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ABSTRACT

Adsorption of organic vapors at a gas-water interface has several physical
applications with respect to natural processes in the environment. Understanding the
adsorption processes is critical in development of risk assessment and modeling of
transport and fate of various chemical species that are abundantly present in the
environment. Evidences from the works of several researchers point out deviations in
gas-liquid partitioning as predicted by Henry’s law. In view of several theories that
describe these deviations, adsorption process is hypothesized to be significant in gasliquid partitioning, in addition to temperature and presence of organic matter, particularly
on liquid surfaces with high surface to volume ratio. Implications of these adsorption and
thermodynamic parameters of chemical species have been applied to its atmospheric fate
and transport.
In this work, inverse gas chromatography has been used to determine surface
adsorption partition constant for organic compounds such as benzene, naphthalene and
phenanthrene. A water-coated diatomaceous earth was used as the packing support
material in the chromatographic column. The probe used to study this gas-liquid
partitioning was obtained in vapor phase and injected in the chromatograph with dry
support material and water coated support. The retention volume on the water-coated
support, depends on two processes, the adsorption and dissolution process in the liquid
coated surface, and was primarily used to extract the partition constants. The GibbsHelmholtz equation was used to determine the enthalpy of adsorption.
The enthalpy of adsorption indicates that the adsorption process is more favorable
at the gas-solid interface than at the gas-water interface, supporting the surface
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morphology theory based on fractal dimensions. The enthalpy of adsorption at the gaswater interface for all three compounds was larger than the enthalpy of condensation and
the enthalpy of aqueous solvation. This supports the prevailing “critical cluster” model
for the dynamics of the transfer of compounds from the gas-water interface. The partition
constant at the gas-water interface was correlated with the sub-cooled liquid vapor
pressure of the PAHs along with data obtained from other works. Partition constants
indicate that the most hydrophobic compound will experience enhanced surface
adsorption and hence scavenged the most by wet deposition process.
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CHAPTER 1
INTRODUCTION
1.1 Introduction

There is an abundance of natural environmental processes where in gas phase
molecules interact with liquids; essentially water. Along with these natural processes
there are several industrial processes that utilize gas-liquid interactions, such as
distillation and desiccation. The interface between the gas and liquid becomes largely
important in view of partitioning of species between the two phases. In the case of
hydrophobic compounds the interface acts as a sink to accumulate these chemical
species. Usually, the Henry’s Law gives the partitioning of gas phase species in the bulk
liquid and gas. However, interface adsorption can effect the prediction of gas-liquid
partitioning.
1.2 Aromatic Hydrocarbons

There are several organic compounds that are present in the atmosphere but most
do not form aerosols under atmospheric conditions due to their high vapor pressure. But
there are a class of organic compounds namely Poly Aromatic Hydrocarbons (PAH) that
are unlikely to form aerosols and are present in the gas phase. They are hydrophobic, low
vapor pressure compounds present in the gas phase that are scavenged by deposition.
Gas-aerosol partitioning and aerosol transport have been of interest in atmospheric
sciences, and Fuchs has dealt the aerosol dynamics extensively in his classical work
(Fuchs, 1964). Simulation methodologies for aerosol transport have been of interest here
at LSU (Sajo and Raja 2002, Raja, 2001) and to several other researchers elsewhere
(Reynolds et al, 1974, McFarland et al, 1997, Karditsas et al, 2002).
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The vapor pressures of PAHs vary over seven orders of magnitude. As a result,
certain compounds in this class are present exclusively in the gas phase while the others
are present in the aerosol phase or both gas and aerosol phases.
In this work three compounds have been chosen to study the gas-liquid
partitioning namely, benzene, naphthalene and phenanthrene. The rationale in choosing
these compounds can be attributed to their existence exclusively in the gas phase, at 25
o

C, due to low gas-aerosol partition constant (Caer/Cg) in the order of 10-2 to 10-3, while

the other compounds in this class, such as Benzo[a]pyrene and Chrysene, are present
predominantly present in the aerosol phase with higher Caer/Cg (Pankow and Bidleman,
1991). Also, it has been identified that this class of compounds are ubiquitous (Saxena,
P., Hildemann 1996, L. M., Baek et al, 1991) and are identified in the form of bicyclical
gas-phase naphthalene to seven or more fused ring species such as coronene.

Benzene

Naphthalene

Phenanthrene

C6H6

C10H8

C14H10

Figure 1. Molecular Structure of Polycyclic Aromatic Hydrocarbons (PAHs)
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1.3 Sources of Polycyclic Aromatic Hydrocarbons

Most of the sources of PAHs are anthropogenic, formed during the incomplete
combustion of organic matter such as coal, oil, gasoline fuel and wood (Jenkins et al,
1996). While other sources of PAHs are natural forest fires and volcanic eruptions
(Nikolaou et al, 1984). Sources such as residential heating, industrial processes, open
burning, and power generation are estimated to account for roughly 80% of the annual
total PAH emissions in the United States with the remainder produced by automobile
sources (Peters et al, 1981, Ramdahl et al, 1984).
The presence of PAHs in water, aquatic sediments and organisms has been
recognized for more than 40 years (Neff, 1979). With the development of sensitive highresolution techniques for the analysis of PAH in environmental samples, it has become
apparent that extremely complex mixtures of PAHs, including the carcinogenic forms of
benzo[a]pyrene, are nearly ubiquitous trace contaminants of aquatic ecosystems. A
considerable amount of research has been conducted in recent years on the sources, fates
and biological effects of these PAH mixtures in aquatic ecosystems by Andelman and
Suess, 1970 and Andelman and Snodgrass, 1972. The sources of PAH found in these
aquatic systems are myriad ranging from endogenous to anthropogenic. However, the
endogenous sources of PAHs are static and remain in the organism and ecosystem. The
anthropogenic sources of PAH reach the aquatic environment by spillage of crude and
refined oil, in industrial and domestic effluents, runoff water from land, and by dry or wet
deposition in the atmosphere. Hence, it is important to understand the fate and transport
dynamics of PAH in the environment.
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A twelve-month monitoring program for PAHs and carbonyl compounds were
performed in Hong Kong (S.C.Lee et al, 2001). Their studies show highest concentration
of Naphthalene (=993 ng/m3) and high concentrations of other PAHs, such as
phenanthrene, anthracene, and pyrene, in the urban atmosphere of Hong Kong among the
other PAHs. Similar studies on PAHs show their presence in Munich (Schnelle-Kreis et
al, 2000). Also, studies done here in metro Baton Rouge area by Subramanyam et al,
1994 characterize their presence in the air.

TABLE 1. PHYSICOCHEMICAL PROPERTIES OF THE AROMATIC HYDROCARBONS [VALSARAJ,
2000, CABANI ET AL, 1981]
Property
Benzene
Naphthalene
Phenanthrene
Molecular weight

78

128

178

Solubility in Water

170

31.7

1.29

Sub cooled liquid
vapor pressure,
Ps(l)° [kPa]
Enthalpy of
condensation, ∆H°
[kJ/mol]

12.7

0.037

9 x 10-5

-34

-58

-75

Enthalpy of
solvation, ∆solvH°
[kJ/mol]

-31

-47

-54

[µg/mL]

Table 1 lists the physicochemical properties of aromatic hydrocarbons that were
used in this study. Each of these compounds (benzene, naphthalene and phenanthrene) is
hydrophobic. The decreasing aqueous solubility and vapor pressure with increase in
molecular weight indicate increasing hydrophobic nature of the molecules. Of the three
4

compounds listed, the last two compounds are an important class of compounds known as
Polycyclic Aromatic Hydrocarbons (PAHs) that are ubiquitous in air and due to its
hydrophobic nature accumulate in organic rich environments such as lipids, aerosols and
soil particles.
With only carbon and hydrogen, PAHs are very stable organic molecules. These
molecules are flat, with each carbon having three neighboring atoms much like graphite.
Some of the compounds under this class of PAHs are suspected carcinogens and hence
their fate and transport in environment is of much interest. The first few studies with
respect to the carcinogenic nature of these PAHs were by Bingham et al, 1979. Most of
the studies reported by Bingham were of the occurrences of cancer among workers in
refinery workers. More recently, Lewis et al, 1984 showed carcinogenic potential of
petroleum hydrocarbons on skin.
1.4 Organic Compounds in Aerosols and Cloud and Fog Water

A significant part of atmospheric aerosols and cloud droplets, upto 70%, consist
of organic compounds (Saxena and Hildemann, 1996, Zappoli et al, 1999, Facchini et al,
1999). Many researchers around the world have also shown unexpectedly high
concentrations of pesticides and also hydrophobic compounds in fog waters (Glotfelty et
al, 1987, Schomburg et al, 1991, Capel et al, 1990). Fog-water sampling in various parts
of the world shows presence of various organic compounds (Zhang and Anastasio 2001,
Glotfetly 1990).
1.5 Objective of the Study

Currently there are no experimental data on the adsorption of benzene,
naphthalene and phenanthrene at the gas-water interfaces. Having the adsorption and
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thermodynamic parameters of these compounds, can lead to better prediction of their
enrichment at various environmental interfaces, such as cloud water and fog water. In this
work, the various thermodynamic and adsorption parameters are determined by inverse
gas chromatography and a correlation of the partition constant is obtained for various
PAHs. Implications of this work with regards to atmospheric chemistry are to be
elucidated.
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CHAPTER 2
THERMODYNAMICS AND ANALYSIS OF CHEMICALS AT
ENVIRONMENTAL INTERFACES
2.1 Transport and Fate of Chemical Species

The fate and transport of a chemical species is broadly subject to two paths of
removal from the atmosphere, namely the dry and wet deposition. The method of
scavenging (deposition) and the resulting partitioning of a chemical species depend on
the various properties of the species in question, atmospheric conditions, and the surface
topography.
2.2 Dry Deposition Pathway

Based on the gas-aerosol partition constant, mentioned earlier, the chemical
species are present in the gaseous or particulate (aerosol) form, and this in turn
determines the path of deposition process. The fundamental aspect of dry deposition
includes transport of gaseous and particulate matter from the atmosphere onto the natural
ground surfaces in the absence of precipitation. The nature of the surface itself is a factor
in a dry deposition process. Natural surfaces, such as vegetation, generally promote dry
deposition (Seinfeld and Pandis, 1998).
2.3 Wet Deposition Pathway

Wet removal pathways involve a number of phases and depend on multiple
processes. Wet deposition involves transfer of soluble gas or a particle in to rain droplet,
cloud or fog water. The rate of transfer of the air, which may comprise both gas and
particles into aqueous phase, is defined by the term called washout ratio (Eisenreich et al,
1981),
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W =

C aq
C air

,

(1)

Where Caq and Cair are the total concentrations of the chemicals in the aqueous
phase and air. The wet deposition is relatively complex in comparison to the dry
deposition process, primarily due to the involvement of multiple phases. The multiple
phases include the three phases, gas, aerosol, and aqueous. In addition, the possibility of
the presence of aqueous phase in several other forms, such as fog-water, rain, snow, ice
crystals, sleet, and hail, complicates the process even further.
The importance of gas and particle scavenging can be highlighted by the
following equation (Van Ry et al, 2002), WT = WG ⋅ (1 − ϕ ) + WP (ϕ ) , where WG and WP is
the gas phase and particle phase scavenging coefficients, respectively, and φ is the
fraction present as atmospheric particles. WG is the inverse of the compound’s Henry’s
Law Constant.
2.4 Henry’s Law Equilibrium

Usually, the partitioning of a chemical species between the gas and a condensed
phase (water) is calculated assuming equilibrium between the phases and is given by
Henry's Law (Schwartz 1983, Seinfeld 1986). Consider a soluble species that exists
around a foggy atmosphere or falling raindrops. The rate of transfer of a gas to the
surface of a stationary or falling drop (Wt) can be calculated by
Wt = K C (C g − C eq )
H=

C aq

(2)

C eq

Most of the transport models use only dissolution for calculating the wet
deposition fluxes. The model of atmospheric transport and chemistry, known as MATCH,
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considers only dissolution of species in the liquid phase is taken into account, hence
given by Henry’s Law (Crutzen and Lawrence, 2000).
In most of the atmospheric studies, where both the gas and the bulk aqueous
phase concentrations has been measured, significant deviations in Henry’s law has been
observed (Richards et al 1983, Munger et al 1990, Winiwarter et al 1988). This deviation
can be particularly consequential in the case of cloud-water and fog-water samples.
Pandis and Seinfeld, 1991 have been put forward theories to explain this “Henry’s
Law Deviations”. Work by (Karger et al, 1971), (Valsaraj, 1988) and (Mackay et al,
1991) have postulated and evidenced the air-water interface to be a significant
compartment for species accumulation in this regard. More recently (Hoff et al, 1993)
have discussed evidence in support of their contentions.
Species accumulation at the interface can be considerable; in the case of
hydrophobic compounds accumulation at the interface is significant. The hydrophobic
nature of a chemical species is attributed to their chemical property, such as low aqueous
solubility. From Table 1, the compounds analyzed in this work are hydrophobic, and have
low vapor pressure and aqueous solubility.
2.5 Hyrdrophobicity and its Importance at a Gas-Water Interface

The “solvophobic theory” proposed by (Franks and Evans, 1945) describes a large
decrease in entropy upon dissolution of non-polar compounds in water, due to increased
ordering of water molecules around the non-polar molecule. Recently, Dang and Feller,
2000 has shown the existence of this free energy minimum, in a benzene-water system, at
the interface as shown in Figure 2. Further, (Eley, 1939) this free energy has two
components (1) that forms a cavity in the bulk water to accommodate the solute and (2)
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solute-water interactions. The cavity formation energy is the principal component that
arises from the re-structuring of the water molecules around the non-polar molecule. In
the case of Benzene-Water system, Dang and Feller, 2000 have shown that the benzene
molecule lies parallel to the dividing surface.
Physically speaking, when a hydrophobic solute is in an aqueous solution, the
unfavorable interaction between solute and solvent can lead to the solute adjusting its
configuration to minimize its solvent exposed area. To quantify these theories several
simulations and theoretical studies have been done (Weeks et al 1998, Floris et al, 1997).
Lum, Chandler and Weeks, 1999 have shown the formation of a vapor layer in the
immediate vicinity of the solute in the case of larger solute molecules. The introduction
of the solute molecule tends to replace the strong hydrogen bonds between water
molecules with the weaker solute-water intermolecular forces. Those molecules that
cannot compete with hydrogen bonds between water molecules are squeezed out of the
interstices of the water structure. These molecules that are squeezed out to minimize the
structure disruption, as also cavitational energy is unfavorable (no bubbles), prefer a
compartment “the air-water interface” where least number of water molecules interact
with them. Thus, interface is important and act as zone for accumulation of a species, and
is particularly important in the case of a hydrophobic solute.
2.5 Thermodynamics of Air-Water Interface

Figure 2 shows a free energy minimum at the air-water interface during an
adsorption process. This energy barrier inhibits desorption and dissolution of
hydrophobic compounds, and tends to concentrate the chemical species at the interface.
The eventual dissolution of the chemical species depends on the size cluster of molecules
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formed at the interface, explained in section 2.6. Higher this free energy
minimum/barrier, higher the cluster size required for subsequent dissolution. This energy
barrier, oppose both removal of polar hydroxyl group from water and the immersion of
hydrocarbon in the chemical species in water, which as a result, squeezes the species out
to the interface. Also, it is imperative to note that the transport of chemical species to the
interface is governed by diffusion alone. The nature of the chemical species to be more
non-polar (hydrophobic) increases the tendency of the adsorbing species to accumulate at
the interface. Thus, the amount of chemical species that accumulates at the interface
increase till the chemical potential of the surface and the bulk are equal. Thus, resulting
in greater concentration of solute in the surface than at the bulk, adding significance to
the gas-water interface as an enrichment zone.

µ O + RT ln (c ) = µ io + RT ln (c s )

(3)

In the above equation, µ is the chemical potential of the solute in solution,
superscript “o” denotes that the chemical potential refers to standard state, and subscript
refers to material in the surface. The terms c and ci refer to bulk and interface-surface
concentration. At equilibrium the surface concentration builds up to the level where µ =
µi and,

(

)

 µ o − µ io 
cs
 λ 
= exp 
 = exp 
c
 RT 
 RT 
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(4)

Figure 2. Illustration of gas-liquid partitioning

Dang and Feller, 2000 simulated a free energy profile for benzene-water system
by molecular dynamics. The free energy minimum for the benzene-water system was –4
kcal/mole. The existence of this large free energy minimum, shown in Figure 2, is an
indication that the benzene molecule is surface active. The calculated adsorption free
energy from their simulation is about –4 kcal/mol. There were no experimental data, prior
to this work, to validate the simulation results of Dang and Feller for the adsorption free
energies of the compounds benzene.
The quantity c and cs in equation (3) and (4) are expressed in units of
concentration (µg/mL). Due to the existence of this free energy minimum at the interface,
µ>µi in equation (4) and as a result the interface-surface concentration of the chemical

species ci, is greater than the bulk concentration. Thus, it can be hypothesized that the
significant deviations in the Henry’s from the analysis of the fog-water samples and
cloud-water can be attributed to the interface adsorption phenomena. Suitable
accommodations

for

the

interface

adsorption

can

predict

the

enrichment/scavenging of solute species in the gas-water partitioning process.
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actual

2.6 “Critical Cluster” Model – (a gas-to-liquid transport model)

Now we know the mechanism of hydrophobicity at a gas-water interface and
adsorption processes, the mechanism of dissolution into the bulk phase are next in line.
The dynamics of the entry of gas molecules at the interface between the gaseous and
aqueous phase are evidenced on the basis of “critical cluster” model proposed by
Nathanson et al, 1996. The interface is a dynamic region where aggregates are formed via
accumulation. The aggregates are formed when the gas phase species are interconnected
or bound to the aqueous phase by various configurations and aggregations. Some
molecules may be weakly bound and others may be tightly bound hence forming
aggregates. The nucleation theory describes that the formation of a new phase is the most
viable description of such surface dynamics. Such new phases can be imagined to be in
some form of clusters or aggregates that are loosely bound surface species. The critical
cluster consists of a specific number of molecules say N that comprise the gas molecules
and the water molecules required to form the critical cluster. The number of molecules
required to form the critical cluster depend on the structure of the specific molecule
undergoing the adsorption process.
The critical cluster model can me summarized as a three-step model as follows,
Adsorption → Cluster Formation → Solvation. Essentially, the ease with which a
molecule can be incorporated into the bulk water depends on its ability to enter the
nucleation or aggregation process with water molecules at the interface. Once the critical
cluster is formed around the molecule, the cluster continues to grow and the whole
molecule is enveloped independent of size.
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2.7 Measurement of Adsorption

There are several methods available for studying the thermodynamics and kinetics
of adsorption and desorption vapors at gas-liquid interface. The lowering of surface
tension (γ) can be readily measured by using the Wilhelmy plate method or the drop
weight method. Thermodynamically, the surface tension is the free energy per unit area.
The overall increase in free energy of the system is the work done in increasing the
surface area,
 ∂G 


γ = 
 ∂As 

(5)

Figure 3. Illustration of gibbs law to obtain surface adsorption constant (surface tension,
γ versus concentration, C).

1  dγ 
 mol 
Γi  2  = −


RT  d ln C 
 cm 
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(6)

Using these surface tension measurements, a plot of surface tension, γ versus the
concentration, C, will yield a slope that is the surface concentration Гi, and the suffix i
represents solute.
2.7.1 Drop-Weight Method
2a

2a

Figure 4. Drop-weight or drop-volume method for surface tension measurement.

The weight (or volume) of each liquid drop, which detaches itself from the tip of a
vertical tube, is determined largely by the surface tension of the liquid. Assuming that the
drops are formed extremely slowly, they detach themselves completely from the tip, as
shown in the Figure 4, when the gravitational pull reaches the restraining force of surface
tension.
Mg = Vρ l g = 2πaγ

(7)

Where, g is the gravitational acceleration, M and V are the mass and volume of
each drop that falls from the tip, ρl is the density of the liquid, and a is the radius of the
tip of the tube. Solving for γ, the surface tension we have,

γ =

Mg Vρ l g
=
2πa
2πa

(8)
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However, there are certain correction factors required because the liquid forming
the drop does not completely leave the tip of the tube. These correction factors are known
from the works of Harkins and Brown, 1919.
2.7.2 Wilhelmy Plate Method

In this method (Wilhelmy, 1863) a plate is suspended from a beam attached to a
torsion wire in a bath containing the liquid to be measured for surface tension. The
additional pull on the plate when it becomes partly immersed is equal to the product of
the perimeter and the surface tension.

γ cos(θ ) =

WTOTAL − (WPLATE − b)
2l

(9)

In the above equation, γ is the surface tension; θ is the contact angle; WTOTAL is
the total weight of the bath, contents and the plate, WPLATE is the weight of the plate, b is
the buoyancy force, and l is the length of the plate. The numerator in equation (9) is
essentially the change in weight of (force exerted by) the plate when brought in contact
with the liquid.

Torsional
wire
Plate
Gas-liquid
contact
angle
Test
Liquid

Figure 5. Wilhelmy-plate method for surface tension measurement.
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Nevertheless, these static surface measurement techniques are limited to
compounds with high vapor pressure. Dove et al, 1996 have shown that to determine
surface properties, inverse-gas chromatography technique is more promising than the
surface pressure measurement techniques. Several techniques exist to measure the surface
energy, for example, sessile drop, and dynamic contact angle measurements. Grimsey et
al, 2002, has shown inverse gas chromatography to be an alternative technique to
determine thermodynamic parameters.
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CHAPTER 3
THEORY OF INVERSE GAS CHROMATOGRAPHY
3.1 Introduction

Generally, in gas chromatography, the sample is vaporized and injected onto the
head of a chromatographic column. Elution is brought about by the flow of an inert
gaseous mobile phase. In general, the principles of gas chromatography apply to inverse
gas chromatography. A brief introduction to the methodology of the IGC is presented in
this chapter, and is devoted to the theory and development of basic relations of the IGC
technique, and extraction of thermodynamic parameters.
3.2 Adsorption-Dissolution in Inverse Gas Chromatography

Gas Chromatography has been a routine tool for the measurement of
thermodynamic parameters of solution (Cruickshank et al, 1965) and for gas-solid
adsorption studies (Kiselev et al, 1969). Recently, Inverse Gas Chromatography (IGC), a
gas phase technique, has found increasing use both in pharmaceutical (Domingue et al,
2003, York et al, 1998) and chemical thermodynamic analysis (Karger et al, 1971, Hoff
et al, 1993) for characterizing surface and bulk properties of solid materials.
In this method, the mobile phase (gas) is used to introduce probes of known
characteristics, and the output, which is the retention time and peak shape, is used to
obtain information about the stationary phase. The figure below illustrates the processes
involved in IGC. The solid support material is coated with known mass of liquid per
gram of the dry support material.
Due to the recent sophistication of the pharmaceutical materials, the need for
more sensitive, thermodynamic-based IGC technique has been used to measure process
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related changes in surface and bulk properties of materials (Domingue et al, 2003,
Grimsey et al, 2002, York et al, 1998). In this regard, IGC has been known to be a highly
sensitive and versatile gas phase technique that is capable of differentiating subtle
changes by introducing a wide range of molecular probes (vapor or gas) either at very
low concentrations (infinite dilution regime) or at higher concentrations (finite dilution
regime) to obtain a comprehensive understanding of both the surface and bulk properties
of a material that is used as a support material in the packed column installed in the GC.
Adsorbed PAH
on water film

Gas phase flow

Dissolution into
bulk liquid

Solid Support
Water film

Figure 6. Adsorption-dissolution in inverse gas chromatography.

The carrier gas transports the probe across the coated support material as shown
in Figure. The probe molecule gets adsorbed on the water film and also gets dissolved
into the bulk liquid. The overall retention time of the probe is due to bulk phase
partitioning into the water film as well as the adsorption on the gas-water interface of the
water film. The net retention volume per gram of adsorbent is given by
V N (cm 3 / g ) = K IA AW + K WAVW

(10)

Where, VN, AW and VW are the total retention time volume, specific gas-water
interface area, and volume of water per unit mass of adsorbent. KIA is the gas-water
interfacial partition constant and is given as follows,
K IA ( µm) =

Γi (mol / cm 2 )
C a (mol / cm 3 )
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(11)

If we assign an area A (m2) to the interface and then express the concentration on
the interface on a mole per unit area basis expressed as Γi(mol/m2), then the partition
coefficient KIA is the equilibrium concentration ratio at the interface and the bulk air with
units of length. The physical significance of this KIA with units of length is the depth of
the bulk gas phase that contains the same amount (moles) of chemical per unit area of as
the interface. Hence, we can say that an area of 1m2 x KIA x CW (moles) contains the
same amount as in a volume of the bulk air of 1m2 in area by KIA (m) deep.
3.3 Physical Insight of KIA

An important consequence of the interfacial adsorption can be of environmental
relevance. Consider, a small air bubble rising through a column of water containing
dissolved chemical species, for which the equilibrium amount at the interface will be
comparable to that in the air phase if KIA is comparable to the bubble diameter. That is, if
KIA is in the micron range we can expect high surface adsorption if the bubble size is also
in the micron size range. Theoretically, we see that we can achieve enhanced stripping of
the dissolved chemical beyond the expected stripping/enrichment predicted by Henry’s
law. Thus, this is evidently a foresight for us to believe the existence of Henry’s law
deviation with respect to bubble size. However, it remains a hypothesis in this manuscript
at this point to show the dependence of enrichment with droplet size and deviation of
Henry’s law.
3.4 Retention Volumes

As in any gas chromatographic applications, the retention volume is also
fundamental to the methodology of inverse gas chromatography. This retention volume,
VN is the fundamental data from which most of the properties of Gas-Water interface can
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be obtained (Karger et al, 1971, Hartkopf and Karger, 1973). The retention volume VN is
calculated from the retention time of the trace gas that was injected into the test column.
t

V N = K C ⋅ VM =  r − 1 ⋅ VM
 tm


(12)

t

In the above equation, K C =  r − 1 , is the capacity factor, VM is the volume of
 tm


the mobile phase and tr and tm are the retention time of the probe gas and the retention
time of the non-retained tracer, which was methane in this experiment.
The volume of the mobile phase is theoretically the volume available for the
probe gas and the carrier gas for transport in the column.
VM (cm 3 / g ) =

(V

Column

− V packing )

Mass of packing

(13)

3.5 Gibbs-Helmhotz Equation

From thermodynamics, we know that (∂G/∂T)p = -S, at constant pressure and
increasing temperature, G should decrease and hence indicating greater degree of
spontaneity with increasing S. Hence, we can rewrite the above equation for finite
changes as follows,

 ∂∆G 

 = −∆S
 ∂T  p

(14)

We also have another fundamental thermodynamic equation, which is
∆G = ∆H − T∆S

(15)

Differentiating equation (14) and then substituting equation (15) we get equation (16),
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  ∆G  
 ∂

  T   = − ∆G + 1  ∂∆G 


 ∂T 
T 2 T  ∂T 



p

(16)

  ∆G  
 ∂ T  
  = − ∆H
 
T2
 ∂T 



p

(17)

Substituting equation for the standard state Gibbs free energy for the transfer of
molecule from the bulk air to the air-water interface, which is given as follows, (∂G/∂P)T
= V and is written as follows,
p2

p 
∆G = ∫ V dp = RT ln 2 
 p1 
p1

(18)

Before getting our standard state Gibbs free energy to our required final form for
gas-water interface thermodynamic analysis, we should turn our attention to the chemical
potentials of all the molecule of interests in all the three phases present, namely gas,
water and its interface. The two bulk phase chemical potentials can be written as follows,
 pi
0
p





(19)

 ai 

0
a 

(20)

µ ig = µ i0, g + RT ln

µ iw = µ i0, w + RT ln

Where, p0 = 101.325 kPa and a0 = 1M, are the standard pressure and standard
activity respectively. The solution activity can further be written as ai = γiMi, where the γi
represents the concentration dependent activity coefficients and Mi represents the solute
concentration in mol/L.
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Similarly, we can write the chemical potentials at the interface as follows, but
since the liquid near the surface is different from the liquid in the bulk, we need to
account for the non-ideality of the interface with the respective surface activity
coefficient, γ iσ . As a result we have,


µ iσ = µ i0,σ + RT ln γ iσ

(σ



)

−σi 

π 0 

0
i

(21)

In the above equation π0 is the standard state surface pressure for the gas phase,
(=0.06084 dyne/cm), given by Kemball and Rideal, 1946. While, the surface pressure
analogous to bulk gas phase pressure p is π =(σ0 - σ), where σ0 is the surface tension of
the pure liquid and σ is the surface tension of the liquid in the adsorbed phase. Also we
note that the interface is a two-dimensional form of the three-dimensional bulk phase.
Hence, the Gibbs adsorption equation from the relation of the surface pressure with the
surface tension, ∂π = −∂σ can be written as
Γi = −

C dσ
C dπ
dσ
=− i
= i
dµ i
RT dC i RT dC i

(22)

From ideal gas law for the interface we have πAs = niΓ RT where As is the surface
area of the interface. Which can be written as follows,

π=

niΓ
RT = Γi RT
As

(23)

Equation (22) is rewritten in the form as follows
R T Γi π i
dπ
=
=
dC i
Ci
C

(24)
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Integrating the above equation yields the following relation and using equation
(23) we have the following relation

π = K * Ci
πi

K*
Γi =
=
Ci
RT RT
Γi = K IA C i

(25)

The free energy of transfer of 1 mol of species from the gas phase to the
surface is given by the following equation

∆G = µ iσ − µ ig = (µ i0,σ

  γ iσ π i  

 
π 0  

0, g

− µ i ) + R T ln
  p  
  0i  
  p  

(26)

At equilibrium, the first term in the above equation is zero and hence reduces to
the following,

∆G 0 = (µ i0,σ

  γ iσ π i  

 
π 0  

0, g

− µ i ) = − R T ln
  p  
  0i  
  p  

(27)

The surface activity coefficients γ iσ is a function of the surface coverage or
surface pressure πi, and tends to 1 as πi tends to zero. Hence the above equation reduces
to the following form
 πi 
   
 π
π
∆G 0 = − R T ln   0   = − R T ln  i
 p  
 pi
  0i  
  p  
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 p 0

 π 0





(28)

The ratio (p0/π0) is the ratio of the standard states called the standard surface
thickness, where, p0 is the standard state pressure equal to 101.325 kPa, and π0 (=0.06084
mN/m), is the standard state surface pressure given by (Kemball and Rideal, 1946).
Hence the ratio, (p0/π0 = δ0), is equal to 6 x 10-10 m. Also the ratio πi/pi for an ideal
gaseous state can be written as πi/Ci, which is equal to the partition constant KIA defined
in equation (11) with units of length. Hence the equation simplifies to the form in which
we want as follows

 p
∆G IA0 = − R T ln  K IA  0
 π0


K 
 = − R T ln  IA 

 δ0 

(29)

Using the integral form of the Gibbs-Helmholtz equation in equation (17), and the
relation for the standard state Gibbs free energy in equation (29) we can obtain the
following equation
  K IA  
 
 ∂ ln
δ
∆H IA
0 
 
=


∂T
RT 2


 p


(30)

Which upon integration yields the following equation used to obtain the required
thermodynamic parameters from the results of the IGC technique.
 K (T ) 
∆H IA
 = −
ln IA
+ Const.
RT
 δ0 

(31)

In the above equation, the partition constant KIA at the gas-water interface is
obtained from the equation (10). A plot of ln(KIA/δ0) as a function of (1/T) will yield the
heat of adsorption ∆HIA.
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3.6 Gas-Solid Interface

In order to show the significance of a gas-water interface, it is essential to
determine the thermodynamic functions for a gas-solid interface. In addition, there are no
previous data on the adsorption of compounds considered in this work on a gas-water
interface. Hence, the IGC methodology can be validated with data on gas-solid
adsorption from other work.
A solid by definition is a matter that is rigid and resists stress. The adsorption of
matter on a solid and a gas-solid interface has been a subject of interest, and can be dated
back to the classical work of Langmuir, 1918 and Brunauer, Emmett and Teller, 1938.
Typically, both physical adsorption and chemical adsorption are processes observed at a
gas-solid interface.
3.7 Theory of Adsorption

Adsorption of a gas is always an outcome of attractive forces between individual
molecules of the gas and the atoms or ions composing the solid. The forces that bring
about adsorption always include dispersion forces together with short-range repulsive
forces. Rapid fluctuation in electron density within each atom induces an electrical
moment leading to attraction between two atoms, resulting in “non-specific” adsorption.
Columbic forces result in “specific” adsorption. In a polar solid, containing ions, with
polar groups or B-electrons, it will result in an electric field that will induce a dipole in
the adsorbent.
Adsorbents are divided into three classes namely,
(1) No ions or positive groups (graphitized carbon)
(2) Concentrated positive charges (OH groups on hydroxylated oxides)
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(3) Concentrated negative charges (=O, =CO).
Adsorbates are divided into four groups:
(1) Spherically symmetrical shells or F-bonds (noble gases, saturated
hydrocarbon)
(b) B-bonds (unsaturated or aromatic hydrocarbons) or lone pair of
electrons (ethers and tertiary amines
(c) Positive charges concentrated on peripheries of molecules
(d) Functional groups with both electron density and positive charges
concentrated as above (molecules with -OH or =NH groups).
3.8 Adsorption on Dry Diatomaceous Earth

The adsorption on solid surfaces is dependent on the surface morphology and the
chemical composition of the solid. The diatomaceous earth considered in this work is
primarily made of silanol groups. The interaction of silanol groups with aromatic
hydrocarbons is established by hydrogen bonds to aromatic π-system, resulting in flat
adsorption configuration (Pohle, 1982). Benzene interacts with silica surface
predominantly through dispersion forces and this interaction is strongest when the
benzene molecule is able to lie with its plane flat against the silica surface (Bilinski et al,
1998). The jump probability (mobility) of benzene is enhanced in a irregular surface in
comparison to a flat surface.
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CHAPTER 4
EXPERIMENTAL METHODOLOGY
4.1 Sample Probe Gas Preparation
4.1.1 Benzene Vapor Probe Preparation

The pure sample of Benzene used in this work was obtained from Fisher
Scientific Company at 99% purity. Since benzene has relatively higher vapor pressure
than the other two PAHs, sample probes of benzene were obtained in the vapor phase
from a closed bottle containing the pure compound that was maintained in a temperature
controlled bath at about 50 0C. A gastight syringe was used to obtain the required amount
of the vapor sample from the bottle and was then inject it into the gas chromatograph
column. This method worked well for benzene due to its high vapor pressure and Henry’s
constant. The Henry’s constant for various volatile and semi-volatile organic compounds
are determined in this manner (Cheng et al, 2003).

G lass stopper

G as-tight syringe

Cg*
CL
Teflon stir bar

Figure 7 Preparation of organic vapors from flasks maintained in temperature controlled
ovens.
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4.1.2 Naphthalene and Phenanthrene Vapor Probe Preparation

The pure sample of Naphthalene was also obtained from Fisher Scientific
Company at 99% purity, and phenanthrene was obtained from Aldrich chemical company
at 98% purity. Initially, the same methodology used for benzene vapor sample was used
for these two PAHs. Owing to the difficulty in obtaining significant (to be detected by the
detector) concentration in the gas-tight syringe for the two low vapor pressure PAHs, a
Pure-compound Vapor Generator (PVG) was designed. However, during the
development stage of the PVG, most experimental runs were performed by placing the
bottle containing the pure compound in an oven maintained at temperatures equivalent to
the boiling points of the compounds. In this manner, detectable masses of vapor samples
were obtained. It is important to note that though constant concentration of vapor samples
were required, it was not essential to determine the concentration of the samples injected.
The vapor sample preparation and the IGC experiment (column) were maintained at same
temperature.
The vapor generator was made of two tubular stainless steel columns (SS 316,
0.762m long, 0.013m O.D.) connected serially and each packed with Chromosorb P
(60/80 mesh non-acid washed, a porous diatomaceous support material from Supelco
Inc., Bellefonte PA) coated with pure PAH compound and, with an inline static mixer in
a temperature controlled environment. Chromosorb P, the packing in the chamber was
coated with pure PAHs, by mixing the dry support material with a solution made by
dissolving excess PAH in 100mL hexane (HPLC grade) and then dried in a fume hood
until a free flowing powder was achieved.
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Sample sizes injected into the GC ranged from 1 x 10-7 to 2 x 10-7 m3 for benzene
and 5 x 10-7 m3 and higher for naphthalene and phenanthrene because of their low vapor
pressures.
4.2 Schematics of the IGC Experiment

The vapor stream entered a Hewlett-Packard gas chromatograph (HP 5890A) that
contained a stainless steel column (0.91m x 0.00635m i.d.) packed with Chromosorb P.
The dry packing has a surface area of 4 to 5 m2/g, a bulk density of 0.38 g/cm3 and a
mean particle density of 2.3 g/cm3. The carrier gas (helium) flow rate was about 5 x 10-5
m3/min with column head pressure maintained at 152 kPa, and the outlet pressure was
atmospheric. Since water has considerable vapor pressure of 23.76 mm Hg at room
temperature, the passage of dry helium would remove the water coated on the packing for
test purposes. To prevent this removal of water, as shown in Figure 8, the carrier was presaturated with water at more or less the same temperature as the column was operated. It
is also of interest to note that the sample was prepared at the same temperature as the
column.
In the case of naphthalene and phenanthrene, samples were injected using a
manually actuated six-port valve. The valve was connected with a 1 mL sample loop that
maintain constant volume of sample injection between each experimental trial. The outlet
of the injection port was connected to a vent trap made of XAD material obtained from
Supelco Inc., that adsorbs PAH vapors. Since the carrier gas was saturated with water,
there were some perturbations in the GC signal. Keeping the inlet temperature slightly
higher than the column temperature minimized these signal perturbations.
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Figure 8. Schematics of the gas-water interface adsorption experiment.
4.3 Detection System

Dozens of detector have been used and investigated during the development of
gas chromatography by several researchers. An ideal detector for chromatography is
usually characterized with adequate sensitivity, good stability, linear response over a
good range of solute masses, short response time and high reliability. Needless to say no
detector exhibits all these characteristics.
Nonetheless, the Flame Ionization Detector (FID) has found wide use and is
generally applicable for most gas-chromatographic applications. A typical Hewlett
Packard company FID detector is shown in Figure 9. The effluent from the column is
mixed with hydrogen and air and then ignited electrically. Most organic compounds
when pyrolyzed at the temperature of a hydrogen/air flame produce ions and electrons
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that can conduct electricity through flame. A potential of few hundred volts is applied
across the burner tip and a collector electrode located above the flame. The resulting
generated current, about 10-12 Amps, between the two electrodes is directly proportional
to the hydrocarbon concentration in the sample that is burned by the flame. A highimpedance operational amplifier measures the signal. Because the FID responds to the
number of carbon atoms entering the detector per unit time, it is a mass sensitive, rather
than a concentration sensitive, detector.
The flame ionization detector has high sensitivity of ~10-13 g/s, a large linear
response and low noise (Skoog et al, 1998). FID is rugged and easy to use, but it is
destructive of sample. Other detectors that were available were thermal conductivity
detector, sulfur chemi-luminescence detector, electron capture detector and atomic
emission detector. Of the numerous detectors available, FID is the most suitable for
organic compounds.

Figure 9. Flame ionization detector
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The sample compounds that were injected in to the packed column were thus
detected at the outlet of the column using this Flame Ionization Detector (FID). The
retention time of each of the samples injected was recorded using Hewlett Packard
Computer program that interfaced the desktop computer and the GC.
4.4 Gas Chromatographic Columns

Gas chromatographic applications generally employ two types of columns,
packed columns and open tubular capillary columns. Since we are employing Inverse gas
chromatography (IGC), in which the stationary phase is to be studied (adsorption of
organic vapors to gas-water interface) by the passage of volatile probe molecules (organic
vapors) carried through the column by the inert carrier gas. A stainless steel tubular
column was packed with water-coated Chromosorb P, a porous diatomaceous earth
obtained from Supelco Inc.
4.4.1 Water Coated Column Preparation

The packing material was washed thoroughly in the HPLC grade water and dried in an
oven overnight and cooled in a desiccator. The clean dry material was loaded with a
measured quantity of distilled de-ionized HPLC grade water. The mass of water loaded
was checked by weighing the sample of the material before and after drying the samples
at 100 oC for about 6 hours. The water loaded packing material was filled into the
stainless column by gentle suction. Inevitably, water was lost from the packing and in
order to ascertain the actual water loading the samples were weighed before and then
after column were filled. As a result, the water loading obtained ranged from 0.036 to
0.38 mass of water per unit mass of support.
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CHAPTER 5
RESULTS AND DISCUSSION
5.1 Adsorption of Organic Compounds on Gas-Solid Interface

A series of experiments were performed on dry column to study the adsorption of
organic compounds to gas-solid interface. In this case the equation (10) in Chapter 2 can
be applied by neglecting the partitioning into the bulk water and using the surface area AS
of the dry packing instead of AW. The modified equation for the study of gas-solid
adsorption is written as follows
V N (cm 3 / g ) = K SA AS

(32)

In the above equation KSA is the gas-solid partition constant for the solute and the
surface area for the dry packing as reported by the manufacturing company to be 50 x 103
cm2/g was used. The adsorption from gas phase to solid or liquid is commonly described
by an the adsorption or the gas-solid partition constant,
amount of adsorbate i per surface area of adsorbent (mol / m 2 )
K SA ( µm) =
amount of adsorbate i per volume of gas (mol / m 3 )
The dependence of temperature on KSA is given by the analogous Van’t Hoff
equation, (Goss, 1994, Goss and Schwarzenbach, 1999) have shown a correlation for heat
of adsorption as function of KSA using the Van’t Hoff equation below,
 K (T )  ∆H SA  1 1 
 − 
ln SA 2  =
R  T1 T2 
 K SA (T1 ) 
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(33)

5.2 Adsorption of Benzene at Gas-Solid Interface

25µL samples of benzene vapor, obtained from the vapor phase using a gas-tight
syringe, were injected into the packed column. The column used in the study of gas-solid
interface was packed with dry Chromosorb and installed in the gas chromatograph. The
retention times of the benzene samples injected were recorded at various temperatures
and the capacity factor KC was computed using the retention times of the probe and unt

retained tracer as K C =  r − 1 . The samples for benzene were prepared from as low as
 tm


room temperature to a high 100 0C. The column temperature as well as the sample
preparation temperatures were maintained the same each set of experiments. A plot of the
Log(KC) versus 1/T is shown in the Figure 10. The slope of the equation indicated in the
plot is used to compute the heat of adsorption on the gas-solid interface.
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Figure 10. Heat of adsorption of benzene on a gas-solid interface (R2=0.9932).
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0.00340

In the case of a dry solid interface the equation (30) in Chapter 3 is written down
in a form that does not consider the partitioning to the bulk water phase. Hence the
temperature dependence of the equilibrium constant is given by the Van’t Hoff equation,
assuming that the adsorption is constant over the temperature range considered, as in
equation (34). The slope is used to determine the heat of adsorption while the intercept
can be simplified to yield –∆S0/R.
 ∆H SA  1
log(K C ) =  −
 + c′
 2.3R  T

(34)

After having obtained an average value for the heat of adsorption by this method
of linear regression, equation (8) in Chapter 2 was used to obtain the standard free
entropy of adsorption. The heat of adsorption on a dry solid obtained this way was –45 ±
K 
0
2 (kJ/mol). The free energy was calculated from the equation, ∆G SA
= − R T ln  SA  ,
 δ0 

where δ0 = 6 x 108 (Kemball and Rideal, 1946) derived in Chapter 3. The standard
entropy was calculated from the equation, ∆S SA =

1
(∆H SA − ∆GSA ) . The standard free
T

entropy of adsorption obtained was –73 ± 1 (J/K·mol). The computed data is listed in
Table 7 along with data of other compounds.
5.3 Adsorption of Naphthalene at Gas-Solid Interface

In the case of naphthalene, which is known to be more hydrophobic, and of lower
vapor pressure, obtaining reproducible concentration from a bottle containing the pure
component was seldom possible without having the compound in a water bath.
Nevertheless, when the samples were prepared at the same temperatures as column
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temperatures were operated, it seemingly reduced the deviations in results from each
experiment.
The initial operating system temperature, which here refers to the sample
preparation temperature and the GC column operating temperature, were elevated to
almost two orders of magnitude higher in comparison to the working temperature for the
benzene and also were successively increased to obtain a linear plot shown in Figure 11.
The slope of the regression equation gives the heat of adsorption as shown in plot, where
KC is the capacity factor calculated the retention time of the naphthalene and the
unretained peak, methane. The heat of adsorption obtained from the above plot was –80 ±
2 (kJ/mol) and the standard entropy of adsorption was –95 ± 5 (J/K·mol).
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Figure 11. Heat of adsorption of naphthalene on a gas-solid interface (R2=0.8075).
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5.4 Adsorption of Phenanthrene at Gas-Solid Interface

In the case of phenanthrene the operating temperatures were 175 0C to 225 0C and
the repeatability of the gas concentration were relatively good and this can be seen from
the linearity of the Van’t Hoff’s plot with a correlation of R2=0.99. The heat of
adsorption of phenanthrene on the gas-solid interface was calculated to be -116.1 ± 0.3
(kJ/mol) while the entropy of adsorption was –152 ± 5 (J/K·mol). A table of data for
phenanthrene is attached for various temperatures studied.
In Table 2, T is the system temperature that includes the sample preparation
temperature and the column temperature, TR is the retention time of the probe gas, KC is
the capacity factor that include the retention time of the tracer and un-retained gas
(methane) and was discussed in the previous section. Using the above data, a linear plot
of Gibbs Helmholtz equation can be obtained as shown in Figures 12.
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Figure 12. Heat of adsorption of phenanthrene on a gas-solid interface (R2=0.9993).
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TABLE 2. PHENANTHRENE GAS-SOLID ADSORPTION EXPERIMENTS
T (Kelvin)
175
200
225

1/T (Kelvin)-1
0.00223
0.00211
0.00201

TR (min)
172
30
7.7

KC
272.885
50.370
12.652

Log (KC)
2.436
1.702
1.102

5.5 Analysis of Gas-Solid Adsorption Results

From the experiments performed on a dry column, the enthalpy and entropy of
adsorption was calculated and is summarized in Table 3. It can be observed that the
change in enthalpy of adsorption is about 35 kJ/mol per aromatic ring. Adsorptions of
aromatic hydrocarbons were done on dry soil, and De Seze, 1999 obtained an increase of
41kJ/mol enthalpy of adsorption per aromatic ring. The heat of adsorption is related to
the strength with which the adsorbate molecules are bonded to the active surface. It is
apparent from the data that as the molecule becomes larger, the enthalpy of adsorption
and the entropy become more negative indicating that the molecules are favorably
adsorbed.
The difference in chemical potential, ∆µ, between the gas at the standard pressure
p0 and at equilibrium is
 p 
∆µ = µ s − µ g0 = RT ln 
 p0 

(35)

and ∆µ (i.e. ∆G) measures the affinity between adsorbate and adsorbent at the coverage
corresponding with the equilibrium pressure p (Barrer, 1966). In the above equation, µs is
the chemical potential of the adsorbed gas and µ g0 is the chemical potential of the gas in
the gas phase at pressure p0. From the above equation we can rewrite as follows,
∆µ = ∆H SA − T∆S SA

(36)
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The difference in chemical potential indicate more negative value as the
hydrophobicity of the compound increases, indicating that de-sorption is more difficult
for Benzene than for phenanthrene. The higher value of KSA, together with a more
negative value for the ∆µ (=∆G) for phenanthrene, indicates that the adsorption is more
favorable for the most hydrophobic compound. Also, a more negative value for ∆µ in the
case of phenanthrene distinctly indicates that not only there is lesser affinity for the
adsorbate and adsorbent, but also there is greater mobility of adsorbed phenanthrene on
the various adsorption sites than for benzene. Thus, from the adsorption enthalpy being
more negative for phenanthrene indicates the binding strength of this compound to be
larger than for benzene. A preliminary confirmation of this GC methodology has been
validated by the similar trend in results from the experiments of De Seze, 1999.

TABLE 3. GAS-SOLID ADSORPTION THERMODYNAMICS OF AROMATIC HYDROCARBONS.
Property
Benzene
Naphthalene
Phenanthrene
KSA (µm) at 298 K

5.36

105.02

1.88 x 109

–45 ± 2

–80 ± 2

-116.1 ± 0.3

–73 ± 1

–95 ± 5

–152 ± 5

-23±2

-51±2

-70±1

Enthalpy of
adsorption (∆ΗSA)
[kJ/mol]
Entropy of adsorption
(∆SSA) [J/K·mol]
Difference in
Chemical potential
(∆µSA) [kJ/mol]
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5.6 Adsorption of Organic Compounds at Gas-Water Interface

In Chapter 2, a detailed development of the thermodynamic analysis was
presented on the gas-water interface dynamics. The column installed in the gas
chromatograph was packed with known quantities of water as mentioned in the
experimental section.
5.6.1 Determination of Specific Surface Area of Water Loaded Column Packing

In order to obtain the specific surface areas of the water coated packing the
retention volume of a fixed volume and concentration of heptane was injected into the
column filled with water-coated packing, assuming that the partitioning of heptanes to
bulk water is negligible, and is demonstrated by the literature value of KWA (Hartkopf and
Karger, 1973 and Hoff et al, 1993). Hence, equation 10 in Chapter 2, simplifies as
follows,
VN
A
= K IA W
VW
VW

(37)

V
AW = N
K IA

In the above equation VN is the retention volume computed from the retention
time of Heptane in the column, and KIA is the known interface partition constant obtained
from Hoff et al, 1993. Heptane was injected for different water loadings and Figure 13 is
a linear regression plot of the data obtained.
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Figure 13. Estimation of specific surface area of water loaded packing (R2=0.912).

In Figure 13, the dry packing (VW=0) extrapolates to the manufacturing company
reported surface area data of 50 x 103 cm2/g. The correlation equation indicated in the
plot was directly used to obtain the specific surface area of the water-loaded packing,
when the water loaded on the packing was estimated. The mass of water loaded was
estimated by weighing samples of the water-coated material and drying them at 100 °C
for about 6 h.
5.7 Adsorption of Benzene in Gas-Water interface

Adsorption of the organic vapor occurs on the gas-water interface of the support
with simultaneous dissolution in the bulk water present on the surface. Equation (10) is
rewritten as,

VN
A
= K IA W + K WA .
VW
VW
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In order to obtain the KIA from the above equation, packed columns were
prepared with various water loadings and the water loadings VW, which is the weight of
water per gram of dry packing, were estimated experimentally. The specific surface area
for the various water-loaded packing was estimated using the correlation in Figure 11.
Samples of benzene were injected into each column successively and the retention
times were recorded to calculate the retention volume VN. Figure 12 shows the plot of
equation (37) for benzene at 298 K and its applicability to extract the partition constant
for the partitioning at the gas-water interface. The value of KIA obtained from this linear
regression was 0.43 ± 0.01 µm and the value of KWA obtained for benzene was 5.2. The
experiment was repeated for different temperatures to obtain the temperature variation in
KIA. The plot of the experimental results for KIA at various water loadings is shown in
Figure 13. Table 4 shows the experimental results for KIA at various temperatures.
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Figure 14. Plot of VN/VW versus AW/VW for benzene at 298 K (R2 = 0.996)

43

8 .0

7 .5


K IA
 ln
δ0


  ∆H
 =  −
R
 

IA

 1
+ C′

T

IA

o

ln (K /δ )

7 .0

6 .5

6 .0

5 .5

5 .0
0 .0 0 3 1

0 .0 0 3 2

0 .0 0 3 3

0 .0 0 3 4

T

-1

/K

0 .0 0 3 5

0 .0 0 3 6

-1

Figure 15. Integral form of the Gibbs-Helmholtz equation for benzene (R2=0.998).
TABLE 4. BENZENE PARTITION CONSTANT AS FUNCTION OF TEMPERATURE.
Temperature (Kelvin)
KIA (µm)
∆GIA (kJ/mol)

298

0.43

-16.3

308

0.20

-14.9

318

0.09

-13.2

Figure 14 shows a plot of the Gibbs-Helhmholtz equation to obtain the heat of
adsorption. The free energy and entropy of adsorption were calculated using equation
shown previously. The variation of KIA show a decreasing trend with temperature, and
this can attributed to the decrease in surface adsorption. The free energy at 298K is more
negative than at higher temperatures, indicating adsorption is favored at the lower
temperature. The free energy being more negative at lower temperatures indicates higher
surface mobility at higher temperature, known as adsorbate induced restructuring of
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surface (Adamson, 1982). A direct consequence of this surface mobility, in our context of
gas-water interface of environmental systems, only owes to the negative trend of surface
adsorption with temperature, and hence on the scavenging efficiency in wet deposition.
The free energy value obtained for benzene, -16.3 kJ/mol, is in good agreement
with other reported values in the literature. Using axisymmetric drop shape analysis,
Braunt and Conklin, 2000 obtained –16.3 kJ/mol, which is in excellent agreement with
this work. Using molecular dynamics simulations Dang and Feller, 2000 reported a value
of –16.6 kJ/mol. Their molecular dynamics simulations reveal that the benzene molecule
was parallel to the interface when the molecule was located at the minimum of the free
energy profile with an adsorption free energy similar to the value obtained in this work.
Another important aspect of the gas-water adsorption at the interface in the IGC
technique is to ascertain the linearity of the adsorption isotherm (Brunauer, Emmett and
Teller, 1938). The vapor concentration of the compound injected onto the inlet of the GC
column was varied and the chromatograms for the various vapor concentrations are
shown in Figure 14. No significant variations in peak shape or retention time is observed
in the chromatograms below confirming the linearity of the adsorption isotherm.

Figure 16. Benzene vapor injection volumes 25 µl to 100 µl (Water loading= 0.32 g/g,
298 K)
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5.8 Adsorption of Naphthalene at the Gas-Water Interface

Samples of naphthalene vapor were injected into the packed column for various
water loadings on the packing materials. Plot of VN/ VW versus AW/ VW for naphthalene
is shown in Figure 17. The linear regression of equation (37) yielded the partition
constant KIA for naphthalene at 298 Kelvin to be 27.2 ± 1.8 µm. Table 5 shows the KIA
for various temperatures determined in this work.
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Figure 17. Plot of VN/VW versus AW/VW for naphthalene at 298 K (R2 = 0.992).

The partition constant KIA, obtained at various temperatures are plotted in Figure
18, which is an illustration of the Gibbs-Helmhotlz equation for naphthalene. The slope
of the equation will yield the heat of adsorption at the gas-water interface. The Entropy of
adsorption is calculated from equation, ∆S IA =

1
(∆H IA − ∆G IA ) and the free energy of
T

K 
adsorption from equation, ∆G IA0 = − R T ln  IA  .
 δ0 
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Figure 18. Integral form of the Gibbs-Helmholtz equation for naphthalene (R2=0.936).

TABLE 5. NAPHTHALENE PARTITION CONSTANT AS FUNCTION OF TEMPERATURE.
Temperature (Kelvin)
KIA (µm)
∆GIA (kJ/mol)

298

27.42

-26.6

308

15.05

-25.9

318

1.22

-20.1

Table 5 lists the KIA values determined for naphthalene, the partition constant for
naphthalene is larger than benzene, which is a direct indication that the accumulation of
this PAH is considerably larger than benzene. The interface constant KIA can also be
viewed as a parameter that indicates the hydrophobicity of the compound, larger the
value of KIA the more hydrophobic is the compound.
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The free energy for naphthalene being more negative indicates that the surface
restriction to the movement of adsorbed naphthalene is lesser than for benzene, and that
desorption is more difficult for benzene than for naphthalene. Also, the adsorption is
more favorable at lower temperature. In terms of surface mobility, smaller molecules gain
entropy on desorption from the surface and dissolution into the bulk water. Since the
increase in entropy is from the interface to the bulk water, as a result, the interface
surface restricts the movement of the molecule much more than the bulk system. Hence,
the surface mobility is more pronounced for smaller molecules than for larger molecules,
and Davies and Rideal, 1963 observed similar trends for smaller and larger hydrocarbon
chain molecule. The value of KIA at 298 K obtained for naphthalene is nearly 63 times
larger than that benzene. If also naphthalene adsorbs parallel to the interface, then
adsorption free energy can be expected to be proportional to molecular surface area. The
molecular surface area of benzene molecule is 110 Å2 and that of naphthalene is 156 Å 2,
thus the adsorption free energy can be expected to be 1.4 times larger than that of
naphthalene. The experimental ratio of free energy of benzene and naphthalene is 1.6.
5.9 Adsorption of Phenanthrene at the Gas-Water Interface

In the series of organic compounds that were analyzed in this work, phenanthrene
is the most hydrophobic and the lowest vapor pressure. Owing to this fact, the work with
phenanthrene was far more cumbersome than with the other two hydrophobic
compounds. Injection of compounds into the test columns was done using the pure
compound generator as mentioned earlier in the experimental procedure method. A plot
of the regression analysis for equation (37) is shown in Figure 19.
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Figure19. Plot of VN/VW versus AW/VW for phenanthrene at 363 K (R2 = 0.99).

The data obtained for phenanthrene at temperatures lower than 363 Kelvin
resulted in a correlation coefficient that was lesser than the correlation coefficient for 363
Kelvin. The consequence for this lesser fidelity on lower temperature work with
phenanthrene mostly owed to the innate chemical qualities of phenanthrene as an organic
compound. However, the errors associated all the data in this work is consequently due to
the difficulties in obtaining reproducible vapor samples at successive temperatures for
each compound. Hence the KIA obtained in this manner was extrapolated to room
temperature, as it is almost impossible to obtain data on phenanthrene at room
temperatures, was 1 x 105 µm. Table 6 shows the results for KIA for phenanthrene at as
function of temperature.
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Figure 20. Integral form of the Gibbs-Helmholtz equation for phenanthrene (R2=0.892).

Figure 20 shows the integral form of the Gibbs-Helmholtz equation for
phenanthrene, which is used to obtain the heat of adsorption and the entropy of
adsorption. The free energy of adsorption shown in Table 6 was calculated from the
K 
equation, ∆G IA0 = − R T ln  IA  .
 δ0 

TABLE 6. PHENANTHRENE PARTITION CONSTANT AS FUNCTION OF TEMPERATURE
Temperature (Kelvin)
KIA (µm)
∆GIA (kJ/mol)

298

1 x 105

-47

353

156.31

-37

363

88.22

-36

369

4.18

-27
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From the data in Table 6 for phenanthrene, we observe that similar trend in the
result are observed as seen for naphthalene. Since phenanthrene is the more hydrophobic
than benzene or naphthalene, KIA is correspondingly very large. Also, for this larger
molecule, phenanthrene, due to gain in entropy on de-sorption into the water and
resulting in a more negative free energy, we can say that phenanthrene has lesser mobility
than naphthalene or benzene. Also, the decreasing KIA with temperature increase is an
expected trend.
5.10 Analysis of Gas-Water Interface Adsorption Results

Table 7 shows the results that were obtained from the gas-water interface
adsorption experiment for the three compounds considered in this work. The value of KIA
obtained from this work is in excellent agreement with other reported values. The data
presented in this work are available at Raja et al, 2002.
With the data obtained from adsorption experiments in gas-solid and gas-water
interface, a comparison on the nature of the adsorbent is possible. The important
properties that influence the adsorption process are the surface area and surface
morphology of the adsorbent. The results shown for various water loadings clearly
indicate the effect of surface area on adsorption.
The enthalpy of adsorption at the gas-solid interface is more negative than at the
gas-water interface indicating that the adsorption is more favorable at the gas-solid
interface. The enthalpy at the gas-solid interface being more negative also indicates the
exothermic nature of the adsorption process on dry surfaces.
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TABLE 7. PARAMETERS FOR ADSORPTION AT GAS-SOLID AND GAS-WATER INTERFACE
Property
Benzene
Naphthalene
Phenanthrene

Enthalpy of
adsorption (∆ΗSA)

–45 ± 2 (this work)

–80 ± 2

-116.1 ± 0.3

[kJ/mol]
Entropy of
adsorption (∆SSA)

–152 ± 5
–73 ± 1 (this work)

–95 ± 5

[J/K·mol]
KIA (µm) at 298 K

1 x 105

0.43±0.01 (this work)
0.49 (Hoff et al, 1993)

27.2 ± 1.8

(extrapolated
from high

0.41 (Braunt, 2000)

temperature)

0.44 (Hoff et al, 1993)
∆ΗIA (kJ/mol)

-41 ± 2 (this work)
-26 (Mmereki et al, 2000)
-41 (Braunt, 2000)

-67 ± 17

-104 ± 36

-135 ± 56

-195 ± 120

-31 (Suzuki et al, 1992)
-31 (Dorris and Gray, 1981)
∆SIA (J/K·mol)

-82 ± 4 (this work)
-83 (Braunt. 2000)
-50 (Mmereki et al, 2000)
-46

∆GIA (kJ/mol)
-16 ± 0.04 (this work)

-26.5 ± 0.01

(extrapolated
from high temp.)
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5.10.1 Influence of Adsorbent Surface Morphology on Adsorbate Binding

The property, fractal dimension, that characterizes a surface morphology for
various materials has been studied extensively and reported by Anvir and Farin, 1984.
This non-integer fractal dimension (D) is pertinent not only as a measure of surface
irregularity, but also as a powerful quantitative tool for the study of surface structure and
adsorbate-adsorbent interaction (Pfiefer, 1983). The adsorption characteristics of various
adsorbents show a dependence of the fractal dimension on the adsorption. The value of D
ranges from 2#D#3, where 2 represent a smooth planar surface and 3 represent a highly
convoluted irregular surface. From the data reported (Anvir and Farin, 1984) for soil and
other siliceous materials are about 2.92 and water surfaces are relatively smoother. Gregg
and Sing, 1982 cite observations for various adsorbents, where in smooth water has lesser
adsorption than rougher surfaces. Hence, we can conclude that a smooth regular surface
(D#2) offers lesser binding of the adsorbate to the adsorbent than a convoluted irregular
surface (D#3). Thermodynamically speaking, the free energy value at the gas-solid
interface is more negative than at the gas-water interface indicating that the adsorption is
more favorable at the former interface, supporting the surface morphology theory. Also
an irregular surface offers more mobility than a smooth regular surface (Rigby and
Gladden, 1999). Conclusively, from the thermodynamic data, the entropy at the gas-water
interface is distinctly more negative than at the gas-solid interface indicating greater
mobility at the gas-solid interface.
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5.10.2 Analysis of Interfacial Adsorption via Cluster Formation

From the discussion in the foregoing, we can assimilate that the adsorption of
organic vapors is indeed a critical process and more critical for the hydrophobic
compounds with regards to surface adsorption. The process of consideration now is to
elucidate how the adsorbed vapor dissolves into the bulk liquid, and consequentially
affect the prediction of gas-liquid partitioning as predicted by the Henry’s Law.
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Figure 21. Critical cluster size for aromatic hydrocarbons from thermodynamic
parameters.

The critical cluster model (Nathanson et al, 1996) described in the earlier chapter
2 defines that the gas-liquid transfer is a three-step model as, Adsorption → Cluster
Formation → Solvation. The energy barrier illustrated in Figure 2 is overcome by
formation of clusters and size of the cluster depends on the magnitude of this free energy
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barrier. As the cluster reaches a critical size, it merges with the bulk liquid leading to
dissolution of the gas phase species. Figure 21, shows a plot of the heat of adsorption
versus entropy of adsorption at the gas-water interface. With increasing molecular
weight, and decreasing vapor pressure, the critical cluster size required for subsequent
dissolution is larger. Theoretically, we can expect the critical cluster size to be larger due
to local structuring at the water surface for a hydrophobic molecule. Also, Zhang et al,
2003 mention that the number of molecules required to form a cluster is lesser for
molecules with larger attractive forces. We can observe that benzene, which is the most
hydrophilic of the three, requires the least critical cluster size than phenanthrene.
Davidovits et al, 1991 present equations for the entropy and enthalpy to determine
the critical cluster size. Computation of the critical cluster size is not important in our
context, but can be used to theorize the process of adsorption and dissolution at gas-liquid
interfaces. However, the process surface adsorption and dissolution has been evidenced
to support to the critical cluster model (Nathanson et al, 1996). Even our data tend to
indicate support to this model.
The heat of condensation listed in Table 1 are less negative than the heat of
adsorption for benzene, naphthalene, and phenanthrene at the gas-water interface. Orem
and Adamson, 1969 have observed similar trend for adsorption of organic vapors with
low adsorption energies than heat of condensation at low surface coverage, and at high
surface coverage the heat of adsorption was larger than the heat of condensation. The
method of confirmation of adsorbate-adsorbent interaction by Vidal-madjer et al, 1976
was by computing the adsorption potential for increasing number of layers of water
surrounding the adsorbate molecule.
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The larger enthalpy of adsorption than condensation has been explained to be
because of the local structuring of water molecules around the organic molecules (Orem
and Adamson, 1969, and Adamson, 1967). Clearly, if the heat of adsorption is larger than
the heat of condensation, it indicates stronger gas-water interactions than gas-to-gas
interactions resulting in direct condensation. These observations support the critical
cluster model in which the primary step is adsorption and sequential solvation. From
these experimental results, it can be evidently seen that the transfer of gas into liquid is
not limited to condensation of the gas species on the surface of the liquid, but rather
involves the some kind of local structuring of the gas species resulting in adsorption and
then ultimately solvation.
5.11 Correlation of KIA and PSL0 for Aromatic Hydrocarbons

The partition constant KIA obtained from this work is plotted together with results
obtained for other aromatic hydrocarbons by (Pankow, 1997) are plotted in the Figure 22
as a function of the sub-cooled liquid vapor pressure PSL0 . Pankow obtained the values of
KIA for the sorption of PAHs and n-alkanes at the air/water interface by extrapolating
solid gas partitioning data (Storey et al, 1995) to a 100% relative humidity. This
extrapolated data is plotted together with the data obtained from this work show a good
correlation (R2 = 0.9797) for the compounds in this range of sub cooled liquid vapor
pressure.
This correlation can be used to estimate KIA values for those compounds for which
the experimental partition constants are not as such available. However, this correlation is
applies only to PAHs. The fact that our experimental values using the IGC technique are
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in line with the estimates by Pankow, 1997 who used a different methodology, is a proof
that both methods are capable of obtaining accurate values of KIA.
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Figure 22. Correlation of log (KIA) and log(PSL0 ) for aromatic hydrocarbons. Data from
this work and Pankow, 1997. (R2=0.9797).
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CHAPTER 6
APPLICATIONS IN ATMOSPHERIC CHEMISTRY
6.1 Introduction
The earth’s atmosphere is made of mostly gases with suspended solids and
liquids. Atmospheric moisture, such as rain aerosol and fog-water, provides a reaction
medium for pollutants. Fog droplets are generally in the size range of 1 and 10 µm with
typical atmospheric lifetimes of a few hours (Gill et al, 1983). Fog formation is typically
due to decrease in air temperature and an increase in relative humidity. As mentioned in
various sections of these manuscripts, many researchers have observed very high
concentrations of hydrophobic and pesticide compounds in the atmospheric moistures
that were sampled. In this chapter, applications of the data determined and presented in
the Chapter 5 will be discussed with relevance to atmospheric fate and transport of the
chemical species.
6.2 Enrichment of Organic Vapors in Fog Water
Valsaraj et al, 1993 have considered three important aspects for the enrichment of
hydrophobic organics in fog water.
(a) The importance of temperature correction for reported Henry’s constants,
(b) The effect of dissolved and colloidal organic material and other aqueous
particles in fog water,
(c) The effect of the large specific air-water interfacial area available for
adsorption of hydrophobic organics.
There are several works that have explained the enrichment due to the presence of
colloidal organic matter in the fog and cloud water (Glotfelty et al, 1990, Schomburg et
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al, 1991, Capel et al, 1990 and Capiello et al, 2003). From the data for KIA in Table 4, 5
and 6 for benzene, naphthalene and phenanthrene indicate a negative trend with
increasing temperature. Hence it can be evident that surface adsorption characteristics
will change with temperature. However, the effect of temperature on Henry’s constant
has been studied extensively (Snider and Dawson, 1985, Gossett, 1987, DeWulf et al.,
1995, Alaee et al., 1996, Poddar and Sirkar, 1996).
6.3 Transport of Gaseous Species into Fog Droplet
Consider a gas phase concentration Cg (mol/m3) present around a droplet of fog
water, and as a result the fog droplet experiences simultaneous dissolution and
adsorption. From this, we can write that the total concentration of the liquid droplet
(surface and bulk liquid) is
N L (mol ) = C g (K IA AW + K WAVW )

(38)

In the above equation, Cg is the gas concentration, KIA is the interface partition
constant, AW is the surface area of the water droplet, and KWA is the dimensionless
Henry’s constant for bulk phase water-air partition constant and VW is the volume of
water in the fog droplet. This equation is similar to the IGC equation presented in
equation (10), with surface adsorption and bulk dissolution term.
Equation (38) can be written as follows,
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(39)

The surface adsorption concentration at the interface can also be written as
follows from Pankow, 1997.


h

C surf (mol / m 2 ) = C g  K IA +
( H / RT ) 
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(40)

From the “critical cluster model” it can be seen that the adsorbed organic vapor
ultimately undergoes dissolution into the bulk liquid phase. A wet deposition with an
ensemble of micron size droplets can lead to significant localization of the carcinogenic
pollutant into a specifically confined area. The stomatal uptake from wet and dry
deposition has received a lot attention with respect to pollution hazards not only from
chemical and environmental engineers but also to botanists (Geßler et al, 2002).
TABLE 8. HENRY’S CONSTANT AND KIA OF BENZENE, NAPHTHALENE AND PHENANTHRENE
KWA [ - ] (Valsaraj, 2000)
KIA (µm) (from this work)
Compound
Benzene

4

0.43

Naphthalene

50

27.2

Phenanthrene

697

1 x 105

The equation (39) can be rewritten as follows, for unit gas concentration and
volume of fog water, to demonstrate the deviation in Henry’s law due to surface
adsorption. In Equation (41), division of KWA gives a normalized deviation in the Henry’s
law constant, where dp is the droplet diameter usually in the micron size range.



6
+ K WA 
 K IA
dp


RH = 
K WA

60

(41)

Figure 23. Normalized deviation in Henry’s law versus droplet size in microns (Solid
line - Naphthalene and Points – Benzene)

Figure 24. Normalized deviation in Henry’s law versus droplet size in microns.
(Phenanthrene)
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From the Figure 21, deviation in Henry’s law is about 1.12 for a 5µm droplet and
approaches unity as the droplet size is increased. In the case of naphthalene, the
normalized deviation approaches about 1.6 and is about two orders of magnitude higher
for phenanthrene. The more hydrophobic the compound, larger is the deviation in
Henry’s constant, and its enrichment is far more greater than that predicted without
surface adsorption. For molecules with large KIA, the increased surface effects will
become evident at smaller droplet sizes.
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CHAPTER 7
CONCLUSIONS AND FUTURE WORK
7.1 Conclusions
The partition constant obtained for benzene in this work is in good agreement
with data obtained by other workers. The correlation plot shows that the data obtained by
the IGC technique is in line with the data of Pankow, 1997 obtained from a different
methodology. Hence, this is a proof that both methodologies can yield accurate values of
KIA. The importance of the droplet size in the scavenging efficiency is evident from this
work. Hence, it would be an incorrect estimation of the overall concentration of the solute
in the micron size droplet if the surface adsorption process were ignored. Hence,
compounds with small KWA and large KIA will deviate considerably from the bulk phase
Henry’s law prediction. On the whole, the expected deviations in Henry’s law will be
smaller in the case of Benzene than for a more hydrophobic, high molecular weight, low
vapor pressure compounds such as phenanthrene or pyrene.

7.2 Future Work
Experiments are currently being done to show the enrichment of micron size fog
droplets in a laboratory environment and field sampling of fog water and air. The
importance of surface adsorption process can be delineated clearly upon introduction
various droplet sizes into the vapor phase compounds studied in this work. Also,
molecular dynamics simulations are required to study the transport of vapor phase
chemicals in to the aqueous phase.
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