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Abstract

Zeolites and zeolite-like materials have well-ordered structures and pores creating
varying capacities for molecules based upon size, functional groups, polarity, and intermolecular
forces making the materials useful for molecular sensing as well for molecules that are
considered hazardous at very low concentrations with reproducible results because of these
properties. This study will identify and characterize applications for zeolite and zeolite-like
materials in gas and liquid phases based upon the dominating physical and chemical properties of
the materials. The properties of interest include liquid phase ion exchange capacities,
selectivities, gas/vapor phase adsorption capacity, and initial adsorption uptake rate.

Zincosilicates have similar framework structures to aluminosilicate zeolites; however,
they have distinct advantages over traditional zeolites. Zincosilicates typically have a higher ion
density, lack “cages” in their structure which leads to all the cations being accessible for ion
exchange, and have the ability to form three-membered rings which lead to large void spaces in
their structure. These features lead to high capture capacities for divalent heavy metal mercury
ions. In this work, the potential to use zincosilicates as ion exchangers such as VPI-7, VPI-9 and
VPI-10 is presented. Results have shown that zincosilicates have capture capacities greater than
traditional zeolites, even greater than those that have been synthesized with functional groups
intended to increase metal sorption capacities. The selectivity coefficients in a binary ion
exchange system were successfully modeled using the Gibbs-Donnan selectivity model. The
selectivities for the zincosilicates were Pb>Na>Hg>K>Ca.

Zeolites are also able to adsorb chemical species and therefore can be used as the
recognition element in sensing devices. The sorption capacity of 2-chloroethyl ethyl sulfide,
dimethyl methanephosphonate, ethanol, and n-butanethiol were examined with zeolites 13X, 4A,
MCM-41, VPI-7, VPI-9, and ZSM-5. The zeolites selected provided very different framework
composition, countercation, and surface area features for determining the most significant
properties in adsorption. Zeolite 13X had the highest equilibrium and initial uptake rate for most
compounds tested, whereas the low surface area zincosilicates, VPI-7 and VPI-9, had the lowest
capacity. Based on these results, a piezoelectric device with an array of zeolites can be

successfully employed as a sensor.
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CHAPTER 1 - Introduction and Background

Introduction

Zeolite and zeolite-like materials have been known for over 200 years.' Zeolites have
been identified; and, using specific experimental conditions, zeolites have been synthesized in a
laboratory setting while others are found naturally occurring on earth. These materials are useful
in both gas and liquid media for use as: catalysts, additives in adhesives, coatings, ion
exchangers, and adsorbents.

While there are over 180,000 potential zeolite frameworks, at present there are currently
only 176 known synthesized zeolites.” With the vast amount of potential growth and
development of new materials in this microporous and nanoporous class, materials’ physical
properties and uses will be sought. In this work, focus will be given to understand and evaluate
the gas phase adsorption and aqueous phase ion exchange characteristics of zeolites, specifically,

VPI-7, VPI-9, VPI-10, 13X, 4A, ZSM-5, and MCM-41.

Zeolites

Zeolites, by definition, are aluminosilicate materials.> This means that they are
comprised primarily of aluminum tetrahedrally coordinated within a silica framework. The
replacement of the silicon with aluminum results in a charge being associated to the framework.
In order to achieve a neutrally charged material, the framework has countercations that are bound
to the structure. This means that zeolites have countercations associated with their framework to
maintain charge neutrality. The framework may contain any positively charged cation, but the
most common cations are either alkali or alkaline metal cations.

Zeolites have repeating structures and this results in having uniform micropores (pores
<10nm) and have uniform bulk properties. Zeolites are classified as molecular sieves. This
term was introduced by McBain when he described materials that were capable of selective
separations based upon size or shape constraints.’ Zeolites can be found naturally in a wide range
of geographic locations or can be synthesized in a laboratory.” Natural zeolites are typically

formed when ash and volcanic rocks react with a basic water solution (pH>7).6 There are around



50 known naturally occurring zeolites that have been discovered. Both aluminosilicate and

zincosilicate materials have been synthetically produced.

Zincosilicates: Potential for Heavy Metal Capture

The discovery of zincosilicates occurred when researchers were trying to develop other
molecular sieves with framework densities lower than 12.5. Framework density is defined as the
number of tetrahedral atoms per 1000 cubic Angstroms.” At that time, 12.5 was the minimum
framework density prior to the development of any zincosilicate materials. The molecular sieve
CoAPO-50, also known as AFY, was the only zeolite with a framework density this low.”
Interestingly, a framework density of 12.5 corresponds to a void space of about one half of the
total volume of the structure. Brunner and Meier discovered that there is a correlation between
the smallest ring size in a zeolite and its framework density.” They proposed structures needed
to contain three-membered rings (3MR) in order to create porosities greater than 50%.” Figure 1

below depicts the 3MR which are part of the Spiro-5 unit in VPI-7.%

Spiro-5 Unit
(@ =5iorZn)

Figure 1 Schematic of VPI-7 along (010) showing only tetrahedral atoms

With the conclusion that zeolites with 3MRs were needed, beryllosilicates were found to
promote formation of 3MRs. Beryllosilicates are beryllium-containing zeolites. Dense materials
like euclase and phenakite and the mineral lovdarite contain 3MRs.” However, beryllium-
containing compounds are very toxic, making it difficult to work with their reagents and
products.7 ZSM-18, an aluminosilicate, was shown to contain 3MRs; however, aluminosilicate

bond angles generally do not prefer the narrow angles that are needed to form 3MRs.” It was



then that zincosilicate analogues of euclase and phenakite, two materials that promoted 3MR
formation, were successfully synthesized.” Upon this discovery, zinc was found to be a suitable
replacement for beryllium to create zeolites with 3MRs thus reducing the hazardous nature of
synthesizing the materials but also resulting in lower framework densities.

Zincosilicate materials differ from the ‘true’ definition of a zeolite because of the
replacement of the aluminum in the framework with zinc. This results in a tetrahedrally,
covalently bound zinc instead of aluminum and also increases the negative charge on the
framework. As previously stated, the aluminum results in a single negative charge associated
with the framework for every aluminum. A zinc atom in the framework results in twice the
charge of that of an aluminum atom. This leads to an increase in the charge density of the
material if each aluminum were to be replaced. As is the case with aluminum in
aluminosilicates, a certain maximum amount of zinc in the zincosilicate framework is
achievable. The maximum amount of aluminum or zinc associated with the framework is
governed by Loewenstein’s rule.” Loewenstein’s rule states that the framework cannot consist of
alternating zinc-oxygen-zinc bonds; whenever two tetrahedral atoms are linked by one oxygen
bridge, the center of only one can be occupied by zinc, the other center must be occupied by
silicon. The zinc atoms are bonded to oxygen atoms, which are then bonded to silicon atoms to
produce the resulting framework. Zincosilicates also have no ‘cages’ associated with their
structure. Cages are areas within the framework that contain countercations that cannot move
through the framework and are not available for ion exchange or reaction with other species. In
effect, these cations are bound to the framework reducing or inhibiting the cation exchange
capacity. These properties of a higher charge density and lack of framework cages are expected
to be beneficial in heavy metal ion exchange.

Mercury and lead are highly toxic heavy metals that are regularly introduced into water,
soil, and air in the environment. Trace amounts of mercury and lead can produce adverse health
effects and potentially result in death. The threat of mercury and lead contamination in water,
soil, and air requires that new materials be developed that are capable of capturing or retaining
mercury and lead from exposure to the environment.

Meeting current government regulations on heavy metals released into the environment
require more advanced materials for meeting more stringent standards. The EPA currently

requires that no more than 15 ppb and 2 ppb of lead and mercury, respectively, may be found in



drinking water under the Safe Drinking Water Act (SDWA). The EPA’s upper exposure limits
(UEL) in air for lead and mercury are 0.05 mg/m’ and 0.1 mg/m” for lead and mercury,
respectively.'’

Lead and mercury are found in various forms. Lead can be found in a cationic (1", 2")
state, as agglomerates, or as metal complexes while mercury can be found in a cationic (2) state,
in elemental form, as agglomerates, or as metal complexes. This aspect poses many challenges
for any sorbent or capture agent used in environmental cleanup.

Due to the previously stated unique properties of zincosilicates, the potential uses for
zincosilicates are great and has not been previously examined for the ion exchange of heavy
metals specifically for environmental purposes. An investigation was conducted to quantify and
qualitatively understand the process or processes involved to capture heavy metals using zeolite-
like materials. Understanding the influences by which these materials capture and retain heavy
metals can be very important for many environmental applications and could also indicate or
show other uses for these materials. The structural stability and regeneration of these materials

will be of importance in order to develop industrial and commercial uses.

Zeolites in Sensing Devices: Molecular Identification Through Adsorption

Zeolites have certain physical properties allowing for specific, quantitative
reactions/sorptions to occur. Their hydrophobicity/hydrophilicity, surface area, composition, and
countercations all play a critical role in the amount or rate of uptake of a particular species or
mixture of species. This ability to tailor adsorption properties can be harnessed for use in
identifying certain species or certain atoms or functional groups within molecules. This is
known as molecular identification. Molecular identification can lead to advances in selective
reactions, ion exchanges, and adsorptions, as well as separation with chemical enantiomers.

In this work a small array of zeolites was developed to indicate that zeolites are capable
of molecular sensing. Due to slow diffusion within the pore, the overall adsorption capacity was
not the primary focus, but rather the rate with which certain species interact with a monolayer of
zeolites should allow for quick identification of molecules or functional groups. Diffusion into
particles of varying size will change the rate of adsorption, but by requiring standard conditions

with initial deposition layers, results can be reproduced and errors can be eliminated.



Larger arrays of zeolites and more adsorbate compounds and mixtures will further
demonstrate the utility of zeolites as chemical sensors or molecular identifiers. With an almost
limitless amount of zeolite frameworks, these materials should be able to selectively adsorb and

thereby identify any molecule, functional group, or even chemical bonding arrangement.

Functionalization

Zeolite adsorption, catalysis, and ion exchange properties can be tailored to specific
species and materials. This is generally defined as functionalization. Functionalized materials
allow for selective reactions or processes to occur. This can be very advantageous for complex
systems or systems where some processes may be undesirable to occur.

Sorbents such as activated carbons and silicas have been functionalized to remove
specific species such as mercury through the introduction of a thiol or sulfur-containing group
which is known to create a strong bond with mercuric species. While functionalization has clear
benefits when implemented, there is one significant drawback. The cost of functionalization
either through the development of a material with a functional group or the time and monetary
cost of determining the best-suited species for selective reaction/sorption can make diminish the
benefit of functionalization. The materials used in this study are not functionalized but will be

compared to other functionalized sorbents reported in literature.

Other Sorbents and Heavy Metal Ion Exchanging Materials
Besides zeolites, other materials are used for adsorption, ion exchange, catalysis, and a
variety of other needed chemical processes. The following section will describe some other
major sorbents and ion exchanging materials and list their advantages and disadvantages. The
primary focus of this section will be aimed at sorbents capable of heavy metal capture of lead

and mercury.

Carbon-based sorbents

Carbon-based sorbents are the most prevalent and widely used category of sorbents.
Materials in this group of sorbents include: biomass, cellulose, and activated carbons. This
group of sorbents has the widest and broadest definition of any category of sorbent.

Extensive investigations of mercury adsorption on naturally occurring sorbent materials

have been reported.''™*® Biomass and cellulose can be byproducts or waste materials from other



processes and research has been done to reduce waste and find alternative uses. This means that
these types of carbon sorbents are widely available and cost effective, an advantageous feature.
They typically have high chemical and mechanical stability and are biodegradable.'’ The high
chemical and mechanical stability allows a wide range of operating conditions. The materials
also allow desorption, meaning the materials can be used repeatedly.'?

There are some drawbacks to using carbon-based sorbents though. Activated carbon can
be costly to use and regenerate and can also degrade at higher temperatures. Biosorbents are
typically less efficient at capturing heavy metals. Activated carbons and biosorbents are the two
least efficient adsorbent materials reviewed; but, while this may be categorically accurate, each

material’s efficiency varies.'> '

Natural Zeolites and Minerals

Natural zeolites and minerals are another class of sorbents. These materials are not as
widely researched as carbon-based sorbents, but they can be effective heavy metal sorbents with
unique properties.'* *>*7%° Naturally-occurring zeolites, such as clinoptilolite and zeolite tuff,
and minerals, such as dolomite, kaolinitic clays, and vermiculite are materials that fit within this
category of sorbents. Clinoptilolite is the most naturally occurring zeolite; it has a broad
geographic distribution.” Zeolite tuff has shown to have larger heavy metal uptake capacities
than that of clinoptilolite.*’

Natural minerals can come from a variety of sources. Most comprise parts of subsurface
soils while others are found from specific sources. Dolomite is a major component of shallow
groundwater aquifers while vermiculite is commonly used with asbestos insulation.*®

The biggest advantage of this category of sorbents is that they have the highest efficiency

13,45,47-69 7606 lites have a

in sorbing heavy metals compared to other categories of sorbents.
negative charge associated with their framework and this charge must be offset by
countercations.”” Natural zeolites have a higher resistance to acidic conditions than synthetic
zeolites and can be used as pH buffers.”” " Natural zeolites are also compatible with biological
species. The materials are naturally occurring, so no environmental steps are necessary in order
to use them.”' These materials can be found in a host of geographic regions making them widely
available.

A significant disadvantage of zeolites and minerals is the readiness for use. While the

materials can be found in a wide geographic distribution, the mineral or zeolite must be extracted
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or mined then isolated before they can be used as sorbents. This makes turning the zeolite or

mineral into a sorbent a costly and time intensive process.

Silica-based sorbents

Another category of sorbents is silica-based sorbents. Like naturally-occurring zeolites,
they are silica-based structures but need not be naturally occurring. Materials in this category
include: quartz, silica gels, titanosilicates, and synthetic zeolites. Silica gels are the most
different of all the previously listed materials in this category, because instead of capturing

through ion exchange, they capture materials through adsorption.”" ™

Materials in this category
have a number of ways to sorb other materials.

Silica-based sorbents are somewhat similar to naturally occurring zeolites, so it should
not be surprising that there are some similar advantages when using these materials.'?*% %37 7I-
%2 One major advantage is that synthetic zeolites also offer a very high sorption efficiency of
heavy metals compared to all other sorbents. This is similar to naturally occurring zeolites.
Silica-based sorbents can also have a negative framework charge allowing the possibility of ion
exchange with its countercations.”” Titanosilicates also have frameworks like naturally occurring
zeolites. These materials have well-defined structures and pores.”* The well-defined structures
and pores give rise to efficient ion exchange properties like other zeolites and minerals.”” Many
of the materials in this group have a tetrahedrally-bound silicon atom in their structure which
leads to them having a weakly acidic silanol group. The silanol group can then be exchanged
and affords easy uptake of metal cations.”®”’

These materials have disadvantages also. They must be synthesized. Synthesis routes
are often poorly understood, so making these materials can be an expensive and/or a time-

consuming process. They also lack uniform pores and microstructures which can lead to

discontinuity in material properties.

Metal Oxides

Metal oxide sorbents are one final category of heavy metal sorbents, ' 3 80- 8- 93-102
These materials often come from industrial waste processes or byproducts and can be reused as
sorbents. Fly ash contains metal oxides such as aluminum oxide, calcium oxide, and iron oxide
and furnace slag and rued mud are another kind of industrial byproducts. The materials in this

category are similar to naturally-occurring minerals in that they are similar to constituents in soil.



For example, hydrating aluminum oxide leads to the formation of aluminum hydroxides, which
is similar to bayerite, bochmite, and gibbsite.”

A distinct advantage of using metal oxide sorbents is their availability. They come from
industrial processes and are either waste or byproducts. This makes their use affordable in many
cases. These materials also are able to remove heavy metals from aqueous solutions with a very
high efficiency."® They also have negatively charged surfaces. This allows for precipitation of

103 Metal oxides also

materials under basic conditions or can lead to electrostatic adsorption.
have functional hydroxyl groups. The hydroxyl groups are capable of reacting with metal
cations, leading to capture.

With the advantages of metal oxide come some disadvantages with their use.
Electrostatic adsorption can lead to a build up of charge on the surface thereby decreasing the
heavy metal capturing efficiency. These materials can also increase the amount of waste
generated with their usage. While they are typically materials that are being reused, the end
result after heavy metal capture is the need for disposal of the materials. This leads to disposal
of a waste material and heavy metal that often times must be treated before disposal.”

Cationic Ion Exchange

Ion exchange is a process in which quantities of charged particles are replaced by an
equal amount of another species of charged particles. The species can vary in their specific
charges, but the aggregate charge remains the same for the overall exchange. Thompson and
Way identified ion exchange occurring in soils and coined the term ‘base exchange’.'**'%
Lemberg and Wiegner later identified the materials that were accomplishing the ion exchange in
the soils.'””'” These materials were zeolites, clays, glauconites, and humic acids. The first
industrial ion exchanger was introduced in 1903 by Harm and Rumpler.''®''? Ton exchange
resins were discovered in 1935 and now are prevalent in almost all industrial and laboratory ion
exchange process.'”® After 1950, the theory behind ion exchange began to catch up with the
technology to accurately describe the mechanisms and model the specific conditions in ion
exchange experiments.' "

Ion exchangers are solid, insoluble materials that allow cations or anions to be

exchanged. Ion exchange is the redistribution of ions until charge neutrality is achieved. The

charged species will be exchanged for an equivalent amount of another charged species. The



exchange occurs when the solid phase is contacted with an electrolytic solution of the
exchanging species. lon exchange is, typically, a reversible process.

Ion exchange is and can be coupled with sorption processes as the two are hard to isolate
and distinguish in experimental conditions. lon exchange and sorption are fundamentally
different processes however. lon exchange is a stoichiometric process, sorption need not be. Ion
exchange requires that for every ionic charge removed from solution, another ionic charge must
replace it. Sorption processes have a solute species removed without replacement. Though the
fundamental difference is quite apparent, separating the two processes can be rather challenging
in practice.'"

Ion exchangers’ properties are usually determined by their structure. Most ion
exchangers consist of a framework that is held together through covalent bonds or lattice energy.
This framework has an inherent charge associated with it and is countered by ions of the opposite
charge. If the material is a cationic exchanger, the material is referred to as a polyanion. If the
material exchanges anions, the material is known as a polycation.'"

Ion exchangers are thought of as structures with counter ions moving about their pores.
The total amount of counter ions in the pores is known as the ion exchange capacity. This is a
constant value and is determined only by the framework charge. When an ion exchanger is
placed in an electrolyte solution, ions will diffuse from the framework into the solution, and ions
in solution will diffuse into the pores of the framework. This process occurs until kinetic or
thermodynamic equilibrium is achieved along with charge neutrality. The solution and
exchanger will contain both species of ions. The distribution may not be even between the two
phases. This means that one species may be more prevalent in the ion exchanger than what is in
solution. Also, the solution will also be contained within the pores of the exchanger. This is
where ion exchange and sorption become coupled. Sorption of the solution must occur prior to
ion exchange. The solution facilitates ion exchange. The solution that remains in the framework
is considered sorbed.'"?

Ion exchange is usually thought of as a physical process but has also been referred to as a
chemical process. The physical process is described by electrostatic interactions. That is, the
charges on the species and the attraction of ions and their ionic strengths determine the outcome
of the process. In a chemical process, the determining factor is the formation of the bonds, in

this case ionic bonds, between the framework and the exchange species. While ion exchange can



have some similarities to chemical processes, the ion exchange kinetics typically have no
resemblance to chemical kinetics. Chemical influences are usually rather small as shown by
their minimal heat evolved from the processes.'"

Distribution of ions is typically uneven in ion exchange. This is due to the species
preferences between phases. The determination of the preference can be rather obvious or subtle
in some cases. The first reason for a preference can be simple electrostatic forces. A higher
charge species can be preferred by an exchanger. Another reason for preference between species
is size. A larger species may not be able to diffuse or even fit into the pores of an exchanger
thereby excluding it from the ion exchange process. Finally, steric hindrances can play a role in
ion exchange. A larger species may be already contained in the pores and does not allow other
species to diffuse. All of these factors play a role in determining the preference of one ionic

species over another, also known as the selectivity of the ion exchanger.'"

Cationic Dissolved Species
The cationic species chosen for ion exchange have unique properties. The solubility of
each salt, the hydrolysis of the cation, and intermolecular interactions will play a role in
determining the cationic exchange capacity. Hydrolysis can affect the charge density of the
cation, solubility will determine how much of a species can be present in the aqueous phase, and

the anion can reduce access to the exchanger or produce precipitates upon ion exchange.

Solubilities

A popular way of remembering solubility is described by “like dissolves like”. While
this may be an oversimplification, the trend is generally followed. This means that a polar
solvent will readily dissolve a polar solute and vice versa for nonpolar solvents and solutes.

In aqueous solutions, solubilities of metal salts are widely known. Sodium chloride,
potassium chloride, mercury chloride, and lead chloride are readily dissolved in water. The
solubility of ionic species in water arises from electrostatic interactions of the species. The
positive cation is attracted to the electronegative oxygen in the water molecule and the anion is
attracted to the partially-positive charged hydrogens in water.

The solubility of the salt is a function of temperature and pressure as well as the solvating
solution and the phase of the dissolving species. For example, the solubility of aragonite and

calcite differ even though the chemical formula is identical. The two structures are polymorphs
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of calcium carbonate. The pressure dependence of solubility for an ideal solution is described

thermodynamically by Equation 1 below.

V. =V.
(6 In Nj = = Equation 1
oP ), RT

where N is the mole fraction of the component in solution, P is pressure, V,q is the partial molar
volume of the component in solution, V; is the partial molar volume of the component in the
dissolving solid, R is the universal gas constant, and T is the temperature. The pressure

dependence of solubility is weak and usually neglected in solid and liquid phases.

Valencies

The charge on the dissolved cationic species will play an important role in ion exchange
processes. The higher the charge on a cation, the stronger the electrostatic forces will be in the
interaction. Alkali metals are monovalent, while alkaline metals are divalent, and transition
metals have a range of potential valencies between 1 to 6. A specific transition metal may have
multiple discrete valencies associated with it. Most transition metals have valencies of 1 to 3

when given proper charge values.

Hydprolysis

Metal ions are considered Lewis acids. In aqueous solutions they form what are referred
to as aqua ions.'"* The aqua ions undergo hydrolysis and this is explained by Bronsted-Lowry
acid-base theory. The first hydrolysis step is:

M(H,0)" + H,0<—>M(H,0), (OH)" " + H,0" Equation 2

Hydrolysis can proceed beyond the first step. This often results in the formation of many
hydroxo species. For ions with oxidation states higher than four, the concentration of the aqua
ion is negligible.'"*

The metal ion weakens the OH bond of a water molecule making the deprotonation step
possible."'* Sodium is a very weak acid and almost has no discernable hydrolysis while larger
cations like calcium and lead are not normally classed as acids due to their large pK, values.
Hydrolysis can be suppressed by making the solution acidic such as adding nitric acid.'"
Hydrolysis tends to increase as pH rises (increased basicity) and can lead to the precipitation of a
hydroxide compound. Nonetheless, hydrolysis can play a factor in the ion exchange process, but

its influence is determined by the cationic species present.
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Complexes

When molecular species are dissolved in water, other species or complexes can form
besides hydrolysis. The species can partially dissolve leading to a multitude of complexes if the
molecule is comprised of many atoms. When dissolving HgCl, into water, the most likely
mercury species formed are: Hg”', Hg,™", Hg’, HgCl", HgCl,, HgCls", HgCl,>, HgCIOH,
,Hg(OH),, and HgOH".'"> Complexation of mercury species can be controlled by varying the pH

or by introducing a stabilizing matrix or buffer.''®

Molecular Interactions and Anions

Molecular interactions between multiple dissolved species will affect the physical
properties of the solution in much the same ways as changing the temperature does. While no
general trend is followed for dissolving multiple species in solution, the presence of other species
should reduce the maximum of each species being dissolved. This is extremely important to note
when dealing with ionic salts that have low or even moderate solubilities in water. Silver
chloride has a rather low solubility when it is dissolved as a single species in water. One would
then expect its solubility to decrease even more with the presence of other dissolving salts with
like anions.

The anion in solution can also play a crucial role in determining the solubility and other
important factors when investigating ion exchange. Multiple anions can drastically affect the
solubility of dissolved ionic species and in certain cases can make an otherwise soluble species

precipitate from solution when introduced to the presence of another anion in solution.

Adsorption

Adsorption is adhesion of a species to the surface of another. The adsorbent, or solid
phase, has a thin layer or film of the adsorbate species attracted to its surface. Desorption is the
reversal of this process. Adsorption occurs due to a thermodynamic surface energy difference
between the adsorbent and adsorbate species. Atoms attracted to the adsorbent surface can also
attract other adsorbate species resulting in multilayer adsorption. Adsorbed species can facilitate
or then undergo chemical reaction while adsorbed to the surface of an adsorbent. Generally
speaking, the surface area of an adsorbent is determined by its structure. Typically, the more
porous the structure, the greater the surface area will be. Large surface areas have a large

influence on the reactivity of the surface. Since reactivity and adsorption rates between
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chemicals can vary, adsorption can be used to separate certain chemical species or functional

groups or chemical sensing/detection.

Chemical Warfare Agents and Simulants
Chemical warfare agents (CW As) are very toxic substances to humans. They can cause
serious injury or death at very low concentrations and with short exposure times. These
materials can attack the skin, mucous membranes, the nervous system, or the respiratory system.
Chemical warfare simulants are chemicals that have similar molecular sizes and functional

groups but lack or have reduced toxicity.

Ethanol

Ethanol is a straight chain alcohol. Its chemical formula is CH;CH,OH. Ethanol has an
estimated molecular volume of 71.8 A®. It can be toxic to humans when ingested or inhaled.""”
It can have both long and short-term effects on humans. Ethanol can affect the human nervous
system, metabolism, can cause birth defects, and can intensify the effects other drugs and
chemicals have on the body.'"’
Ethanol is considered a chemical warfare simulant according to the United States Army

and has a single functional group and small molecular size compared to other listed warfare

agents. Its smaller molecular size will allow for sorption into smaller pore zeolites.

2-Chloroethyl Ethyl Sulfide

2-Chloroethyl Ethyl Sulfide is a compound similar to sulfur mustard gas. It is commonly
referred to as 2-CEES. The chemical formula is CH,CICH,SCH,CHs;. 2-CEES has an estimated
molecular volume of 143 A®. It is a flammable liquid and vapor; it is a slightly yellow, clear
liquid. 2-CEES is a vesicant or blister agent. This means that it causes skin and respiratory tract

irritation and blistering.''® '’

The compound can also cause central nervous system depression,
pulmonary edema, and cyanosis of the extremities.'*’

2-CEES is also called half mustard due to the only difference between sulfur mustard and
itself is the loss of one chloride at its opposing end. Sulfur mustard has two chlorides, one at
each end, whereas 2-CEES has only one chloride.'"” Since there is a limited difference between
the two compounds, the size, physical, and chemical properties should be nearly identical. The

diffusion properties into the pores of microporous and mesoporous materials are likely to be the
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same as sulfur mustard. This would mean 2-CEES will be well-suited to appropriately model the

adsorbant properties of sulfur mustard while remaining more safely to handle.

Dimethyl methanephosphonate
Dimethyl methanephosphonate (DMMP) is a colorless liquid with chemical formula
CH3PO(OCH3;),. DMMP has an estimated molecular volume of 133 A’. It has a distinct odor
and it can be used a flame retardant.'?' In contact with water it slowly undergoes hydrolysis.'*!
Dimethyl methanephosphonate is harmful if inhaled, swallowed or absorbed through the

. 122,123
skin. ™

It is used in the synthesis of sarin nerve gas and is a simulant of sarin nerve gas. It has
a centrally-located phosphonate group and is considered a chemical warfare simulant according
to the United States Army and Marine Corps. DMMP should mimic sorption characteristics of

sarin nerve gas.

n-Butanethiol

Butanethiol is a volatile, clear to yellowish liquid with a foul odor.'** The human nose
can easily detect it in the air at concentrations as low as 10 parts per billion.'* The molecular
formula is C4HoSH. N-Butanethiol has an estimated molecular volume of 131 A>. Butanethiol is

124 Butanethiol is used as an

a thiol of low molecular weight, and it is highly flammable.
industrial solvent and as an odorant in natural gas.
Butanethiol is a very noxious and caustic chemical compound, and at sufficiently high
concentrations, it produces serious health effects in both humans and animals, especially as a
result of prolonged exposure.'** Sufficiently high concentrations of the foul-smelling, volatile
substance causes eye irritation, headaches, nausea and vomiting, dizziness, and irritation of the
respiratory tract.'”> Even higher concentrations can lead to unconsciousness and coma after
prolonged exposure. Contact with the skin and mucous membranes causes burns, and contact

125 1t is not considered a chemical

with the eyes can lead to blurred vision or complete blindness.
warfare simulant by the United States military but has similar size and functional groups to 2-

CEES to investigate the different adsorption properties between the two species.

Detection Methods
With the presence of many chemical warfare agents, many methods and devices have

been developed to detect, capture, or destroy the substances to save human lives. The United
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States military has a variety of detection methods that will allow for identification of the target
compound or compounds so proper safety precautions can be implemented. The following
sections describes the most commonly used devices to identify CWAs. These methods all have
certain features that are advantageous, but have disadvantages to their use as well. The
development of a new technique or device that has as few or no disadvantages to its use would

clearly be preferred.

M-256 Detection Kit

The M-256 setup utilizes a variety of wet chemistries, each specific for a class of agent.
These different tests are grouped together on a detector card and one simply breaks a series of
vials to detect the presence of the agent vapor.'*® Detection works within 15 minutes for blood,
nerve, or blister agents.'*® '*" This device requires a 10 minute period for exposure to vapors and
five minute analysis. After testing is complete, the spots are compared to positive and negative
examples printed on cards and vapor-sampler body for operator comparison.'*® The setup is
primarily used only in military situations and is used within close proximity to a known chemical
attack to determine if chemical levels are sufficiently low for unmasked troops to enter. The
device is portable and is considered the one of the most sensitive devices currently employed by
the U.S. military.'*®

This setup requires a significant amount of background knowledge for the user to identify
the substance. An educated guess must be made as to what type of agent is most likely present
leading to specific choices in further experimentation.128 This can lead to human error. The

device can also produce false positives but has yet to produce a known false negative.'?®

Detection paper
Detection paper enables the detection of a droplet of CWA, and the detection limit is said
to be in the pg cm ~ level. Detection paper is used for military defense and in chemical terrorism

12931 This technique is the least expensive and most simplistic way to

countermeasures.
determine the presence of a CWA."*® The paper contains two dyes and a pH indicator which are
integrated in to the cellulose fibers of the paper. When a drop of the CWA is presented onto the

129-131

paper, a color change occurs. It can detect blister and nerve agents and can distinguish

between specific nerve agents due to changes in its pH indicator as well.
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The paper does lack some specificity in that it cannot distinguish between all types of
CWAs."*® Common household chemicals can result in color changes as well resulting in a high
number of occurrences of false positives. The US military uses this device in conjunction with

other techniques to increase reliability of results.'*

Gas detection tube
A gas detection tube enables the detection of CWA vapors using the respective gas-
specific tubes, and the detection limit is said to be lower than mg m ™ level. It is used for military

.. 131, 132
and civil defense.””"

The colorimetric tubes monitor one substance per tube and detect CWAs
in gas or vapor form."*"'** The tubes have a sorbent material that has had a reagent solution
applied to the sorbent. The end of the glass tube is broken off and the sample is pumped into the
glass chamber. Upon detection of the CWA, the sorbent changes color.

The device is primarily used for qualitative detection of CWAs. The color change
response usually occurs within a few minutes but is dependent upon the flow rate of the sample
through the chamber as well as the concentration of the CWA.'** The tubes are single use tubes

and are designed to detect one CWA per tube.'*’

This can result in the use of up to 160 tubes per
analysis or require some prior knowledge about what CWA is most likely present in order to
avoid false negative readings. The device does work well under a broad range of temperatures

and is not affected by humidity in reporting results.'**

Flame photometric detector

Flame photometric detectors (FPD) are an atomic spectroscopy technique based upon
light emission properties. The device works by pumping air into a reaction chamber and then
burning the sample in a hydrogen-rich flame.'*> The substances present will produce light of

- 136 130, 132
specific wavelengths. e

This produces a characteristic emission spectrum of the sample.
133137 An optical filter in the device allows certain wavelengths to pass through and a
photodetector produces a signal. Since elements produce characteristic wavelengths, detection
of specific elements can be achieved.'?> 3> 13

These devices work well for detecting blister agents (vesicants) and nerve agents due to
the typically low concentration of organosulfur and organophosphorus containing compounds in
the atmosphere and can detect them simultaneously.'*> '*° The device works within seconds or

near real-time due to the continual flow of sample being pumped into the reaction chamber.'*®
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Also, the device produces no toxic waste, since the sample is destroyed under a hydrogen
flame."*® The device suffers no memory effects and samples do not need to be prepared for
analysis.'*°

The major shortcoming of FPDs is that they only work well for detecting sulfur and
phosphorus-containing CWAs."”” Many CWAs have functional groups that do not contain these
elements making the device useless under these circumstances. The device can also produce
false positives since the FPD detects for only sulfur and phosphorus. Nontoxic compounds can
contain these elements but the device would not be able to distinguish between nontoxic and
CWAs."” The use of a gas chromatograph (GC) can improve the selectivity of the device but
makes analysis much longer, more expensive, and reduces overall portability of the collective

135
system.

Ilon mobility spectrometer

Ion mobility spectrometer (IMS) is a device that analyses ions based upon their mass,

136, 139-142

charge, and mobility. IMS is able to quantitatively detect and identify a CWA vapor

and their degradation products. The device draws in a sample under clean, dry air."*®'#

Membranes and molecular sieves are used to remove moisture/humidity upon sample entry while
allowing for the CWA to pass through.'*® Once the sample reaches the analysis chamber, the
chemical is ionized under atmospheric conditions. Various ionization sources can be used,
however, most commonly -emitters such as Ni-63 are selected due to low noise production,
high stability, lack of power requirements, and safe operation in explosive environments.'** '**
141 1% The high energy beta particles react with nitrogen and oxygen in the ionization chamber
creating reactant ionic species.'*® The reactant ionic species interact with the sample making
product ions for detection. Reagent ions or dopants may be added to the dry air flow to increase

136, 142

the selectivity of the device. Dopants reduce the formation of ions from some species that

would interfere with the detection process while still allowing the CWAs to ionize."*® The

created ions then pass through an electric field drift tube where they are separated based upon

their mobility."* At the end of the drift tube is a collector that detects the ions as a current.'**

136143 1 arger ions take longer to pass through the drift tube since they will collide more

frequently with other species in the tube. The resulting spectrum shows the relative intensity of

the ionic species indicating the concentration of the CWA. "> 14
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The IMS device is simple and sensitive.'* They also provide results very quickly and the
devices are considered portable and inexpensive.'*®'* The device uses few moving parts and
have limited power requirements.'*°

The device does have some disadvantages. The device must calibrated once turned on
clearly increasing setup time and require some foreknowledge of likely species CWAs present.'*
Since clean, dry air is required in the sample chamber, the use of membranes and molecular
sieves can reduce the sensitivity of the device too."*® Also, the device may exhibit peak
interferences from compounds that are not of interest, that is a false positive.'* Short drift tubes
may also exhibit peak overlap producing incoherent results or require the use of other peaks in
order to determine species present.”*® '*® While the detectors work well at low concentrations,
they can become saturated if the concentrations are too high.'*® This may contaminate the device
for future use.'** Finally, temperature, pressure, and humidity can affect the performance of the

device resulting in peak shift and the formation of hydrated ionic species.*® '**

Surface acoustic wavelength detector

Chemical detectors based on surfa