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ABSTRACT
Molecular contaminants on the surface of nanoparticles (NPs) are critical in
determining the environmental safety and health (ESH) impacts of NPs. In order to
characterize the surface properties that relate to adsorption and desorption interactions, a
method has been developed for studying the dynamic interactions of adsorbing species on
NP samples. The results are analyzed using a process simulator to determine fundamental
properties such as capacity, affinity, rate expressions, and activation energies of NP
interactions with contaminants. The method is illustrated using moisture as a
representative model compound and particles of SiO2, HfO2, and CeO2, which are three
oxides used in semiconductor manufacturing. The effect of particle size and temperature
on the surface properties of porous oxide NPs was investigated. Infrared spectra peaks
corresponding to the stretching vibration of water molecules were monitored by in-site
Fourier transform infrared (FTIR) spectroscopy. These are related to the moisture
concentration on the surface of NPs. A transient multilayer model was developed to
represent the fundamental steps in the process. The thermal stability of adsorbed species
and the strength of bonding to the surface were evaluated by determining the activation
energies of the various steps. The results indicate that the surface interaction parameters
are dependent on species, temperature, and particle size. SiO2 has the highest adsorption
capacity and therefore is most prone to the adsorption of moisture and similar
contaminants. However, the affinity of the NPs for H2O retention is highest for CeO2 and
lowest for SiO2. As temperature decreases, NPs exhibit a higher saturated moisture
concentration and are more prone to the adsorption of moisture and similar contaminants.
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Furthermore, smaller NPs have a higher saturated surface concentration and a slower
response to purging and desorption. Factors contributing to the environmental and health
impact of NPs (extent of surface coverage, capacity, and activation energy of retention)
have been investigated during this study.
The second objective of this study is to develop a method to measure and control
the contamination in ultra-high-purity (UHP) gas delivery systems. Modern
semiconductor manufacturing plants have very stringent specifications for the moisture
content at the point-of-use, usually below several parts per billion (ppb). When the gas
delivery system gets contaminated, a significant amount of purge time is required for
recovery of the background system. Therefore, it is critical for high-volume
semiconductor manufacturers to reduce purge gas usage as well as purge time during the
dry-down process. A method consisting of experimental research and process simulations
is used to compare steady-state purge (SSP) process of constant pressure and flow rate
with the pressure-cycle purge (PCP) process of cyclic pressure and flow rate at a
controlled interval. The results show that the PCP process has significant advantages over
the SSP process under certain conditions. It can reduce the purge time and gas usage
when the gas purity at point-of-use is the major concern. The process model is validated
by data congruent with the experimental results under various operating conditions and is
useful in conducting parametric studies and optimizing the purge process for industrial
applications. The effect of key operational parameters, such as start time of PCP process
as well as choice of PCP patterns has been studied.
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CHAPTER 1
RESEARCH BACKGROUND AND LITERATURE REVIEW
1.1.TECHNOLOGY AND CONTAMINATION CONTROL IN
SEMICONDUCTOR INDUSTRY
During the last 40 years, Moore’s law has been supported and become the
foundation for semiconductor manufacturing. The number of transistors in a single chip
has doubled every two years since 1970.1 By dimensional scaling during the first three
decades of Moore’s law, CMOS scaling doubled the number of transistors every two
years. Figure 1.1 shows the trend for single-chip transistor count from 1970 to 2011. As
shown in this figure, the y-axis is in logarithmic scale. So the profile of transistor count
with respect to date of introduction corresponds to exponential growth.

Figure 1.1: Trend for single-chip transistor count following Moore’s law
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During the last 10 years, innovative materials, creative device structure and
advanced manufacturing equipment have sustained the progress of CMOS scaling. For
example, high k/metal gate, low k ILD, tri-gate transistor, immersion lithography, atomic
layer deposition have been implemented in semiconductor processing.2 Nowadays,
CMOS technology scaling focuses more on innovative materials and creative device
structure. Figure 1.2 presents the trend of transistor architecture evolution from 1947 to
2011. The pictures from left to right are as follows: first transistor (1947); 0.35 um
transistor (1995); 90 nm strain silicon transistor (2001); 45 nm high k/metal gate
transistor (2005); 22 nm 3-D tri-gate transistor (2011).2 The pure dimensional scaling
approach failed after development of 0.13 um technology because of the high gate
leakage of silicon oxide. Since then, a high-k/metal gate has been used to continue the
CMOS scaling and recently 3-D tri-gate transistors have also been utilized to maintain
the trend of Moore’s law.

Figure 1.2: Transistor architecture evolution trend figure2

The CMOS technology has moved from micron node to nano node. The gate
dielectrics thickness is stagnant in nano range. This requires the ability to work at the
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molecular level, to deposit materials atom by atom and to create a new molecular
organization structure.3 Contamination control is becoming more and more critical in
maintaining a high-yield process for semiconductor manufacturing, especially in the ultra
high purity gas delivery system. Contaminants such as moisture and organics could cause
defects in the down-stream processes, which could lead to device failures.4 For instance,
in the atomic layer deposition (ALD), a precursor is deposited to achieve layer by layer
deposition. Precursors such as lanthanum oxide are highly reactive with moisture.
Therefore, in order to deposit LaO2 by ALD, it is very important to maintain a moisturefree gas delivery system. Organics in semiconductor processing can change the
hydrophobicity of the material surface, causing the unintentional doping.
The detection of contaminants requires highly sensitive analytical techniques to
measure the concentration of certain contaminants for the process tool acceptance and
preventative maintenance. Analytical techniques such as mass spectrometry could be
useful for the detection and identification of organic and inorganic contaminants in gas
delivery systems. Some other techniques such as FTIR spectroscopy and transmission
electron microscopy (TEM) can be used to characterize the contaminants in a solid
material.4 The changes in intensity of the introduced beam are monitored after the
interaction with the substrates. This allows people to conduct both qualitative and
quantitative studies of contaminants on certain substrates.
Since CMOS technology scaling is moving to nano range, the criterion for the
concentration of contaminants within gas delivery is below several ppb level and
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approaching parts per trillion (ppt) level. Therefore, contamination control is very
important in maintaining high product yield in the semiconductor industry.

1.2.NP APPLICATION AND PHYSICOCHEMICAL PROPERTIES
NPs are defined as materials with dimensional size in the scale of a few to a
hundred nanometers. All these nanomaterials can be divided into three categories. The
first category is NPs, thin wire and thin films. These materials can be prepared by
chemical vapor deposition (CVD), physical vapor deposition (PVD), inert gas
condensation, various aerosol techniques, and precipitation from vapor or supersaturated
liquids. The second category consists of materials in which the nanometer-sized
microstructure is limited to a thin (nanometer-sized) surface region of a bulk material.
PVD, CVD, ion implantation and laser beam treatments are the most widely used to
modify the chemical composition and atomic structure of solid surfaces on a nanometer
scale. The last category comprises nanometer-scale microstructure bulk solids. The
chemical composition and atomic structure vary continuously in space throughout the
solid on atomic scale.5
In nanotechnology, NPs are widely used in industrial applications, consumer
products and health care technology, such as C606, carbon nanotubes7, metal-based NPs8,
multilayer NPs9, and NPs with coating10. For example, cerium oxide NPs can help to
clean up water by adsorbing chromium ; TiO2 NPs are very efficient photo-oxidants for
removing organic pollutants from water; carbon nanotubes can form a hollow monolithic
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cylindrical membrane, which is efficient for the removal of bacteria or hydrocarbons.11
Carbon nanotubes have also been used for the sorption of various organic compounds
such as dioxins,12 polyaromatic hydrocarbons,13 polybrominated diphenyl ether14 and the
pesticide thiamethoxam15. Also oxidized and hydroxylated carbon nanotubes are used for
the sorption of metals such as copper16, nickel17, cadmium16, lead18, silver19 and
americium (III)20. With the development of nanotechnology, more and more nanometersized products including carbon nanotubes, C60 and quantum dots are widely used to the
field of material engineering, electronics, plastics and automobile industries. Their large
surface areas can also be the platforms for engineering multifunctional systems for
sensing.
Researchers recognize that nanomaterials may have unusual physicochemical
properties and behaviors. The physicochemical properties of a material can vary greatly
from those of the material in bulk form, when the dimension of this material becomes
very small. It is no surprise that these nanomaterials have specific properties, which are
generally different from those of their macro-scale counterparts.21 Both physical and
chemical properties of nanomaterials can be very different from those of their
corresponding bulk materials. The properties of NPs are strongly dependent on the
particle size, shape, and surface properties. For instance, the density of states varies with
spatial confinement for both electrons and phonons and the rate of electron-hole
recombination. The intracellular uptake of colloidal gold nanoparticles with different
sizes and shapes has investigated by Chithrani et al. using inductively coupled plasma
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atomic emission spectroscopy.22 The results indicate the physical dimensions of
nanoparticles can strongly affect the kinetics and saturation concentrations.
One of the reasons for the unusual properties of NPs is that they have an
exceptionally high surface area to volume ratio. This also means the surface of any
nanoparticle is an important component of the material. Therefore, even the simplest
nanoparticle has surface chemistry that differs from that of the core material. For
example, silica material will have a core structure of SiO2, but the surface could have a
chemistry more comparable to a formula Si(O)2-x(OH)2x.23 This is because the outer layer
of atoms in a particle, which is approximately 0.4 nm thick, has a different composition
from the rest of the particle. This means the surface chemistry of the particle will have a
significant contribution. Moreover, the surface of nanoparticles will be the first to be
exposed to the environment or to an organism. Usually, the exact composition of the
surface of the nanoparticle is related to its final application. Park et al. have shown the
deprotonation of the SiOH groups at the surface of the particle resulting in the formation
of a SiO- M+, where M+ is a suitable monovalent cation such as sodium.24
Furthermore, the tremendous increase in NP surface area can lead to the
difference in active sites and activation energy on their surface. For example, the affinity
of Cu2+ for hematite follows the order: 7 nm >25 nm = 88nm. This indicates that the
surface reactivity of iron-oxide nanoparticles increases with decreasing diameter.25 Also
the sorption capacity of lead for TiO2 nanoparticles (20-33 nm) is always higher (on mass
basis) than for bulk materials (520 nm).26 The possibility for controlling the properties of
NPs can be achieved by varying these parameters, especially the particle size. The color
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and redox potential of semiconductor nanoparticles can be tuned by varying particle size.
This is very useful for applications in optics, non-linear optics and photocatalysis.5
Recently, nanotechnology research has been focused on studying the effect of
size, shape, and surface chemistry on the correlation between optical, electrical, and
magnetic properties of nanomaterials. Engineered NPs are different from most
conventional “dissolved” chemicals based on such factors as their heterogeneous
distributions in size, shape, surface charge, composition and degree of dispersion. In a
recent review, Hansen et al. show that size determinations are becoming more and more
common, but other relevant properties are rarely determined.27 Also it has been shown
that the shape of nanoparticles could affect toxicity,28 and nanoparticle reactivity can be
dependent both on size and shape.29 Also many metrics such as size distribution are
strongly dependent on PH, ionic strength and composition and presence of organic
matter.30
In order to sufficiently materialize the potential of nanotechnology, it is very
important to understand how the physical and chemical properties of nanostructures
relate to biological interactions and functions. Detailed information on physicochemical
characteristics would provide accurate comparisons between data sets from different
laboratories and enable retrospective sorting of data sets for characteristics like particle
size effects, surface area effects, and confounding effects of solvents or impurities.
Particle size and surface area might be particularly important in describing the dose
response relationship.31,

32

Also if we could develop a methodology to study how the

physicochemical properties of a synthetic nanoparticle interact with biological systems, it
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would help us to navigate the body in terms of infecting and transforming cells, or
detecting and repairing diseased cells.33 The influence of physicochemical factors such as
geometry, pore size, and surface functional groups of NPs are critical for successful
applications of nanomaterical.34

1.3.ESH IMPACT AND SYNTHESIS OF NP
Since nanotechnology benefits many important technological innovations, the
concern about the potential for their release in the environment and subsequent effects on
ESH has increased in recent years.35-52 Much attention has been focused on the
toxicology36,

48, 53

and health

54, 55

implications of NPs. However, the environmental

behavior of engineered nanoparticles has received less attention.54, 56, 57 These NPs with
diameters less than 100 nm may escape normal mechanisms of cellular defense.58 The
extremely small size of nanoparticles gives them the potential of accessing various
biological environments; their properties are also size-dependent. Nanoparticles can also
be deposited in the respiratory system. They have nanostructure-influenced toxicity due
to their small size, high surface area, high surface activity, unusual morphology, and the
possibility of degradation into smaller particles after deposition.59 Therefore, they easily
enter the environment and affect human health.60, 61
The need for risk assessments of engineered nanoparticles arise from various
applications.62, 63 Semiconductor NPs such as quantum dots (QDs) are also used in the
semiconductor manufacturing. The dimensions of these particles are so small so that their
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particle size can affect the intrinsic band gap of the semiconductor. Semiconductor
manufacturing also requires the fabrication of smaller and faster transistors, which has
been a driving force for the computer industry. Nano-lithography requires resolution for
creating nanosized devices while the transistor sizes keep decreasing to the nanometer
regime. These advances can benefit in speeding up computer operation and shrinking the
size and cost of manufacturing. Current technology depends on etching patterns on
silicon so that the tiny electronic switches can be turned on and off.59
NPs were not invented by humans but exist naturally. For example, NPs have
been found in glacial ice cores some 10,000 years old64. Also weathering can produce
NPs in the powder of rocks. Therefore, researchers point out that organisms may have
evolved and adapted to living with these materials. The reason that manufactured NPs
still cause much concern is that manufactured NPs may contain chemically toxic
components in concentrations or structural forms that do not exist naturally. We cannot
exclude the possibility that natural NPs can adsorb and incorporate toxic materials. It is
critical that structural form, shape and size matter as well as chemical reactivity. The
complex colloid and aggregation chemistry of manufactured NPs are also likely to be
affected by particle shape, size, surface area and surface charge, as well as the adsorption
properties of the material.
These physicochemical properties of NPs could cause toxicity of NPs. The
nanoparticle-bound ligands could interact with the cellular receptors, which depend on
the engineered geometry and the ligand density of a nanomaterial. The nanoparticle
behaves as a scaffold which determines the number of ligands that interact with the
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receptor. The binding strength of complex ligands is more than the sum of individual
affinities and is measured as the avidity of the whole complex. The ligands at a certain
density over a specific curvature on the nanoparticle surfaces could contribute to the
overall avidity of the nanoparticle-linked ligands for available cell receptors. The
nanoparticle surface generates a region of highly concentrated ligand, and it can increase
avidity and can potentially alter cell signaling. The nanoparticle surface chemistry could
determine the type of proteins adsorbed on the surface and the strength of the interaction.
Recently, many studies have suggested that there might be harmful effects of
nanomaterials on environmental organisms and human health, and that nanomaterials
interacting with environmental materials could affect toxicity.65 The critical factors
appear to be highly specific surface area, highly reactive surface sites, and the tendency
to adsorb and retain other toxic chemicals. Contaminants adsorbed to the surface of NPs,
adsorbed into the NPs, coprecipitated during formation of the nanoparticles or trapped by
aggregation66, 67 have the potential to raise the toxicity of nanoparticles. The properties of
NPs such as composition, size, purity, structure and solution condition could also affect
the sorption of contaminants onto nanoparticles.
Many studies have also examined the toxicity of carbon nanotubes, fullerenes and
QDs.68-70 Nanomaterial-induced toxicity problems have been studied by a number of
researchers.71-73 In general, several issues have been raised by these studies: 1) Various
nanoparticles have their own unique properties compared with the bulk phase materials;
2) The agglomeration of nanoparticles makes it harder to identify the actual size of
nanoparticles. 3) Different technologies under various measurement conditions raise the
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difficulty of determining the properties of nanomaterials. Moreover, the highly active
surface of nanomaterials makes the toxicity study of nanomaterials even more complex.
In addition, it is necessary to exclude the effect of possible contamination on the surface
of nanomaterials.
During the toxicity study of QDs, nanomaterial researchers have studied the QD
behavior such as adsorption, distribution, metabolism and excretion. A QD has a
semiconductor nanostructure that can confine the motion of conduction band electrons in
three spatial directions. It has the size of 1-10 nm diameters with 100 – 100,000 atoms.
Their behavior and toxicity depend on physicochemical properties and environmental
conditions.74-78 The inherent physicochemical properties can cause the toxicity; toxicity
of QDs is dependent on the size, electric charge, concentration and surface coating
materials. Shiohara et al. observed the size-dependent and dose-dependent cytotoxicity of
QDs.79 The size of QDs can contribute to their subcellular distribution.80 Kako et al.
indicate that the bioactive behavior of QDs in biological systems is determined by the
nanocrystal particles and biochemical properties of the molecules on the surface.76, 81 The
chemical property of molecules adsorbing on the surface of QD particle also defines the
property of QD particle. Various surface modifications to QDs affect the intensity of their
fluorescence.82 QDs with carboxyl groups can have different fluorescence intensity and
peak wavelength. Therefore, the properties of QDs depend on the inherent
physicochemical properties and the various environmental conditions such as QD size,
concentration, and outer coating bioactivity. These can determine the toxicity of QDs.74,
82
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Since the nanoparticle size and high surface area can make the substance more
soluble and ready for uptake, a substance that is safe at microscale can become toxic at
nanoscale.11 As an example, the sorption of contaminants onto nC60 fullerences is
dependent on porosity83 of nC60. This occurs because porosity increases the time needed
to reach sorption equilibrium where the contaminants have to move from the exterior
surface to the inner surface of the pores.84, 85
Some researchers indicate that the capacity of nanoparticles to navigate between
the tumor interstitium after extravasation increased with the decreasing size. Since the
larger nanoparticles (100nm) remain trapped in the extracellular matrix between cells,
they do not extravasate far from the blood vessel. But the smallest nanoparticles (20nm)
can penetrate deep into the tumor tissue and are not retained beyond 20 hours. Currently
researchers cannot draw general or specific conclusions regarding the effect of size,
shape, and surface chemistry-dependent interactions. It is important to elucidate how the
physicochemical properties of nanomaterials and their by-products interact with
subcellular organelles, cells, tissues, and organisms. This information would greatly
affect the ability to engineer new generations of nontoxic products containing
nanoparticles.33 Also characterizing the nanomaterial’s physicochemical properties
accurately and quantitatively is essential in understanding the mechanisms of toxicity,
environmental fate and behavior of nanomaterials. The primary nanoparticles are formed
of semispherical single crystals. All measurements agree that micrometer particles are
large particles in the range of >100 nm. Some differences between the measured sizes
could possibly result from polydispersity effects.65
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The study of NP is even more complicated because the various parameters are not
all independent. As particle size decreases, the surface to volume ratio increases and can
change the particle shape. These factors can lead to the change of surface properties of
NPs. Also control over particle size distribution is limited for many semiconductor NP
systems and the agglomeration of smaller NPs into larger particles can cause some other
problems.5 Some work indicates that the agglomeration of particles does not result from
the sample preparation artefacts but presumably is due to the inherent instability of
manufactured nanoparticles and microparticles supplied in powder form. This instability
leads to the low inherent surface charge or to stabilizing agents that reduce particle
agglomeration. Size measurement by X-ray diffraction (XRD), TEM and atomic force
microscopy (AFM) suggests that NPs are formed of single crystals.65 Also NPs can
readily aggregate and react with environmental media, especially at high concentrations.
After NPs enter the subsurface environment, they become even larger than 100 nm. After
reaction with contaminants and attachment on environmental media, the travel distance of
the nanoparticles in soil and groundwater can be shortened by the aggregation and
changes in surface properties. Eventually such changes will weaken their reactivity.11
Synthesis of NPs has also attracted much attention in the last decade. In order to
achieve optimum properties, many synthetic techniques have been developed to control
particle sizes and shapes of oxide.86-90 Colloidal nanoparticles are usually made by wet
chemistry methods in solution. Semiconductor NPs can be prepared to capture
precipitation from a homogeneous solution with controlled release of ions or forced
hydrolysis using surfactants. However, different techniques of particle size measurement
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can also lead to different results even based on the same sample. Li and Feng et al. found
that the oxygen vacancies in bulk lattice can contribute to the entire conductivity relative
to the grain boundary conduction for synthesized CeO2 nanoparticles with different
doped level of Bi3+.91, 92
Since NPs are thermodynamically unstable and tend to agglomerate to large size
or bulk crystals, surfactants or stabilizers are often needed to stabilize NPs by controlling
crystal growth after nucleation. In order to eliminate the surface defects of NPs, organic
and biological molecules are widely used to passivate the surface of NPs. The electronic
relaxation in semiconductor nanoparticles is dominated by surface properties. Ga NPs
have been found to have a different electronic relaxation time varying from 0.6 ps to 1.6
ps with particle size increasing from 5 to 9 nm. This occurs because high densities of
surface and defect trap states lie within the band gap and it can trap photogenerated
charge carriers. The density and distribution of trap states are dependent on the surface
properties of NPs. Therefore, it is highly desirable to synthesize NPs with well-controlled
size distribution, shape and surface properties. It is also important to develop
characterization techniques that can analyze individual NPs.5

1.4.ANALYTICAL TECHNIQUES FOR NP CHARACTERIZTION
In order to assess the environmental risk of engineered NPs, thorough
characterization of NPs and quantitative analytical methods is required to permit the
study of environmental concentrations and of assessments of both effect and exposure.
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ESH impact and properties of NPs have been characterized by using a variety of
techniques such as UV/visible spectroscopy, fluorescence spectroscopy, IR spectroscopy,
Raman spectroscopy, microscopy and X-ray techniques. All of these spectroscopic
techniques are quite useful for characterization of structural, optical and electronic
properties of NPs. For instance, a projected surface area can be measured by TEM,
whereas AFM can measure particle height. Both measurements can give particle size
distribution and average particle size on a single particle basis. Dynamic light scattering
measures the temporal fluctuation of scattered light intensity based on the Brownian
motion of particles. From XRD measurement, a particle size can be calculated with the
assumption of spherical shape, and the BET measures the adsorption of a gas to particles,
which gives a specific surface area and an equivalent spherical diameter.65 Fluorescence
spectroscopy is used to sense the surface trap states of NPs. Since IR and Raman
spectroscopy are very sensitive to molecular vibration, they are very helpful for
quantitative and qualitative studies of the adsorbed species on the surface of NPs. Many
studies have focused on optical adsorption and emission, particle size and shape, surface
structure, interparticle interaction and self-assembly.5
FTIR spectroscopy has been used to investigate the physicochemical properties of
the surface bond between adsorbed molecules and the nanoparticle surface. In general,
FTIR instruments can operate in a medium IR region from 750nm to 1mm. Nevertheless
some molecular vibration in lower frequencies cannot be detected. The chemisorbed
molecules are formed monolayers on the surface of nanoparticles.
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Since oxide nanoparticles usually contain single crystal domains, it makes them
the best candidates for studying the basic physical properties of materials in bulk form.
Oxide nanoparticles are not only featured by lattice expansion, but also featured by
hydroxyl terminated surfaces. The hydroxyl terminated surfaces are critical to
applications including catalytic reactions for energy needs and environmental protection.
A strong interaction between the surface ions and other external inorganic or
organic species, especially water molecules, can cause formation of surface hydration
layers. For example, stoichiometric TiO2 surface (110) consists of alternating rows of 5fold-coordinated Ti atoms and 2-fold coordinated bridging oxygen atoms (Figure 1.3).
The Ti atoms underneath the bridging oxygen atoms are coordinated 6-fold. Because of
the bridge-bonded oxygen vacancies, water molecules can be easily dissociated on the
110 surface to generate a geminate pair of OH groups on the same bridge-bonded oxygen
row.93 In addition, because of the abundance of dangling bonds on the NP surface, water
molecules adsorbed on the TiO2 nanoparticles surface can interact with Ti4+ and lattice
oxygen. The dangling bonds cause surface hydration in the presence of polar hydroxyl
groups and strong electron-acceptor centers. Furthermore, hydroxyl groups anchoring to
the surface of TiO2 nanoparticles tend to adsorb more water molecules to form 2 to 4
molecular layers of hydration coverage.
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Figure 1.3: Proposed model for the reaction of O2 with OHbr groups on TiO2(110)93

Li et al. have characterized the hydroxyl bonding of water molecules adsorbed on
the surface TiO2 nanoparticles using IR spectroscopy.94 The absorbance at 3375 cm-1
indicates the hydroxyl groups of Ti-OH at weak surface active sites and physisorbed
water molecules are bound by weak hydrogen bonds with OH- groups of TiO2
nanoparticles.
By transforming the weaker hydrogen bonds into stronger bonds, hydrogen bonds
that linked the chemisorbed water molecules with lattice oxygen or adjacent OH- groups
are recombined at temperatures higher than 100 °C. Nanoparticles with smaller size
would have more adsorbed water while that with larger size would have less. High
temperature dehydration can coarsen the oxide nanoparticles, and the surface hydration
groups can balance the increased lattice energy as particles become smaller. The
hydration layers can contribute to the stability of nanoparticles. For example, the entropy
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changes for adsorption of water on TiO2 are more negative compared to entropy changes
for the condensation of gaseous water to hexagonal ice. This results from the highly
restricted mobility of molecules adsorbed at initial stages of adsorption. Moreover, the
intermolecular interactions between water and nanoparticle surface can strongly affect the
hydrodynamics of the confined water.95-97
Since the surfaces of nanoparticles like rutile TiO2 have many defect dipoles, the
physicochemical properties are very different for oxides in nanoscale.98, 99

1.5.RESEARCH OBJECTIVE AND APPROACH
One objective of our research is to investigate the surface characteristics of oxide
NPs, particularly silica, hafnia and ceria, which are used in semiconductor
manufacturing; the other objective is to study contamination control in the ultra high
purity (UHP) gas delivery system.
Adsorption and retention of molecular contaminants on NPs is a major factor in
determining the environmental and health effects of the particles. The focus of this study
is on the surface properties that affect the adsorption and desorption of gaseous
compounds on the surface of the particles. A method has been developed for
characterizing the surface properties that contribute to the adsorption and desorption
interactions. In particular, the species and size effect on the NP surface properties have
been verified. This research has focused on the particle size effect on adsorption and
desorption properties of various oxide NPs such as SiO2 (20nm, 80nm), HfO2 (20nm,
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100nm) and CeO2 (20nm, 50nm) at different temperatures (25˚C, 55˚C, 80˚C and 105˚C).
This method uses a sample cell and an in-situ FTIR to obtain the time profiles of dynamic
interactions of adsorbing species on NP samples. Using water molecules as a model
adsorbing compound, the effect of particle size on the adsorption and desorption
properties of porous oxide NPs was investigated at different temperatures. The moisture
concentration on the surface of NPs was measured by monitoring the infrared spectra
peaks corresponding to the stretching vibration of water molecules.
Similar methodology has been applied to moisture contamination in the UHP gas
delivery system for semiconductor manufactory. A novel method called pressure cyclic
purge has been studied for the lab-scaled single pipe setup. Cavity ring-down
spectroscopy (CRDS) and atmospheric pressure ionization mass spectrometry (APIMS)
are used to measure the moisture concentration at the outlet of the sample pipe.
Several transient models were developed to represent the fundamental steps in
these processes. For the surface characterization of NPs, the thermal stability of adsorbed
species and the strength of bonding to the surface were evaluated by determining the
activation energies of various steps. Two different process models have been extended to
simulate the adsorption and desorption processes on NPs. One model includes the
porosity of the particles. Two different domains of transport are considered, where each
has its own conservation formulation. This means two independent coordinate systems
have been used in this process model. The effect of temperature has also been studied and
presented in the second model. For the moisture contamination control in the UHP gas
delivery system, fluid dynamic equations and conservation equations are used to describe
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moisture transport and adsorption/desorption processes on the surface of the
electropolished stainless steel (EPSS) pipe.
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CHAPTER 2
CHARACTERIZATION OF THE SURFACE PROPERTIES OF NANOPARTICLES
USING MOISTURE ADSORPTION DYNAMIC PROFILING*
2.1 INTRODUCTION
With the unprecedented growth of nanotechnology, some concern about the ESH
impact of NPs has been raised in recent years.35-37 Toxicity research of engineered
nanomaterial is of high priority for the semiconductor industry because various NPs are
used in semiconductor manufacturing. For example, the chemical and mechanical
planarization (CMP) process uses large quantities of slurries containing different types of
NPs. The future manufacturing technology is expected to use various new nano-sized
materials, such as nanowires, carbon nanotubes, and nanoparticles, in immersion
lithography fluids. NPs, defined as particles with diameters less than 100 nm, may escape
normal mechanisms of cellular defense.58 These particles have specific properties, which
are generally different from those of their macro-scale counterparts.21 Recent studies have
investigated the extent of intracellular oxidations after exposure to iron, cobalt,
manganese, and titania containing silica NPs and the corresponding pure oxides. The
resulting oxidative stress is quantitatively measured as the release of reactive oxygen
species (ROS).100 However, the mechanisms causing the ESH impact of NPs are not well
understood yet. The unique chemical and physical characteristics of nanomaterial present
difficulties to study the biological interactions accurately and reproducibly. Also, toxicity
*

Hao Wang, Junpin Yao, Farhang Shadman, Characterization of the surface properties of nanoparticles
using moisture adsorption dynamic profiling, Chemical Engineering Science, Volume 66, Issue 12, June
2011, Pages 2545–2553.
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assessment of nanomaterial is more complicated than those of most conventional
chemicals because of the effects of particles size, shape, and surface properties in
addition to the composition and dosage. The agglomeration tendency of NPs and its
dependence on the test conditions present further challenge in these investigations.
In general, NPs appear to possess two characteristics which may cause toxicity
enhancement. The first one is high surface area per unit volume of the particles. The
other is the ability of NPs to traverse cell membranes.101 The intrinsic ability of NPs to
penetrate biological tissue may not be the primary reason for toxicity. The more critical
factor appears to be the high specific surface area, highly reactive surface sites, and the
tendency to adsorb and retain other toxic chemicals. As particle size decreases, a greater
proportion of the particle mass is exposed on the surface, rather than in the interior of the
nanomaterial. 36
The objective of this research is to investigate the surface characteristics of NPs
used in semiconductor manufacturing, which are relevant to the observed toxicity
properties of these particles.

2.2 EXPERIMENTAL METHOD
An experimental set-up is designed and fabricated for surface characterization of
NPs using dynamic adsorption and desorption techniques. In particular, moisture is used
as the characterizing adsorbent due to its both physical and chemical interactions with the
surfaces of interest, allowing the determination of various types of surface sites.
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The absolute values of surface properties measured and reported here are for
moisture adsorption and desorption; however, when comparing NPs of different materials
and sizes, the relative values given by moisture as adsorbate would also be valid for most
other molecular contaminants of interest. The unique feature of the experimental
technique is the simultaneous measurement of both surface and gas-phase concentrations
of adsorbate. APIMS and CRDS are used for detecting the concentration of background
contamination in the gas phase. A special cell is designed and integrated into an FTIR
Spectrometer for direct measurement of the surface concentration.
The set-up, shown in Figure 2.1, consists of three sections: the gas mixing section,
the customized stainless steel sample cell, and the analyzer (FTIR). In the gas mixing
section, UHP nitrogen goes through two purifiers to maintain moisture concentration
below 5 ppb level. Then the UHP N2 gas splits into two lines: a challenge gas line, and a
purge-flow line. In the challenge line, nitrogen gas, controlled by a mass flow controller
(MFC), flows through an ultra-pure water bubbler which could generate a certain
concentration of moisture in ppm (parts per million) level based on dilution gas flowrates.
To assure experimental reproducibility, the purge flow line is heated to 200 ºC and the
sample cell is purged with high temperature UHP N2 to fully purge out any residual
moisture on the NP sample and the cell surfaces before each experiment. This initial
cleaning and purging are continued until the moisture absorption peak reaches the
baseline in the FTIR spectra.
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Figure 2.1: Schematic diagram of the experimental setup

The experimental procedure consists of two stages: challenge (adsorption) process
and purge (desorption) process. In the adsorption stage, the sample is exposed to a
challenge gas (nitrogen mixed with predetermined concentration of moisture) at a
controlled flow rate and temperature. After the sample is saturated, the gas flow is
switched to purge to initiate the desorption stage. The challenge-purge cycle is run at
different challenge concentrations at room temperature. During the adsorption and
desorption stages, FTIR scans are taken at regular intervals and the spectrum is recorded
to monitor the temporal change of IR intensity at wave numbers corresponding to
moisture vibrational frequency.
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Figure 2.2: Custom-made stainless steel sample cell

Inside the FTIR chamber, the Infrared (IR) beam passes through a custom-made
stainless steel sample cell, which contains a Teflon coupon with small indentations that
hold the sample NPs. As shown in Figure 2.2, there is a window on each side of the
sample cell for IR beam passage; the cell is well sealed and has an inlet and outlet for the
challenge/purge gas flow. The flow of challenge and purge gases keeps the pressure
inside the cell slightly higher than the pressure outside the cell; this prevents any leakage
of impurities coming into the cell. The NPs are randomly packed in the sample holder
and are placed in the path of the IR beam. The loose random packing of NPs will not
change the surface characteristic of the particles or their fundamental adsorption and
desorption characteristics. Furthermore, the data analysis method, presented in the next
section, allows us to extract single-particle surface information from the FTIR
measurements of the packed samples. The direction of challenge/purge gas flow is
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tangential to the coupon surface to allow gas transport while avoiding any movement and
loss of particles. The high broad absorption peak around 5200 cm-1 is used to measure the
moisture concentration on the surface of NPs.

2.3 PROCESS MODEL
A multilayer transient adsorption and desorption model is developed to represent
the kinetics of interactions between gas phase and the solid surface of NPs. The model
assumes that each available site on the surface can only adsorb one water molecule, and
that all sites have identical properties. The rates of adsorption and desorption follow the
elementary reaction format, in which the reaction rate is proportional to the concentration
of reactants and a temperature-dependent rate coefficient. The overall process in this
model is represented by the following reversible adsorption and desorption kinetics102:

(

)

(2.1)
(2.2)

where

and

are adsorption and desorption rate coefficients respectively,

moisture concentration in the gas phase,
and

is the

is the moisture concentration on the surface,

is the maximum capacity of the surface.
In the multilayer adsorption, there are two subclasses of adsorption. The first one

is chemisorption in the first layer directly on the NP surface. The chemisorption
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interactions involve strong interactions and bond formation. The second is the
physisorption of moisture in the layers above the first layer. The forces among the
physisorbed molecules are primarily due to the dipole moment of water molecules.103
During the challenge phase, water molecules chemisorb on the surface of the substrate
and form new available sites for physisorption. Then water molecules accumulate on the
substrate surface and form multiple layers. The total number of layers is related to the
surface available sites and the challenge concentration. The maximum capacity of the
surface

, is the sum of the available sites on the substrate surface and the available sites

formed by adsorbed water molecules. Therefore, the maximum capacity may vary with
different challenge concentrations. The rates given by Equations 2.1 and 2.2 are
composite rates which represent simultaneous occurrence of both types of adsorption and
desorption described above. The rate coefficients are functions of temperature as shown
below:

where

and

coefficients,

(

)

(2.3)

(

)

(2.4)

are the pre-exponential factors for adsorption and desorption rate
and

are the composite activation energies of adsorption and

desorption, respectively; R is the gas constant, and T is the temperature.
The composite adsorption and desorption activation energies are given as:
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(2.5)
(2.6)

where

and

chemisorption;

are the intrinsic adsorption and desorption activation energies for
and

for physisorption;

are the intrinsic adsorption and desorption activation energies

is the saturated surface concentration of NPs.

In Equations 2.5 and 2.6, composite activation energies of adsorption and
desorption are obtained by the weighted average sum of the chemisorption and
physisorption activation energies. The weight factors are the fractions of total adsorbed
molecules corresponding to the two types of adsorption. In the beginning of the purge
phase, the sample is fully saturated. Most of the desorbed water molecules are formed by
physisorption. As

is equal to

at the saturation point, the physisorption energy

dominates the processes in Equations 2.5 and 2.6. As long as the

decreases during the

purge phase, the weight factor of chemisorption in Equations 2.5 and 2.6 will keep
increasing. During the late phase of purge, most of the physisorbed water molecules have
been purged, and the chemisorption energy will dominate the total adsorption and
desorption energies.
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Figure 2.3: Schematic diagram of the NP sample holder

The geometry used for the process model is shown in Figure 2.3. Purge gas flows
along both sides of the sample holder coupon, and the water molecules can only interact
with the NPs by diffusion. L is the thickness of the sample holder coupon. Since the
geometry is symmetric, the model has been applied to half thickness of the coupon.
The gas phase conservation equation for moisture in the NP-packed sample holder
can be presented as:

(

where

) [

is the effective diffusivity,

(

)]

(2.7)

is the packing porosity as we assume all the NPs

are solid spheres, and r is the radius of NPs.
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The effective diffusion coefficient in a porous medium is a function of free
molecular diffusion coefficient and physical properties of the solid matrix, which is given
by

(2.8)

where

is the molecular diffusion coefficient of water molecule in the nitrogen gas.
The conservation equation for moisture concentration on surface of NPs is:

(

where

)

(2.9)

is an implicit function of x given by Equation 2.7.
Initial conditions for the conservation equations of

and

are:

(2.10)
(2.11)

where

is the initial moisture concentration in the gas phase, and

gmol·m-3 for each challenge phase.

is always 0.1

depends on different NP species, and it is

determined by the saturation point from the experimental data. Additionally, the purge
gas flow rate is high enough, so that moisture concentration in the purge gas is negligible.
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Boundary conditions:

(2.12)
(2.13)

where L is the thickness of the coupon, which is a quarter inch (0.635 cm),

is the

surface mass transfer coefficient.
The relationship between FTIR spectrum peak area and the surface concentration
is

̅

where

∫

(2.14)

̅ is the specific absorbance, which is the total absorbance peak area per unit

sample area, f is the coefficient of linear relationship between the absorbance and surface
concentration. Since the contribution to the peak area from gas-phase concentration of
moisture is negligible, only surface concentration is presented here. In this model,
moisture concentration in the gas phase could also be predictable.
In the analysis of experimental data using the above process model, the unknown
parameters are

, ,

and

. These parameters are obtained by fitting the model

equations to the time profiles obtained by experiments.

,

and

relationship of equilibrium when the sample gets saturated, which is

should follow the
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(

where

and

)

(2.15)

(

)

(2.16)

(

)

(2.17)

are adsorption and desorption rate coefficients at t=0

respectively.

2.4 RESULTS AND DISCUSSION
2.4.1. Analysis of FTIR Spectra
Water molecule has several different ways of vibration, which involves
symmetric stretch ( ), asymmetric stretch ( ) and bending ( ). Hydrogen bonding has
a significant influence on the peak shape and intensity, generally causing peak
broadening and shifts in absorption to lower frequencies.104 Usually, the main stretching
band in water vapor is around 3800 cm-1 (asymmetric stretch
symmetric stretch

, 3756 cm-1 and

, 3657 cm-1), with several sharp peaks near that frequency. The

liquid water stretch vibration is shifted to a lower frequency (asymmetric stretch
cm-1 and symmetric stretch
(bending

, 3490

, 3280 cm-1),105 and the bending frequency increases

, 1644 cm-1) due to hydrogen bonding.106
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Figure 2.4: FTIR spectra of the SiO2 (moisture-free and moisture-saturated NPs)

Figure 2.4 shows the spectrum difference between SiO2 saturated sample and
clean sample. There is a group of sharp peaks around the 3800 cm-1, which is water vapor
stretching frequency. The broader absorption peak around 3200 cm-1 refers to main
stretching band of liquid water, which has been shifted to a lower frequency by hydrogen
bonding. The high broad absorption peak around 5200 cm-1 is the overtone combination
of stretching and bending. This peak is used to measure the moisture concentration on the
surface of NPs.
Furthermore, the broader absorption peak around 3200 cm-1 also means there is
condensed water among NPs because of capillary condensation (Kelvin effect). This is
due to an increased number of van der Waals interactions between water vapor molecules
inside the confined space of a capillary, which is formed between NPs, where water
vapor condensation occurs below the saturation water vapor pressure.

51

Figure 2.5: Mechanism of moisture adsorption on SiO2

As shown in Figure 2.5, in the SiO2 lattice structure, one oxygen molecule is
attached to two silicon molecules, forming two siloxane bonds. When water molecules
begin to adsorb on the surface of SiO2, it splits into two parts: one is hydrogen bond and
the other is hydroxyl bond. One siloxane bond is opened, and hydroxyl bond is attached
to the silicon molecule, while hydrogen bond attaches to the oxygen molecule on the
other siloxane bond. This is chemisorption that occurs between the substrate and the first
layer. After the first layer has been formed, water molecules will keep adsorbing on water
molecules attached to the substrate, which is physisorption. This will increase the
hydrogen bonding in each layer and shift the stretching band of water molecules to lower
frequency. That results in a broader absorption peak around 3200 cm-1, which is lower
than the characteristic stretching frequency of water vapor. This mechanism could also
apply to the CeO2, HfO2 and any other substrates.
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Figure 2.6: FTIR Spectra of SiO2 NPs at saturation and shortly after start of the purge

During the purge process, the inlet gas is switched to UHP N2 gas at a high
flowrate (3000 sccm). The FTIR scan taken immediately after the switch (Figure 2.6)
shows the disappearance of the main sharp stretching band of water vapor around 3800
cm-1. This indicates that most of the moisture in the bulk flow is removed after switching
to purge phase, and that the stretching band of water vapor is negligible after switching to
purge phase. Therefore, the measured absorbance peak only corresponds to the surface
concentration of moisture on NP surface area in Equation 2.14.
Since the desorption rate is much higher than the adsorption rate during the purge
phase, water molecules that desorb from the surface, diffuse to the boundary between
bulk flow and surface of the coupon. Then they are transferred to the bulk gas, and are
carried away by UHP N2. Therefore, the broad peak around 5200 cm-1 keeps decreasing
with time as shown in Figure 2.7. As the contribution from water vapor is negligible, the
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area under the broad peak around 5200 cm-1 corresponds to the moisture concentration on
the surface of NPs.

Figure 2.7: FTIR Spectra of SiO2 at different times during the purge process

2.4.2. Model Verification
Figures 2.8, 2.9, 2.10 and 2.11 show the model simulation compared with the
experimental data collected from FTIR for three oxides used in semiconductor
manufacturing: SiO2, CeO2, and HfO2. Using Equation 2.14, absorbance peak area per
NP surface area, , has been calculated. Least squares regression has been applied to
determine the best fit to the data. The scatter in experimental data increases at low surface
concentrations because of the limitations of the analyzer.
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The values of

and

were determined via fitting the model to experimental

data, assuming that mass transfer coefficient and the porosity of packing stay the same in
all experiments. The molecular diffusivity of moisture in the nitrogen delivery gas
equal to

is

m2·s-1; the effective diffusion coefficient in porous medium, given

by Equation 2.8, is equal to

m2·s-1; and the packing porosity is 0.6.

and f

are determined by the initial point of each experimental data, using Equation 2.14.
Therefore,

and

remain as the unknown parameters determined by fitting the model

to the experimental data.

is dependent on

and

. Tables 2.1, 2.2, 2.3, and 2.4 show

the value of the process parameters obtained by this analysis.

Figure 2.8: Experimental and modeling results for moisture desorption on 20 nm SiO2
NPs
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Figure 2.9: Experimental and modeling results for moisture desorption on 20nm CeO2
NPs

Figure 2.10: Experimental and modeling results for moisture desorption on 20nm HfO2
NPs
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Figure 2.11: Experimental and modeling results for moisture desorption on 100nm HfO2
NPs

2.4.3. Comparison of Oxides
In Table 2.1, the maximum capacity, the saturated surface concentration, and the
fractional coverage are compared for three different NPs which have the same particle
size. Fractional coverage is a measure of the fractions of maximum potential capacity of
the surface that gets occupied when the sample comes to equilibrium with a certain
moisture challenge level. It is an indication of the balance between adsorption and
desorption kinetics at the point of saturation. Under the same challenge gas concentration,
SiO2 has the highest saturated surface concentration and maximum capacity, but the
lowest fractional coverage. CeO2 has the highest fractional coverage, while all these
values of HfO2 are in between two others.
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Sample
(20nm)
SiO2
CeO2
HfO2

a0

(m3·gmol-1·s-1)
0.028
0.800
0.200

d0

(s-1)
0.003
0.003
0.010

a

a

d

d

(kJ·gmol-1)
4.5
1.2
0.8

(kJ·gmol-1)
4.0
1.0
0.3

(kJ·gmol-1)
6.0
9.0
12.0

(kJ·gmol-1)
3.0
2.0
1.0

Table 2.1: Maximum capacity of 20 nm NPs as well as saturated surface concentration, and fractional
coverage upon exposure to 0.1 gmol·m-3 moisture

Sample
20nm
SiO2
CeO2
HfO2

Maximum capacity
S0 (gmol·m-2)
7.1×10-6
5.5×10-7
1.5×10-6

Saturated surface concentration
CS0 (gmol·m-2)
2.8×10-6
5.4×10-7
1.1×10-6

Fractional coverage
θ (%)
39
98
73

Table 2.2: Adsorption and desorption kinetic parameters for different NPs

Table 2.2 gives all the parameters used to calculate adsorption and desorption
coefficients from Equations 2.3 to 2.6. The composite activation energies for adsorption
and desorption are very different for different NP species. SiO2 has the highest activation
energies for adsorption,

and

; this means that it is not easy for moisture to adsorb

and readsorb on the SiO2 surface. SiO2 also has the lowest desorption activation energy
for chemisorption,

; this means that moisture desorbs from the surface much faster

during the late purge phase. The surface cleaning for the same size of HfO2, SiO2, and
CeO2 can be compared using the dynamics of desorption of moisture from the surface of
these compounds. The moisture retention rate is monitored by how fast the moisture
retention decreases with time during the purge phase. As shown in Figure 2.12, the longterm affinity of the NPs for H2O retention decreases in the order: CeO2, HfO2, SiO2.
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Figure 2.12: Time profile of moisture retention for different NPs with the same size

2.4.4. Size Effect on Moisture Retention of HfO2 Surface
The effect of particle size on the dynamics of the adsorption and desorption
process has been studied using a combination of experiments and model applications. As
shown in Table 2.3, smaller NPs have a higher saturated surface concentration and a
higher maximum capacity. Smaller NPs have larger curvature, higher deviation from flat
surface, and consequently more surface sites. As shown in Table 2.4, smaller NPs also
have a higher desorption activation energy for chemisorption,

. As shown in Figure

2.13, the smaller NPs have higher affinity for moisture retention. Therefore, smaller NPs
get contaminated more easily and are decontaminated more slowly.
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Sample
(20nm & 100nm)
HfO2 (20nm)
HfO2 (100nm)

a0

(m3·gmol-1·s-1)
0.20
1.29

d0

(s-1)
0.010
0.035

a

a

d

d

(kJ·gmol-1)
0.8
0.6

(kJ·gmol-1)
0.3
0.4

(kJ·gmol-1)
12.0
6.0

(kJ·gmol-1)
1.0
1.2

Table 2.3: Maximum capacity of 20nm and 100 nm HfO2 NPs as well as saturated surface concentration,
and fractional coverage upon exposure to 0.1 gmol·m-3 moisture

Sample
HfO2 (20nm)
HfO2 (100nm)

Maximum capacity
S0 (gmol·m-2)
1.5×10-6
8.7×10-7

Saturated surface concentration
CS0 (gmol·m-2)
1.1×10-6
7.3×10-7

Fractional coverage
θ (%)
73
84

Table 2.4: Size dependence of adsorption and desorption kinetic parameters for HfO2 NPs

Figure 2.13: Effect of NP size on the time profile of moisture retention for HfO2
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2.4.5. Observed Activation Energies
As the process model shows, the adsorbed molecules on the NP surface at any
time are of two types: the molecules in the first chemisorbed layer experiencing direct
and stronger interaction with the NP surface, and the upper physisorbed layers
experiencing weaker interactions with each other. These two levels of energy co-exist
and are combined at any time to give the observed (apparent) activation energy
corresponding to a specific extent of surface coverage. Since the surface coverage
changes with time, the activation energy also changes with time as the
adsorption/desorption process proceeds. Since the coverage is also a function of location
in the bed of particles, the activation energy is also spatial dependent in the sample
holder. The energies are always highest at the surface of the sample bed (the lowest
coverage; higher chemisorption effect) and lowest at the center of the bed (the highest
coverage; higher physisorption effect). Figures 2.14 and 2.15 show the variation of
adsorption and desorption activation energies with time for particles of various oxides.
The maximum values of observed activation energies for adsorption and desorption occur
at the surface of the sample bed (x= L/2), and the minimum values occur at the center of
the bed (x= 0). The results show that at the early stages of the desorption process the
activation energies are low due to higher presence of physisorption. As time goes on the
coverage is more dominated by the first layer (chemisorbed) situation and the activation
energies increase. On each figure the range of activation energy is illustrated by giving
the maximum and the minimum limits for these energies.
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Figure 2.14: Observed (apparent) activation energies of adsorption and desorption for 20
nm SiO2 NPs

Figure 2.15: Observed (apparent) activation energies of adsorption and desorption for 20
nm CeO2 NPs
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2.5 CONCLUSIONS
A methodology, consisting of combined experimental and process simulation, for
studying the surface characteristics of NPs has been developed. As an example case
study, the method is applied to the study of HfO2, SiO2, and CeO2 nanoparticles, which
are used in semiconductor manufacturing. In this application, moisture adsorption and
desorption on NPs is utilized as a way of characterizing surface properties that affect the
capture and the retention of homogeneous contaminants on NP surfaces. These properties
appear to be important in the assessment of the environmental and health effects of NPs.
The developed method consisting of in-situ FTIR, for obtaining the time profiles
of dynamic interactions of adsorbing species on NP samples, and the analysis using the
proposed process simulator is useful in determining the fundamental parameters of
surface interactions. These parameters include surface capacity, affinity, rate expressions,
and activation energies for NP interactions with the adsorbing contaminant. The primary
results show both the species and size effects. The adsorption capacity is highest for SiO2
and lowest for CeO2. However, the affinity of the NPs for H2O retention decreases in the
order: CeO2, HfO2, SiO2. The size-effect results indicate that NPs with smaller size are
easier to contaminate and harder to decontaminate once the contaminant adsorption has
taken place. Our on-going and yet unpublished research indicate that a major factor
contributing to the toxicity of NPs is the adsorption and consequently concentration of
molecular contaminants on the NP surfaces. Therefore, the enhancement of this
adsorption process with the decrease in particle size is expected to be a major contributor
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to the enhanced environmental and health impact of NPs compared to that of larger
particles.
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CHAPTER 3
EFFECT OF TEMPERATURE AND PARTICLE SIZE ON THE ADSORPTION AND
DESORPTION PROPERTIES OF OXIDE NANOPARTICLES*
3.1 INTRODUCTION
The ESH impact of NPs used in various industries and products has received a
great deal of attention in recent years. The unique chemical and physical characteristics
of nanomaterial make it challenging to study their biological interactions accurately and
reproducibly. As an example, porosity and surface functionality of nanoparticles are
critical factors that could affect the interaction of silica nanoparticles with biological
systems.107-109 The pore size of SiO2 is a key factor in determining the adsorption
capacity of proteins such as bovine serum albumin where the adsorption capacity was
elevated as the pore size of SiO2 increased.108 The intrinsic ability of NPs to traverse cell
membranes might not be the primary reason for toxicity. The more critical factor appears
to be the physicochemical properties such as the high specific surface area, highly
reactive surface sites, and the tendency to adsorb and retain other toxic chemicals. In
general, these physicochemical properties of NPs can raise the toxicity of NPs.
The adsorption of various adsorbates on microporous adsorbents using FTIR
spectroscopy has been the subject of a number of previous studies. Infrared absorption
introduced by molecule rotational and vibrational movements has been used in studying
the physisorbed and chemisorbed species on a certain adsorbent surface.110 Usually, FTIR

*

Hao Wang, Farhang Shadman, Effect of particle size on the adsorption and desorption properties of oxide
nanoparticles, AIChE Journal, Volume 59, Issue 5, May 2013, Pages 1502–1510.
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spectroscopy is used to study the molecule’s behavior qualitatively. However, FTIR
could be an effective tool for quantitative measurements of molecule adsorption. By
measuring absorbance of the corresponding IR peaks, the kinetics study of diffusion and
counter-diffusion in zeolites has been proposed by IR spectroscopy.111 FTIR has also
been used to study the adsorption of water on ZSM-5 zeolites.112 The success of FTIR
technology is due to the well-documented spectral nature of the adsorption of these
sorbates. CO2 and H2O are considered to be useful probe molecules for studying the
structural features of a microporous sorbent.113
A previous study on water adsorption and desorption on various surfaces was
carried out at different temperatures. Dillon et al. studied the mechanism of H2O
decomposition from 300 K to 860 K.114 This study indicated that SiOH species
decomposed to form a silicon oxide species and generated additional surface hydrogen
between 460 K and 580 K. When the temperature is above 700 K, the SiH surface species
decreased as H2 desorption from the silicon surface. But this study was not aimed at, nor
did it provide information on the dynamics and kinetics properties of adsorption and
desorption processes.
The objective of our research is to investigate the surface characteristics of oxide
NPs, particularly silica, hafnia and ceria, which are used in semiconductor
manufacturing. In particular, the focus of the study is on the surface properties that affect
the adsorption and desorption of gaseous compounds on the surface of the particles. In
our previous work, we verified the species and size effect on the NP surface properities
and it only indicated the size effect on HfO2 with the sizes of 20 nm and 100 nm. The
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following research is focusing on the particle size effect on adsorption and desorption
properities of various oxide NPs such as SiO2 (20 nm, 80 nm), HfO2 (20 nm, 100 nm),
and CeO2 (20 nm, 50 nm) at different temperatures (25 °C, 55 °C, 80 °C and 105 °C).
The experiemntal setup has been upgraded with a temperature control system to control
the temperature inside of the sample cell. The process model has also been extended to
simulate the adsorption and desorption prcess on one single NP including the porosity of
the particles. Two different domains of transport have been considered, and each one has
its own conservation formulation; this means two independent coordinate systems. The
effect of temperature has also been studied and presented. In the following section, these
will be discussed in detail.

3.2 EXPERIMENTAL METHOD
The experimental set-up was upgraded for studying the surface properties of NPs
under different temperture conditions. Since the physical and chemical interactions of
moisture with the surfaces of interest could determine various types of surface sites and
the IR spectra feature of adsorbed H2O is well-documented, moisture was still used as the
characterizing adsorbate in this study. When comparing NPs of different materials and
sizes at different temperatures, the similar methodology in Chapter 2 has been applied.
The same stainless steel cell has been integrated with a temperature control system to
control the temperature inside of the sample cell. The moisture background of purge gas
is still kept below 5 ppb.
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The experimental set-up in Figure 3.1 consists of three sections: the gas mixing
section, the customized sample cell, and the FTIR analyzer. The difference between
Figure 3.1 and Figure 2.1 is that the sample cell was equipped with heating elements,
insulated walls, and a temperature probe providing a uniform and steady operation in
high-temperature experiments. The thermal probe output was used to control the heating
element input for temperature control. The same pre-treatment procedure has been
implented to prevent any residual moisture on the surface of NP sample and the sample
cell.

Figure 3.1: Schematic diagram of the upgraded experimental setup

The experimental procedure had the same challenge (adsorption) process and the
purge (desorption) process as described in Chapter 2.2. Before the challenge stage, the
sample cell has been heated and kept at pre-determinant temperature. For temperature
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effect studies, a similar challenge-purge procedure was repeated, using the same
challenge concentration but different temperatures. Before the adsorption stage, a clean
background scan was taken by the FTIR, eliminating the disturbance of the system
background. Another UHP N2 gas line kept purging the FTIR chamber itself during the
entire process. During the desorption stages, FTIR scans were taken at regular intervals.
The spectrum of the introduced moisture was recorded to monitor the temporal change of
IR intensity at certain wavenumbers corresponding to moisture vibrational frequency.
The high broad absorption peak from 3500 cm-1 to 2700 cm-1 was used to measure the
moisture concentration on the NP surfaces, rather than the overtune absorption peak
around 5200 cm-1. Moreover, the data analysis method, presented in the next section,
allowed extraction of single-particle surface information from the FTIR measurements of
the packed samples.
SiO2 samples 20nm and 80 nm were purchased from Sigma Aldrich and
Nanostructured & Amorphous Materials respectively. The specific surface areas are 590690 m2/g and 440 m2/g respectively. The density of SiO2 samples are between 2.2 g/cm3
and 2.6 g/cm3 at 25˚C. CeO2 samples 20nm and 50nm were purchased from Sigma
Aldrich. The specific surface areas for CeO2 50nm is 30 m2/g. The density of CeO2
samples are 7.13 g/cm3 at 25˚C. HfO2 samples 20nm and 100nm were manufactured by
Sematech and American Elements respectively. The specific surface area for HfO2
100nm is in the range of 25-50 m2/g. The density of HfO2 samples are 9.68 g/cm3.
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3.3 PROCESS MODEL
A multi-domain process model was developed to elucidate the dynamics of
multilayer transient interactions of an adsorbate with the NPs. The model assumes
uniform surface properties, porosity, and an equivalent spherical shape for particles. The
model simulated the process in two domains: One is the domain of a single particle; this
domain has an r-axis, where r represents the position along the radius of one NP. The
other domain is that of the packed-bed of NPs with x as the coordinate along the depth of
the bed. The two domains are linked through the boundary conditions for the particles.

3.3.1. Single-Particle Domain
In the NP domain, the rates of adsorption and desorption follow the standard
elementary reaction format in which the reaction rate is proportional to the concentration
of reactants and a temperature-dependent rate coefficient. All adsorption and desorption
reactions proposed in this model are assumed to be reversible. The adsorption and
desorption rates are similar to Equations 2.1 and 2.2, which is given by:

(

)

(3.1)
(3.2)
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where k

and k

are adsorption and desorption rate coefficient respectively,

(gmol/m3) is the moisture concentration in the gas phase inside of the NP domain,
(gmol/m2) is the moisture concentration on the total adsorbed surface inside of the NP
domain, and S0 (gmol/m2) is the maximum capacity of the surface at certain challenge
concentration.
The current multilayer model assumes the presence of chemisorption and
physisorption. Chemisorption is driven by chemical reaction occurring on the exposed
surface; it has a strong interaction between the adsorbate and the substrate surface and
creates new types of electronic bonds. Physisorption forms a weak bonding due to the
induced dipole moment of nonpolar adsorbate interacting with its own image charge in
the polarizable solid.115
The rate coefficient follows the form of a prefactor multiplied by an exponential
factor, which is the same as Equations 2.3 and 2.4. The total adsorption and desorption
energies are similar with those in Equations 2.5 and 2.6, which are shown as below:

(3.3)

(3.4)

where
and

and

are the total adsorption and desorption energy for chemisorption,

are the total adsorption and desorption energy for physisorption, and
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(gmol/m2) is the saturated moisture concentration on the total adsorbed surface, which is
the initial surface concentration for the purge phase.
The total adsorption and desorption energy for chemisorption are related to the
total number of available sites on the NP substrate. For instance,

is the sum of

adsorption energy of each chemisorbed site on the NP substrate. The total adsorption and
desorption energy for physisorption are determined by the total number of physisorbed
molecules in equilibrium with a certain challenge concentration. It is due to the fact that
different challenge concentrations vary the number of adsorbed layers, and give different
number of physisorbed molecules on the surface. Therefore, all these energies may vary
with different NP species or same NP species with different sizes.
As shown in Figure 3.2, the porosity and pore size of NPs has been taken
consideration at this time. The different porosities can affect the diffusion rate inside of
the NPs.

Figure 3.2: Schematic diagram of the NP sample holder
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The conservation equation of moisture in the gas phase can be presented as:

(

where

)

[

is the moisture concentration in the gas phase,

inside of the NP domain,

(

)]

(3.5)

is the effective diffusivity

is the total surface area of one single NP, V is the solid

volume of one porous NP, and r is the radius of NPs.
The effective diffusion coefficient in a porous medium inside of the NP domain is
function of free molecular diffusion coefficient and physical properties of the solid
matrix, which is given by Equation 2.8. The porosity of one single NP has been used
here.
The conservation equation for moisture concentration on the surface of NPs is:

(

where

)

(3.6)

is an implicit function of x given by Equation 3.5.
Initial conditions for the conservation equations of

and

are:

(3.7)
(3.8)
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where

and

are the initial moisture concentration in the gas phase and on the
is always 0.1 gmol/m3 for each challenge phase.

surface of NPs, respectively.

depends on surface properties of NPs, and it is determined by the saturation point from
the experimental data.
Boundary conditions:

(3.9)
(

where

)

is the radius of NP, which depends on the different sizes of NP samples,

the NP surface mass transfer coefficient, and

(3.10)

is

is moisture concentration in the gas

phase outside of the NP, which is in the packed-bed domain.
,

, and

should follow the same relationship of equilibrium as Equations

2.15 to 2.17, which are shown below:

(

)

(3.11)

(

)

(3.12)

(

)

(3.13)
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3.3.2. Packed-Bed Domain
In the multiple particle packed-bed domain, the conservation equation of moisture in the
gas phase is shown below as:

(3.14)

where

is the effective diffusivity in the packed-bed domain, and

is the number

of NPs per unit volume in the packed-bed.
The number of NPs per unit volume of the packed-bed can be defined as:

(

(3.15)

)

where m is the total mass of NP sample,

is the density of NP sample, and Vb is the

volume of the packed-bed.
During the purge phase, moisture in the gas phase inside of the packed-bed
domain is accumulated from each NP domain by diffusion. In the packed-bed domain,
moisture diffuses to the boundary between the packed-bed and the purge gas, and is
purged by mass transport.
The effective diffusion coefficient in the packed-bed domain is function of free
molecular diffusion coefficient and physical properties of the solid matrix, which is
similar as Equation 2.8. The porosity fo packed-bed has been used here.
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Initial condition for the conservation equations of

is:

(3.16)

where

is the initial moisture concentration in the gas phase of packed-bed.
Boundary conditions are:

(3.17)
(3.18)

where L is the thickness of the packed-bed.

3.3.3. Relationship between Absorbance and Surface Concentration
In order to convert the integral of absorbance peak over wavenumber to the
surface concentration, Beer's law has been introduced to establish the relationship
between these two.
Following the Beer's law, the surface concentration is integrated from the initial
point to the final point as follows:

∫

∫ ∫

(

)

,

(3.19)
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where is the intensity of the light,
,

is the molar absorptivity,

is the radius of NP and

are the intensity (or power) of the incident light and the transmitted light

respectively.
The absorbance A is given by:

∫

.

(3.20)

Equations 3.19 and 3.20 could give the expression for absorbance A based on the
integral of surface concentration:

∫ ∫

(

)

(3.21)

The spectra from the experimental data shows the plot of absorbance with respect
to wavenumber

, and the integral of absorbance peak over wavenumber could be

integrated by FTIR software. Since

is not a function of , the integral of absorbance

peak over wavenumber Aint is:

∫

where

and

respectively.

∫

∫ ∫

(

)

(3.22)

are the initial and final wavenumbers of the absorbance peak
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As the range of absorbance peak wavenumber is maintained for all the samples,
the integral of absorbance peak over wavenumber has a linear relationship with the
double integral of

over

and .

Using Equation 3.22, the integral of absorbance peak over wavenumber has been
transferred into moisture retention percentage M as below:

,

where

(3.23)

is the initial integral of absorbance peak over wavenumber.

3.4 RESULTS AND DISCUSSION
3.4.1. Analysis of FTIR Spectra
Water molecules containsymmetric stretch ( ), asymmetric stretch ( ), and
bending ( ), which has been mentioned in Chapter 2.4.1. Hydrogen bonding could cause
peak broadening and shifts.104 Figure 3.3 shows the spectrum change from SiO2 saturated
sample to clean sample as time goes on in the purge stage. There is a group of sharp
peaks around the 3800 cm-1 which represent water vapor stretching frequency. The
broader absorption peak from 3500 cm-1 to 2700 cm-1 refers to main stretching band of
liquid water. Compared with the stretching frequency of water vapor, the main stretching
band of liquid water has been shifted to a lower frequency by hydrogen bonding. All the
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NP samples in this study contain this broad absorption peak; therefore, this peak is used
to measure the moisture concentration on the surface of NPs.

Figure 3.3: FTIR spectra of 20 nm SiO2 at 55 °C during the purge process

Based on the previous study in Chapter 2, water molecules begin to adsorb on the
surface of NPs such as SiO2, CeO2 and HfO2, and splits into two parts: one is hydrogen
bond and the other is hydroxyl bond. For SiO2, one siloxane bond is opened and a
hydroxyl bond is attached to the silicon molecule. At the same time a hydrogen bond
attaches to the oxygen molecule on the other siloxane bond. CeO2 and HfO2 share the
same bond-breaking mechanism at different temperatures when water molecules adsorb
on the surface of these two NPs. It is chemisorption that happens between the the first
layer adsorbate and substrate. The result is a broader absorption peak from 3500 cm-1 to
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2700 cm-1, which is lower than the characteristic stretching frequency of water vapor
because of the hydrogen boding formed during the physisorption.
During the purge process, immediately after the switch to purge phase, the
disappearance of the main sharp stretching band of water vapor around 3800 cm-1
indicates that most of the moisture in the bulk flow was removed after switching to purge
phase.10 As Equation 3.22 shows, the measured absorbance peak only corresponds to the
surface concentration of moisture on the NP surface area.
As the water molecules are then transferred to the bulk gas and are carried away
by UHP N2, the broad peak from 3500 cm-1 to 2700 cm-1 keeps decreasing with time as
shown in Figure 3.3. As the contribution from water vapor is negligible, integral of
absorbance peak over wavenumber from 3500 cm-1 to 2700 cm-1 corresponds to the
moisture concentration on the surface of NPs. Since the range of wavenumbers is
maintained for all the sample, the integral of absorptivity over

is a constant in Equation

3.22. The integral of absorbance peak over wavenumber has a linear relationship with the
double integral of moisture surface concentration over x and r.

3.4.2. Model Verification
Figures 3.4 and 3.5 show the comparison of model results with the experimental
data for SiO2 (80 nm) and HfO2 (20 nm) at three different temperatures. The scatter in
experimental data increases at low surface concentrations because of the limitations of
the analyzer. Similar results were obtained for SiO2 (20 nm), CeO2 (20 nm, 50 nm), and
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HfO2 (100 nm) at different temperatures. For the model predictions, the porosity of the
packed-bed, randomly packed, and the intra-phase porosity of NPs particles are both
assumed to be 0.3 for all the NP samples. The molecular diffusivity of moisture in the
nitrogen delivery gas

is equal to

m2·s-1; the effective diffusion coefficients

inside the NPs and in the packed-bed vary with the porosity of the packing bed and the
porosity of NPs, according to Equation 2.8; the relationship between the integral of
absorbance peak over wavenumber and the double integral of surface concentration is
determined by the initial point of each experimental data, using Equation 3.22. Therefore,
km, ka and kd remain as the only unknown parameters determined by fitting the model to
the experimental data. On a relative basis, ka and kd are the most critical fitting
parameters for the data fitting. The total activation energies and the pre-exponential
factors for adsorption and desorption rate coefficients are fit parameters for the model
configuration. Therefore, there are seven adjustable fitting parameters in the process
model:

,

,

,

,

the material and the prefactor

,

, and km. Since maximum capacity S0 is only related to
and

are not the functions of temperature, they all

remain the same for the same type of NPs at different temperatures.
The experimental data profiles that are being fitted include a large number of
points over a wide range of conditions. This “profile fitting” is selective and
discriminating and highly sensitive to variations in the parameters compared to fitting to
a few experimental data points. So, the experimental results could not be fitted to
multiple sets of parameters. Least squares regression has been applied to determine the
best fit to the data. Tables 3.1 through 3.4 show the value of the process parameters
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obtained by this analysis. Since the interaction between the substrate and the adsorbate in
the first-layer (chemisorption) is stronger than that in the upper layers (physisorption), the
activation energy for chemisorption is usually higher than that for physisorption.
Furthermore, first-layer activation energy for desorption is usually higher than that for
adsorption. Therefore, Ea1 is larger than Ea2 and Ed1 is larger than Ed2. Additionally, for
most cases, Ea1 is smaller than Ed1.

Figure 3.4: Experimental and modeling results for moisture desorption from 80 nm SiO2
NPs at various temperatures
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Figure 3.5: Experimental and modeling results for moisture desorption from 20 nm HfO2
NPs at various temperatures

Sample

SiO2 (20 nm), 25˚C
SiO2 (20 nm), 55˚C
SiO2 (20 nm), 80˚C
SiO2 (80 nm), 25˚C
SiO2 (80 nm), 55˚C
SiO2 (80 nm), 80˚C

Saturated surface
concentration
CS0 (gmol·m-2)
2.0×10-6
1.9×10-6
1.5×10-6
1.1×10-6
1.0×10-6
5.3×10-7

Fractional
coverage
θ (%)
67
63
50
37
33
18

a

a

(kJ·gmol-1)

(kJ·gmol-1)

(kJ·gmol-1)

(kJ·gmol-1)

6.0
1.2
0.1
6.5
2.0
1.0

16.0
13.0
7.6
15.5
12.5
7.5

12.5
8.0
5.7
10.0
5.5
2.2

9.0
9.0
9.0
10.0
10.0
10.0

d

Table 3.1: Saturated surface concentration, fractional coverage upon exposure to 0.1 gmol·m -3 moisture,
and adsorption and desorption kinetic parameters of 20 nm and 80 nm SiO 2 NPs at various temperatures.
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Sample

HfO2 (20 nm), 25˚C
HfO2 (20 nm), 55˚C
HfO2 (20 nm), 80˚C
HfO2 (100 nm), 25˚C
HfO2 (100 nm), 55˚C
HfO2 (100 nm), 80˚C

Saturated surface
concentration
CS0 (gmol·m-2)
2.2×10-6
1.5×10-6
8.1×10-7
4.4×10-7
3.3×10-7
3.1×10-7

Fractional
coverage
θ (%)
55
38
20
11
8.3
7.8

a

a

(kJ·gmol-1)

(kJ·gmol-1)

(kJ·gmol-1)

(kJ·gmol-1)

0.5
2.8
4.8
10.5
11.0
12.0

17.0
23.5
22.0
16.5
16.0
11.0

0.4
0.7
0.016
4.6
3.7
2.6

5.0
5.0
5.0
12.5
12.5
12.5

d

Table 3.2:Saturated surface concentration, fractional coverage upon exposure to 0.1 gmol·m -3 moisture, and
adsorption and desorption kinetic parameters of 20 nm and 100 nm HfO 2 NPs at various temperatures.

Sample

CeO2 (20 nm), 25˚C
CeO2 (20 nm), 55˚C
CeO2 (20 nm), 105˚C
CeO2 (50 nm), 25˚C
CeO2 (50 nm), 55˚C
CeO2 (50 nm), 105˚C

Saturated surface
concentration
CS0 (gmol·m-2)
8.3×10-7
8.2×10-7
8.1×10-7
5.5×10-7
3.7×10-7
3.6×10-8

Fractional
coverage
θ (%)
10.4
10.3
10.1
6.9
4.6
4.5

a

a

(kJ·gmol-1)

(kJ·gmol-1)

(kJ·gmol-1)

(kJ·gmol-1)

1.5
1.2
1.0
0.1
0.1
0.1

46
30
10
19
20
9

7.8
8.1
8.9
5.3
4.7
5.0

1.9
1.9
1.9
3.0
3.0
3.0

d

Table 3.3:Saturated surface concentration, fractional coverage upon exposure to 0.1 gmol·m-3 moisture, and
adsorption and desorption kinetic parameters of 20 nm and 50 nm CeO2 NPs at various temperature

Sample

Maximum capacity
S0 (gmol·m-2)

SiO2
CeO2
HfO2

3.0×10-6
8.0×10-6
4.0×10-6

ka, 0
(m3·gmol-1·s-1)

kd, 0
(s-1)

0.04
0.001
0.03

0.03
0.012
0.0025

Table 3.4: Maximum capacity upon exposure to 0.1 gmol·m-3 moisture, and adsorption and desorption
kinetic parameters of SiO2, CeO2, and HfO2 NPs.
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3.4.3. Effect of Particle Size on Surface Characteristics
The effect of particle size on the dynamics of the adsorption and desorption process has
been studied using a combination of experiments and model applications at different
temperatures. In Tables 3.1, 3.2 and 3.3, the key NP properties are compared for two
different sizes of SiO2, CeO2 and HfO2 at different temperatures. Fractional coverage is a
measure of the fractions of maximum capacity of the surface that is occupied when the
sample comes to equilibrium with a certain moisture challenge level. This is an indication
of the balance between adsorption and desorption kinetics at the point of saturation. At
the same challenge gas concentration, SiO2, CeO2 and HfO2 at 25 C have the highest
saturated surface concentration and fractional coverage. Therefore, less water adsorbs on
the NP surface as temperature increases. For all temperatures, the smaller NPs have a
higher saturation surface concentration. This is because smaller NPs have larger
curvature, higher deviation from flat surface, larger number of active site density, and,
consequently, more surface adsorbate.
Figure 3.6 shows the moisture desorption curves for SiO2, CeO2 and HfO2 with
two different sizes at the same temperature. SiO2 with 20 nm particle size adsorbs more
moisture than 80 nm SiO2. As shown in Figure 3.6, the purge process is slower for
smaller NPs. The results for the other two oxides at different temperatures show the same
trend. Therefore, these results also confirm that smaller NPs get contaminated more
easily and are decontaminated more slowly.
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Figure 3.6: Time profile of moisture desorption for SiO2, CeO2 and HfO2 NPs with the
different sizes at 25 °C

As discussed in the modeling section, the adsorbed water molecules on different
NP surfaces at any time are of two types: the molecules in the first chemisorbed layer that
have direct and stronger interaction with the NP surface, and the upper physisorbed layers
that have weaker interactions with each other. These two adsorbed types with two energy
levels are combined to give the observed (apparent) activation energy corresponding to
the surface coverage at that time. Since the coverage is a function of time and location in
the bed of particles, the activation energy is also spatial dependent in the packed-bed and
inside of NPs. The energies are always highest on the surface of a single NP and in the
packed-bed where the coverage is the lowest and the fraction chemisorbed is highest.
These energies are always lowest at the center of a single NP, and at the center of the
packed-bed where coverage and the fraction physisorbed is the highest.
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Figures 3.7 through 3.9 show the variation of adsorption and desorption activation
energies for particles of three oxides with two different sizes. The composite activation
energies for both adsorption and desorption are particle size and temperature dependent.
In Figure 3.7, for 20 nm and 100 nm SiO2 NPs, the activation energy for adsorption (both
chemisorption and physisorption) is higher for the larger particles, and the activation
energy for desorption is lower for larger particles. The same trend is observed for the
other two types of NPs at different temperatures. Therefore, the size-effect results
indicate that the smaller particles adsorb the contaminant more easily and release or
desorb it more slowly than the larger particles based on change the activation energies
trend with respect to particle size.

Figure 3.7: Observed adsorption and desorption activation energies for 20 nm and 80 nm
SiO2 NPs at 80 °C
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Figure 3.8: Observed adsorption and desorption activation energies for 20 nm and 50 nm
CeO2 NPs at 25 °C

Figure 3.9: Observed adsorption and desorption activation energies for 20 nm and 100
nm HfO2 NPs at 55 °C
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Figure 3.10 through 3.12 show the time required for 50% moisture removal (halflife of adsorbed moisture) with respect to the particle size predicated by the model
simulation for three oxides. Figure 3.10 shows the time required for 50% moisture
removal decreases as particle size increases for SiO2 at 25 C. The same trend exists for
CeO2 at 55 C and HfO2 at 25 C. Therefore, the model predications confirm that the
surface properties of NPs are size dependent and the smaller particles have higher affinity
to the contaminant. The strong interaction with adsorbing contaminants is a key
characteristic that makes NPs different from larger particles and contributes to their
potential environmental and health impact.

Figure 3.10: Time for 50% desorption for SiO2 NPs with the different sizes at 25 °C
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Figure 3.11: Time for 50% desorption for CeO2 NPs with the different sizes at 25 °C

Figure 3.12: Time for 50% desorption for HfO2 NPs with the different sizes at 55 °C
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3.5 CONCLUSIONS
A methodology consisting of combined experimental and process simulation for
studying the surface characteristics of NPs at several temperatures has been developed. In
this study, the method is applied to HfO2, SiO2, and CeO2 nanoparticles. Moisture
adsorption/desorption on these NPs is utilized as a way of characterizing the surface
properties that affect the capture and the retention of homogeneous contaminants on NP
surfaces. The method consists of in-situ FTIR for obtaining the dynamics of interaction
between adsorbate and NP surfaces at different temperatures. A process simulator is
developed that is useful in determining the fundamental NP surface properties. The
results indicate that as particle size decreases, NPs are more prone to contamination and
harder to decontaminate once the contaminant adsorption has taken place. The
enhancement of the adsorption process with the decrease in particle size is expected to be
a major contributor to the enhanced environmental and health impact of NPs compared to
that of larger particles.

91

CHAPTER 4
SIMULATION OF THE SURFACE PROPERTIES OF NANOPARTICLES IN THE
LIQUID PHASE USING DIMENSIONLESS SINGLE PARTICLE MODEL
4.1 INTRODUCTION
Many studies related to NPs in the suspended liquid phase have used varied
methods, including NP synthesis, size distribution measurement by dynamic light
scattering technique, and zeta potential measurement by Zetasizer. In the liquid phase,
particles may remain in aqueous phase as single particles, or may form particle-particle,
particle-cluster and cluster-cluster aggregates. Based on extended DLVO theory, forces
affecting particle behavior include Borne repulsion, diffuse double layer potential, and
van der Waals attraction. Particle interactions will also be affected by particle shape. The
diffusion rate of the materials changes with the aspect ratio of the material and the steric
hindrance in the collisions change with the particle shape.31 Recently, Nair et al. indicated
the surface properties of NPs such as solid-liquid interfacial tension are size and
temperature dependent.116 Therefore, it is necessary to study the surface properties of NPs
in the liquid phase.
Our previous studies focused on the physiochemical characterization of dry NPs.
We developed a process model to investigate the surface properties such as surface
coverage, retention and activation energy on a single NP. We can also apply the same
procedures to the NP in liquid phase. Transport mechanisms such as diffusion and
adsorption/desorption have been take into consideration in this model.
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4.2 PROCESS MODEL
Based on the section 3.3.1, a demensionless single NP model has been developed.
ka, kd, Ea and Ed still follow the same relationship through Equations 2.1 to 2.6. The
demensionless variables have been defined as below:

̅

̅

(

where

and

)

and

(4.1)

)

(4.2)

is the radius of NP,

is the effective diffusivity inside

are the characteristic adsorption and desorption rate coefficients

respectively,
coefficients,

(

̅

are the initial moisture concentration in the gas phase and on the

surface of NPs respectively,
the NP,

̅
̅

̅

and
and

are the prefactors for adsorption and desorption rate
are the total adsorption and desorption energy for physisorption

R is gas constant, and T is temperature,
water molecule in the nitrogen gas,

is the molecular diffusion coefficient of the

is the porosity of one single NP.

The dimensionless conservation equation of moisture in the gas phase can be
presented as:

̅
̅
̅

( ̅
̅

̅
̅

)

̅

̅

̅
̅

̅
̅

̅

(4.3)
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where

is the total surface area of a single NP, V is the solid volume of one porous NP.
The dimensionless groups in Equation 4.3 have been defined as follows:

(4.4)

The dimensionless conservation equation for moisture concentration on the
surface of NPs is:

̅

̅
̅

̅

̅
̅

̅

̅
̅

(4.5)

The dimensionless groups in Equation 4.5 have been defined as follows:

(4.6)

Initial conditions for the conservation equations of ̅

and ̅

are:

̅

(4.7)
̅

(4.8)

Boundary conditions:
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̅

̅

̅

̅

where

(4.9)
̅

̅

̅

(4.10)

is the NP surface mass transfer coefficient.
The removal efficiency (RE) is used to compare the surface properties of NP, and

describes the cleanness on the surface of NP. It follows the equation as below:

̅
̅

̅

.

(4.11)

4.3 RESULTS AND DISCUSSION
Based on the dimensionless single NP model, we can study the surface properties
of NP in the liquid phase. Applying the ka, kd, and De value of HfO2 NP in the HF liquid
phase, we could study the surface properties of HfO2 with different sizes.117

4.3.1. Effect of Pore Size on Surface Characteristics
Figures 4.1, 4.2 and 4.3 show the pore size effect on RE on HfO2 20 nm, 40 nm
and 60 nm. The results indicate that all NPs with larger pore size would maintain higher
cleanness than NPs with smaller pore size. Since the smaller pore size would give larger
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total surface area, it would take more time for smaller pore size particles to remove the
contaminants.

Figure 4.1: Effect of pore sizes on RE of HfO2, 20nm

Figure 4.2: Effect of pore sizes on RE of HfO2, 40nm
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Figure 4.3: Effect of pore sizes on RE of HfO2, 60nm

4.3.2. Effect of Porosity on Surface Characteristics
Figures 4.4, 4.5 and 4.6 show the porosity effect on RE on HfO2 at 20 nm, 40 nm
and 60 nm. The results indicate that all the NPs with larger porosity would have higher
RE than NPs with smaller porosity. Although the larger porosity would increase the total
surface area of NP, it also increases the effect diffusivity inside the NP. The two effects
compensate for each other. It turns out that effect diffusivity affects the RE more than the
total surface area, since the diffusion rate is much higher for the larger porosity than that
of the smaller porosity base Equation 2.8.
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Figure 4.4: Effect of porosity on RE of HfO2, 20nm

Figure 4.5: Effect of porosity on RE of HfO2, 40nm
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Figure 4.6: Effect of porosity on RE of HfO2, 60nm

4.3.3. Effect of Particle Size on Surface Characteristics
Figure 4.7 shows RE profiles of HfO2, at 20nm, 40nm, and 60nm. As particle size
increases, the RE decreases based on the single particle model. This results because the
model only simulates a single particle domain. As size of geometry increases, the total
surface area would be larger for the bigger particles. However, for a certain mass or
volume of NPs, smaller particles would have a larger number of particles and total
surface area. Therefore, the RE could increase with respect to the particle size based on a
specific mass or volume of NPs sample.
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Figure 4.7: Size effect on RE of HfO2

4.3.4. Parametric study of dimensionless group
In order to study the effects of diffusion and surface adsorption and desorption on
RE, parametric studies of dimensionless groups with obvious physical meanings have
been conducted. Such studies would help us to better understand and control the diffusion
and surface adsorpiton/desorption process of solid NPs in liquid phase.
Figure 4.8 shows how the RE varies with the change of

group, where

is the

ratio between the characteristic diffusion time and characteristic desorption time for an
equal amount of initial gas phase molecules adsorbed on the surface. As shown in
Equation 4.4, smaller

would have higher RE. Thus for HfO2 NP in the HF liquid phase,

a higher diffusion rate would benefit RE more than higher desorption rate.
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Figure 4.8: Effect of dimensionless group

on RE

is the ratio between characterisitc diffusion time and characteristic minimum
adsorption time for an equal quantity of initial gas phase molecules adsorbed on the
surface when the numerator and denominator of

are muliplied by

. Since lower

characterisitc diffusion time or larger characteristic minimum adsorption time for an
equal amout of initial gas phase molecules adsorbed on the surface would give higher
RE, smaller

shows more benefit for the RE. It is also consistent that a faster diffusion

rate and a slower adsorption rate would have higher RE.
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Figure 4.9: Effect of dimensionless group

By multiplying the numerator and denominator of

on RE

by S0,

becomes the ratio

between characteristic diffusion time and characteristic adsorption time for full surface
coverage as an equal amount of surface molecules presents in the gas phase. In Figure
4.10, smaller

makes the RE higher than that of larger . Therefore, it means higher

diffusion rate and slower adsorption rate would have higher RE.
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Figure 4.10: Effect of dimensionless group

on RE

is the ratio between characterisitic diffusion time and characteristic adsorption
time at maximum rate for the initial surface concentration adsorbed on the NP surface. It
compares the effect of diffusion and adsorption. Figure 4.11 shows that a smaller

would

have lower RE at the beginning, but would maintain higher RE in the later phase. This
means that the shorter time that a process uses for adsorption would benefit the RE at the
beginning of the purge process, because it results in a shorter readsorption process inside
NPs. However, after a certain time span, as moisture concentration in the gas phase is
decreasing, a higher diffusion rate would benefit the RE. Overall, smaller
higher RE. Since

is equal to

would give

mutiplied by the surface coverage based on Equation 4.6,

it shares a similar effect on RE as shown in Figure 4.12.
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Figure 4.11: Effect of dimensionless group

on RE

Figure 4.12: Effect of dimensionless group

on RE
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4.4 CONCLUSIONS
A dimensionless single particle model has been developed for studying the
surface characteristics of solid NPs in liquid phase. Parametric studies have been
implemented based on the relationship between the RE and dimensionless groups. This
process simulator can determine the effect of diffusion and adsorption/desorption
processes on the fundamental solid NP surface properties in liquid phase. The results
indicate that RE of HfO2 NP in the HF liquid phase is dominant by diffusion most of the
time. This simulation model is useful to study the surface properities of different solid
NPs in liquid phase and can reveal the different processes that control transport.
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CHAPTER 5
APPLICATION OF PRESSURE-CYCLE PURGE IN DRY-DOWN OF ULTRA-HIGHPURITY GAS DELIVERY SYSTEMS*
5.1 INTRODUCTION
The timely dry-down of UHP gas distribution systems that are used to deliver
process gases from point-of-storage to point-of-use has historically been a challenge in
semiconductor manufacturing.118-120 New technologies with shrinking geometries and
with increased sensitivities to defects and trace contaminants, particularly moisture, make
the problem increasingly more difficult. Upset events such as a contaminated delivery or
catastrophic failure of a purifier can shut down a manufacturing line for weeks while the
distribution system is decontaminated and dried down; this may result in millions of
dollars in lost revenue per day.
Conventionally, an SSP is performed in the decontamination process by
maintaining a steady pressure and flow of gas through the system to drive out the
contaminants. Lowering the purge time and reducing the usage of ultra-pure gas and
energy during the dry-down and cleanup process save cost and reduce revenue loss. A
PCP process consists of cycles of depressurization and re-pressurization. The potential
application of PCP process to drying down moisture contaminated UHP gas distribution
systems was indicated by some preliminary reports from industry. Figure 5.1 shows the
comparison of the traditional SSP process and PCP process for removing oxygen in the
*

Junpin Yao, Hao Wang, Roy Dittlera, Carl Geisertb, Farhang Shadman, Application of pressure-cycle
purge (PCP) in dry-down of ultra-high-purity gas distribution systems, Chemical Engineering Science,
Volume 65, Issue 17, September 2010, Pages 5041–5050.
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gas delivery system. After having the system purged by a PCP process with 10 cycles
(total of 10 hours), the purge process was resumed to SSP for another 6 hours. The
oxygen reading at the system outlet at the end of the above PCP-SSP process was 5 ppb
less than the projected oxygen concentration with the continuous SSP process. Typically
the reduction in 5 ppb of contaminants within the low-ppb range requires a large amount
of time and purge gas by SSP process. Other studies have also reported the use of the
PCP process for cleaning vessels, chambers and closed-end side-branches in natural gas
facilities.121,
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However, there has been no systematic analysis of applying the PCP

process to cleaning a continuously flowing system as a method of enhancing the removal
of contaminants. The principal objective of this work is to understand the fundamental
mechanisms of the PCP process and develop methods for optimizing the pattern as well
as the schedule of this process for practical applications to cleaning UHP gas distribution
systems to minimize the purge time and purge gas usage.

Figure 5.1: Accelerating the removal of oxygen in a bulk gas delivery system by a PCP
process
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5.2 EXPERIMENTAL METHOD
An experimental test bed was designed and fabricated for this study. The set-up
was used to measure the key purge process parameters such as the rate constants of
adsorption and desorption on EPSS. Figure 5.2 shows the schematic diagram of
experimental setup. It consists of multistage gas purifier system, moisture generation and
gas mixing section, test gas delivery pipe, and the moisture analyzers. The moisture
concentration exiting the multistage gas purifier was less than 1 ppb. Moisture used for
the challenge tests was generated by a moisture permeation device that generated 95
nano-gram/minute of moisture at 50 °C (G.C. Industries). All transfer lines are 316 L
EPSS tubing with 1/8 inch O.D. and was kept heated at 70 ºC to minimize moisture
memory effects. Two straight pipes, one with 0.36 meter in length and 0.051 meter in
O.D. and the other with 1.93 meter in length and 0.038 meter in O.D., were used as the
test samples. A 0.76 meter lateral can be attached to the gas distribution system. On the
flow upstream side, a two-way valve was installed before the inlet of the gas distribution
pipe and was used to control the supply of purge gas. On the flow downstream side, an
orifice was installed after the pipe outlet. During the depressurization step, once the
upstream valve was closed, the gas trapped inside the pipe was continuously released
through the orifice to the analyzer. The orifice basically performed as a flow restrictor to
gradually drop the gas pressure in the pipe. Once the system pressure decreased to a prespecified level, the upstream valve was opened to refill and re-pressurize the system. A
mass flow controller was used to control the flow rate of the purge gas supply. In a
typical experiment with the 1.93-meter in length pipe, pressure swings between 6.41×105
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Pa and 2.55×105 Pa. The source supply rate was roughly 3 times larger than the gas
releasing rate through the orifice under steady-state pressure at 6.41×105 Pa. The
depressurization step and the re-pressurization step took about 3 minutes and 1 minute,
respectively.
Two analytical instruments with different detection limits were used as the
moisture analyzers: 1) an Atmospheric Pressure Ionization Mass Spectrometer (APIMS,
VG) system that was used to detect impurities from low ppb down ppt levels; and 2) a
Cavity Ring Down Spectrometer (CRDS, Tiger Optics) that was capable of detecting
moisture with a sensitivity of 100 ppt in the operating range of 0 to 5000 ppb.

Figure 5.2: Schematic diagram of the experimental setup

The experimental procedure consisted of two stages: challenge (adsorption) and
purge (desorption). First, the system was purged with clean purge gas till the moisture
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baseline was reached; then, the test sample section was exposed (challenged) with
moisture with a known concentration until it was saturated with the challenge gas (until
the reading on the analyzers did not vary with time at least for 5 hours). The challenge
process was then switched to the purge process. Depending on the experimental purpose,
the purge process was either an SSP process, a PCP process, or a combination of these
two processes. Figure 5.3 shows a typical profile of moisture concentration of the effluent
at the pipe outlet when the pipe was purged with a sequence of SSP-PCP-SSP processes.
The profile of moisture concentration is smooth and continuously decays within the SSP
purging stages. While under the PCP purging stage, the ppb reading on the CRDS goes
up in the depressurization step and goes down in the re-pressurization step, but overall it
follows a decaying trend.

Figure 5.3: Moisture concentrations profile at the pipe outlet in an SSP-PCP-SSP process
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5.3 PROCESS MODEL
A process model is essential to predicting the purge performance of SSP and PCP
processes with industrial-scale systems. In simulating the SSP process, the system
pressure and gas flow rate are assumed to be constant during the purge process and along
the test section, while in a PCP process both pressure and gas flow change with time and
location. As shown in Figure 5.4, the system that is being modeled consists of a straight
pipe with a two-way valve at the pipe inlet and an orifice at the pipe outlet. As soon as
the upstream valve is closed the depressurization step initiates and continues until the
system pressure reaches a set lower pressure setting value, then the upstream valve is
opened to re-pressurize the system with the dry purge gas to the upper pressure setting.
This depressurization and re-pressurization cycle is repeated until the moisture
concentration at the pipe outlet reaches a desired level at the original system pressure.

Figure 5.4: Schematic representation of a purge process

The temporal profiles of pressure and velocity and the distribution of them along
the pipe in a transient process basically can be depicted by the simultaneous solution of

111

the continuity and the momentum balance equations. Neglecting the viscosity term in gas
flow and assuming that gas is ideal and flow is uniform in a radial direction, the two
governing equations are as follows:

P
u
P
 P  u
t
x
x

(5.1)

u
RT P
u

u
t
PM x
x

(5.2)

where, P is the gas pressure inside the pipe, t is time, x is the location along the pipe or
distance from the pipe inlet, u is gas velocity, R is gas constant, T is temperature, and M
is the molecular weight of the delivery process gas.
For depressurization step, the initial and boundary conditions for these two partial
differential equations are:
Initial Conditions:

t = 0, P = P0

(5.3)

t = 0, u = k1x

(5.4)

where P0 is the system pressure at steady-state before the upstream valve is closed.
Boundary conditions:

x = 0, u = 0;

(5.5)
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x = L’, m  k 2 ( P  Pout )

(5.6)



where m can be written as:



m

PM
uAc
RT

(5.7)



where

m

is the mass flow rate via the orifice, L’ is the length of the pipe, Pout is the

pressure after the orifice, k1 is a proportional factor, k2 is the flow characteristic value of
the orifice, and Ac is the cross sectional area of the pipe.
In a re-pressurization step, the initial and boundary conditions are shown as:
Initial Conditions:

t = t0, P = P(t0,x)

(5.8)

t = t0, u = u(t0,x)

(5.9)

Boundary conditions:



x = 0, m'  k 3 ( Psource  P) +



m

(5.10)



x = L’, m  k 2 ( P  Pout )

(5.11)
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where P(t0,x) and u(t0,x) are the values of gas pressure and velocity at the end of the


depressurization step t0,

m'

is the mass flow rate of the supplying source, k3 is the flow

characteristic value of the upstream valve, and Psource is the source pressure.
In Figure 5.5, it shows that the velocity and pressure distribution profiles along
the pipe in a depressurization step. It is observed that during the depressurization step the
proportional factor k1 decreases simultaneously as the system depressurizes. It is further
found from the Figure 5.5 that the system pressure propagates along the pipe rapidly and
that the pressure almost uniformly distributes along the pipe, which is consistent with the
pressure propagation in a shock wave at the speed of sound.123

Figure 5.5: Pressure and velocity spatial distributions in a depressurization step

Figure 5.6 compares the model predictions and the experimental data on the
temporal profiles of pressure at the pipe outlet in a depressurization step. The results
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indicate that the model predictions fit well to the experimental data. Figure 5.7 confirms
the accuracy of this assumption and indicates an approach to determine the value of k2
through the linear data regression. k3 can be estimated in a similar method.

Figure 5.6: Pressure dynamics at the pipe outlet in a depressurization step

Figure 5.7: Dependence of mass flow rate on the pressure difference across the orifice
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In most cases of system contamination, the moisture concentration remains well
below 1 ppm. Therefore, the Langmuir model for the rates of adsorption and desorption is
applicable.124 The conservation equation of moisture in gas phase can be presented as:

Cg

Cg
4
 1 (D
)  1 (uCg )  (k C  k a C g (S  C )
L
0
S 
t
x
x
x
d d S

(5.12)

where Cg is the moisture concentration in gas phase, DL is the dispersion coefficient, d is
the inner diameter of the pipe, kd is the desorption rate coefficient, ka is the adsorption
rate coefficient, S0 is the density of active adsorption sites, and CS is moisture surface
concentration on the pipe wall.
The conservation equation for moisture surface concentration CS is:

C

s  k C (S  C )  k C
a g 0
S
d s
t

(5.13)

where CS is an implicit function of x based on Equation 5.12.
Initial conditions in a depressurization step:

t = 0, Cg = Cg0

(5.14)

t = 0, CS = CS0

(5.15)

116

where Cg0 and CS0 are the initial moisture concentrations in the gas phase and on the pipe
surface, respectively.
Boundary conditions:

x = 0,  D C g  uC  uC
g
g , purge gas
L x
x = L’,

C g
x

 0

(5.16)

(5.17)

Initial conditions for the re-pressurization step:

t = t0, Cg = Cg(x)

(5.18)

t = t0, CS = CS(x)

(5.19)

Boundary conditions:

C

g
x = 0,  D
 uCg  uCg , purge gas
L x

x = L’,

C g
x

 0

where Cg,purge gas is the moisture concentration of the dry purge gas.
DL in the laminar flow regime is given by:125

(5.20)

(5.21)
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(5.22)

where Dm is the molecular diffusivity of moisture in the nitrogen delivery gas.
ka, kd and S0 are unknown parameters, which were estimated via data fitting under
SSP condition.
For an SSP process, Equation 5.12 can be simplified as below:

 2Cg
Cg 4 
D
u
 (k C  k a C g (S  C )
L x2
t
x
0
S 
d d S

Cg

(5.23)

In a further study, a lateral-included main pipe has been studied using the same
comprehensive model. Since lateral with capped end could also be the major source to
restore contaminants, it is very important to understand how the PCP process is going to
improve the dry-down process for the gas delivery system with attached laterals. Figure
5.8 shows the schematics of the mathematical domains of a main pipe with a lateral
defined in the comprehensive mode. Each of the governing equations such as Equation
5.1, 5.2, 5.12 and 5.13 could be applied to each mathematic domain. The coupling
variable method has been implemented at the joint junction points.
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Figure 5.8: Schematics of the mathematic domains

5.4 RESULTS AND DISCUSSION
5.4.1. Model verification
The values of ka, kd and S0 were given by the fitting of Equation 5.23 to the SSP
experimental data, as indicated by Figure 5.9. The values ka = 3.4×103 m3/mol/s, kd =
4.0×10-4 1/s, and S0 = 1.05×10-10 mol/cm2 (6.3 ×1013 sites/cm2) give a good fit to the
experimental data at two different challenge concentrations, 110 ppb and 55 ppb, at room
temperature. The deviations between the model predictions and the experimental results
during the initial 5 minutes of purge are due to the instrumental delay.
Figure 5.10 illustrates the model predictions and experimental data of a combined
SSP-PCP sequence. In this example, the complete purge process consists of two stages,
an SSP process followed by a PCP process. Initially the whole gas delivery pipe was
saturated with 350 ppb of moisture at 6.41×105 Pa system pressure. The pipe was first
purged under SSP conditions until the moisture concentration at the pipe outlet reached
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43 ppb; then the PCP process consisting of 10 cycles followed. The short lag of about 1.5
minutes observed between successive cycles is also caused by the transfer line delay.

Figure 5.9: Evaluation of the process model parameters

Figure 5.10: Experimental and modeling predictions for SSP-PCP processes (single piece
of pipe)
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5.4.2. Dry-down comparision of SSP and PCP
Figure 5.11 shows a comparison of the dry-down performances of a continuous
SSP process and of a hybrid SSP-PCP-SSP process for a straight EPSS pipe with 1.93
meter in length and 0.038 meter in O.D.. Initially the whole pipe was saturated with 340
ppb of moisture at 6.41×105 Pa. The SSP process was implemented under constant
system pressure at 6.41×105 Pa. In the SSP-PCP-SSP process, the SSP process at
6.41×105 Pa was performed until the moisture concentration at the pipe outlet reached
10.0 ppb; the first stage of SSP process was then followed by a PCP process with 10
cycles and the pressure swing range between 6.41×105 Pa and 2.55×105 Pa, and the final
SSP process was resumed at 6.41×105 Pa.

Figure 5.11: Performances of SSP and PCP processes for the small test-bed
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The results indicate that in order to reach 5.0 ppb of moisture concentration at the
pipe outlet, the SSP-PCP-SSP process took about 155 minutes, while the traditional SSP
process required 170 minutes; and in the dry-down range from 10.0 ppb to 5.0 ppb, the
SSP-PCP-SSP process only used approximately 73% of the purge gas consumed by the
SSP process. In larger systems, savings of purge time and purge gas will be even more
significant.
Using the process model, the dry-down performances of an SSP process and an
SSP-PCP-SSP process on an industrial-scale gas distribution pipe were simulated and
compared in Figure 5.12. The pipe was 500 meter in length and 0.038 meter in O.D.; it
was initially saturated with 200 ppb of moisture at 8.27×105 Pa. A flow restrictor with k2
value at 1.22×10-9 kg·pa-1·s-1 was installed at the pipe outlet. The flow restrictor gave a
constant mass flow rate at 8.90×10-4 kg/s when the system pressure was maintained at
8.27×105 Pa. The SSP process was performed at 8.27×105 Pa until the moisture
concentration at the pipe outlet reached 2.0 ppb. In the SSP-PCP-SSP process, the system
was first purged using an SSP process at 8.27×105 Pa for 7 hours; the moisture
concentration at the pipe outlet was dropped down to 5.3 ppb; then a PCP process with
pressure swinging range between 8.27×105 Pa and 2.34×105 Pa was used until the
moisture concentration at the pipe outlet reached 2 ppb at 8.27×105 Pa. It took the PCP
process about 8 cycles, with each cycle 125 minutes long, to reduce the moisture
concentration from 5.3 ppb down to 2.0 ppb.
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Figure 5.12: Performances of SSP and PCP processes for an industrial-scale system

The results, shown in Figure 5.12, indicate that by implementing the SSP-PCPSSP process, the purge time can be reduced by approximately 11 hours. Furthermore, in
the dry-down range from 5.3 ppb to 2.0 ppb, the purge gas usage of the SSP-PCP-SSP
process is only 23% of that in the SSP process. Therefore, it indicates that savings of
purge time and purge gas can be achieved by applying PCP process as compared with the
traditional SSP process.
Due to the fact that the ppb unit represents the ratio of moisture partial pressure to
the total system pressure, Figures 5.11 and 5.12 show that moisture concentration, in ppb,
actually increases when the system depressurizes. Because of the moisture desorption
from pipe wall in the depressurization step, the decrease in the system total pressure is
greater than that of the moisture partial pressure. Hence, the moisture concentration in
ppb goes up as the system depressurizes. While in the following re-pressurization step,
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the opposite effect is observed. This is due to the continuous introduction of dry purge
gas to the system causing the direct purging and dilution effects. At the end of each
depressurization step, both the model and the experimental data show that the moisture
absolute concentration by a PCP process is actually less than that by a corresponding SSP
process at pressure P0.

5.4.3. PCP start time in combined SSP-PCP process
Figures 5.13 and 5.14 show there are optimum start times of the PCP processes in
order to minimize the total purge time and purge gas usage. In these two figures, the total
purge time and the total purge gas usage were plotted against the start time of the PCP
processes. The results for three different target concentrations at the pipe outlet at
8.27×105 Pa are shown. Initially the pipe (L = 10 meter; O.D. = 0.038 meter) was
saturated with 200 ppb of moisture. The system pressure at steady-state was 8.27×105 Pa.
An orifice with k2 value 2.45×10-10 kg·pa-1·s-1 was installed at the system outlet, which
gave a flow rate of 9 slpm at the steady-state pressure. The system pressure swing range
was between 8.27×105 Pa and 1.93×105 Pa within a 15-minute time window during the
depressurization step.
On the x-axes of Figure 5.13 and Figure 5.14, the PCP start time of zero suggests
that the PCP process is implemented immediately when the purge procedure starts; and
the PCP start time of 5 minutes means that the purge consists of 5 minutes of the SSP
process at 8.27×105 Pa followed by the PCP process that will continue until the target
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concentration is reached. Once the target is reached, the whole purge process is
terminated and the system pressure is returned back to 8.27×105 Pa. For the case of target
concentration is 4 ppb, it is found that the minimum total purge time (about 45 minutes)
and the minimum total purge gas usage (about 220 sl) can be achieved after the system
has been purged with the SSP process around 15 minutes and 7 minutes, respectively.
Figure 5.13 shows the optimum points (minimum total purge time) move to the
right when the target baseline decreases. This indicates a longer SSP is required before
the PCP process as the target concentration decreases. Figure 5.14 indicates that the total
purge gas usage goes up as target concentration decreases. This is essentially due to the
fact that the SSP process at high system pressure consumes more purge gas than the PCP
process, while in a corresponding PCP process the gas supply is periodically cut off.
Figures 5.13 and 5.14 also show that it is not recommended to initiate a PCP
process at the very beginning of the purge process. This is because most of the original
gas-phase moisture molecules in the system can be displaced out of the system by the
purge gas within an average residence time by the SSP process. During this time window,
the convection transport is the most effective way to remove moisture concentration from
the system.
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Figure 5.13: Effect of PCP start time on the total purge time in an SSP-PCP process

Figure 5.14: Effect of PCP start time on the total purge gas usage in an SSP-PCP process

In Figure 5.15, Cg,

x=L

is plotted against the purge time for 3 different initial

concentrations. The moisture concentration profiles of the SSP processes decrease rapidly
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after approximately one system residence time, which is approximately 16.7 minutes. The
profiles of the PCP processes are lower than those of the SSP processes for the purge
time less than one residence time, but when the purge time is larger than one residence
time, the results are opposite. Therefore, it is suggested that the PCP processes should be
initiated after one to two average residence times of SSP process so that most of the
moisture molecules in gas phase can be purged out of the system.

Figure 5.15: Dynamics of moisture concentrations at the pipe outlet during SSP and PCP
processes for different challenge concentrations

5.4.4. Operational patterns of PCP process
In the combination mode, the steady-state purge could be either performed at a
high pressure or at a low pressure. The continuous PCP process performs better than an
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SSP mode for rapidly reducing Cg, x=L down to the expected level if the contamination is
in the low ppb level. However, reducing Cg, x=L as quickly as possible may not be the only
objective, and other important aspects associated with the UHP gas distribution systems
may need to be addressed.
Figure 5.16 shows the distribution profiles of Cg and CS along the pipe after the
system has been purged for 145 minutes by an SSP process and a combined SSP-PCP
process. The continuous SSP process was implemented at 8.27×105 Pa, and the SSP-PCP
process consisted of two stages: a continuous SSP process at 8.27×105 Pa for 40 minutes
and then a 7-cycle PCP process (totally 105 minutes) with pressure swinging range
8.27×105 Pa and 1.93×105 Pa. At the end of the above two purge processes, the system
pressure was 8.27×105 Pa. Near the outlet zone, Cg (PCP) < Cg (SSP), and CS (PCP) < CS
(SSP), while near the inlet zone the results are opposite. This indicates that SSP has left
less total moisture in the pipe; however, PCP has redistributed the moisture inside the gas
delivery pipe and has left the outlet zone cleaner resulting in a cleaner gas at the outlet. In
most circumstances, the gas at the system exit point is the most critical factor for the
semiconductor manufacturing processes. Therefore, generally, PCP is a better option than
SSP within low ppb region since the PCP process takes less time and consumes less
purge gas to recover the system baseline at the system outlet. Under certain cases, the
contaminants remaining in the system might be a concern. For example, when an abrupt
system pressure fluctuation occurs, the contaminants remaining in the system may be
released causing second contamination to the processing tools.
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Based on the above results, it is important to explore methods and find
combinations of SSP-PCP that are capable of showing both the advantages of SSP and
PCP processes. Figure 5.17 shows an example of applying such a combined purge
method, where four purge cases are schematically shown. These four cases have identical
target moisture concentration at the pipe outlet, which is 2 ppb at 8.27×105 Pa; and all
other system properties are the same as stated in Section 5.4.3.

Figure 5.16: Spatial distribution of moisture concentrations in the gas phase and on the
pipe wall for SSP and SSP-PCP processes
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Figure 5.17: Schematic representation of four purge patterns

Table 5.1 lists the total purge time and the total purge gas usage to reach 2 ppb
baseline for each case. As expected, case 2 (the continuous PCP) requires the least purge
time and the lowest purge gas usage, while Case 1 (the traditional SSP) takes the longest
purge time and consumes the most purge gas. The performances of Case 3 and case 4 are
somewhere between case 1 and case 2.
Figures 5.18 and 5.19 compare the distribution profiles of Cg and CS along the
pipe when Cg, x=L reaches the target for the single pipe gas delivery system. The results
indicate that case 1 has the lowest Cg (x) and CS(x) among the four cases, while case 2 is
the worst case with both Cg(x) and Cs(x) higher than those of other cases. However, this
result would be different for a lateral-included gas delivery system. The Cg(x) and Cs(x)
distribution profiles of cases 3 and 4 are between those of Cases 1 and 2. If the process
gas purity at the system outlet (Cg, x=L) is the principal concern, case 2 is the best option.
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If both the gas purities inside the system (Cg, 0=x<L) and the gas purity at system outlet (Cg,
x=L)

are the key factors, cases 3 and 4 are suitable choices.

Purge time (min)

Dry purge gas consumed (sl)

case 1

200

1835

case 2

135

655

case 3

170

1100

case 4

185

670

Table 5.1: Total purge time and purge gas usage for four purge patterns

Figure 5.18: Spatial distribution of moisture concentrations in the gas phase for the fourcase studies
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Figure 5.19: Spatial distribution of moisture concentrations on the pipe wall for the fourcase studies

Other factors such as the pressure swing range (ratio of high pressure to low
pressure) and the cycle frequency will impact the performance of a PCP process. Ideally,
the operation with high pressure ratio and more cyclic frequency would bring much
greater savings in purge time and purge gas usage. Practically, the pressure ratio cannot
be very large since a low system pressure close to the ambient pressure may cause other
issues such as back diffusion of ambient contaminants into the gas delivery systems.126
There are also practical limits to the number of cycles for a total purge time window.
These practical limits should be considered when a PCP process is selected and
optimized.
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5.4.5. PCP process in lateral-included gas delivery system
Using the comprehensive process model, a comparison of an SSP process with an
SSP-PCP-SSP process on a large-scale gas delivery pipe with a lateral was presented in
Figure 5.20 and 5.21 based on the model simulation. A straight pipe 10 meters in length
and 0.051 meter in O.D. with a 3 meters lateral and 0.051 meter in O.D. was initially
saturated with 200 ppb of moisture at 8.27×105 Pa. For the SSP-PCP-SSP process, the
system was first purged with an SSP process at 8.27×105 Pa for 1000s, then switched to a
PCP process with a pressure swinging in a range from 8.27×105 Pa to 4.61×105 Pa. The
PCP process contained 6 cycles with a depressurization process of 400s and a repressurization process of 200s. Figure 5.20 shows the Cg profile comparison of an SSP
process with an SSP-PCP-SSP process. During the most of the purge time, the SSP-PCPSSP process maintains a low concentration of moisture in the gas phase at the pipe outlet.
Also based on the Cs profile shown in Figure 5.21, a PCP-included process would have
significant benefit for the pipe surface cleaning over a conventional SSP only process.
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Figure 5.20: Cg profiles of SSP and PCP processes for a large-scale system

Figure 5.21: Cs profiles of SSP and PCP processes for a large-scale system

Figure 5.22 compares the relative purge time savings with respect to surface
cleanup for two different scales of gas delivery systems: One is a 10 meter pipe with 3
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meter lateral; the other is a much larger scale system of 5 meter pipe with 1.5 meter
lateral. These profiles indicate that, once the surface cleanup target has been reached by
using SSP-PCP-SSP process, the amount of purge time that could be saved in comparison
to the conventional SSP only process. Moreover, based on Figure 5.22, as the surface
cleanup increases, greater relative purge time savings could be achieved and a larger
system would show more benefit from applying the PCP process.

Figure 5.22: Purge time saving for two different scales of gas delivery systems

Furthermore, under some circumstances, the purge gas usage would be a major
concern. Figure 5.23 presents the relative purge gas savings for two different scales of
gas delivery systems. Once the PCP process has been implemented in the purge process,
a huge amount of gas could be saved when certain surface cleanness is targeted. Also,
this purge gas saving benefit would be increased with the gas delivery system size.
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Figure 5.23: Purge gas saving for two different scales of gas delivery systems

5.5 CONCLUSIONS
A technique for removing moisture and other adsorbing molecular contaminants
from UHP gas distribution systems using pressure-cycle purge (PCP) was investigated
both experimentally and theoretically. A process model was developed that couples the
gas phase transport in the gas flow and the surface interactions. This model is scalable
and applicable to industrial scale UHP gas distribution systems, and can also be used for
parametric studies and purge process optimization to minimize the purge time and the
purge gas usage. The results indicate that in low-ppb range, a PCP process takes less
purge time and consumes less purge gas as compared to the traditional steady-state purge
(SSP). The PCP approach generally results in a cleaner surface zone close to the point of
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gas delivery resulting in a cleaner outlet gas. The best choice for purge requires an
optimization of key operational parameters using the process simulator developed in this
study. One such parameter is the start time of a PCP process in a combined SSP-PCP
sequence. For systems contaminated with high ppb levels of moisture, it is recommended
that the system first be purged with SSP process for one to two average system residence
times before the PCP process is started. If the purge purpose is solely to reach the desired
outlet gas purity as quickly as possible, the continuous PCP processes is suggested. The
insertion of a short SSP process between two PCP cycles (in a hybrid PCP-SSP-PCP
mode) can save the purge time and reduce the purge gas usage as compared to the SSP
process, and result in a cleaner system compared with the continuous PCP process.
Moreover, the PCP process shows much more benefit for the lateral-included gas
delivery system. Both the purge time and purge gas usage could be saved when applying
PCP process.
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CHAPTER 6
SUMMARY AND FUTURE WORK
The study of HfO2, SiO2, and CeO2 surface properties of nanoparticles was
carried out through a combination of experimental investigation and process simulation.
A dynamic moisture adsorption and desorption process is utilized to characterize the
physicochemical properties of NPs. These properties, such as capture and retention of
homogeneous contaminants on the NP surface, are important in assessing the ESH impact
of NPs used in semiconductor manufacturing. This methodology consists of in-situ FTIR
measurement and process simulator, which allow us to study the time profiles of dynamic
interactions of adsorbing species on different NP samples at various temperatures. It is
also useful in determining fundamental parameters such as surface coverage, capacity and
activation energy of surface interactions. The primary results show that the species
temperature and size effects on surface properties of SiO2, HfO2 and CeO2 NPs. SiO2 NPs
have the highest adsorption capacity, while CeO2 NPs have the lowest. However, CeO2
NPs maintain the highest affinity for H2O retention. This is related to the activation
energies of different oxide NPs. The results also indicate that NPs are more prone to
contamination and harder to decontaminate as particle size decreases. Therefore, particle
size could have a major influence on the environmental and health impact of NPs
compared to that of larger particles. The following model simulation results show that the
dimensionless single particle model is useful for studying the surface characteristics of
solid NPs in liquid phase. Parametric studies based on the relationship between the RE
and dimensionless groups can determine the effect of diffusion and adsorption/desorption
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prcesses on the fundamental solid NP surface properties in liquid phase. The results
indicate that a high diffusion rate would lead to higher RE for HfO2 in HF.
Future work based on this study can focus on the topology of the NP surface. The
curvature of the NP surface is the major contributor to surface capacity. Potentially
available adsorption sites would be prone to contaminants that affect the ESH impact of
NPs. The major difference between the NPs and their bulk phase are primarily related to
their extremely large total surface area, especially when the NPs are porous. For the
model simulation, the size distribution of NPs can be taken into consideration and
integrated with the process simulator.
The second subtask of this project was to remove adsorbing molecular
contaminants from UHP gas delivery systems using PCP. A process model was
developed that simulates the gas phase transport and the surface adsorption and
desorption processes. Moreover, this model can also be used for parametric studies and
purge process optimization to minimize the purge time and the purge gas usage on an
industrial scale. The principal results indicate that a PCP process takes less purge time
and consumes less purge gas in low-ppb range as compared to an SSP process. Therefore,
for a system with a high moisture contaminant, such an SSP process should be
implemented for at least one residence time before applying the PCP process.
Furthermore, the PCP process in a lateral-included EPSS pipe system can provide a
greater benefit compared with using PCP in a single piece of pipe system. When the
lateral is capped, the PCP process would bring extra convection dry-down force to the
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lateral domain. This can dramatically save purge time and gas usage for the lateralincluded gas delivery system purge process.
In the future, the PCP project could lead to a 2-D model simulation and could
apply the adsorption and desorption reaction terms in a boundary condition. The 2-D
model would allow us to calculate the velocity profile along the 2-D mathematical
domains and to separate the convention/diffusion terms using the surface reaction term.
Moreover, the 2D model would be convenient for adding multiple laterals attached to the
main pipe system. The further study can also include the back-diffusion process once the
lateral is restricted by an orifice. The process simulator can optimize minimum gas flow
rate for the lateral condition to prevent back-diffusion.
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APPENDIX A NOMENCLATURE
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Symbol

Description

A

absorbance

̅
Ac

specific absorbance
cross-sectional area of gas delivery pipe
the molar absorptivity

Aint

integrated absorbance over wavenumber

As

total surface area of one single NP

Cg

moisture concentration in the gas phase

Cg0

initial moisture concentration in the gas phase

Cgin

gas phase moisture concentration in NP domain

Cgin,0

initial gas phase moisture concentration in NP domain

Cgout

gas phase moisture concentration in packed-bed domain

Cgout,0

initial gas phase moisture concentration in packed-bed domain

Cg, purge gas concentration of moisture in purge gas
Cs

moisture concentration on the surface

Cs0

saturated surface concentration

Csin

surface moisture concentration in NP domain

Csin,0

saturated surface concentration in NP domain

d

inner diameter of gas delivery pipe

DA

molecular diffusion coefficient

Dein

effective diffusivity in NP domain

Deout

effective diffusivity in packed-bed domain
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DL

dispersion coefficient

Dm

molecular diffusivity of moisture in the bulk process gas

Ea

activation energy of adsorption

Ea1

intrinsic adsorption energy for chemisorption

Ea2

intrinsic adsorption energy for physisorption

Ed

activation energy of desorption

Ed1

intrinsic desorption energy for chemisorption

Ed2

intrinsic desorption energy for physisorption
coefficient of linear relationship between absorbance and surface

f
concentration
intensity of the light
intensity of incident light
intensity of transmitted light
k1

proportionality factor

k2

flow characteristic value of the orifice or gas-flow restrictor

k3

flow characteristic value of the upstream valve

ka

adsorption rate coefficient

ka0

pre-exponential factors for adsorption
adsorption rate coefficient at t=0

kd

desorption rate coefficient

kd0

pre-exponential factors for desorption
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desorption rate coefficients at t=0
km

surface mass transfer coefficient in NP and packed-bed domain

L

thickness of packed-bed

L’

length of gas delivery pipe

m

total mass of NP sample

̇
̇
M

mass flow rate through the outlet of the gas delivery pipe
mass flow rate through the inlet of gas delivery pipe
molecular weight of the bulk process gas
number of holes on the packed-bed

Nv

number of NPs per unit volume in the packed-bed

P

pressure

P0

pressure at steady-state

Psource
Pout

pressure of purge gas supply source
pressure after the orifice or gas-flow restrictor
pressure distribution along gas delivery pipe at the end of a depressurization

P(t0,x)
step
R

gas constant

r

position along the radius of one NP

r0

radius of nanoparticle

ra

adsorption rate

rd

desorption rate
radio of drilled holes in the packed-bed
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S0

maximum capacity of the surface

T

temperature

t

time

t0

time of the depressurization step

u

velocity in gas delivery pipe
velocity distribution along the gas delivery pipe at the end of a

u(t0,x)
depressurization step
V

solid volume of one porous NP
volume of packed-bed

x

position along the thickness of the packed-bed/distance from the inlet of pipe
NP porosity
wavenumber
the density of NP sample

AFM
APIMS

atomic force microscopy
atmospheric pressure ionization mass spectrometer

CMP

chemical and mechanical planarization

CRDS

cavity ring-down spectrometer

RE

removal efficiency

EPSS

electropolished stainless steel

ESH

environmental safety and health

FTIR

Fourier transform infrared

MFC

mass flow controller
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NP

nanoparticle

IR

infrared

ppb

parts per billion

ppm

parts per million

ppt

parts per trillion

QD

quantum dot

TEM

transmission electron microscopy

UHP

ultra high purity

XRD

X-ray diffraction
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APPENDIX B NUMERICAL SOLVER SETUP
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COMSOL uses finite element method to solve the partial differential equations and study
the dynamics of impurity transport inside of the NPs. One example set of equations are
given in Chapter 4.2. This section describes how to solve the coupled partial differential
equations using COMSOL. The latest COMSOL version 4.3a has been used.
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Step 1: Define space dimension and add physics.

1) Open “COMSOL Multiphysics 4.3a”. For the single particle model, all the equations
are solved in 1D space dimension.
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2) Add two “General Form PD s” in Physics and define the governing equations for C g
and Cs.
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3) Choose “Time Dependent” Study Type and finish.
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Step 2: Drawing a Geometry

1) Right clic “Geometry ” and add “interval”.
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2) Set the “Left endpoint” equal to “0”, and “Right endpoint” equal to “ ” for the
dimensionless particle radius.
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Step 3: Define parameters and variables

1) Add “Parameters” under “Global Definitions”, and input all the parameters shown in
Section 4.2.
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) Add “Variables” under “Definitions” in “Model
in Section 4.2.

”, and define all the variables shown
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Step 4: Equations setup

1) Define each term shown in the “General Form PD ” for Cg and Cs based on Equations
4.3 and 4.5.
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2) Define initial conditions for Cg and Cs based on Equations 4.7 and 4.8.
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3) Define boundary conditions for Cg based on Equations 4.9 and 4.10.
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Step 5: Meshing and solver

) Add “Size”, “Scale” and “ dge” under “Mesh”
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) Select “ xtremely fine” for “ lement size” under “Size”.

3) Set “ lement size scale” equal to “0. ”.
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4) Select “Remaining” for “Geometric entity level”.
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5) Set calculating time range in “Study Settings”, set Δt equal to “0.0 ”.
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APPENDIX C MATLAB CODE
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%NP two domains model
clear;
tic
N=1000;
M=1000;
L=1000;
L0=0.003175;
t_f=3600;
epsilon=0.3;
De_out=0.26e-4*epsilon^2;
ka0=0.04;
kd0=0.03;
R1=8.3145;
T=273.15+25;
Cg_in0=0.1077;
Cg_out0=0.1077;
Cs_in0=2.0000e-006;
r0=10e-9;
S0=3e-006;
Ea1=9000;
Ed1=16000;
Ea2=6000;
Ed2=-log(ka0*exp(-Ea2/R1/T)*Cg_in0*(S0-Cs_in0)/kd0/Cs_in0)*R1*T;
km=0.5;
f0=2.6054e+09;
e=0.3;
De=0.26e-4*e^2;
pore=5e-10;
Area=e*4/3*pi*r0^3/pore*2;
V=4/3*pi*r0^3*(1-e);
mass=0.022;
rho=2.634e6;
V_coupon=pi*0.0005^2*6.35e-3*77;
Nv=mass/rho/(4/3*pi*r0^3)/(1-e)/V_coupon;

%mesh in space
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dx=1/(N-1);
x=(0:dx:1)';

dy=1/(L-1);
y=(0:dy:1)';

%mesh in time
dt=10/(M-1);
t=(0:dt:10)';

%initial conditions

Cg_in=zeros(N,M,L);
Cs_in=zeros(N,M,L);
Ea=zeros(N,M,L);
Ed=zeros(N,M,L);
ka=zeros(N,M,L);
kd=zeros(N,M,L);
Cg_out=zeros(L,M);
Cg_out(:,1)=1;

for k=1:L
Cg_in(:,1,k)=1;
Cs_in(:,1,k)=1;
end

for j=1:M-1
%solver for Cg_out
RHS_out=zeros(1,L-1);
RHS_out(1)=0;

B=zeros(L-1,L-1);
B(1,1)=-1;
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B(1,2)=1;

for k=2:L-1
B(k,k-1)=De_out*t_f*dt/2/L0^2/dy^2;
B(k,k)=-De_out*t_f*dt/L0^2/dy^2-1;
B(k,k+1)=De_out*t_f*dt/2/L0^2/dy^2;
end

B(L,L)=De_out/L0/dy-km;
B(L,L-1)=-De_out/L0/dy;

for k=2:L-1
RHS_out(k)=De_out*t_f*dt/2/L0^2/dy^2*Cg_out(k+1,j)+(De_out*t_f*dt/L0^2/dy^21)*Cg_out(k,j)-De_out*t_f*dt/2/L0^2/dy^2*Cg_out(k-1,j)De/r0*Cg_in0/Cg_out0*4*pi*r0^2*Nv*dt*t_f*(Cg_in(L,j,k)-Cg_in(L1,j,k))/dx;
end
RHS_out(L)=0;

Cg_out(:,j+1)=tri_diag(B,RHS_out);

%Solve for Cg_in
RHS=zeros(1,N-1);
RHS(1)=0;
for k=1:L
for i=1:N
Ea(i,j,k)=Ea1*(1-Cs_in(i,j,k))+Ea2*Cs_in(i,j,k);
Ed(i,j,k)=Ed1*(1-Cs_in(i,j,k))+Ed2*Cs_in(i,j,k);
ka(i,j,k)=ka0*exp(-Ea(i,j,k)/R1/T);
kd(i,j,k)=kd0*exp(-Ed(i,j,k)/R1/T);
end

A=zeros(N-1,N-1);
A(1,1)=-1;
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A(1,2)=1;

for i=2:N-1
A(i,i-1)=-De*dt*t_f/2/r0^2/dx/x(i)+De*dt*t_f/2/r0^2/dx^2;
A(i,i)=-De*dt*t_f/r0^2/dx^2-1-Area/V*dt*t_f/2*ka(i,j,k)*(S0Cs_in(i,j,k)*Cs_in0);
A(i,i+1)=De*dt*t_f/2/r0^2/dx/x(i)+De*dt*t_f/2/r0^2/dx^2;
end

A(N,N)=-De/r0/dx+km;
A(N,N-1)=De/r0/dx;

for i=2:N-1
RHS(i)=(-De*dt*t_f/2/r0^2/dx/x(i)De*dt*t_f/2/r0^2/dx^2)*Cg_in(i+1,j,k)+(De*dt*t_f/r0^2/dx^21+Area/V*dt*t_f/2*ka(i,j,k)*(S0Cs_in(i,j,k)*Cs_in0))*Cg_in(i,j,k)+(De*dt*t_f/2/r0^2/dx/x(i)De*dt*t_f/2/r0^2/dx^2)*Cg_in(i-1,j,k)Area/V*dt*t_f/Cg_in0*kd(i,j,k)*Cs_in(i,j,k)*Cs_in0;
end
RHS(N)=km*Cg_out(k,j)*Cg_out0/Cg_in0;
Cg_in(:,j+1,k)=tri_diag(A,RHS);

%iteration for Cs
for i=1:N
Cs_in(i,j+1,k)=(dt*t_f*ka(i,j,k)*S0*Cg_in(i,j+1,k)*Cg_in0/Cs_in0+Cs_in(
i,j,k))/(1+t_f*dt*ka(i,j,k)*Cg_in(i,j+1,k)*Cg_in0+kd(i,j,k)*t_f*dt);
end
maxiter=500;
for iter=1:maxiter
Cslast=Cs_in(:,j+1,k);
for i=1:N
Ea(i,j+1,k)=Ea1*(1-Cs_in(i,j+1,k))+Ea2*Cs_in(i,j+1,k);
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Ed(i,j+1,k)=Ed1*(1-Cs_in(i,j+1,k))+Ed2*Cs_in(i,j+1,k);
ka(i,j+1,k)=ka0*exp(-Ea(i,j+1,k)/R1/T);
kd(i,j+1,k)=kd0*exp(-Ed(i,j+1,k)/R1/T);
Cs_in(i,j+1,k)=(dt*t_f*ka(i,j+1,k)*S0*Cg_in(i,j+1,k)*Cg_in0/Cs_in0+Cs_i
n(i,j,k))/(1+t_f*dt*ka(i,j+1,k)*Cg_in(i,j+1,k)*Cg_in0+kd(i,j+1,k)*t_f*d
t);
end
err=zeros(1,maxiter);
err(iter)=max(abs(Cs_in(:,j+1,k)-Cslast));
if err(iter)<1e-3
break;
end
end
if iter==maxiter;
warning('Convergence not reached')
end
end
end
S=zeros(L,M);
for k=1:L
for j=1:M
S(k,j)=sum(Cs_in(:,j,k))*dx;
end
end
W=S*Cs_in0;
U=zeros(M,1);
for j=1:M
U(j)=sum(W(:,j))*dy;
end
Z=U*f0*2*L0;
for j=1:M
C1(j)=(sum(Cs_in(1,j,:))+sum(Cs_in(:,j,1))+sum(Cs_in(end,j,:)+sum(Cs_in
(:,j,end))))*dx*dy*1/2-
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1/4*dx*dy*(Cs_in(1,j,1)+Cs_in(1,j,end)+Cs_in(end,j,1)+Cs_in(end,j,end))
;
end
C2=C1.*Cs_in0.*f0.*2.*L0;
C3=C2';
Z=Z-C3;
%CsVSx
Cs=zeros(M,L);
for k=1:L
for j=1:M
Cs(j,k)=Cs_in(end,j,k);
end
end
% figure(1)
% plot(y,Cs(end,:))
%CsVSr
Cs_2=zeros(N,M);
for i=1:N
for j=1:M
Cs_2(i,j)=Cs_in(i,j,end);
end
end

Cg=zeros(M,L);
for k=1:L
for j=1:M
Cg(j,k)=Cg_in(end,j,k);
end
end
figure(2)
plot(y,Cg(end,:))
load('SiO2_20nm_Aldrish_Experimental Data.mat')
figure(3)
createfigure(t,Cg_in(1,:,1))
figure(4)
plot(Et,Ec);
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plot(t*t_f/60,Z,'b')
createfigure(Et,Ec,t*t_f/60,Z)
figure(2)
plot(t*t_f/60,Ea(1,:,1)/1000);
figure(3)
plot(t*t_f/60,Ed(1,:,1)/1000);
t=t';
plot(t,Cg(end,:),'b');
hold on
figure(2)
plot(t,Cs(1,:));
figure(3)
plot(x,Cg(:,1));
figure(4)
plot(x,Cs(:,1));
t_cpu=toc;

% x = tri_diag(A,b) takes a tri-diagonal square matrix A and a vector b
and
% returns the solution of Ax=b.

function x = tri_diag(A,rhs)

[n,n] = size(A);

for i=1:n
b(i) = A(i,i);
end
for i=1:n-1
c(i) = A(i,i+1);
end
for i=2:n
a(i) = A(i,i-1);
end
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% solve for the entries of L and U so that LU = A:
beta(1) = b(1);
for j=2:n
alpha(j) = a(j)/beta(j-1);
beta(j) = b(j)-alpha(j)*c(j-1);
end

% solve Ly = b
y(1) = rhs(1);
for j=2:n
y(j) = rhs(j)-alpha(j)*y(j-1);
end

% solve Ux = y
x(n) = y(n)/beta(n);
for j=1:n-1
x(n-j) = (y(n-j)-c(n-j)*x(n-j+1))/beta(n-j);
end

x = x';

function createfigure1(X1, Y1, X2, Y2)
%CREATEFIGURE1(X1,Y1,X2,Y2)
%

X1:

vector of x data

%

Y1:

vector of y data

%

X2:

vector of x data

%

Y2:

vector of y data

%

Auto-generated by MATLAB on 14-Jun-2011 10:40:00

% Create figure
figure1 = figure;

% Create axes
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axes1 = axes('Parent',figure1,'FontWeight','bold','FontSize',14,...
'FontName','Times New Roman');
hold(axes1,'all');

% Create plot
plot(X1,Y1,'Parent',axes1,'MarkerFaceColor',[0 0 0],...
'MarkerEdgeColor',[0 0 0],...
'MarkerSize',15,...
'Marker','.',...
'LineStyle','none',...
'DisplayName','Experimental Data');

% Create plot
plot(X2,Y2,'Parent',axes1,'LineWidth',3,'DisplayName','Modeling
simulation',...
'Color',[0 0 0]);

% Create xlabel
xlabel('Time, t (min)','FontWeight','bold','FontSize',16,...
'FontName','Times New Roman');

% Create ylabel
ylabel('Special Absorbance, I','FontWeight','bold','FontSize',16,...
'FontName','Times New Roman');

% Create title
title('SiO_2, 20nm, 25\circC','FontWeight','bold','FontSize',16,...
'FontName','Times New Roman');

% Create legend
legend(axes1,'show');

%dimensionless single particle model
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clear
tic
N=1000;
M=100000;
ka0=1.0;
kd0=0.11;
R1=8.3145;
T=273.15+25;
Cg_in0=485.3;
Cs_in0=0.01;
r0=20e-9;
S0=0.018;
Ea1=24000;
Ed1=26000;
Ea2=22000;
Ed2=-log(ka0*exp(-Ea2/R1/T)*Cg_in0*(S0-Cs_in0)/kd0/Cs_in0)*R1*T;
km=0.5;
f0=2.6054e+017;
e=0.3;
De=0.26e-14*e^2;
pore=5e-10;
Area=e*4/3*pi*r0^3/pore*2;
V=4/3*pi*r0^3*(1-e);
kac=ka0*exp(-Ea2/R1/T);
kdc=kd0*exp(-Ed2/R1/T);
t_f=r0^2/De;
t_o=V/Area/kac/S0;

%dimensionless groups
% alpha=0.2867;
% beta=0.6667;
% gamma=0.3333;
% eta=6.2825e-005;
% theta=2.0942e-005;
% omega=4.1883e-005;
% phi=4.68e-8;
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alpha=De/r0^2*t_f;%1
beta=Cs_in0/Cg_in0/kac/S0*kdc/t_o*t_f;%alpha
gamma=Cs_in0/S0/t_o*t_f;%gamma
delta=Area*kac*S0/V*t_f;%beta
eta=Cg_in0*V/Cs_in0/Area/t_o*t_f;%eta
theta=Cg_in0*V/Area/S0/t_o*t_f;%theta
omega=kdc*t_f;%omega
phi=De/km/r0;%phi

%mesh in space
dx=1/(N-1);
x=(0:dx:1)';

%mesh in time
dt=10000/(M-1);
t=(0:dt:10000)';

%initial conditions
Cg_in=zeros(N,M);
Cs_in=zeros(N,M);
Ea=zeros(N,M);
Ed=zeros(N,M);
ka=zeros(N,M);
kd=zeros(N,M);

Cg_in(:,1)=1;
Cs_in(:,1)=1;

for j=1:M-1
%Solve for Cg_in
RHS=zeros(1,N-1);
RHS(1)=0;
for i=1:N
Ea(i,j)=Ea1*(1-Cs_in(i,j))+Ea2*Cs_in(i,j);
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Ed(i,j)=Ed1*(1-Cs_in(i,j))+Ed2*Cs_in(i,j);
ka(i,j)=ka0*exp(-Ea(i,j)/R1/T)/kac;
kd(i,j)=kd0*exp(-Ed(i,j)/R1/T)/kdc;
end

A=zeros(N-1,N-1);
A(1,1)=-1;
A(1,2)=1;

for i=2:N-1
A(i,i-1)=-alpha*dt/2/dx/x(i)+alpha*dt/2/dx^2;
A(i,i)=-alpha*dt/dx^2-1-dt/2*ka(i,j)*(delta-Cs_in(i,j)*gamma);
A(i,i+1)=alpha*dt/2/dx/x(i)+alpha*dt/2/dx^2;
end

A(N,N)=phi/dx-1;
A(N,N-1)=-phi/dx;

for i=2:N-1
RHS(i)=(-alpha*dt/2/dx/x(i)alpha*dt/2/dx^2)*Cg_in(i+1,j)+(alpha*dt/dx^2-1+dt/2*ka(i,j)*(deltaCs_in(i,j)*gamma))*Cg_in(i,j)+(alpha*dt/2/dx/x(i)alpha*dt/2/dx^2)*Cg_in(i-1,j)-dt*beta*kd(i,j)*Cs_in(i,j);
end
RHS(N)=0;
Cg_in(:,j+1)=tri_diag(A,RHS);

%iteration for Cs
for i=1:N
Cs_in(i,j+1)=(dt*eta*ka(i,j)*Cg_in(i,j+1)+Cs_in(i,j))/(1+theta*dt*ka(i,
j)*Cg_in(i,j+1)+kd(i,j)*omega*dt);
end
maxiter=1000;
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for iter=1:maxiter
Cslast=Cs_in(:,j+1);
for i=1:N
Ea(i,j+1)=Ea1*(1-Cs_in(i,j+1))+Ea2*Cs_in(i,j+1);
Ed(i,j+1)=Ed1*(1-Cs_in(i,j+1))+Ed2*Cs_in(i,j+1);
ka(i,j+1)=ka0*exp(-Ea(i,j+1)/R1/T);
kd(i,j+1)=kd0*exp(-Ed(i,j+1)/R1/T);
Cs_in(i,j+1)=(dt*t_f*ka(i,j+1)*S0*Cg_in(i,j+1)*Cg_in0/Cs_in0+Cs_in(i,j)
)/(1+t_f*dt*ka(i,j+1)*Cg_in(i,j+1)*Cg_in0+kd(i,j+1)*t_f*dt);
end
err=zeros(1,maxiter);
err(iter)=max(abs(Cs_in(:,j+1)-Cslast));
if err(iter)<1e-3
break;
end
end
if iter==maxiter;
warning('Convergence not reached')
end
end

Cs=zeros(N,M);
for j=1:M
for i=1:N
Cs(i,j)=Cs_in(i,j)*pi*x(i)^2*dx;
end
end
for j=1:M
Cs_t(j)=sum(Cs(:,j))/(4/3*pi*1^3);
end
hold on
plot(x,Cs_in(:,1));
plot(x,Cs_in(:,3));
plot(t*t_f/3600,(Cs_t(1)-Cs_t)/Cs_t(1)*100,'r');
Z=(Cs_t(1)-Cs_t)/Cs_t(1);
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Y=t*t_f/3600;
X=find(Z<=0.50000000,1,'last')
Y(X+1)
t_f
t_cpu=toc
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