle size dimensions of silver, the use of hydrogen and carbon dioxide as probe gases do

not result in accurate determination [35–37].

Stoichiometric ratio — Reliable background information regarding the stoichiometric

ratio necessary. There is known variation in the stoichiometry ratio of Ag : O (the number

of sites per chemisorbed oxygen atom) at the adsorption surface [37]. Although Ag(S) : O

' 1 appears to be the best value as reported in the literature [38–40] other stoichiometric

possibilities have been reported [38]. Other variation in stoichiometry may be due to the

hypothesis that the gas molecule to metal stoichiometry is dependent on metal particle size.

Thus, if particle there is a significant deviation in particle size, the stoichiometric ratio will

be variable.

Absorption selectivity — Gas is adsorbed on the surface and not absorbed internally

by the metal and isolated atoms do not adsorb oxygen. Other discrepancies lie in the

formation of a complex oxygen adlayer on silver [41, 42]. Other complexities arise when

there are carbonaceous contaminants which have an effect on the sorption behavior of oxygen

due to possibility of subsurface oxidation of silver [38]. Other problems that may arise

include, multiple adsorption of oxygen molecule on metal surface atoms, internal absorption,

incomplete adsorption of the oxygen molecules by the metal particles, and non-metallic silver

particles.

Particle Characteristics — In chemisorption, unimodal particle size, crystallite formation

and geometry are assumed. Variation in any of these characteristics will produce slightly

different average dimensions. Factors that result in exaggerated crystallite size would be

adsorption by the support, in this case, titania, subsurface adsorption, multiple adsorption

of gas molecule on metal surface atoms and under estimation of the stoichiometric ratio
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[43]. Lower crystallite size would result from over estimation of the stoichiometric ratio and

inability of absorbate gas to selectively chemisorb a monolayer.

XPS is a non-destructive, surface analysis technique that gives a near-surface weighted

measurement of the average particle dimension. Like chemisorption, XPS is a well established

as a technique for studying surface atom dispersion and particle size of metal on supported

systems [44–53], however, in comparison it is less often used to acquired particle size di-

mension [31, 54–58]. In XPS, the particle size is determined without extensive pretreatment

in comparison to the other techniques. This is important as pretreatment may alter the

state of the particle or crystallite in question. XPS is the only technique of these which use

enable the characterization of all elements with the exception of hydrogen. Also, a marked

distinction from chemisorption is its applicability to metal and non metals, reducible and

irreducible phases. Atoms on the surface and subsurface will be seen irrespective if oxidation

state. The basic assumptions underlying XPS are:

• The number of electrons recorded is proportional to the number of atoms in a given

state

• Variation in the chemical environment does not appreciably affect the overall ejected

photoelectrons

• Mono-dispersion of surface atoms

Despite its own inherent perspectives, this technique is actually able to simultaneously ac-

count for oxidation, degree of dispersion, and nucleation/growth and not either or. XPS

observes the surface from the same perspective as surface and heterocyclic interactions not

just visible versus invisible species as observed by different techniques.
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2.1 Surface Chemistry of Silver-Titania Adsorbents

2.1.1 Adsorbent Preparation

Silver-titania adsorbents were made from 3.2 mm TiO2 pellets [St. Gobain Norpro: Type

ST61120]. The pellets were crushed, sieved and dried in a convection oven for at least 6 hours

at 110 ◦C. Ag was dispersed on the support in the form of AgNO3 solution [Alfa Aesar Co.

99.9 % purity] via incipient wetness impregnation to maintain 90 % of the pore volume of

the TiO2. The concentration of the AgNO3 solution was varied according to the required

load. The sample was subsequently dried at 110◦C for 6 hours followed by calcination in air

at 400◦C for 2 hours.

2.1.2 Surface Properties

Table 2.3: Surface Properties of Ag/TiO2 Sorbent.

Ag BET Pore Active Ag Average Dispersion

Loading surface area Volume surface area crystal size

(wt% ) (m2/g) (ml/g) (m2/g) (nm) (% )

0.00 153 0.46 – – –

4.00 114 0.27 6.7 3.4 34.4

8.00 89 0.23 10.7 4.1 28.7

12.00 79 0.21 12.1 5.3 22.4

20.00 58 0.13 14.3 6.9 17.0

Table 2.3 states the surface properties of Ag/TiO2 sorbent used in this study. This data

was previously published by Nair [22]. At 0 – 20 wt % loading Ag is present in the oxide

phase. EPR and TPR analyses indicated that Ag is present in its oxide state as Ag1+ with

minor concentrations present as Ag2+ [28]. TPR showed that the majority of Ag was present
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in the oxide phase at higher loading (greater than 4 wt%). Oxygen chemisorption was used

to determine the average crystallite size of the silver particles on the surface.

2.2 Silver Crystal Structure

Ag has a face centered cubic (FCC) crystallographic structure with 4 atoms per unit

cell – the Ag unit cell contributes 1/2 of an atom on each of its 6 faces to each unit, and 1/8 th

of an atom at each of its 8 corners totaling 4 atoms. In the bulk, each atom has 12 nearest

neighbors thus a coordination number of 12. The Ag (111) structure exposes a surface

atomic arrangement of 3 fold symmetry which appears to be hexagonal. Fig 2.1 depicts the

hexagonal packing of the surface atoms, which is the most efficient (closely packed) manner

of atomic arrangement. The coordination number of the surface layer on the fcc (111) surface

is 9; each atom has 6 nearest neighbors in the 1st layer and 3 in the layer below, totaling 9

atoms.

Figure 2.1: Birds eye view of an fcc structure of (111) plane

The density of atoms in Ag FCC (111) crystal plane is calculated from the lattice

parameter, a. Since two corner atoms and and a central atom make up the length of the side

diagonal of the FCC (see Figure 2.2), the lattice parameter is given by:

a2 + a2 = (4R)2

a =
4√
2

= 2R
√

2

a = 4.08 Å
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The atomic density per cubic cm3 of Ag(111) surface is:

a
√ 2

a

(a) 3d view of a unit cell (b) cross-sectional view

Figure 2.2: FCC structure of (111) plane

Figure 2.3: FCC (111) plane

Ag atomic density =
# of atoms per unit cell

Volume of unit cell
=

4

a3

=
4

(4.08× 10−10 m)3

= 5.88× 1028 atoms/m3

The number of surface atoms is dependent on the surface structure. Considering the

crystallographic surface heterogeneity of polycrystalline surfaces for dispersed metals, the
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usual approximation is to assume that such surfaces are formed from equal proportions of

the main lox index planes [36]. Using this assumption, equal portions of the (100), (110)

and (111) planes was used to estimate the polycrystalline planar concentration.

Density of atoms in Ag(111) crystal plane

No. of atoms contained in Ag (111) plane =

(
1

6
× 3 corners

)
+

(
1

2
× 3 sides

)
atoms

= 2 atoms

Area of Ag (111) plane =
a2
√

3

2

Surface density of atoms in Ag (111) crystal plane =
2

a2
√
3

2

=
4

a2
√

3

=
4

(4.08× 10−8)2 ×
√

3

= 1.38× 1019 atoms/m2

Density of atoms in Ag(110) crystal plane

No. of atoms contained in Ag (110) plane =

(
1

4
× 4 corners

)
+

(
1

2
× 2 diagonal center

)
atoms

= 2 atoms

Area of Ag (110) plane = a2
√

2

Surface density of atoms in Ag (110) crystal plane =
2

a2
√

2

=
2

(4.08× 10−10)2 ×
√

2

= 0.85× 1019 atoms/m2
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Density of atoms in Ag(100) crystal plane

No. of atoms contained in Ag (100) plane =

(
1

4
× 4 corners

)
+ (1 center) atoms

= 2 atoms

Area of Ag (100) plane = a2

Surface density of atoms in Ag (100) crystal plane =
2

a2

=
2

(4.08× 10−10)2

= 1.20× 1019 atoms/m2

Generally, in heterogeneous catalysis, only a monolayer (ML) of a chemisorbed species is

adsorbed to the active sites. Assuming equal proportions of the Ag low index planes the

number of Ag atoms in a ML is estimated to be 1.14×1015 atoms/cm2.

2.3 Determination of Particle Size

2.3.1 Chemisorption

Gas phase chemisorption is the most extensively used technique for determining particle

size and surface atom dispersion of supported metal catalysts in heterogeneous systems

[32, 35, 37, 38, 43, 60–64]. In this technique, a monolayer of chemisorbing atoms (surface

atoms exposed) per number of total atoms is assumed to be directly proportional to the

specific uptake. Oxygen has been shown to be the adsorbate that most accurately predicts

the crystallite size dimensions of silver, the use of hydrogen and carbon dioxide as probe

gases do not result in accurate determination of silver particle size [35–37]. The underlying

theoretical assumptions of chemisorption are:

• Monolayer formation criteria - a monolayer is chemisorbed
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• Stoichiometric ratio

• Adsorption selectivity

• Gas is adsorbed on the surface and not absorbed internally by the metal

• Unimodal particle size

• Crystallite formation

• Crystallite geometry

• Isolated atoms do not adsorb oxygen

Perspectives

Chemisorption is a simple, well-established surface weighted means of calculating the

average particle diameter. Of all the techniques considered in this chapter, it is the most

readily available techniques. Chemisorption is a surface area weighted average distribution

of the vital size. The accuracy of the techniques relies on background information, namely,

the correct stoichiometric ratio, and the ability of a absorbate gas to selectively chemisorb

on the active metal provided that there is constant gas uptake on the support when the

metal is present or absent. For the Ag/TiO2 adsorbent, there may be problems due to the

variation in the stoichiometry ratio of Ag : O (the number of sites per chemisorbed oxygen

atom) at the adsorption surface [37]. Although Ag(S) : O ' 1 appears to be the best value

as reported in the literature [38–40] other stoichiometries possibilities have been reported

[38]. Differences in stoichiometries may be due to the hypothesis that the gas molecule to

metal stoichiometry is dependent on metal particle size. Other discrepancies lie in the fact

that the oxygen adlayer on silver has been reported to be complex [41, 42]. Complexities

arise to carbonaceous contaminants which have an effect on the sorption behavior of oxygen

due to possibility of subsurface oxidation of silver [38].
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In chemisorption, there is size variation depending on the crystallite geometry assumed,

for example, spherical and cubic geometries will produce slightly different average dimen-

sions. Other problems that may arise include, multiple adsorption of oxygen molecule on

metal surface atoms, internal absorption, incomplete adsorption of the oxygen molecules by

the metal particles, and non-metallic silver particles. Of these problems, explanations for

exaggerated crystallite size would be adsorption by titania support – subsurface adsorption

and multiple adsorption of gas molecule on metal surface atoms – under estimation of the

stoichiometric ratio [43]. Lower crystallite size would result from over estimation of the

stoichiometric ratio and inability of absorbate gas to selectively chemisorb a monolayer.

2.3.2 X-ray Photoelectron Spectroscopy

XPS is based on the detection of photoelectrons from a sample irradiated by an X-

ray source. The detected photoelectrons are recorded in a energy spectrum. This energy

spectrum is analyzed to produce a wealth of chemical information about the sample under

investigation. XPS is sensitive for trace amounts of all elements with the exception of

hydrogen. Quantitative information is received only from the top 10 nm of the surface thus,

XPS is defined as a surface analysis technique. Like chemisorption, XPS is well established

as a technique for studying surface atom dispersion and particle size of metal on supported

systems [44–53], however, in comparison it is less often used to acquire particle size dimension

[31, 54–58].

The basic assumptions underlying XPS are:

• The number of electrons recorded is proportional to the number of atoms in a given

state

• Variation in the chemical environment does not appreciably affect the overall ejected

photoelectrons

• Mono-dispersion of surface atoms
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Perspectives

XPS is a non-destructive, surface analysis technique that gives a near- surface weighted

measurement of the average particle dimension. Although there is general agreement that

XPS offers a surface weighted characterization of particle dimension, Fung [31] postulated

that XPS also adds a volume aspect such that it gives an account of the particle dimension

based between the surface and volume average size. In XPS, the particle size is determined

without extensive pretreatment with regards to other techniques. This is important as

pretreatment may alter the state of the particle or crystallite in question.

XPS is broadly applicable – all elements can be observed in XPS with the exception of

hydrogen. Also, unlike chemisorption, XPS is applicable to metal and metal oxides (reducible

and irreducible phases). XPS offers good chemical resolution and depth resolution. The

shortcomings of the past regarding poor spatial resolution and detection limit [65] have been

improved upon in recent years [66–68].

2.3.3 X-ray Diffraction

X-ray diffraction XRD, is a non-destructive analytical technique which is used to derive

information about the crystal structure, chemical composition, and physical properties of

materials. In XRD, the scattered intensity of X-ray radiation is used to produce photon

energy spectra as a function of the incident and scattered angle, polarization, and wavelength

on a given sample. The spectra produced are characteristics of the composition of the sample.

The scattered monochromatic X-rays are the result of constructive interference by the atoms

in the crystal plane. Crystalline material produce diffraction maxima according to the Bragg

equation:

nλ = 2dsinθ (2.1)

where n is an integer, λ is the wavelength of incident wave, d is the spacing between the

planes in the atomic lattice, and θ is the angle between the incident ray and the scattering
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planes. The average crystallite size is determined by X-ray broadening [69, 70] by the Scherrer

expression:

D =
kλ

βcosθ
(2.2)

where D is the mean diameter, β is the pure X-ray diffraction broadening and k is a constant

≈ 1. k and β are constants dependent on the crystallite shape.

Perspectives

XRD is a non-destructive, volume weighted means of determining crystallite size. The

major weakness of this technique lies in the determination of small crystallites. If the irradi-

ated volume is too small for a sharp diffraction maximum to build up, the resulting diffraction

pattern is broadened [70]. From the literature, the lower detection limit is reported to be .

5 nm [30–32]. However, when a synchrotron radiation source is used, platinum particles as

small as 1.5 nm have been estimated [72]. This is a result of a better signal to noise ratio

produced using the high intensity radiation.

The agreement between X-ray line broadening (XRD) and gaseous chemisorption is good

when particles are greater than > 5 nm and < 100 nm [35]. XRD did not provide conclusive

measurements when applied in the crystallite size determination of Ag/TiO2 adsorbents.

The lack of signal suggested that the crystallite was below the detection limit of the XRD /

5 nm. This is a result of X-ray broadening of the diffraction beam produced from very small

crystals at angle close to the Bragg angle [70, 71]. Strong diffraction beam pattern form from

bigger crystals than smaller crystal. Since, the instrumental peak width was much larger

than the broadening due to crystallite size, the crystallite size could not be determined. A

silver peak was detected at the 20 wt% loading. Due to its small size and broad width,

however, a size dimension could not be reliably determined.
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2.3.4 Electron Microscopy

Electron microscopy EM, is the near atomic scale microscopic examination of objects,

through the use of highly energetic electrons (produced form a highly focused X-ray beam).

EM can yield information on the topography, morphology, composition, and crystallography

of a given sample. There are several forms of EM available. In this work, only transmis-

sion electron microscope (TEM) will be employed. In TEM, information is projected in

two-dimensional image from the interaction of the electron beam with matter encountered.

Detection is dependent on the existence of sufficient contrast between the particle and the

support.

Perspectives

EM is a projected area, perimeter weighted average of size distribution. The main

advantages of TEM are that it is a straightforward technique and the particles can be viewed

from the images created. However, care must be taken during interpretation regarding the

possible sources of contrast. Ideally, contrast should be as a result of the attenuation of

electrons on the surface of the given sample but, there is also contrast due to diffraction

and interference which lead to misinterpretation [33, 34]. TEM is very prone to contrast

issues. It is difficult to contrast supported catalyst material, thus it is not a good technique

for particle size determination of supported catalysts. Other disadvantages are that it is

destructive and difficult to prepare; extremely thin sections of specimens, typically about

100 nm are needed. Several samples must be examined with a large number of particles to

produce a accurate quantitative representation of the sample.

The application of the TEM using the diffraction contrast method proved to be fruitless

in the determination of particle size on the Ag/TiO2. Information on particles size was not

discernible from the bright and dark field images produced [73].
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2.4 XPS Analysis

This section contains background experimental information from ‘A Multi-Technique

Comparative Evaluation of Ag Dispersion on Polycrystalline Titania’. This information

is necessary to provide a full understanding of the motivation for the subsequent studies

performed.

The XPS survey spectra revealed significant compositions of the following elements:

Ag, Ti, O, C. Nitrogen from the AgNO3 precursor was not detected in the samples. The

XPS spectra in Figure 2.4 show the experimental data of the Ag 3d doublets of Ag/TiO2

adsorbents ranging in silver loading from 1 wt% - 20 wt%.

At the 1 wt% loading the Ag signal intensity was below the detection limit of the

XPS; a weak signal was detected at the 2 wt% loading; the Ag peak intensity increased in

prominence up to 20 wt% loading. The spectra showed a slight shift toward a lower binding

energy (BE) of the Ag 3d doublet peaks at the 12 wt% loading and 20 wt% loading. A

shift in the binding energy is a result of a change in the chemical bonding of the atoms in a

solid. Several factors such as valence electron density, lattice potential, work function, and

atomic relaxation energy are reported to influence a shift in BE [74, 75]. If ionic charge or

oxidation state were the only factors to be considered, then it could be concluded that Ag

was reduced. However, the anomalous nature of the BE of Ag oxides compared to that of

Ag metal is such that there is a negative shift in BE from Ag0 to Ag1+, 2+ [76, 77]. Normally

in the literature, most metal to metal oxides systems exhibit positive binding energy shifts

as the metal is oxidized. Positive shifts are typically the result of screening effects which

resulting in electronegativity differences. The metal cation has a reduced number of electrons

screening the nucleus which typically results in a higher binding energy for the metal oxides

than the metal.

20



360370380

2 wt. %

4 wt. %

8 wt. %

12 wt. %

20 wt. %

Binding Energy (eV)

In
te
n
si
ty

(a
.u
.)

Figure 2.4: Deconvolution of XPS spectra of the Ag/TiO2 Ag(3d3/2, 3d5/2) peaks ranging
from 1–20 wt% loading
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Table 2.4: FWHM and BE of Ag-3d Peaks

Binding Energy (eV)

Ag/TiO2 Component 1 Component 2

Loading Ag(3d3/2) FWHM Ag(3d5/2) FWHM Ag(3d3/2) FWHM Ag(3d5/2) FWHM

1 wt% UD UD UD UD UD UD UD UD

2 wt% 373.9 2.3 367.9 2.3 UD UD UD UD

4 wt% 373.5 2.1 367.5 2.1 370.8 2.1 365.1 2.1

8 wt% 373.7 2.1 367.6 2.1 UD UD UD UD

12 wt% 374.0 2.0 368.0 2.0 371.3 2.0 365.3 2.0

20 wt% 373.7 1.9 367.7 1.9 371.3 2.3 365.3 2.3

UD - undetectable

† uncertainty ± 0.2 eV
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The decomposition of the Ag 3d photoemission spectra is shown in Figure 2.4. Photo-

electron lines have a Lorentzian shape corresponding to the lifetime of the core hole that is

created; if all the features were ideal a strictly Lorentzian curve would be used. However,

a combination of Gaussian-Lorentzian curve was used to account for non-idealities in the

system; instrumental factors such as the width of the x-ray line and the analyzer resolu-

tion. This mixed curve ratio was employed for the entire analysis. Symmetrical line shapes

were used for all elements. Several parameter constraints were employed in consideration of

known physical constants of Ag in order to obey the chemistry. These parameters were: the

peak symmetry - defined by the d-subshell, a doublet separation of 6.0 ± 0.2 eV, and the

relative intensities for d electrons, 2:3 [75, 78, 79]. A proper background was also necessary

to obey the chemistry and physics involved in the system. A blend of the Shirley and linear

backgrounds was used to satisfy the 2:3 ratio of the d doublet. The Gaussian-Lorentzian

curve ratio, the relative intensity 3d doublet area ratio, and the peak separation were all

fixed. The FWHM of the peaks were constrained within a range. The use of the physical

constants and constraints should reduce ambiguity, elucidate underlying peaks, and elimi-

nate the introduction of biases that would result in a loss of the contribution of other peaks.

The peaks were fitted with a fair degree of certainty because of these physical constants and

constraints. Changes in oxidation state of Ag could not be determined due to the slight

differences in BE values using the (3d5/2) peak binding energies Ag0 (368.2 eV), Ag1+ (367.7

eV), and Ag2+ (367.4 eV) [75, 76, 79]. Additionally, this determination was beyond the

sensitivity of the non-monochromatic LHS-10 XPS system which had an uncertainty of ±

0.2 eV.

The prominent shoulders displayed in the 20 wt% loading were attributed to the oc-

currence of a second doublet component. The Ag silver at the 12 wt% loading showed an

anomaly in that the BE of the Ag 3d peak displayed the highest BE of all the sample ana-

lyzed. This occurrence was independently verified [80]. The 4, 12 and 20 wt% loading were

decomposed into two doublets. The multiple occurrence and growth of the second doublet
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suggest that this is not an artifact resulting from system contamination. The second dou-

blet suggests the occurrence of multiple species of AgxOx . Table 2.4 shows the BE and the

FWHM values for the components of the XPS Ag 3d spectra. The BE of the silver oxides

decrease in the order Agm – Ag2O – AgO while the FWHM increases and the peaks get

broader. The first Ag component is assigned to Ag2O with Ag 3d5/2 located at 365.6 ± 0.2

eV as is reported in literature (see Table 2.5). The FWHM of this component decreases with

increasing weight loading. AgO is reported to have two chemically inequivalent silver atoms

with chemical formula AgIAgIIIO2. AgI has two oxygen atoms and AgIII with four oxygen

atoms [76].

Table 2.5: BE of Ag(3d5/2) Peak in Ag, Ag2O, and AgO

Compound Binding Energy (eV) Reference

Ag 368.1 ± 0.1 Schön [76]

Ag 368.0 Gaarenstrom [75]

Ag 367.9 Wagner [79]

Ag 367.9 ± 0.2 This work

Ag2O 367.7 ± 0.2 Schön [76]

Ag2O 367.6 Gaarenstrom [75]

AgO 367.8 Wagner [79]

AgO 367.4 ± 0.2 Schön [76]

AgO 367.2 Gaarenstrom [75]

Table 2.5 shows the values of the BE of Ag(3d5/2) peak in Ag, Ag2O, and AgO found in

literature. Oxygen displays distinctive features which are characteristic to metallic silver and

AgxOx compounds; Ag0 has a peak at 532.2 eV, Ag1+ has two peaks at 529.0 eV and 530.4

eV, and Ag2+ has two peak at 528.4 eV and 530.3 eV [76]. The major contribution to the

oxygen peak is TiO2 as demonstrated by the mole ratios presented in Table 2.6. This qualifies
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Figure 2.5: Oxygen 1s spectra of various loading of Ag/TiO2 adsorbents
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the assignment of the peak occurring at approximately 529.5 eV to TiO2. Additionally,

there is most likely a small contribution from Ag2O and AgO, but that contribution could

not be extracted from this data with great fidelity. However, it can be concluded that the

oxygen peaks show the presence of multiple species. The change from one component to two

component in the oxygen peak could be due to continuously changing oxygen absorbed on

Ag2O to metallic Ag noted in metal-oxygen systems reported in Schön [76]. Previous TPR

investigations revealed that Ag is present in its oxide state as Ag1+ with minor concentrations

present as Ag2+ [28].

Atomic Ratios

Atomic ratios derived from the XPS data are listed in Table 2.6. The atomic ratios

of TiO2 are fairly constant for all the weight loadings, except for the 2 wt% loading. This

shows that the titania support was not appreciably obscured by the silver deposited. The

deviation in the 2 wt% sample can be explained by the increased levels of carbon which

suggested carbon contamination. Similarly, the atomic ratios of oxygen are fairly constant

across the various loadings, except for the 20 wt% sample where it is hypothesized that

reduction took place. The O/Ti ratios did vary at the 2 and 20 wt% loadings. It is believed

that deviated occurred at the 2 wt% due to carbon contamination and at 20 wt% as a result

of some chemical structural change.

Dispersion

Information regarding the dispersion and particle size of silver particles on titanium

oxide support was extracted using the XPS. XPS has been well established as a technique

for studying dispersion of metal on supported systems [45–50, 55, 64, 81–85]. 2.6 shows

the intensities of the active particles relative to the support versus the mole fraction as

detected by the XPS for various loadings of silver particles. The XPS intensity ratio for

Ag/TiO2 increases with additional loadings of silver. There is a linear relationship observed
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Table 2.6: Atomic Ratio of Surface Species on Ag/TiO2 Adsorbent Pellets

Ag/TiO2 Loading

Element 1wt% 2wt% 4wt% 8wt% 12wt% 20wt%

C-1s 0.25 0.31 0.21 0.19 0.19 0.22

O-1s 0.52 0.51 0.53 0.52 0.51 0.46

TiO2-2p 0.23 0.17 0.23 0.23 0.23 0.22

Ag-3d UD 0.01 0.03 0.06 0.08 0.10

Theoretical Ag† 0.008 0.015 0.03 0.06 0.09 0.15

Total 1.00 1.00 1.00 1.00 1.00 1.00

‡ - uncertainty ± 10%

UD - undetectable

† - calculated based on the Ag deposited on specimen.

at lower loadings of less than 0.03 mole fraction (<4 wt% ) which suggests that silver is

highly dispersed on the titanium oxide support up to a certain critical value. At this critical

value, theorized to be between 4 and 5 wt% , increased silver loading deviates from the linear

trend and levels off smoothly. This points to the growth of silver particles. Initially, particles

are likely to be of uniform distribution and are well dispersed on the surface of the support

until they reach a critical loading where the particles begin to grow in size. Similar trends

have been observed in the literature [46, 85, 87]. Briggs [46] observed the peak areas of metal

catalysts supported on silica versus the wt% metal loading in M/SiO2 catalyst1 and Park

[85] observed the XPS Cr 2p/Al 2p intensity ratios. This theory is also supported by the

fact that sulfur capacity for the Ag/TiO2 adsorbent increases with weight loading up to a

critical value, between 4 and 5 wt% after which increased loading does not increase sulfur

capacity [22].

1the identity of M was not disclosed
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The dashed line in Figure 2.7 and 2.8 exemplifies the trend that would result if the

silver-to-titania intensity ratios exhibited a strong linear dependence with loading; however,

the experimental values, as indicated by the solid line, did not show this dependence. This

dependence was calculated assuming all the silver was atomically dispersed and every atom

was accessible (best case scenario). The 2, 4, and 8 wt% Ag/TiO2 loadings conformed to

uniform dispersion. At the 12 wt% the experimental value falls slightly below the calculated

values and at 20 wt%, the adsorbent with the highest loading, the value falls significantly

below linear dispersion line. It is important to note that high and uniform dispersion is

important to gain the greatest access to the active atoms of the adsorbent.
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Figure 2.6: Monolayer detected versus moles deposited of Ag
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Particle Size

In addition to dispersion, the properties of a catalyst are to a large extent dependent on

particle size. However, the atomic size difficult to predict. Difficulties arise in compounds

because of nearest neighbors interactions and the resulting perturbation on the electron

charge cloud. Despite these difficulties, a best estimation is a useful starting point. If the

assumption is made that isolated Ag atoms are all uniformly dispersed on the support,

then an estimation can be made to locate the point beyond which the Ag particles begin

to increase in size based on a comparison of the experimental IAg/IT iO2 and the calculated

IAg/IT iO2 assuming 100% accessibility of Ag atoms.

The data displayed in Figure 2.7 suggests that all the Ag atoms are accessible up to 8

wt% loading after which the crystallites growth occurs. This is signified by the departure

from the linear behavior demonstrated from 0 wt% up to 8 wt%. Another linear trend is

displayed from 8 wt% to 20 wt% which indicates that the particles form crystallites that

are uniform in size and increase in occurrence with increased loading up to 20 wt%. The

IAg/ITiO2 experimental values form 0 – 8 wt% loadings lie on a line which typically indicates

uniform dispersion. Since non-linear behavior starts after 8 wt% loading, it was assumed

that nucleation occurred beyond this point. Table 2.7 lists the predicted IAg/ITiO2 values due

to particle growth. The predicted values at 12 wt% fell at the lower end of the uncertainty

range while at the 20 wt% loading the predicted value was just outside the uncertainty range.

In Figure 2.8 particle growth is assumed to start after 4 wt% loading. The corresponding

values are listed in Table 2.8. The predicted IAg/ITiO2 values are well within the uncertainty

range. The results listed in Tables 2.7 and 2.8 indicates that arguably the Ag particle growth

could be somewhere between 4 wt% than 8 wt%. However, since the sulfur heterocyclic

adsorption selectively has the greatest capacity at about the 4 wt% loading a more confident

assertion is that particle growth begins at this point.
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Predicted Particle Size

The dimension change of the crystallites were found by equating the particle growth

term as seen in Equation 2.3 to the IAg/ITiO2 experimental values. Particle growth was

assumed to begin after 4 wt% loading.

IAg = B0σAgλAg(ε)NAg

∫ t

0

e−t/λ dt︸ ︷︷ ︸
growth term

(2.3)

The final dimensions can be calculated by accounting for the initial atomic size plus the

growth dimension. One Ag atomic diameter is equivalent to approximately 0.35 nm. If a

crystallite at the 8 wt% loading contains 2 atoms on an edge of a cube then the total number

of atoms contained would be 8 atoms. The subsequent size at 8 – 20 wt% loadings are listed

in Table 2.8
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Figure 2.7: Ag/Ti ratio as a function of weight
loading of Ag

Table 2.7: Particle Growth - after 8 wt% Loading

Ag IAg/ITiO2 Particle

Loading (wt%) Experimental Predicted Size (nm)

8 0.28 — 0.35

12 0.35 0.39 ± 0.04 0.78

20 0.48 0.56 ± 0.07 1.03
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Figure 2.8: Ag/Ti ratio as a function of weight
loading of Ag

Table 2.8: Particle Growth - after 4 wt% Loading

Ag IAg/ITiO2 Particle

Loading (wt%) Experimental Predicted Size (nm)

4 0.14 — 0.35

8 0.28 0.24 ± 0.03 0.71

12 0.35 0.33 ± 0.04 0.84

20 0.48 0.46 ± 0.05 1.11
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2.5 Conclusions of Previous Work

The ultimate goal of this project is to acquire a fundamental understanding of silver

based desulfurization materials, in particular, Ag/TiO2 adsorbents. A greater understand-

ing of the surface properties responsible for the Ag/TiO2 adsorbent’s capacity to remove

refractory sulfur compounds from high sulfur logistic fuels is necessary. This information

is being sought to ultimately enhance performance capabilities and for the development of

more efficient adsorbents. Previous studies have led to the conclusions stated below [5].

The following paragraphs in this section was taken from MSThesis.

The surface of the titania support from an XPS perspective is not appreciably shadowed

by the Ag particles up to 20 wt% loading. The maximum area occupied by silver particle

is less than approximately 6% of the total surface area of the titania assuming that the

crystallites are evenly spaced of spherical, hemispherical or cubic geometries. Homogenous

and mono dispersal of Ag on the support would result in coverage up to 0.81 ML at 20 wt%.

A functional relationship exists between the dispersed phase, the size of the silver particle

and the observed XPS intensity. Ag/TiO2 adsorbents display mono dispersion up to the 4

wt% loading. This corresponds to hypothesis that the silver atoms populate defects on

the titanium support up to this specific weight loading. This 4 wt% loading is the critical

loading baseline after which the atoms begin to grow into bigger crystallites. Refer to Figure

6.2 for illustration. The characteristic property of sulfur selectivity is a combination of the

interaction of the silver oxide, the population of titania defects and the size of the silver

crystallites. XPS result indicated the presence of Ag in its oxide form. The XPS oxygen

peak due assigned to Ag1+ was the most dominant suggesting that Ag2O was in the majority.

XPS results also indicated that the activity of Ag/TiO2 is most likely optimal not only for

a specific size but also when the defects on the titania support are populated.

Oxygen chemisorption should not be used as the sole means of determining the particle

size of Ag particles; the inherent assumptions may lead to inaccuracies in estimation. The

combination of XPS and chemisorption measurements are a more accurate indication of the
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actual crystallite size. Oxygen chemisorption over-estimated the particle size for Ag particles

in the Ag/TiO2 system studied. XPS provided a more accurate representation of particle

size. The 20-100 nm particle size range estimated from XPS is supported by the fact that

the Ag particle size could not be determined from XRD measurements, thus suggesting than

the particle sizes are less than 5 nm.
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Chapter 3

Experimental Methodology

3.1 Introduction

Surface characterization is of crucial importance to the advancement of adsorbent tech-

nology. Information received from the surface species can elucidate properties such as: com-

position, size, dispersion, reactivity, selectivity, active site, etc. The following sections briefly

describe the theory involved in the application of the techniques utilized in this work.

3.2 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is the most widely used surface sensitive char-

acterization technique based on the photoelectric effect[44]. XPS give information about the

chemical environment of a sample based on binding energy variation. When the surface of

a sample is irradiated using an X-ray source, energy is transferred from the photons to the

atoms on the surface of a sample. If the photon energy is enough to overcome the attractive

forces binding the electron in its orbital, the electron will be emitted so that the atom can

regain an energetically stable environment. The emitted electron, photoelectron, powered

by the photon energy and kinetic energy are detected by an electron analyzer. Using the

principle of conservation of energy,

hν = Ek + Eb + φ (3.1)

where hν is the energy of the photon, Ek is the kinetic energy, Eb is the binding energy and

φ is the work function.
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The intensity of the photoelectronic peak for a sample as described by Penn [88] is

I = I0nσλ(ε)D(ε) (3.2)

where I0 is the X-ray flux, n is the density of atoms, σ is the photoelectron cross-section,

λ(ε) is the mean free path of energy (ε), D(ε) the fraction of electrons detected by the

analyzer. More complicated forms of this equation exist as described by Briggs and Seah

[89] which include more instrumental and morphological parameters; however, this form

of the equation has a ± 10 % uncertainty which is deemed acceptable given the degree of

difficulty in acquiring all the different parameters. This form of the equation is referred to

as the ‘first principle model’ (FPM).

The experimental intensity, I,which corresponds to the area under the graph of the XPS

peak, is used to determine the atomic concentration, Cx , of the element in the sample [90]:

A ∝ Cxσλ(ε)D(ε) (3.3)

An empirical method using sensitivity factors can also be used to estimate Cx[79]:

Cx =

Ix
SFx∑
i

Ii
SFi

(3.4)

where SFx is the atomic sensitivity factor for element x. The SF is directly proportional to

the cross-section, the inelastic mean free path for the photoelectron core, level and several

parameters that are dependent on the experimental conditions. Thus, all instrumental factors

are grouped into the SF , which is given by Wagner et al. [78]:

SF = σφyATλ (3.5)
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where σ is the photoelectric cross-section for a particular transition cm2, φ is the angular

frequency factor, y is efficiency of production, A is the sample illuminated area, T is the

detector efficiency, and λ is the mean free path of photoelectrons. A list of sensitivity factors

are reported in the literature for a large number of elements using the F 1s line [78].

This method is however prone to lower accuracy than XPS measurement intensity de-

rived from FPM [91]. Wertheim [90] states that there is no possibility of defining universally

accepted applicable sensitivity factors. This is because the area of the main line that depends

on the fraction of events accompanied by the multi-electron process varies among atoms and

materials. Also, several issues arise for the transferability of SF between instruments. In

this study, the FPM was applied to determine the atomic concentration.

3.2.1 Experimental

The XPS system consists of a non-monochromatic Leybold-Heraeus LHS-10 spectrome-

ter with a dual anode Al/Mg X-ray source and hemispherical electron energy analyzer (HSA).

XPS measurements were taken with an X-ray source typically requiring between 100 W and

350 W of power. The system typically yielded a 1.2 eV FWHM for the Au(4f7/2) photo-

electron peak of a gold foil using a Mg Kα anode at a workable spectrometer pass energy

and count rate. The measurement uncertainty was recorded as ± 0.2 eV. The samples were

mounted on carbon, high-vacuum compatible, double-sided adhesive tape. Sorbent samples

were introduced into the load lock and degassed to pressures of ca. 1 ×10−6 Torr. Subse-

quently, the samples were inserted into the main chamber where measurements were taken

at a residual pressure of ca. 1 ×10−7 Torr. Al Kα (hν =1486.6 eV) or Mg Kα (hν =1253.6

eV) x-ray source was used at spectrometer operating conditions of 10 mA and 50 eV. XPS

data were fitted using the XPSPEAK41 program. Sample charging was compensated for by

adjusting XPS settings to the C 1s peak at 284.6 eV. The samples were assessed to ensure

that the shoulder was not the result of artifacts due to system contamination. Atomic ratios
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were derived using the analysis of the elemental peak areas following well established meth-

ods for XPS data analysis [48, 52, 78, 88–90, 92]. Peak deconvolution was performed using

a nonlinear Shirley baseline and a combination of Gaussian and Lorentzian type curves.

3.3 Oxygen Chemisorption

Chemisorption is an analytical adsorption technique (widely used in heterogenous catal-

ysis) that is based on chemical interactions occurring between the the adsorbate gas and the

exposed surface of a catalytic material. Chemisorption is used to reveal information about

a variety of surface properties. These include but are not limited to: the active metal sur-

face area, dispersion of the active metal, surface energy, reducibility and oxidizability of

the catalytic material, and crystallite size. In this work, information from selective oxygen

chemisorption was used specifically to determine the silver crystallite size of the Ag/TiO2

adsorbent. Oxygen gas was used in preference to other gases such as CO and H2 as it

most readily adsorbed to form a well-defined monolayer coverage (with the least challenges)

[38, 93–95].

Selective oxygen chemisorption was used to obtain the active metal surface area at

conditions which supported the formation of a monolayer on the surface of the exposed

metal atoms. The number of surface metal atoms is obtained from measuring the amount of

chemisorbed gas. The amount of oxygen chemisorbed based on the formation of a monolayer

was used with the known adsorption stoichiometry between the adsorbate gas and the metal

[38, 40, 41, 96, 97]. The metal surface area is given by:

ASA =
Nm · S · Am

166
(3.6)

where ASA is the active surface area of the metal atoms (m2/g), Nm is the oxygen monolayer

uptake (moles/g), S is the adsorption stoichiometry, and Am is the cross-sectional area of

the active metal surface atom, which is 8.696 (Å2/ Ag atom).
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Metal crystallite size was determined by estimating the volume from the mass and the

density of the supported metal, using the ASA, and by assuming a geometry of the crystallite.

The geometries assumed were (i) spherical, (ii) hemispherical, and (iii) cubic. The average

crystallite size is given by:

d =
L · f

ASA · ρm
(3.7)

where d is the particle diameter, L is the percent metal loading, ρm is the density of the

supported metal, and f is the particle shape correction factor (f = 6 for spherical and

hemispherical particles and f = 5 for cubic particles ).

The metal dispersion D, which is the ratio of exposed active metal to the total number

of metal atoms in the sample material is given by:

D =
NA ·Nm ·ms · S ·MW

L ·ms ·NA

(3.8)

where MW is molecular weight of the metal and ms mass of sample. The equation is

reduced to:

D =
Nm · S ·MW

L
(3.9)

3.3.1 Experimental

The Quantachrome Autosorb-1 was used to perform oxygen chemisorption using that

static chemisorption technique [95]. Three pretreatment steps were carried out for oxygen

chemisorption: firstly, ∼ 5 mg of the adsorbent pellets were heated to 150◦C followed by an

evacuation at 2.99 × 10−9 Torr for 30 minutes to remove the moisture and contaminants

from the surface. Secondly, hydrogen reduction at 300◦C and 760 Torr for 60 minutes to

provide reducible oxygen uptake. Thirdly, evacuation at 300◦C and 2.99 × 10−9 Torr for

60 minutes for the removal of physisorbed hydrogen. Oxygen uptake was recorded at 170◦C

after saturation of the surface was reached. The Brunaur-Emmett-Teller (BET) surface areas
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were measured from nitrogen gas adsorption-desorption at 77 K. The average sizes of the

dispersed crystallites were derived from the active surface area.

3.4 Electron Paramagnetic Resonance

Electron Paramagnetic Resonance (EPR) is a spectroscopic technique that is used to

detect chemical species that have unpaired electrons. It is the measurement and interpreta-

tion of the energy differences between the atomic or molecular states and is used to increase

knowledge about the structure of molecules and probe the adsorbate-surface interactions by

analyzing a molecular absorption spectra which arise when the frequency and the amount

of the electromagnetic radiation is changed as it passes through a sample.

EPR is based on the interaction of electromagnetic radiation with magnetic moments

arising from electrons. In EPR the intensity, the number of absorption lines and the line

position is used to identify different nuclei. Intensity is purely a property of the electron,but

can be correlated to a metal when the metal content is known.

Line positions in EPR are stated in g values which is a function of the ratio of the

frequency to the resonant field. The relationship describing the absorption of microwave

energy between two spin states is

∆E = hν = gbB

where:

∆E is the energy difference between the two spin states

h is Planck’s constant

ν is the microwave frequency

g is the Zeeman splitting factor

b is the Bohr magneton

B is the applied magnetic field.
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EPR can identify an absorption site via superhyperfine structure (observable only when

nonzero nuclear spins are present) or g tensor. EPR is used as a complementary technique

to characterize the adsorbate surface system, information can only be obtained if the system

is paramagnetic. Thus, in the AgTiO2 system we can only gain direct information on the

Ag2+ paramagnetic species and the Ti+1 signals.

3.4.1 Experimental

The EPR system consists of a Bruker EMX-6/1 X-band EPR spectrometer composed

of: an EMX 1/3 console, an ER 041 X61 bridge microwave bridge with built-in microwave

frequency counter, an ER070 magnet, and an ER-410410st standard universal rectangu-

lar angular cavity. Data acquisition was performed with the software supplied by Bruker

(WINEPR acquisition program), data manipulation (determination of g-values, subtraction,

base lining, integration and conversion to ASCII files for use with Origin or Microsoft Excel)

was done with the WINEPR program version 2.11.

Ag/TiO2 samples were prepared by the method described previously in Section 2.1.1.

Prepared samples were cooled with liquid nitrogen to 77 K in a finger Dewar. Spectra

of the as-prepared sorbent were recorded with a field modulation frequency of 100 kHz, a

modulation amplitude of 10 mT, a frequency of 9.37 GHz, and a power supply of 2 mW.

3.5 Inductively Coupled Plasma Atomic Emission Spectroscopy

Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) is a high speci-

ficity, multi-element analytical technique used for elemental composition. Inductively cou-

pled plasma is used to excited electrons to higher energy levels and upon returning to the

ground states, these electrons emit energy at a given wavelength. By comparing the emission

wavelength and intensity the element and the concentration of can be determined relative to

a reference standards. The quality of the chemical composition of the Ag/TiO2 adsorbents

was confirmed using inductively coupled plasma atomic emission spectroscopy. The silver
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concentration was quantified against certified standards using spectral line 328.068 nm. A

minimum of three measurements were taken for each sample.

3.5.1 Experimental

Samples were ground with a mortar and pestle, weighed to 0.1 g and digested using

EPA Method 3051A, which is a microwave digestion procedure to extract total elements.

Microwave digestion was performed on a Mars Xpress system (CEM Corporation, NC) with

10 mL of concentrated nitric acid. Digested samples were filtered and the volume made up

to 100 mL with deionized water. Samples were analyzed using ICP-OES (Spectro Ciros ICP,

SPECTRO Analytical Instruments, Kleve, Germany).
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Chapter 4

Adsorption Studies

The following studies were performed to contribute to a complete understanding of

Ag/TiO2 adsorbents.

4.1 Chemisorptive Properties of Ag/TiO2 Adsorbents

There are inconsistencies in the particles sizes resulting from determination using XRD,

XPS, and oxygen chemisorption. Particle size could not be evaluated using XRD for weight

loading ranging from 0–20 wt% Ag/TiO2. Silver was detected at the 20 wt% loading but

could not be quantified due to its small concentration. Particle sizes determined using XPS

and oxygen chemisorption are listed in Table 4.1

Table 4.1: Comparison of Oxygen Chemisorption, XPS, and XRD Particle Size

Ag Particle Size (nm)

wt% Loading O. C. XPS XRD

4 3.4 0.35 ± 0.03 ND

8 4.1 0.71 ± 0.03 ND

12 5.3 0.84 ± 0.03 ND

20 6.9 1.11 ± 0.03 *D

ND - not detectable,

*D - detectable but not quantifiable

The particle sizes calculated from XPS were considerably smaller than those derived

using oxygen chemisorption. XRD did not provide conclusive measurements when applied

42



in the crystallite size determination of Ag/TiO2 adsorbents. The lack of signal suggested

that the crystallite was below the detection limit of the XRD / 5 nm [30–32]. This supports

the validity of the XPS particle size determination.

Suppression of oxygen results in an overestimation of particle size. There are several

factors that could have resulted in the particle size exaggeration using oxygen chemisorption.

These factors are built into the assumptions and biases of the techniques and were discussed

in Chapter 2. In an effort to resolve the inconsistencies in calculated silver particle size by

oxygen chemisorption, the following experiments were performed:

Part 1 - Evaluation of TiO2 native oxygen uptake

The oxygen uptake on native or nitrated TiO2 surface was determined for previously

reported particle sizes determined by oxygen chemisorption [22]. The particle sizes were

re-evaluated and corrected for the native uptake on the adsorbent in the absence of silver

particles. Repeated measurements were performed to eliminate random error. The native

O2 uptake was found to be 8.38 ±0.15 µmol/g. There was negligible difference in uptake

between native TiO2, nitrated TiO2 and the particular nitrate loading of TiO2. Supporting

data can be seen in Table 4.2. The average particle sizes increased by 0.2 nm when re-

evaluated for the native oxygen uptake see Table 4.3. However, consideration of the native

uptake of TiO2 cannot account for the exaggerated particle size, on the contrary, particle

size is increased.

Table 4.2: Evaluation of Blank TiO2 Oxygen Monolayer Uptake

Monolayer Uptake (Nm) ( µmol/g)

Sample Run 1 Run 2 Run 3 Average

0wt-NO3−TiO2 9.736 9.085 6.907 8.576

4wt-NO3−TiO2 7.777 8.646 8.425 8.283

7.2wt-NO3−TiO2 8.271 7.947 8.674 8.297

43



Table 4.3: Comparison of Particle Size Uncorrected and Corrected for Native TiO2 Uptake

Average Ag wt% Loading

Particle Size (nm) 0 4 8 12 20

Uncorrected Blank 0 3.4 4.1 5.3 6.9

Corrected Blank 0 3.6 4.3 5.5 7.1

Accounting for the native TiO2 uptake for Ag loadings less than 4 wt% results in a

more significant increase in particle size. Provided that all the assumptions are consistent

for the various weight loadings, at the lower loadings monolayer uptake is lower, thus the

constant value which the native uptake is, would have a greater impact in the determination

of particle size. Examining the chemisorption particle size determination equation, eqn 4.1,

particle diameter is inversely proportional to the monolayer uptake. Thus, when monolayer

uptake decreases particle size increases. Also, consider the fact that a smaller number in the

denominator of a fraction gives a greater result.

d =
100 · L · f · 166

Nm · S · Am · ρm
(4.1)

In the chemisorption particle size determination equation, Equation 4.1, d is the particle

diameter, L is the percent metal loading, ρm is the density of the supported metal, f is the

particle shape correction factor, Nm is the oxygen monolayer uptake (moles/g), S is the

adsorption stoichiometry, and Am is the cross-sectional area of the active metal surface atom

(Å/ Ag atom).

In Table 4.4, 1–2 wt% Ag/TiO2 was reproduced and the monolayer uptake was deter-

mined. This table shows the significant impact that the native uptake has on lower weight

loadings. The evaluation of 1–2 wt% Ag/TiO2 resulted in the hypothesis that oxygen is

being suppressed during chemisorption. The following experiments will seek to determine

the cause of this suppression.
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Table 4.4: Effect of Native TiO2 Oxygen Uptake at Ag loading Less than 4 wt%

Ag wt% Loading

1 1 2 2

Monolayer Uptake (Nm) [µmol/g] 28.72 24.67 44.70 46.71

Average Crystallite Size [nm] 3.80 4.42 4.88 4.67

Corrected for Native TiO2 uptake

Monolayer Uptake (Nm) [µmol/g] 20.43 16.38 36.41 38.42

Average Crystallite Size [nm] 5.34 6.66 5.99 5.68

Part 2 - Investigation into the Suppression of Chemisorbed Oxygen of Ag crys-

tallites on TiO2 support

In chemisorption, monolayer capacity is defined as the amount of adsorbate which is

needed to occupy all adsorption sites as determined by the structure of the adsorbent and

by the chemical nature of the adsorptive gas. Several factors are known to affect monolayer

uptake, namely, reduction temperature, SMSI interactions and strongly bonded subsurface

oxygen. Additionally, suppressed oxygen uptake for very small particles have been noted

for metals such as, platinum, rhodium, and iridium. Perhaps there is a similar occurrence

in silver, where it is believed that the enhanced affinity of the small particles is dominant

relative to the electron transfer need to the adsorbed oxygen [36].

Note: Weak chemisorption was not performed because there is no difference between

weak and strong chemisorption suggesting that the negligible influence from weak chemisorp-

tion.

(i) The Effect of Reduction Temperature
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Ag/TiO2 particles sizes stated in previously in Nair et al [22], were evaluated when

hydrogen reduction was performed at 300 ◦C. This, in direct contrast to thermo-

reduction profiles of Ag/TiO2 adsorbents with various loadings of silver, which reported

reduction temperatures at temperatures as high as 340 ◦C as seen in Table 4.5 and

Figure 4.5. Likewise, Schön et al [76], and Hammond et al [77], showed that silver

oxides were reduced after 300 ◦C ; reduction of the Ag2O was shown at 320 ◦C and 380

◦C respectively.

This study seeks to confirm the hypothesis that oxygen chemisorption is inhibited

at 300 ◦C. Performing reduction at 400 ◦C would be more appropriate for oxygen

chemisorption to ensure greater reduction of the silver oxides. It has been shown

that low temperature reduction of TiO2 supported metal has led to suppression when

reduction occurred at 500 ◦C as opposed to 200 ◦C [99]. The adsorption of oxygen will

be monitored as a function of hydrogen reduction temperature.

Table 4.5: Ag/TiO2 hydrogen reduction temperature using TPR technique

Ag Loading Hydrogen Reduction Temperature

(wt%) T1 max(
◦C) T2 max(

◦C) T3 max(
◦C)

1 102 146 292

2 103 140* 341

3 102 146 292

4 114 140* 339

5 129* 153 328

6 108 140* 313

10 106 171 322

(ii) Strong Metal Support Interactions (SMSI) metals are polarized by the highly charged

cations of surface oxides. Strong metal-support interaction is a term used to describe
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Figure 4.1: Temperature Programmed Reduction profiles of various loadings Ag/TiO2

samples.

the drastic changes that occur in the chemisorption properties of group VIII (8-10)

metals when they are dispersed on the surfaces of transition metal oxides [100]. The

ability to chemisorb probe molecules is either suppressed or absent.

Classical SMSI effect as noted by Tauster et al [101], was discovered on group VII

metals supported on TiO2. Thus, it is likely that Ag/TiO2 adsorbents have strong

metal-support interactions due to the fact that they display atypical chemisorption

properties and have superior activity and selectivity. Traditionally, Ag encapsulation

by TiO2 and electron transfer would be indicative of SMSI from Ag to TiO2. In the

process of encapsulation or decoration, the lower oxides of titanium would migrate unto

the silver particles, thereby blocking the active sites of the metal particles inhibiting

chemisorption. SMSI due to charge transfer would be as a result of a change in the

silver charge due to the interaction with the titanium metal ions. However, in a series
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experiments where silver/titania was reduced at 550◦C silver did not exhibit charac-

teristics that were usually attributable to SMSI [102]. These experiment may not be

related because the size of the silver particle are larger than particles present in our

current Ag/TiO2 system. Real time XPS studies mimicking chemisorption conditions

could show these electron charge interactions.
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4.2 Investigation of the Chemisorption Stoichiometric Ratio between Silver

and Oxygen

The accuracy of the chemisorption technique relies on a variety of background infor-

mation. These include the correct stoichiometric ratio, the ability of an absorbate gas to

selectively chemisorb on the active metal, and constant gas uptake on the support when the

metal is present or absent. For the Ag/TiO2 adsorbent, there may be problems due to the

variation in the stoichiometry ratio of Ag : O (the number of sites per chemisorbed oxygen

atom) at the adsorption surface [37]. Although Ag(S) : O ' 1 appears to be the best value,

as reported in the literature [38–40], other stoichiometries possibilities have been reported

[38, 40, 41, 96, 97]. Table 4.6 lists some of the Ag/O stoichiometric ratios reported for oxygen

chemisorption in the literature. Differences in stoichiometries may be due to the hypothesis

that the gas molecule to metal stoichiometry is dependent on metal particle size. Other

discrepancies may result from either the complex oxygen adlayer [41, 42] or carbonaceous

contaminants, which have an effect on the sorption behavior of oxygen due to possibility of

subsurface oxidation of silver [38].

In chemisorption, there is size variation depending on the crystallite geometry assumed.

For example, spherical and cubic geometries will produce slightly different average dimen-

sions. Other problems, that may arise, include multiple adsorption of oxygen molecule on

metal surface atoms, internal absorption, incomplete adsorption of the oxygen molecules by

the metal particles, and non-metallic silver particles. Of these problems, explanations for

exaggerated crystallite size would be adsorption by titania support – subsurface adsorption

and multiple adsorption of gas molecule on metal surface atoms – under estimation of the

stoichiometric ratio [43]. Lower crystallite size would result from over estimation of the

stoichiometric ratio and inability of absorbate gas to selectively chemisorb a monolayer.

In this investigation the stoichiometric ratio was varied to explore which which ratio

more accurately describes the system and conforms to the chemistry and findings of sup-

porting characterization techniques.
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Table 4.6: Ag/O stoichiometric ratio reported for chemisorption

Compound Ag/O ratio Size Adsorption Technique Reference Year Notes

Temperature ◦C

Ag/corundrum, Ag/porcelain <1, 1 200 O.C. Kholyavenko et al [40] 1954

Ag catalysts 1 180–300 O.C. Smeltzer et al. [96] 1956

Ag powder 1 -77 to 350 O.C. Czanderna [41] 1964

Ag/γ, α-Al2O3 1 > 50 Å 50, 100, 150, O.C. Scholten et al [39] 1973

170, 200

Ag/α-Al2O3 1 200 O.C. Verykios et al [97] 1980

Ag powder 0.9–1.1 180 O.C. Kagawa et al [103] 1982

Ag/α-Al2O3 1 170 O.C. Strohmayer et al [38] 1983

Ag powder, Ag/SiO2,

Ag/TiO2 1 170 O.C. Seyedmonir et al [37] 1984

Ag/γ-Al2O3 2 170 O.C. Hoost et al [104] 1997

Ag/Al2O3 1 170 O.C. Yeung et al [105] 1998

Ag/Al2O3 2 170 O.C. Arve et al [106] 2006

Ag powder, Ag/α-Al2O3

O.C.– Oxygen Chemisorption
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The trend in oxygen uptake for various loadings Ag/TiO2 samples is shown in Figure

4.2. On observing the variation in trend in Figure 4.2 quality of the silver weight loading

was checked with ICP and the corresponding weight loadings were adjusted to chemical

composition reported by ICP. The value initially reported as 1 wt% loading was found to

more closely represent 2 wt% and 12 wt loading was discard as it failed the 95 % confidence

interval. Increased oxygen absorption maybe to an extra carbonaceous content. This curve

is remarkably similar in shape to Figure 2.8 which displays Ag/Ti ratio as a function of

weight loading. Thus, fundamental the raw data, the monolayer up and the Ag/Ti ratio

offers the same trend and the analysis breaks with chemisorption when the assumptions are

applied, such as stoichiometric ratio.
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Figure 4.2: Trend in Oxygen Uptake for Various Loadings Ag/TiO2 Samples.
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Table 4.7: Oxygen Chemisorption Results with an Ag/O Ratio of 1 for x %wt Ag/TiO2

Adsorbent

Ag Monolayer Active Metal Percent Metal Average

Loading Uptake Surface Area Dispersion Crystallite Size

(wt%) (mol/g) (m2/g) (%) (nm)

2 47.15 2.47 23 5.11

2 41.56 2.18 22 5.25

3 61.01 3.20 22 5.36

4 77.87 4.08 21 5.60

5 125.92 6.60 27 4.33

8 164.12 8.60 22 5.32

10 167.47 8.77 18 6.51

14 169.72 8.89 13 9.00

16 173.62 9.10 12 10.1

18 171.53 8.99 10 11.4

20 161.62 8.47 9 13.5
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Table 4.8: Oxygen Chemisorption Results with an Ag/O Ratio of 2 for x %wt Ag/TiO2

Adsorbent

Ag Monolayer Active Metal Percent Metal Average

Loading Uptake Surface Area Dispersion Crystallite Size

(wt%) (mol/g) (m2/g) (%) (nm)

2 47.15 4.94 46 2.55

2 41.56 4.35 45 2.62

3 61.01 6.39 44 2.68

4 77.87 8.16 42 2.80

5 125.92 13.19 54 2.17

8 164.12 17.20 44 2.66

10 167.47 17.55 36 3.23

14 169.72 17.78 26 4.50

16 173.62 18.19 23 5.03

18 171.53 17.97 21 5.72

20 161.62 16.93 17 6.75
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Table 4.9: Oxygen Chemisorption Results with an Ag/O Ratio of 0.5 for x %wt Ag/TiO2

Adsorbent

Ag Monolayer Active Metal Percent Metal Average

Loading Uptake Surface Area Dispersion Crystallite Size

(wt%) (mol/g) (m2/g) (%) (nm)

2 47.15 1.23 12 9.25

2 41.56 1.09 11 10.50

3 61.01 1.60 11 10.72

4 77.87 2.04 10 11.21

5 125.92 3.30 14 8.66

8 164.12 4.30 11 10.63

10 167.47 4.39 9 13.03

14 169.72 4.44 7 18.00

16 173.62 4.55 6 20.10

18 171.53 4.50 5 22.89

20 161.62 4.23 4 26.99
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The Ag/O stoichiometric ratios, 1, 2 and 0.5 were applied to the oxygen chemisorption

analysis. Stoichiometric ratios 1 and 2, because they are the most frequently reported in

literature and 0.5 to explore the possibility. Tables 4.7, 4.8 and, 4.9 list the values obtained

for active metal surface area, metal dispersion and the average crystallite size derived from

the oxygen uptake. The average crystallite sizes and the metal dispersion are plotted in

Figures 4.5. As expected these values exhibit a strong dependence on the stoichiometric

ratios. Average crystallite size increases with increasing Ag/O ratio while metal dispersion

decreases with Ag/O ratio.

58



1 2 4 6 8 10 12 14 16 18 20
0

5

10

15

20

25

Ag Loading on TiO2 (wt%)

A
v
g
C
rs
ta
ll
it
e
S
iz
e
(n
m
)

Ag/O Ratio: 0.5

Ag/O Ratio: 1

Ag/O Ratio: 2

1 2 4 6 8 10 12 14 16 18 20
0

10

20

30

40

50

Ag Loading on TiO2 (wt%)

M
et
al

D
is
p
er
si
on

(%
)

Ag/O Ratio: 2

Ag/O Ratio: 1

Ag/O Ratio: 0.5

Figure 4.5: Average Crystallite Size and Dispersion Dependency on Ag/O Stoichiometric
Ratio

59



Chapter 5

TPR

5.1 Temperature Programmed Reduction (TPR)

Temperature Programmed Reduction (TPR) is a sensitive technique which depends on

the property of reducibility of the system under study. At a specific temperature, a peak is

generated corresponding to the reduction of an oxide. The reduction temperature of an active

site may vary depending on the oxidation state of a metal. During reduction, oxygen ions

at the reaction interface are removed by the inward diffusion of hydrogen and the outward

diffusion of oxygen. Eventually, the metal nuclei will grow until there is complete removal of

the oxide. In this study, TPR was performed using a 5% H2 95% He gas stream (15 ml/min)

in a flowing reaction system in a tube furnace. 0.100 g of Ag/TiO2 was linearly heated from

30 ◦C to 650 ◦C at a rate of 10◦C/min. A thermal conductivity detector (TCD) was used

to measure the differences in thermal conductivities of the gas stream. The TCD signal was

calibrated and CuO was used to calibrate the number of moles of H2 consumed. The area

under the peak of a concentration versus time or temperature graph was integrated to give

the total H2 consumed from reduction. A more detailed experimental procedure is presented

in the Experimental Section. Precise control over experimental variables is necessary for

accurate data comparison. TPR is affected by particle size of the sample, heating rate,

concentration of gas stream and, the gas flow rate. The reaction between the silver titania

system and hydrogen is represented by the equation

AgO(s) + H2(g) −−→ Ag(s) + H2O(g)

Ag2O(s) + H2(g) −−→ 2 Ag(s) + H2O(g)

The Gibbs free energy is negative for Ag2O which indicates thermodynamic feasibility.
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The objective of the study is to examine the redox behavior of Ag/TiO2 using hydrogen

as a reducing agent in order to evaluate the assumptions made using oxygen chemisorption.

This is a part of a larger investigation to correlate XPS findings with the results from oxygen

chemisorption.

Experimental

TPR experiments were performed in a quartz fixed bed flow reactor (4 mm i.d.) con-

nected to a SRI 310C gas chromatograph. A sample size of approximately 100 mg held

between two layers of quartz wool was loaded into a the reactor. The temperature controller

was connected to a thermocouple in contact with the quartz reactor directly outside the

location of the sample. The sample was pretreated in air for 30 mins at 115 minutes to

remove water vapor, then cooled to room temperature in Ar. Argon was allowed to flow at

15 ml/min for 30 mins. Reduction was performed using a 5% H2 95% He gas stream flowing

at (15 ml/min) and through a temperature range of 30 ◦C to 650 ◦C at a rate of 10◦C/min.

The H2 consumption was monitored using a TCD detector and CuO was used as reference

compound. A schematic of the system used for TPR is shown in Figure 5.1.

Figure 5.1: Schematic of Temperature Programming Reduction Setup
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Figure 5.2: Temperature reduction profile (10 ◦C/min ) for reference compounds Ag2O,
AgO, and nitrated TiO2

Table 5.1: Temperature reduction analysis of reference compounds

Sample Tmax H2 Consumption

(◦C) (µmoles/g)

AgO 170 665.3

Ag2O 176 308.8
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Results and Discussion

The study describes the reducibility of Ag/TiO2 using TPR as a function of Ag content.

Figure 5.2 shows the TPR patterns of crystalline reference compounds used in an attempt to

locate and isolate characteristic signals. 10.0 mg of AgO and Ag2O, and 100 mg of Nitrated

TiO2 was used for sample reference analysis. The ratio of hydrogen consumption for AgO

and Ag2O was confirmed to be 2. The TPR-H2 pattern of nitrated TiO2 exhibited no defined

peaks that could be attributed to the reduction of the TiO2 support. This indicated that

AgxO (Alfa Aesar, 98% metal basis) in Ag/TiO2 could be fully reduced by H2. AgO (Alfa

Aesar, 99+% metal basis) showed a maximum reduction peak temperature (Tmax) at 170

◦C, while Ag2O had a (Tmax) at 176 ◦C.
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Figure 5.3: Temperature reduction profile for 1 wt%Ag/TiO2 showing the phase of reduc-
tion
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Figure 5.4: Temperature reduction profile for various loadings of Ag/TiO2

The reduction profile in Figure 5.3 shows the three phases into which a typical loading

is divided into for discussion (1wt% loading was used for illustration):

• Phase I (100–110◦C): peak attributable to AgxO reduction

• Phase II (140–170◦C): peak attributable to AgxO reduction

• Phase III (290–340◦C): peak attributable to AgxO reduction

The first two peaks (phase I & phase II) are clearly present in the temperature range of 100–

180 ◦C, known range for hydrogen consumption by AgO and Ag2O. The H2 consumption

increases with increased Ag loading. All three peaks characteristic to hydrogen reduction of

Ag/TiO2, thus can be ascribed to the reduction of the Ag species. Increasing the Ag loadings

increased each of the three phases, see in Figure 5.4. The three characteristic features was

independently confirmed by Quantachrome Laboratory see Figure 5.5. There is a definite

shift in the ratio of the particular species of Ag as demonstrated by the values for the ratio
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of Phase 1: Phase 2 in Table 5.2. Phase II is hypothesized to be linked to the metallic

character of silver. It grows significantly at higher weight loadings.

The negative peak seen in the hydrogen TPR analyses is indicative of hydrogen desorbing

off of the sample at higher temperatures. A mass spectrometer attached to the instrument

is needed to precisely determine elution at each peak. Figure 5.6 displays the moles of

Ag reduced assuming Ag+2 and Ag+1 to Ag0. The diagonal line indicates the number of

moles theoretically available for reduction assuming all Ag species are reducible. Since it is

theoretically impossible for Ag+1 to be above the diagonal line, the results suggest that the

Ag+1 may not be the dominant in Ag/TiO2 system. However, this is in contrast to previous

XPS and EPR investigations [28]. There are several ways to explain the over estimation of

the number of moles of Ag+1:

• Different Agx species exist on Ag/TiO2 in different ratios and different weight loadings

• Species are consuming more H2 than expected
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Figure 5.5: Temperature reduction profile for 4wt% Ag/TiO2-Quantachrome Laboratory
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Table 5.2: Temperature reduction profiles at various Ag wt % loadings

Ag T1 max T2 max T3 max Ratio of Average H2 Average H2

Loading Phase 1 : Consumption Consumption

(wt %) (◦C) (◦C) (◦C) Phase 2 Phase (1&2) Phase (3)

(µmoles) (µmoles)

1 102 146 292 0.57 3.91 6.81

2 103 140* 341 0.35 4.50 13.0

3 102 146 292 0.56 7.88 13.7

4 114 140* 339 0.60 10.1 17.0

5 129* 153 328 0.70 11.6 16.5

6 108 140* 313 1.08 17.3 16.0

10 106 171 322 1.99 32.0 16.0

12 103 152 305 2.51 87.6 34.6

∗ shoulder exists instead of peak
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Table 5.3: Amount of oxide reduced by TPR

Ag Total H2 Mass of Mass of Actual Ag Amt of Oxide Ag

Loading Consumption Ag2O Ag Deposited Reduced Reduced

(µmol) (g) (g) (g) %

2 17.45 0.004045 0.0038 0.0115 0.3277 33

3 21.55 0.004996 0.0047 0.0172 0.2698 27

4 21.45 0.004970 0.0046 0.0230 0.2013 20

5 27.13 0.006286 0.0059 0.0287 0.2037 20

6 28.10 0.006512 0.0061 0.0345 0.1759 18

10 33.31 0.007718 0.0072 0.0575 0.1251 13

∗ assuming 100 % Ag2O

Sources of Error

Deviations in Tmax maybe due to the temperature difference between the heating device

and the sample temperature. To reduce lagging temperature the sample thermocouple was

affixed directly outside the sample cell. A more accurate representative of the real sample

temperature could be obtained by placing a thermocouple covered by a inert sheath in the

adsorbent sample to monitor the reaction.

Also, errors may have arisen due to the TCD signal being out of sync with the timing

of the heating device. The TCD signal was sampled at a rate of 5 Hz over a definite period

of time. Thus, if the heating device/process controller moved too slowly or too quickly

over a given period, the subsequent voltage to temperature conversions would be affected.

Note that a 1◦C deviation occurred in 6 seconds when operating at a temperature ramp of

10◦C/min.
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Chapter 6

Silver-Titania Adsorbents: Discussion

The Center for Microfibrous Material Manufacturing (CM3) developed silver based ad-

sorbents for the ambient desulfurization of high sulfur fuels. Ag/TiO2 has been shown useful

for selective adsorption of sulfur heterocycles from complex fuel mixtures. Ag/TiO2 adsor-

bent’s utility involves simple and cost effective preparation, no hydro-processing, ambient

operating conditions, and stable multi-cycle regeneration. 4 wt% Ag/TiO2 has shown a re-

markable adsorption of selectivity towards sulfur heterocycles such as benzothiophene and

other dimethyl substituted compounds at ppb levels compared to other background fuel aro-

matics at up to 30% composition [22, 28]. As a result, a number of techniques have been

used for characterizing this system. Transmission electron microscopy (TEM), electron para-

magnetic resonance (EPR), X-ray diffraction (XRD), and oxygen chemisorption (OC) have

been previously employed in an attempt to elucidate the surface behavior of this adsorbent

[3, 22, 28, 29]. Silver atom dispersion and crystallite size are two crucial factors that influ-

ence capacity and selectivity of the adsorbent. Thus, it is important to employ techniques

that give fundamental and uniform insight into this behavior. Unfortunately, each of the

techniques noted above provides specific insight that is predicated by the biases, assump-

tions and sampling physics of the technique employed. As a result, inferential agreement has

been limited from these studies and they generally do not conform with observed trends in

heterocycle adsorption capacity versus Ag loading.

With regards to particle size and dispersion determinations, XRD did not provide useful

information for highly dispersed Ag. The two main drawbacks of XRD particle size deter-

mination are that the average particle size is a volume weighted average (instead of a more

appropriate surface weighted average) and the lower detection limit is reported to be for
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crystallites that are & 5 nm [30–32]. TEM analysis is equally challenging as it is prone

to various contrast issues and potential beam damage resulting from using a high surface

area TiO2 support (ca. 150 m2/g). Also, TEM samples only a very small and selected frac-

tion of the available crystallites and multi-atom agglomerations are not readily observable.

Monodispersed silver atoms and multi-atom clusters are difficult and daunting targets for

routine TEM analysis. EPR is dependent on the presence of certain oxidation states, e.g.,

Ag0 and Ag2+, while invisible to others such as Ag1+. And while oxygen chemisorption is

the most extensively used technique for determining the surface area weighted - average Ag

crystallite size; the accuracy and utility of this technique depends severely on underlying

assumptions regarding the: (i) conditions necessary to produce monolayer oxygen coverage,

(ii) stoichiometry of the oxygen to surface atom ratio, (iii) insensitivity of the former on

crystallite size, habit and surface plane(s) exposed, and (iv) inability to see those surface

Ag atoms which do not undergo reversible re-dox processes at the conditions of the adsorp-

tion experiments. Monodispersed Ag1+ atoms and multi-atoms clusters which are strongly

associated with TiO2 surface defects have been inferred recently to be active sites for hetero-

cycle adsorption based upon infrared adsorption spectra [108, 109] and corresponding ‘DFT’

calculations [110]. It is doubtful that these types of Ag atoms and clusters would be read-

ily observable via the traditional characterization techniques of: XRD, EPR, TEM or OC.

Therefore, there is a need for a more direct analysis technique that is capable of assessing

the state of dispersion of Ag on high surface area TiO2 supports.

XPS is well-suited for studying highly dispersed surface atoms, regardless of oxidation

state, that are present in supported catalysts and adsorbents [44–53]. XPS also provides

an assessment/indication of crystallite size that is strongly (and exponentially) weighted

toward the surface atoms via the inelastic mean free path of the photoelectrons. In con-

trast to chemisorption, XPS can also detect metal and non-metals, as well as both reducible

and irreducible species. Atoms on the surface and immediate subsurface will be seen re-

gardless of oxidation state. Finally, XPS is able to simultaneously account for oxidation,
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degree of dispersion, and nucleation/growth. Based on these studies a growth hypothesis

was developed.

6.1 Development of Growth Hypothesis Model

Figure 6.1: TiO2 anatase
unit cell showing the
(001)(101) planes

The most common lattice plane for anatase TiO2 is (101),

followed by the (100), and (001) planes [111–114]. The (101)

surface is also the most thermodynamically stable under clean

conditions, while the (100) surface is thought to be more stable

among oxygenated surfaces [115, 116], thus, the (101) surface

was used as the basis for the schematic depiction. The intro-

duction of silver ions into the surface of the TiO2 enhances

the sulfur heterocycle adsorption capacity as previously stated

[4, 22]. The mechanism can be explained by the filling of point

defects on the surface of the TiO2 up to an optimal concen-

tration, i.e. weight loading. The concentration of silver ions

has a notable effect on the capacity of the TiO2. Adsorption

data demonstrated that varying metal loading of silver ions changed the capacity of sulfur

heterocycle adsorption up to an optimal loading after which little or no increase in sulfur

heterocycle adsorption capacity was achieved [22]. The introduction of metal ions could

produce O vacancy or interstitial Ti4+ in TiO2 [117]. However, due to the large ionic radius

of silver compared to Ti4+, it is unlikely that the silver ions would act as interstitial ions in

the TiO2 matrix. Thus, the point defect is depicted by an oxygen vacancy on the surface of

the TiO2.

The diagrams in Figure 6.2 are a representation of a model surface of the adsorbent at

the various weight loadings that are consistent with the experimental results of the XPS. At

the 2 and 4 wt% loadings it is believed that the Ag sites are of the same size but increase in

occurrence as the weight loading of silver increases. This theory is due to the fact that 0, 2,
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Figure 6.2: Schematic showing the morphological configuration of Ag agglomerates with
increasing loading on TiO2
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and 4 wt% loadings lie on the same line segment. At ≤ 4 wt% loading, the Ag crystallites

occupy surface defects on the titanium surface and all the atoms are settled on the surface.

It is theorized that all the surface defected on TiO2 sites are populated at about the 4 wt%

loading level and further increases in loading result in particle nucleation and growth. At 8

wt% loading, the silver coverage is about 0.28 ML ( Figure 2.6), hence it can be assumed that

silver atoms can still occupy the available surface on the TiO2. However, there are no more

defects available on the titanium sites that can hold the individual silver atoms strongly.

At the 8, 12, and 20 wt% loadings the crystals grow progressively larger as revealed by the

particle size estimations from the measured IAg/ITi intensity ratios.

6.2 Self Consistency Check of Ag Atom Balance versus Uniform Dispersion

Behavior

An analysis was performed to test the credibility of the particle size distribution with

regards to uniform behavior. The plot in Figure 6.3 is a calculation of the limits of particle

size distribution based on the observed intensity XPS IAg/ITi diminution as well as the silver

mass balance.

The number of the nucleation site is fixed by surface area, preparation and number of

defects. This is believed to occur at the 4 wt% loading, thus 4 wt% loading is assumed to

be the base number of available nucleation sites. The sizes of the particles at 8, 12 and 20

wt% were determined using experimental Ag/Ti intensity ratios. The atoms in the particles

were determined based on a Ag1+ FCC unit cell on a volume basis (radius, r= 1.26 Å, lattice

parameter a= 3.56 Å). The Ag unit cell was calculated using the volume of a cube with

length = lattice parameter, a. The volume the particle was calculated using the volume of

the sphere. Hemispherical particles would have increase the fraction of base sites Ag occupied

on TiO2 by a factor of 1/6 and cubic particle would have decreased that number by a factor

of 2. The number of unit cells contained in each particle was derived and subsequently, the

number of atoms was determined using 4 atoms/ FCC unit cell and 0.74 packing factor.
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On the x-axis, at 0 there is no nucleation possible at the available sites, while at 1, all

the sites are available for nucleation. However, all sites cannot uniformly gain additional

atoms and satisfy the atom balance by occupying 100 % of the nucleation sites available. If

all atoms were dispersed uniformly, there would be no diminution in signal because XPS can

fully detect clusters of 3-5 atoms necessary for uniform distribution for 8–20 wt% loadings.

Thus, it is hypothesized that only a fraction of the nuclei grew larger. At 8 wt% loading, the

maximum fraction of sites available for nucleation is 0.5, assuming all sites uniformly gain

3 atoms (this is number of atoms determined to satisfy the XPS IAg/ITi intensity balance

at this particular weight loading). Similarly, at 12 wt and 20 wt% loadings the maximum

fraction of nucleation sites available are 0.15 and 0.12 respectively. The minimum number

of atoms determined to satisfy the intensity balance at this particular weight loading at

each nucleation site. Figure 6.3 clearly indicates the fact that uniform Ag behavior is not

occurring, and that only a fraction of the crystallites grew to an appreciable amount.
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6.3 Sulfur Heterocyle Adsorption on 4 wt% Ag/TiO2

Sulfur heterocycle adsorption capacities of different supports and metal loadings have

been reported in past studies [4, 22, 109, 118–122]. A greater adsorption capacity for model

fuel with benzothiophene (BT) than jet fuel, JP-5 was observed, this is due to competitive

adsorption among all the compounds present in JP5 - sulfur compounds and non sulfur

aromatic compounds. The sulfur heterocycle adsorption capacity of 4 wt% Ag/TiO2 using

benzothiophene (BT) (3500±10ppmw) in n-octane was reported as 41.7 mg of BT/g of

sorbent. The native adsorption capacity of titania was 18.3 mg. The difference in sulfur

adsorption capacity 23.4 mg was specifically due to the addition of Ag atoms to the titania

substrate. Thus, at saturation, the Ag : BT ratio was approximately 2 Ag atoms to 1 BT

molecule. Previous studies have shown 4 wt% Ag/TiO2 to be a stable adsorbent for up to

10 regeneration cycles. 4 wt% Ag/TiO2 does not leach during regeneration tests [4, 22, 121]

Table 6.1: Sulfur capacity of blank TiO2 and 4 wt% Ag/TiO2 using benzothiophene (3500±
10ppmw) in n-octane [1]

Saturation Capacity

(mg of BT/g of sorbent)

Blank TiO2 18.3

4 wt% Ag/TiO2 41.7

Difference 23.4
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Chapter 7

Conclusion

Absorption studies were performed in an attempt to gain a better understanding of the

discrepancies that exist between the previously reported average crystallite sizes for silver

titania adsorbents using oxygen chemisorption and XPS. Oxygen chemisorption, the stan-

dard technique for determining average particle size and dispersion is predicated on strong

assumptions that easily lead to a misrepresentation of surface characteristics. Although

XPS is subjected to different constraints and assumptions, using Ag/Ti ratio is a credible

indicator of the state of dispersion and average crystallite size of Ag in the silver titania

system and possibly other systems containing silver. An atom balance versus intensity bal-

ance demonstrates a bimodal particle size distribution is a representation of the sample and

is important to correlate the activity of supported silver adsorbents and catalysts to their

structure–activity performance. Accounting for the native uptake of nitrated titania surface

and using a Ag/O stoichiometric ratio of 2 for the polycrystalline of the silver titania system

surface gave a more accurate representation of the particle size and average crystallite sizes.

Thus it is recommended that XPS is more widely used for the aforementioned purposes.

The model predicting the particle growth behavior of silver on polycrystalline titania

was improved showing estimates of the upper ranges of bimodal particle size distribution

behavior. The latter behavior not being readily observable from techniques which assume

uniform or average population behavior. Also notable is the observed heterocycle adsorption

trends versus Ag loading agree closely with the dispersion and nucleation trends deduced

from XPS-Ag/Ti intensity ratios. This study also showed that oxygen chemisorption appears

to be surface confined.
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7.1 Contribution to Engineering Science

These studies promote engineering development in surface characterization, catalysis,

desulfurization, fuel processing for fuel cells and ultimately power generation. An awareness

of the analysis of material surfaces involving the utility of XPS outside its common place

use has been extended. The characteristics of Ag/TiO2 system have been identified using

a multi-technique approach. The biases and varying perspectives of oxygen chemisorption

and XPS have been examined in their application to the Ag/TiO2 system and a bimodal

particle size distribution has arisen to be a true representation of the sample.

S-adsorption mechanism of Ag/TiO2 system requires a combination of a sequence of

events:

• Support — TiO2 anatase is defected and consists of surface hydroxyl groups

• Addition of silver ion dopants– Optimization occurs when all the defects on the surface

of the TiO2 are filled by Ag1+ ions. Hydroxyl groups are mobilized and enhanced by

the addition of highly dispersed hydrophilic Ag1+ ions.

• Ag/TiO2 interaction with S-heterocycles–Interaction with hydroxyl groups promote pi

complexation [123] or interaction facilitate a dissociative reaction (based on TPD study

[124]). Different sulfur species are both reduced and completely oxidized.

• Fourfold coordination for Ag and S requires surface O2− and OH− interaction based

on equivalent OH (bridging O) interaction with pi electrons and non equivalent OH

(TiO2 interaction with pi electrons).
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Chapter 8

Recommendations for Future Work

The following experiments are proposed to resolve the disparities that arose during these

studies:

• Perform XPS and oxygen chemisorption on the same sample batch

• Investigate the possibility of a bimodal distribution using oxygen chemisorption

• Perform O2/H2 titration on adsorbent

• Investigate the 2.5 oxygen to silver chemisorption ratio

Temperature programmed studies are also proposed to investigate the release character-

istics of sulfur containing polycyclic aromatic hydrocarbons (PAHs). The goal of this study

is to determine why specific PAH compounds preferentially bind to the Ag/TiO2 adsorbent,

the degree of binding, and the geometry influencing binding.

8.1 Ag/TiO2 Acid Site Evaluation by Temperature-Programmed Desorption

of Probe Molecules

In this study, the exploration of the desorption kinetics, surface reaction mechanisms,

nature of the surface intermediates and surface acidity using temperature programed analysis

is proposed. Investigate the acidity of Ag/TiO2 adsorbents by TPD/TPRS using probe

molecules such as ammonia and pyridine that provide selective interaction with the surface

sites. Ammonia can be used to indicate strong and weak Brønsted and Lewis sites while

pyridine can be used to discern the nature - Brønsted or Lewis, of the acid sites. [125–128].
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The adsorbate will be monitored through a mass spectrometer. The desorption spectrum

is a graph of counts per second as a function of temperature. Acidity strength is typically

indicated by the temperature of the peak maxima of the desorption spectra. More detailed

information can be obtained by evaluating the energies of desorption. However, difficul-

ties lie with poor spectral resolution, diffusion limitations, and comparison with analogous

adsorbate–adsorbent systems.

A series of experiments are proposed where the effects of the nature of the probe

molecules will be monitored with the systematic variation of Ag/TiO2 adsorbents with weight

loading ranging from 0–20 wt%. Additionally, if time permits, experiments evaluating the

temperature-programmed XPS of the chemisorption assumptions and conditions will be per-

formed. This would provide a better understanding of oxygen chemisorption when used with

silver particles.
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8.2 Investigation of the Adsorption Process and Assessment of the Removal

Pathway

In TPD, the ion intensity is proportional to the rate of desorption (dh/dt) and the

total area under the thermogram curve is proportional to the amount originally adsorbed.

TPD–MS results can provide qualitative information relating the adsorbed species and their

desorption rates, which will be useful in optimizing the adsorbent regeneration process.

Using the TPD-MS thermogram, the desorbing molecules can be determined by their mass

and mass spectral fragmentation patterns. Ion intensities for selected mass-to-charge ratios

(m/z) are identified and assigned to desorbing species. Special identification is achieved

through comparison with known standards.

The introduction of selective refractory heterocyclic species, such as thiophene and

benzothiophene in TPD/TPRS will enable the assessment specificity of various heterocyclic

compounds. Since it is known that the surface of the Ag strongly influences the sorbent’s

affinity for the refractory heterocyclic compounds. Studying the elution pattern of such

refactory compounds may lead to the understanding of the desorption pathway and possibly

an optimization of the regeneration pathway of Ag/TiO2 adsorbents. It is reported that Ag

forms step edges at which the sulfur binds on Ag surfaces [129, 130]. Thus, it is likely that

it is the structure of the edges that facilitate the ’lock’ for these big refractory compounds.
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8.3 Investigation of the structural role of Ag in TiO2 support and its param-

agnetic behavior by EPR

Previous work using EPR, revealed that only ∼ 0.1 % of the total Ag was present as

Ag2+ on the 4 wt% Ag/TiO2 sorbent [28]. The shift towards lower B.E in the XPS spectra

of the Ag 3d peaks from the 4 wt% to the 20 wt% loading of Ag/TiO2 (see figure 2.4)

prompted complementary investigation by EPR. Specifically, the EPR signal for nanoparti-

cles of metallic Ag, evident at about 3250 G and 3350 G was investigated [131].

The 2, 4, 8, 20 wt% loadings of Ag/TiO2 were analyzed in an attempt to resolve the EPR

line for Ag0 and the Ag2+ species. The results were inconclusive with regards to the presence

of the Ag0 line. The EPR signal for the Ag2+ species was most easily identified in the 4

wt% loading. This result correlated with other findings [22], which lead to the conclusion

that 4 wt% Ag/TiO2 has special properties that enhances its capacity for sulfur removal. In

the 8 and 20 wt% loadings the Ag line could have be present in the 3250 - 3400 G region,

but the positions of the line were obscured by other absorptions present in the sample (see

Figure 8.1). Specifically, the titanium EPR line, which has been reported to be broadened

in this region by the presence of NO bound to the bulk titania [3, 132]. There exists a small

concentration of NO bound to bulk TiO2 in the Ag/TiO2 sorbent [3]. Resolution of the Ag

signal in the Ag/titania sorbent was difficult because the EPR signal due to trapped nitrate

and Ag/titania sorbent are identical, and thus could not be individually identified.

The identification of the Ag0 species should be investigated by implementing a stepwise

approach. The following three parts are proposed: Firstly, identify and isolate the Ag0

on a different support. Stabilized silver atoms were obtained at 77 K by irradiating alkali

halide crystals containing silver ions [133]. Next, identify the structural configuration which

is energetically favorable for the existence of stable Ag on the TiO2 support by creating

paramagnetic centers. EPR spectral lines should be present at about 3000 G to 3600 G

due to Ag0 [134–136]. Thirdly, investigate the existence of Ag0 at 473 K signal that was
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Figure 8.1: EPR spectra of the Ag/TiO2 at 77 K
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reported in Wang and Weh [136], which should be absent at room temperature due to sample

exposure to air see, Figure 8.2.
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Figure 8.2: EPR spectra of the Ag/TiO2 at 298 K

Since it is believed that mostly Ag+1 is present at low loadings, Ag at loading of 20

wt% or more should be investigated to confirm the presence of Ag metal. Metallic silver was

detected by XRD at 20 wt% loadings of Ag, however it was not quantifiable due to the small

amount and the uncertainty that this introduces. An EPR investigation into the reduced

samples could also be performed to complement TPR studies.

8.4 Additional XPS characterization.

Perform XPS investigation on the adsorbent system Ag/TiO2 using a more sensitive

system than the non-monochromated LHS-10. XPS has become even more powerful with new

technological advancements: higher counting rates, more sensitive detection limits, narrower

FWHM, and greater signal-to noise ratios. These new advances have enabled acquisition of

more fundamental surface chemical information. Thus, more information can be extracted by
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the technique since limitations encountered previously were due to the current XPS system

and the technique.

Examination of the Ag Auger energy levels to distinguish the factors such as static

relaxation term influencing chemical shifts in the Ag/TiO2 adsorbent. Comparison of the

Auger energy shifts and binding energy shift can lead to the identification of the Ag chemical

environment. Also, XPS can be used as a complementary technique to TPD/TPRS to study

surface acidity of Ag/TiO2. This technique has been used to study the adsorption of probe

molecules such as: benzene, pyridine, and pyrrole in literature [87, 137, 138]. Specifically, to

perform alkali treatment to modify acid-base properties to investigate surface acidity.

TPD/TPRS was used to investigate the release characteristics of sulfur containing poly-

cyclic aromatic hydrocarbons (PAHs). 4wt % Ag-TiO2 sorbents were dosed with model fuels

containing representative PAHS compounds, such as: Thiophene (T), Benzothiophene (BT)

and Dibenzothiophene (DBT). Real time desorption spectra were obtained outlining the

thermal desorption profile of the sorbent. These profiles show that the PAHs do not desorb

molecularly, they fragment into various compounds which are eluted at different peak tem-

peratures of desorption. The goal of this study is to determine why specific PAH compounds

preferentially bind to the Ag-TiO2 adsorbent, the degree of binding, and the geometry in-

fluencing binding.
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8.5 Investigation into the Sintering Behavior of Ag/TiO2 Adsorbents

Sintering, is the process by which larger particles are formed through chemical bonding

under the influence of temperature, pressure, or both. The sintering process is complex,

different factors such as driving forces and material transport system need to be considered.

Factors affecting sintering depend both on the material characteristics and processing pa-

rameters. The traditional approach will be employed to develop a simple sintering method

by varying one factor and holding all other factors constant.

The Ag/TiO2 adsorbents which are prepared by incipient wetness impregnation will be

subjected to different sintering conditions. The aim of this study will be to elucidate the

sintering behavior of the Ag/TiO2. This, in an effort to understand densification and the

effect of sintering on the silver particle size. Insights into the sintering behavior will be

integral in controlling particle size.

Currently, it is believed that the surface defects of TiO2 and the particle size of silver

are interrelated and ultimately responsible for the sulfur capacity of Ag/TiO2 adsorbents.

Silver is mono-dispersed up to the 4 wt% loading baseline. Isolated silver atoms occupy the

surface defects until they are filled, after which particle growth begins. Thus, subsequent

beneficial steps would be to :

• Develop a more defected surface (currently being by investigated another member of

CM3)

• Find the optimal particle size that can fill these defects. Limit crystal size distribution

to a very narrow range; which, considering anecdotal sulfur capacity absorption studies,

is optimal around 4 wt% loading of silver particles. This would lead to the need to

develop a process to control the variable in the synthesis of Ag/TiO2 adsorbents.

This variable may be determined by performing sintering studies focusing on the two

processing factors - temperature and sintering time.
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The investigation will show the nucleation and growth of the mobile silver particles

with respect to sintering temperature and time. Ag/TiO2 samples will be annealed at various

temperatures for example 400, 450, 500 ◦C, etc. for various lengths of time 15, 30, 60 minutes,

etc. Subsequent characterization will be performed by XRD, optical microscopy, SEM,

EDS, EPR, and XPS. Informative plots such as the IAg/ITiO2 as a function of the annealing

temperature and time or Ag particle size as a function of sintering time should provide

insight into the behavior of silver. If applicable, the lattice constants will be determined

from XRD. Variations in the lattice constants indicate changes in the cation distribution in

the interstitial sites.

Difficulties may arise because the number of runs increase significantly with the num-

ber of experimental variables. However, by limiting the range of experimental settings of

temperature and time based on the current sample preparation process, there will be a pre-

determined end to these experiments. The temperature range will be between 300–550 ◦C,

in increments of 50 ◦C, and the time range will be 15 and 30 minutes.
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Appendix A

Physical Properties

Useful Silver Properties

Ag metallic radius 1.45 Å

Ag1+ ionic radius 1.26 Å

Ag2+ ionic radius 1.01 Å

Ag atomic weight 107.867 g/mol

Ag density 1.05×107 g/m3

Ag density 10.50 g/cc

Ag NN interatomic distance 2.889 Å

Ag(111) fcc surface spacing [139, 140] 2.35 ± 0.1 Å

Ag(110) fcc surface spacing [139] 1.33 ± 0.04 Å

Ag fcc lattice parameter [141] 4.08 Å

Ag active surface atom cross-sectional area [22] 8.6960 Å2/Ag atom

Ag photoemission cross-section Ag 3d5/2 Al-Kα [142] 1.45×10−23 m2

10.66 13600 barns

Ag photoemission cross-section Ag 3d3/2 Al-Kα [142] 1.00×10−23 m2

7.38 13600 barns

Ag photoemission cross-section Ag 3d5/2 Mg-Kα [142] 2.37×10−23 m2

Mean free path (1118 eV) Ag 3d5/2 Al-Kα, λ [88] 1.38 ×10−9 m
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Useful Titanium Properties

TiO2 molecular weight 79.9 g/mol

Ti density 4.23×106 g/m3

Ti density 4.23 g/cc

Ti photoemission cross-section Ti 2p1/2 Al-Kα [142] 3.66×10−24 m2

2.69 13600 barns

Ti photoemission cross-section Ti 2p3/2 Al-Kα [142] 7.10×10−24 m2

5.22 13600 barns

Mean free path (1118 eV) Ti 2p1/2 Al-Kα, λ [88] 1.62 ×10−9 m
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Other Useful Properties

Al-Kα line width [89] 0.85 eV

Al-Kα line x-ray energy 1486.6 eV

Mg-Kα x-ray energy 1253.6 eV

Mg-Kα line width[89] 0.70 eV

Bohr radius,a0, 0.529 Å
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Appendix B

Supplemental Information

B.1 Oxygen Chemisorption Treatment Sequence

1. Change gas input to hydrogen

2. Set furnace to 150◦C at 30 ◦C/min

3. Evacuate until setpoint

4. Evacuate for 30 minutes

5. Set furnace to 400 ◦C at 10 ◦C/min

6. Evacuate until setpoint

7. Flow for 60 minutes

8. Evacuate for 60 minutes

9. Set furnace to 170◦C at 10◦C/min

10. Evacuate until setpoint

11. Change gas input to oxygen
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B.2 Temperature Programmed Reduction Treatment Sequence

1. Change gas input to air flowing at approximately 90 ml/min

2. Set furnace to 115 ◦C at 30 ◦C/min

3. Evacuate until setpoint

4. Flow air for 15-20 minutes at 115 ◦C to remove water vapour

5. Cool to room temperature

6. Change gas input to argon at 15 ml/min for inert air pretreatment

7. Flow for 30-45 mintues

8. Place cold trap before TCD stream to remove water form exit stream

9. Change gas input to rectant gas, 5% H2/Ar

10. Flush lines for 30 minutes

11. Heat sample from 30 ◦C to 650 ◦C at 10 ◦C/min

12. Change gas input to argon
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Percent Site Percent Max Atomic Growth

Increase 8 wt% 12 wt% 20 wt%

0 25.10 15.52 11.83

10 20.56 15.42 11.83

20 16.76 11.57 9.37

30 13.55 10.08 8.42

40 10.79 8.82 7.61

50 8.41 7.71 6.91

60 6.32 6.72 6.29

70 4.48 5.90 5.75

80 2.82 5.14 5.27

90 1.37 4.47 4.83

100 0.06 3.86 4.44

Table B.1: Fraction of Base Sites on TiO2 Occupied by Ag Agglomerates (see Figure 6.3
for corresponding graph)
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Appendix C

TPR Supplemental Information

%matplotlib inline

import numpy as np

import os

from pylab import \*

#cd ~/tmp/Zenda/TPR_Numerical_Integration

path = r’\Users\daviszd\Desktop\tprplotdata\TPRData’

os.chdir(path)

os.listdir(path)

class TPR():

def __init__(self, filename):

# read the text of the file into the variable read_data

with open(filename, ’r’) as f:

read_data = f.read()

# split the raw text into lines

self.data = read_data.split(’\n’)[1:]

self.filename = filename

# set up empty vectors to hold the data from the file

temperature = []

au = []

# store the first value in each line (index 0) in the temperature vector
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# and the second value in each line (index 1) in the au vector

for line in self.data:

if line == ’’: continue

else:

# print(line)

splitline = line.split()

temperature.append(float(splitline[0]))

au.append(float(splitline[1]))

# Adjust the au values to be positive

minau = min(au)

self.rawau = au

au = [y - minau for y in au]

self.au = au

self.temperature = temperature

def plot(self):

figure()

plot(self.temperature, self.au)

xlabel(’Temperature’)

ylabel(’au’)

show()

def integrate(self, xmin, xmax):

x = self.temperature

y = self.au

start_index = 0
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stop_index = -1

for i,v in enumerate(x):

if v < xmin: start_index = i

if v < xmax: stop_index= i

print(’index: {} - {}’.format(start_index,stop_index))

print(’temp: {} - {}’.format(x[start_index], x[stop_index]))

print(’au: {} - {}’.format(y[start_index], y[stop_index]))

xdata = x[start_index:stop_index]

ydata = y[start_index:stop_index]

miny = min(ydata)

ydata_adjusted = [i + abs(miny) for i in ydata]

integral = np.trapz(ydata_adjusted, xdata)

print(’integral: {}’.format(integral))

self.integral = integral

return(integral)

filename = os.path.join(path, ’6wt-2.txt’)

test = TPR(filename)

test.integrate(130,250)

#test1.plot()

# Example function calls

# manually edit the secondary peak search region

# This is the x-coordinate of the vertical line that separates the first two peaks

# It needs to intersect the line in the valley between the first two peaks

# i.e. separation=# Temperature in the valley

isolate_peaks(test.temperature, test.au, xmin=90, xmax=500, separation_temp=215,

115



Temperature_offset=0)
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