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ABSTRACT
Synthesis and Characterization of Quaternary Metal Chalcogenide Aerogels
for Gas Separation and Volatile Hydrocarbon Adsorption
Fatimah Edhaim

In this dissertation, the metathesis route of metal chalcogenide aerogel synthesis was
expanded by conducting systematic studies between polysulfide building blocks and the
1st-row transition metal linkers. Resulting materials were screened as sorbents for
selective gas separation and volatile organic compounds adsorption. They showed
preferential adsorption of polarizable gases (CO2) and organic compounds (toluene). Ion
exchange and heavy metal remediation properties have also been demonstrated.
The effect of the presence of different counter-ion within chalcogel frameworks on the
adsorption capacity of the chalcogels was studied on AFe3Zn3S17 (A= K, Na, and Rb)
chalcogels. The highest adsorption capacity toward hydrocarbons and gases was
observed on Rb based chalcogels.
Adopting a new building block [BiTe3]3- with the 1st-row transition metal ions results in
the formation of three high BET surface area chalcogels, KCrBiTe3, KZnBiTe3, and
KFeBiTe3. The resulting chalcogels showed preferential adsorption of toluene vapor, and
remarkable selectivity of CO2, indicating the potential future use of chalcogels in
adsorption-based gas or hydrocarbon separation processes.
The synthesis and characterization of the rare earth chalcogels NaYSnS4, NaGdSnS4, and
NaTbSnS4 are also reported. Rare earth metal ions react with the thiostannate clusters
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in formamide solution forming extended polymeric networks by gelation. Obtained
chalcogels have high BET surface areas, and showed notable adsorption capacity toward
CO2 and toluene vapor. These chalcogels have also been engaged in the absorption of
different organic molecules. The results reveal the ability of the chalcogels to distinguish
among organic molecules on their electronic structures; hence, they could be used as
sensors.
Furthermore, the synthesis of metal chalcogenide aerogels Co0.5Sb0.33MoS4 and
Co0.5Y0.33MoS4 by the sol-gel method is reported. In this system, the building blocks
[MoS4]2- chelated with Co2+ and (Sb3+) or (Y3+) salts in nonaqueous solvents forming
amorphous networks with gel properties. The chalcogels obtained after supercritical
drying have high BET surface areas. These chalcogels showed higher adsorption capacity
of toluene vapor over cyclohexane vapor and high selectivity of CO2 over CH4 or H2. The
uptake capacity and selectivity of toluene and CO2 adsorption of Co0.5Sb0.33MoS4 were
significantly enhanced by the post-synthetic modifications of various metal species like
Ni2+, Li+, and Mg2+.
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1.1

Introduction

Air pollution is nowadays one of the most significant concerns of governments,
environmental organizations, and industry alike. While air quality has been affected by
human activities since the very beginning of humankind, the era of industrialization has
caused a deeper impact than ever before.1 Among the wide variety of substances
released to the environment, the main air pollutants are commonly classified regarding
their chemical nature into particulate matter (PM), nitrogen oxides (NOx), volatile
organic compounds (VOCs), sulfur oxides (SOx), and carbon oxides (CO2 and CO).1, 2 Even
though all of these gases are of high environmental relevance, the latter one is a
primary concern for the chemical industry since industrial processes are currently the
main contributors of hazardous VOCs released to the environment.3, 4 The extensive use
and production of VOCs represent high emissions, making its minimization a significant
environmental challenge.
Volatile organic compounds can be defined as any organic compound whose partial
pressure at standard condition is greater than 0.07 kPa and presents an atmospheric
boiling point of up to 260 °C.3 A definition provided by the United States Environmental
Protection Agency (USEPA) describes VOCs as any carbon compound that participate in
a photochemical reaction.4 The purpose of such definition is to exclude compounds with
low reactivity like CO and CO2, which may require an individual classification, while
including almost every compound with less than 12 carbon atoms in its structure. In this
way, the definition includes a vast number of hydrocarbons whose reactivity is likely to
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impact negatively on the environment thus being considered hazardous air pollutants
(HAP). Due to the vast categories of compounds included in the definition of VOCs,
various classifications have been proposed. Some authors classified them as
hydrocarbons and compounds,4 where the former refers to all substances formed only
by carbon and hydrogen atoms and the latter to those with other functional groups in
their structure. In other publications, they have also been classified regarding their
functional groups as halogenated hydrocarbons, aromatic compounds, alcohols and
ketones.5
Since VOCs involve a large variety of substances, their influences on the environments
are diverse as well. While there is controversy on the effect of some specific organic
compounds on the environment,4 it is accepted that these contaminants affect
negatively on the human and animal health, harm crops, vegetation, and forests, and
damage the structure of buildings.1-3 Furthermore, air pollutants can be easily
transported into other physical media, contaminating water streams and soil.1, 2, 4
One of the main reasons why the emission of volatile organic compounds is of serious
concern is their reactivity with other substances in the atmosphere. It is known that
powered by sunlight; VOCs react photochemically with nitrous oxides (NOx) in the
atmosphere producing smog with high contents of ozone (O3) and other photochemical
oxidants.2-4 At a tropospheric level, O3 is a poison, with a deleterious effect on human
health, attacking mainly the respiratory system2 and it is suspected that its
concentration level in the lower atmosphere has recently improved because of
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increased VOCs emissions.6 Ozone has a threshold for odor detection of 0.01-0.05 ppm
for most individuals and causes headaches and throat dryness at concentrations of 0.1-1
ppm.4 Moreover, it affects all sorts of animal tissue, damages vegetation and is capable
of killing trees and crops.2 For these reasons, current ozone regulations are concerned
both with the levels of ozone and ozone precursor hydrocarbons in the atmosphere.7
On the other hand, ozone in the stratosphere forms a layer that provides a protective
character from the ultraviolet (UV) solar radiation.1-4 It has been proposed that some
volatile organic compounds decompose at stratospheric levels and act as catalysts in the
degradation of stratospheric ozone molecules into regular O2.1, 4 It is worth mentioning
that O2 molecules do not provide any protection from solar radiation, and as a
consequence, the protective character of the ozone layer is reduced. This generates a
high risk of skin cancer and other degenerative and mutagenic diseases in flora and
fauna because UV radiation is capable of altering the genetic structure of living cells.1
Having exposed the impact of VOCs emission, it is important to mention that it
represents a global problem, affecting cities all around the world.7, 8 Since air pollutants
are easily transported, they are not localized only in the surrounding of the industrial
sites, but covering extensive areas.9
The production and use of VOCs are expected to continue because of their importance
in many industrial processes. They are widely used as cleaners, solvents, thinners,
lubricants, fuels and degreasers.2 One of the biggest problems of VOCs is that, due to
their volatile nature, they mix very easily with air, producing losses wherever their use is

31
untended. It is known that a considerable percentage of VOCs released are fugitive
emissions caused during their transportation or use.3, 10
VOCs emissions are not, however, associated only with their use. They are also
undesired byproducts in oil refining processes,11 wastewater treatment plants and
landfills.12
One of the main reasons why the present study focuses on adsorption of organic
compounds is that adsorption technologies may not only prevent their emission to the
atmosphere but also allow their recuperation for reuse.13 In this way, the processes
overall efficiency is improved, with economic advantages. Additionally, VOCs adsorption
may be a good alternative to accomplish environmental standard in all sorts of air
contaminating processes.4
Figure 1.1 presents the emissions of VOCs in some countries during 2012 -2014. Canada
has the largest emissions of VOCs per capita due to its strong hydrocarbon industry
comparing to the other countries such as Germany, France, and Japan.
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Figure 1.1 VOCs emissions by country (Kg/ capita) (Source: OECD)
1.2

Strategies for the Effective Separation and Removal of VOCs

Different techniques have been improved to regulate VOCs emissions. These methods
are mainly divided into two distinct groups: (1) modification of process equipment used
for separation methods (2) add-on control systems. The first strategy can be achieved by
changing the raw materials, equipment, and the process while the second method
requires a delicate control to manage VOCs vapor emissions. Although the first
procedure is the most effective approach, it is too difficult to modify or change the
equipment. Therefore, the second technique is the most practical method and involves
removal and recovery of VOCs.10 Current methods used for control VOCs emissions are
showing in the diagram in Figure 1.2.
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Figure 1.2 Tree diagram showing current methods used to control volatile hydrocarbon
emissions.
Among these procedures, adsorption using porous materials such as zeolite,14,
Metal Organic Frameworks (MOFs),17,

18

15, 16

activated carbon,19 and metal chalcogenide

aerogels20-22 is the most efficient method to deal with the volatile organic compounds.
Based on the strength of the interactions between adsorbents and adsorbates,
adsorption processes are categorized into two groups, chemical, and physical
adsorption. The chemical adsorption or chemisorption associated with considerable
interaction potentials leading to strong chemical bonds. Therefore, it is called
irreversible adsorption process.23 In contrast, the physical adsorption, which is also
known as physisorption or reversible adsorption, occurs whenever adsorbate molecules
are held on the adsorbent surfaces by weak Van der Waals forces.23 This method is
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more suitable for separation techniques because it associates with a low heat of
adsorption. Therefore, the adsorption equilibrium is rapidly reached (no activation
energy is required).23 Physisorption process is also divided into two types based on the
operation system, Pressure Swing Adsorption (PSA) and Thermal Swing Adsorption
(TSA). The PSA is the more desired approach for the adsorption-based separation and
purification techniques using porous materials than the TSA because the TSA is energy
intensive and requires a considerable amount of water during cooling and heating
processes.23
1.2.1 Adsorption on Porous Materials and Aerogels
Most of the porous media such as zeolites, activated carbon, Metal Organic Frameworks
(MOFs), and ordered mesoporous materials have been investigated in the context of
purification and separation of hydrocarbon molecules.15, 19, 18 Among these materials,
only granulated activated carbon (GAC) is commercially available.19 Although the
activated carbons are proper materials for these applications,24 they have some
drawbacks, which increase the demand for alternatives. For example, they require
special handling as they are flammable and easily absorb the moisture. They are also
difficult to be regenerated.25-31 Therefore, it is essential for developing new adsorbents
to replace the activated carbon.
Recently, an exceptional case of porous material containing a random distribution of
macro, micro- and mesopores namely aerogel has been studied for efficient use of
selective hydrocarbon or gas separation or purification.20-22 These investigations
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revealed the ability and efficiency of aerogel materials in removing contamination and
pollution from the environment.
Several studies have been conducted to compare between aerogels and activated
carbon.32-34 The results revealed that aerogels show better performance for adsorption
of non-polar and polar solvents such as benzene, toluene, acetone, and formaldehyde
than activated carbons. Aerogels also can adsorb other gases such as H2S, NOx, and SO2.
Furthermore, desorption process exhibits 25 % faster on the aerogel surfaces than
carbons, which reduces the solvent recovery cost. While activated carbons require
humidity control during VOCs adsorption, the adsorption process of VOCs on the
aerogels is not adversely affected by the moister. Therefore, there is no need for
heating the VOCs prior adsorption processes by aerogels. Unlike activated carbons,
where costly inert gases are used for desorption process of VOCs, desorption of VOCs
from aerogel materials can be achieved using warm air. In this case, the solvent is
separated from the air stream using cryogenic or condenser units. Using inert steam can
lead to a complicating separation process of recovering solvent from condensing water,
contaminate the separating water, which may require further complicated processes
before disposal or reuse, possible changing of the chemical composition of the
recovering solvent, and forming organic acids which could destroy the recovery
equipment units.
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1.2.1.1 Factors Affecting Adsorption of Gases by Porous Materials
1.2.1.1.1

Nature of Adsorbents’ Surface Areas

The adsorbate amount depends on the surface areas of porous materials. For example,
adsorbents with high surface areas exhibit large adsorption capacity toward adsorbate
vapor. The particle size of powder materials also affect the surface areas and hence the
adsorption properties. Small particle size results in high surface areas.
1.2.1.1.2

Nature of the Gas Being Adsorbed

In general, gases with high critical temperature (can be simply liquefied), e.g., SO2, NH3,
CO2, etc. are more significantly adsorbed than the elemental gases, e.g., He, N2, O2, H2,
etc.
1.2.1.1.3

Temperature

Adsorption processes are exothermic reactions. Therefore, according to Le-chatlier’s
principle, the adsorption magnitude increases with decreasing the reaction
temperature. This principle can be correctly employed on physisorption processes
because Van der Waals forces are high at low temperatures. However, in the
chemisorption processes, the adsorption firstly increases until a specific temperature
and then decreases.
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The correlation between the temperature and the amount of adsorption at the given
pressure is called an adsorption isobar. A physisorption isobar reveals that as the
temperature increases, x/m (where x is the mass of the adsorbate and m is the mass of
the adsorbent) decreases. The chemical isobar indicates an improvement in x/m at the
beginning of the isobar and then declines as the temperature rises.
1.2.1.1.4

Pressure

The relationship between the degree of adsorption (x/m) and the gas pressure (P) at a
given temperature is called adsorption isotherm. As the physisorption processes are
reversible and depend on the pressure of the adsorbates, it is expected that more
amount of gases be adsorbed at low temperature and high pressure. However,
decreasing the pressure leads to release of the adsorbed gas. This process is called
desorption. At high pressure (closer to the saturation vapor pressure, Ps, of the gas), the
adsorption directs to reach the maximum value.
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1.2.1.1.5

Activation of the Solid Adsorbent

Activation of the surface area of adsorbents is an essential step to enhance their
adsorption power. This can be done through different ways as follows:
a) By Increasing the Roughness of the Surface of the Adsorbents:
This step can be achieved through different ways: (1) rubbing solid materials
mechanically, (2) chemical way, or (3) depositing metals on the solid surface using
electroplating.
b) By Dividing the Adsorbent into Small Particles:
Although this technique improves the surface area, it has to be controlled because if the
adsorbents are divided into very fine pieces or grain into powder, the diffusion of the
vapor becomes challenging and the adsorption will be obstructed.

39
c) By Removing the Adsorbed Gases:
This step can be achieved by heating porous materials in a vacuum or superheated
steam at a temperature lower than their decomposition temperature.
1.2.2 Factors Affecting the Adsorption Properties of Chalcogels
Porous materials typically separate gas mixtures by one of the following procedures:35, 36
(1) The molecular sieving effect in which the shape or size of the pores prevent some
gas molecules from entering an adsorbent’s pores whereas other components are
permitted to access the pores and become adsorbed. (2) The thermodynamic
equilibrium effect. Because of the different packing interactions between adsorbates
and the adsorbents, certain molecules are preferentially adsorbed. (3) The kinetic effect;
in which diffusion rates control the speed of adsorption process. In this case, certain
components are adsorbed directly as they enter the pores. (4) Quantum sieving effect;
the differences of diffusion rates of some light molecules inside narrow pores leads to
separate molecules from a gas mixture.
Although the pore shape and size of adsorbents are the essential characters in defining
the selective adsorption of some porous materials such as zeolites, MOFs, and
molecular sieves, the adsorption properties of metal chalcogenide aerogels (chalcogels)
mainly depend on the nature of the guest-surface interactions, which typically occurs
due to the dispersion force. Therefore, polarity, quadrupole moment, and the surface
properties of the pores represent an essential part of the selective adsorption of the
chalcogles.
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1.2.2.1 London Dispersion/ Repulsion Force
It has been recognized that the main force contributes to the adsorption properties in
the chalcogels is London dispersion force between the molecules; it is also called
intermolecular or attractive forces.20, 37, 38 This force is very weak compares to intramolecular forces, which occur within the molecule itself. The London dispersion force is
developed by uneven electrons. As the electrons are distributed unevenly, they create a
temporary dipole. In this case, molecules will have a positive and negative charge. The
London dispersion force increases with the contact area between the molecules and
with the polarizability, which depends on the molecular size. Generally, the more
electrons we have, the higher the dispersion forces. The presence of π bonding in the
adsorptive molecules also enhances the London forces.
It is well known that any atom or molecule has a surrounding electron cloud, which is
roughly spherical. In our system, once the adsorptive vapor is introduced to the
chalcogels under a certain pressure, the molecules will be close enough to the
polarizable surface of the chalcogels. Thus, the electron cloud of the adsorptive
molecules is repelled by the electron cloud of neighboring chalcogel frameworks leading
to charge rearrangements and thus cause temporary dipoles. Subsequently, the partial
positive charge of the adsorptive atoms will be attracted to the opposite partial charges
of the chalcogels. Thus, specific interactions, weak interaction based on Van der Waals
force, namely London Force, will occur between the polarizable molecules and the
chalcogel surface.20,

21, 38

These forces are very weak over very short distances.
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Therefore, as the pressure is released, the adsorptive molecules become free and leave
the aerogel system.

1.2.2.2 Pearson’s Hard/Soft Acid-Base (HSAB) Principle
The adsorption properties and selective susceptibility of chalcogels can be enhanced by
Person’s Hard/Soft Acid-Base (HSAB) principle. This principle describes ligands and
cations as electron pair accepting (Lewis acids) and electron pair donating (Lewis bases).
Pearson’s law classified the Lewis bases and acids as soft or hard. So, a hard Lewis acid
attracts a hard Lewis base. Contrary, a soft Lewis acid prefers to bind to a soft Lewis
base. Person described a broad range of ions, atoms, molecular ions, and molecules as
hard or soft Lewis bases or acids using a special parameter called chemical hardness.39
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It has been confirmed that the Pearson’s principle can be applied on the chalcogels.40-42
The strong affinity of the chalcogen atoms on the chalcogel’s surfaces for heavy and soft
metal ions like Hg2+ over the transition metal ions could be the major factor for the
effective removal of heavy metals from aqueous solutions. Chalcogen atoms have a
hardness of 4.14 (S), 3.86 (Se) and 3.52 (Te) and electronegativity values between 2.5-3
so that they are classified as soft Lewis bases. In contrast, Heavy metal ions like Hg2+
have a chemical hardness of 7.7 and fall in the soft Lewis acid category.
1.2.2.3 Effect of Alkali Metals
It has been recognized that the alkali metals are favored adsorption sites, especially for
polar and polarizable molecules. Such species induce electrostatic interactions on the
polarizable surfaces of the chalcogels. Therefore, the adsorption properties and
selectivity of chalcogels are significantly affected by the interaction between the
electrical field, which is induced by alkali metals, and adsorbates. Furthermore, these
alkali metal species are not ideally located in the pores. Hence, they can create dipoles
inside the cavity walls and enhance the adsorption behavior of chalcogels.
The size of the alkali metals also plays an important role in the chalcogel adsorption. The
heavier alkali metal atoms have more electrons and create a stronger electrostatic field
enhancing the Van der Waals interaction.
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1.2.3 Discovery and History of the First Aerogel (Silica Gel)
Samuel S. Kistler realized an important aspect of aerogel formation when he proposed
that a dried gel could have a similar size and shape of the wet gel if the solvent were
removed from the wet gel without damaging the pore structure. Therefore, Kistler
speculated that drying gels in the air leads to a vapor-liquid interface, which exerts a
high surface tension force on the pore surface and collapses the solid frameworks. In
contrast, he deduced that drying materials using the supercritical drying technique
would reduce the surface tension and hence preserve the pore networks.43
Kistler synthesized the first silica gel by mixing an aqueous solution of sodium silicate
with hydrochloric acid according to Equation 1.1. At the first attempt, he dried the
material using supercritical drying with water, but he failed to produce the aerogel
because the silica dissolved in water under its critical point. Kistler then synthesized the
silica gel again, but before drying step, several cycles of washing by water was
completed to remove NaCl salts that had formed, followed by solvent exchanged of
water by alcohol. Transferring the wet gel to a supercritical point drying with CO2
allowed Kistler to obtain the first aerogels.
Na2SiO3 + 2HCl

H2O

[SiO 2.xH 2O] + 2NaCl

Equation 1.1 Synthesis of the first silica gel by Kistler
After the successful production of the SiO2 aerogel, Kistler’s group adopted the same
synthetic method to make aerogels with aluminum oxide, tin oxide, thorium oxide, iron
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oxide, tungsten oxide, cellulose, cellulose nitrate, and gelatin.44 Despite the fact that
silica and other metal oxide aerogels displayed large surface areas and unique
properties, the prolonged process of aerogel synthesis prevents their industrial
application.
In the 1960s, Teichner simplified the sol-gel procedure by replacing the aqueous
solution of silicate used by Kistler with tetramethyorthosilicate (TMOS) dissolved in
methanol. He found that using this method allowed using supercritical drying directly
without the solvent exchange step. This process dramatically shortens the time for
synthesis the silica aerogel by elimination two major problems of Kistler's approach, the
water- alcohol exchange, and NaCl salts.45
Since then, arrays of metal oxide aerogels like Fe2O3, V2O5, Cr2O3, Nb2O5, MoO2, TiO2,
TiO2/SiO2, Al2O3, ZrO2, Cr2O3, have been synthesized and used in different applications
such as lithium batteries cathodes, electrocatalysis, isomerization.44
1.3

Metal Chalcogenide Aerogels

The breakthrough of the metal oxide aerogels production opened the stage for
producing more aerogels with different building blocks inorganic/ organic hybrids, and
carbon. The chemical and photochemical properties of the chalcogen elements (i.e., S,
Se, or Te), compared with oxygen, sparked the interest of many researchers to
synthesize metal chalcogenide aerogels. The presence of metal chalcogenide within
aerogel structures is best appreciated in different applications like gas separation,
sensing, and remediation of heavy metals. However, preparation metal chalcogenide
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aerogels using the same method as the metal oxides results in oxidation of the materials
during the hydrolysis step, which is the primary step for the production of metal oxide
aerogels.41 Therefore, different approaches have been developed to synthesize the
metal chalcogenide aerogels (1) thiolysis route;46,
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(2) nanoparticles condensation

method;48, 49 and (3) metathesis reaction between metal chalcogenide building blocks
and linking cations.50
1.3.1 Thiolysis Method
Thiolysis route has been applied to produce several binary metal sulfide aerogels like
LaSx,51 WSx,52 ZnS14,46,
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and GeSx.54,
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This procedure involves a reaction between

hydrogen sulfide and metal alkyl precursors, leading to an infinite chain of sulfur linked
metal. The morphology of the final product depends on the condensation step and the
reaction kinetics. Therefore, in the thiolysis route, either an aerogel or a precipitate of
metal sulfide can be obtained, Equation 1.2. However, this method is only applicable to
certain metal-chalcogenide systems due to the limited choice of precursors.
Furthermore, production of a toxic byproduct (H2S) makes this approach difficult to be
controlled.

Equation 1.2 Synthesis of metal chalcogenide aerogels using thiolysis route
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1.3.2 Nanoparticle Condensation Method
This route is an alternative approach to producing metal chalcogenide aerogels. In this
method, aerogel networks are formed through the condensation of discrete
nanoparticles of metal chalcogenides.
In 1997, Gacoin synthesized the first CdS gel using this approach. He found that the
addition of 4-fluorophenylthiolate into a concentrated solution of CdS nanoparticles
result in gel formation if it kept for a long time. He used H2O2 as an oxidant to remove
the excess thiolate groups from the gel surface.48, 49
In 2004, the CdS gel prepared by Gacoin was transformed into an aerogel by Brock, who
used the CO2 supercritical drying technique to dry the CdS wet gel. Since then, some
aerogels like CdSe, PbS, and ZnS were synthesized using this method.56, 57
This route requires a gentle control of the oxidant, which determines the fate of the
nanoparticles; if too many oxidants are present, precipitation will occur spontaneously
whereas a stable sol state of nanoparticles will remain without condensation if there are
not enough oxidants in the solution. As a result, gelation can be tricky without knowing
the critical amount of oxidant required to control the kinetics of nanoparticle
polymerization.
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Figure 1.3 Representing scheme of the nanoparticle condensation method.58
1.3.3 Metal-Chalcogenide Aerogels by Metathesis Route (Chalcogels)
In 2007, another route for metal chalcogenide aerogels (chalcogels) preparation was
reported by Kanatzidis.50 He found that the sol-gel reactions between soluble
chalcogenide Zintl clusters and transition metal cations lead to the formation of wet
gels, which can be converted to the corresponding aerogels by supercritical drying with
CO2.59 Previously, metathesis reactions were used with surfactant structures, which
serve as templates, to synthesize ordered mesoporous aerogels.60-62 However, removing
the surfactants from the aerogels by heating or washing results in the collapse of the
pore networks. In contrast, chalcogels synthesized by the sol-gel route yields disordered
aerogels with high pore volume and large pore distribution. This method allows using
various molecular chalcogenide units such as cubane clusters ([Fe4S4Cl4]2-),63 tetrahedral
clusters ([M4Q10]4-, [M2Q6]4-, [MQ4]4-) where (M = Sn, Mo, Ge/ Q = Se, S),40, 59, 64-66 polychalcogenide clusters ([Sx]2-)21, 65 as building blocks, and transition metal linkers such as
Pt2+, CO2+, Ni2+. However, by modifying chalcogenide anions and transition metal linkers,
a broad variety of novel porous materials or representatives of chalcogenide aerogels
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can be generated. Synthetic conditions such as selection of appropriate metal linkers,
suitable solvents, and the reaction temperature are a crucial key for the successful
formation of chalcogels from building blocks.50, 64, 66
Kanatzidis has reported two main approaches: main group chalcogenide clusters
connected with Pt2+ in aqueous solution and [MS4]2- (M = Mo, W) linked with Ni2+ or
Co2+ in formamide, Equation 1.3.50, 64, 66
(Me 4N)4[Ge 4S10 ] + 2K2PtCl4

Pt2[Ge 4S10 ] + 4KCl + 4 Me4NCl

(1)

(NH 4)2MoS4 + Ni(NO3)2.6H 2O

NiMoS4+ 2NH4NO3 + 6H2O

(2)

Equation 1.3 The main systems considered by Kanatzidis to produce metal chalcogenide
aerogels (chalcogels)
In this system, chalcogenide clusters bind to metal ions bridges forming gels. The
mechanism of gel formation is not well understood yet. However, one could speculate
that the multi-dentate nature of the chalcogenide clusters can form bonds with metal
ions in all space directions, and the slow ligand substitution kinetics of the metal salts
also combine to stabilize continuous random open networks.41 The schematic diagram
proposed for chalcogel formation using is shown in Figure 1.4.41
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Figure 1.4 Diagram showing gel and aerogel formation.41
1.4

Literature Review (Chalcogels and their Applications)

1.4.1 Chalcogels from Main Group Chalcogenide Building Blocks and Pt2+ Linkers (Pt
Based Chalcogels)
Bag et al. successfully synthesized the first metal chalcogenide aerogel (chalcogel). He
demonstrated that the self-assembly reaction between Pt2+ and main group zental
clusters like [MxQ2x+2]4- (M = Ge, Sn / Q = Se, S) in aqueous solution results in monolithic
wet gels with disordered pore structures, Figure 1.5. Various structural characterizations
such as small angle X-ray scattering, pair distribution function (PDF), powder X-ray
diffraction (PXRD) and infrared spectroscopy revealed that these chalcogels have
random non-periodic structures with locally, well-defined coordination between
building blocks.50 The chalcogels properties significantly depend on the nature of
chalcogenide building blocks. Bag et al. found that the platinum chalcogels observed the
visible and infrared light opposing to the conventional metal oxide aerogels, which
observed the UV light. The band gap of these chalcogels can vary from 0.2 eV for
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Pt2SnSe4 to 2.0 eV for Pt2[Ge4S10].50 The corresponding surface areas of the resulting
platinum aerogels range from 108 to 327 m2/g.50
The high surface areas and open Lewis basic pore structures reveal the ability of the
chalcogels for selective removal of the heavy metal ions from the aqueous solutions.
These phenomena are a good example of Hard Soft Acid Base (HSAB) theory where the
chalcogenide ions act as soft base attracting the soft acid ions (e.g., Hg2+). These data
reveal the ability of the chalcogels for aqueous heavy metal waste remediation.

Figure 1.5 (A) Suggested structure of the Pt2[Ge4S10] chalcogel. (B) Various Zintl clusters
(red balls = Se, S and teal balls = Sn, Ge) employed in chalcogel formation with Pt2+.
1.4.2 Non-Platinum-Based Aerogels
Several non-platinum-based chalcogels with main group chalcogenide clusters were
synthesized using the sol-gel method. For example, Bag et al. (2009) found that [MS4]2(M=Mo or W) building blocks and Ni2+ and/or Co2+ ions gave rise for a gel formation. He
demonstrated aerogels constructed from these building blocks and transition metal ions
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have amorphous nature with high surface areas (340–530 m2 /g) and have high
efficiency for Hg2+ removal.64 They also showed significant preference of CO2 over H2,
which can be attributed to the high and polarizable surface areas which facilitate the
interactions with guest molecules through dispersion force.67 This result suggests these
chalcogels could be useful for gas separation especially separation of CO2 from H2 during
the water gas shift reaction, Equation 1.4.

CO + H2O

CO2 + H2

Equation 1.4 Water gas shift reaction
The main aim of synthesis of this aerogel was to confirm the redox activity of
molybdenum sulfide clusters comparing with other main group building blocks. The
reduction of Mo was confirmed by XPS, IR and PDF analysis, which showed that the
reduction occurred from oxidation state 6+ in the precursor to 4+/5+ in the Co2+ or Ni2+
chalcogels. This result was also confirmed by the formation of polysulfide (nS2- à
Sn2- + ne-) (n = 2, 3 and 6).41 The redox property suggests Co(Ni)MoSx could be active
catalysts for hydrodesulfurization process (HDS). This study confirmed the unsupported
CoMo sulfide chalcogels exhibited good stability and showed twice HDS activity than the
conventional CoMo sulfide catalyst supported on Al2 O3.64
Bag et al. (2010)66 studied the effect of the polarizable surface on the gas selectivity. He
synthesized some chalcogels containing [MQ4]4-, [M2Q6]4-, and [MQ4]3- (M = Sn, Ge or Sb;
Q = S, Se) as building blocks and Sn or Sb/ Pt as linkers. He revealed that the high surface
polarizability is the inorganic framework, the high selectivity of gas separation.
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Therefore, the sulfide Chalcogel-Pt-1 (Pt2Ge4S10)6 exhibited lower selectivity (Co2/H2: 6
and C2H6/H2: 14) than selenide Chalcogel-PtSb-1 (PtSbGeSe) which have a selectivity of
10 toward Co2/H2 and 23 towards C2H6/H2.
Shafaei Fallah et al. (2011)65 investigated the adsorption properties of C2H6 and CO2 on
CoMo3S13 chalcogels, which was synthesized by metathesis reaction between Co(OAc)2
and (NH4)2[Mo3S13] in a mixture of formamide and water medium. She demonstrated
that the high surface area chalcogel (570 m2/g) could differentiate between different
molecules based on their polarizability. The dipole property of the [Mo3S13]2- building
block enhanced the selectivity of the chalcogels toward the polarizable gas molecules,
e.g., C2H6 and CO2. The calculated selectivity was 20-40 for CO2/H2.
Yuhas et al. (2011)63 synthesized new chalcogels to be used as solar fuel catalysts. The
chalcogels were constructed by self-assembly between (Ph4P)2[Fe4S4Cl4], which consider
as biomimetic redox active clusters necessary for catalysis, and Na4Sn2S6.14H2O clusters,
which replaced the terminal chloride ligand from iron chloride clusters with sulfur
atoms. During the reactions, he used light-harvesting photo-redox components,
tris(2,2ʹ-bipyridyl)ruthenium(II) (Ru(bpy)32+) required for solar energy conversion.
Benjamin et al. showed that chalcogels containing biomimetic redox active clusters
could facilitate electrochemical reductions of different substrates.
Polychronopoulou et al. (2012)68 prepared a series of chalcogels containing divalent
(Cd2+, Pd2+, Pb2+) and trivalent (Bi3+, Cr3+) metals with different pore textures for gas
separation. He found that the addition of a second metal linker improved the

53
interaction between the chalcogels and gases. The calculated CO2 /H2 selectivity was 70
for Co-Cr-MoS4 and 30 for Co-Pb-MoS4 chalcogels.
Shim et al. (2013)69 synthesized a tunable biomimetic chalcogels with [SnnS2n+2]4- (n =1,
2, 4) building blocks and Fe4S4 for solar fuel catalysis. He recognized using different
thiostannate building blocks does not affect the surface area of the resulting chalcogels.
Instead, the electron density of the clusters will vary and lead to various reduction
potentials. Changing the biomimetic chalcogels properties using the self-assembly route
is an important aspect of synthesizing suitable materials for electrochemical catalytic
processes such as solar energy.
Shim et al. (2014)70 modified the biomimetic chalcogels through the addition of third
redox-inactive metals like Pt2+, Co2+, Sn2+, Ni2+, and Zn2+. Introducing these metals into
chalcogels frameworks affects the space between redox-active [Fe4S4]2+ clusters and
hence the electronic density, which enhanced the conversion of light to hydrogen.
Recently, our group has applied the metathesis method to synthesize the chalcogel with
the aim of gas and volatile hydrocarbon separations. For example, Ahmed et al.21 found
iron polysulfide chalcogels, KFe3Co3S21, KFe3Y3S22 and KFe3Eu3S22, exhibited high surface
area of 558 m2g-, 461 m2g- and 573 m2g-, and high toluene adsorption capacity of 276,
119, 313, respectively. He optioned similar adsorption capacity (277 m2g- and 211 m2g-)
for KFeSbS3 with a surface area of 636 m2g- and for KFeAsS3, which has a surface area of
505 m2g-, respectively.20 The gas selectivity of the materials was determined by the ideal
adsorbed solution theory (IAST), and it was CO2/H2: 217 and CO2/CH4: 60 for KFeSbS3
and CO2/H2: 188 and CO2/CH4: 100 for KFeAsS3. In 2015, He observed a remarkable high
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adsorption capacity for toluene (9.31 mmol/g) over a high surface area chalcogel,
KFeSbTe3 (652 m2/g).22 The gas selectivity of this chalcogel was (CO2/H2: 121 and
CO2/CH4: 75), which is higher than zeolites and activated carbons.
1.5

Objectives of this Dissertation

This dissertation focuses on the syntheses, characterizations, and investigation of
potential applications of new families of chalcogels. All of the chalcogels present here
were synthesized using the sol-gel metathesis reaction in either formamide or
dimethylformamide solution. The general purposes of this work are to (1) synthesize
new porous materials that could contribute to reducing the CO2 and volatile organic
compounds emissions, (2) investigate the ability of the resulting materials to separate
different gases, and volatile organic compounds, (3) Explore the effect of post-synthetic
modifications of the chalcogels for effective removal of volatile organic compounds, and
(4) compare the resulting chalcogels with reported once.
1.6

Organization of this Dissertation

The remaining chapters of the dissertation cover the synthesis and characterization of
various metal chalcogenide aerogel families, which have expanded the aerogel class by
opening up new possibilities for observing new phenomena and achieving better results
in the adsorption-based separation process of volatile hydrocarbon and gases.
The second chapter focuses on the different methods and tools employed to reveal
physical, chemical, optical, and functional identities of metal chalcogenide aerogels.
These techniques provide useful insights in understanding the amorphous porous
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nature of metal chalcogenide materials.
In chapter three, a systematic study of metal chalcogenide aerogels containing the firstrow transition metals and K2S5 building blocks has been conducted. The results revealed
that only seven chalcogels out of this family could be synthesized. The synthesis,
characterization and possible applications, e.g., gas adsorption at 0 °C and -10 °C,
hydrocarbon adsorption at room temperature, ion exchange, and heavy metal removal
have been described. The resulting material exhibit high BET surface areas and broad
bore size distributions as estimated by N2 porosimetry. Our investigation confirmed that
the resulting chalcogels are capable for selective adsorption based separation of
hydrocarbons like toluene and cyclohexane, and gases like CO2, H2, and CH4. These
materials also exhibit reversible ion-exchange properties, confirming the flexibility of
the chalcogenide framework for a contraction−expansion process in response to the
exchange.
Chapter four focuses on the effect of the counter-ions (alkali metals) on the adsorption
properties of metal chalcogenide aerogels. In this section, we synthesized various
aerogels, which have the same chemical composition and differ in the counter-ions. Our
investigations revealed that the adsorption capacity of the chalcogenide aerogels
toward toluene and CO2 enhanced with increasing the radius of the counter-ions. The
most important property that determines the adsorption capacity of the chalcogels is
the polarizability, α. The dispersion interactions of given sorbate molecules with surface
atoms increase with the polarizability of those surface atoms. The value of α increases
with the molecular weight because more electrons are available for polarization, and
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hence more adsorption occurs.
Chapter five reports a systematic study of a new family of the metal chalcogenide
aerogels containing heavy chalcogenide building blocks [BiTe3]3- and different transition
metal ions. The results confirmed that only three chalcogenide aerogels with Cr, Zn or
Fe ions could be synthesized. Other transition metal ions formed precipitates due to the
rapid reactions with the chalcogenide clusters. In this study, we explored the adsorption
property of the resulting chalcogels, and we found that the targeted chalcogels
exhibited high selectivity and adsorption capacity toward toluene and CO2. We observed
that the polarizabilities of the sorbent and sorbate molecules play a significant role in
increasing the Van der Waals (dispersion) interactions, which is the key for the
adsorption property of the chalcogel system. Comparing to the other chalcogels
composed of lighter chalcogenide atoms (S, Se); the presence of heavier and softer
telluride clusters significantly enhances the adsorption capacity of the resulting
chalcogels.
Chapter six addresses the possibility of synthesis and characterization of a new class of
the metal chalcogenide aerogels. Chalcogels are typically synthesized using various
chalcogenide building blocks and transition metal linkers. In this chapter, however, we
constructed aerogels containing [SnS4]4- building blokes linked with the rare earth metal
ions, e.g., Y, Gd or Tb, instead of the transition metal ions. We also explored the effect
of the presence these metals on the adsorption properties of the materials. The results
revealed that the rare earth chalcogels possessed high BET surface areas and showed
preferential adsorption of polarizable gases and hydrocarbons. The adsorption capacity
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of these chalcogels toward toluene and CO2 selectivity are much higher than most
reported chalcogels, activated carbon, 13x-zeolite and silica gels. We also explored the
ability of the rare earth chalcogels to discriminate among different organic molecules,
e.g., Tetracyanoethylene (TCNE), Anthracene and Tetrathiafulvalene (TTF), by their
electronic structures. We noticed blending rare earth chalcogels with TCNE (electron
acceptor molecules) at room temperature causes a noticeable shift in the band gap;
approving these chalcogels to be candidates for some applications such as optical
devices and sensors.
Chapter seven tackles the synthesis and characterization of the aerogels composed of
[MoS4]2- building blocks, Co2+ linker and metal co-linkers (Sb3+ or Y3+). In this chapter, for
the first time, we enhanced the adsorption capacity of the chalcogels toward toluene
through the post-synthetic modifications of the chalcogels. CO2 adsorption capacity was
also improved after the modification of the materials. We added different metal salts,
e.g., alkali metal salt (LiCl), alkaline earth salt (Mg(NO3)2·6H2O) and transition metal
salt(Ni(NO3)2·6H2O) and we compared the effect of each salt in enhancing the
adsorption properties of the chalcogels. We found that the adsorption capacity of the
modified chalcogels is significantly improved comparing to the chalcogels as
synthesized. The higher adsorption capacity of CO2 and toluene vapor was found in the
following order: Ni@Co0.5Sb0.33MoS4 > Mg@Co0.5Sb0.33MoS4 > Li@Co0.5Sb0.33MoS4. The
higher charge density and smaller Ni species create a stronger electric field on the
framework surface than larger Li and Mg species, which leads to a strong binding force
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with quadrupolar CO2 molecules, and hence, more adsorption capacity.
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Chapter 2: Preparation and Characterization of Metal-Chalcogenide
Aerogels
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2.1 Introduction
Several advanced analytical techniques were used to characterize the resulting metal
chalcogenide aerogels (chalcogels). For example, transition electron microscope (TEM)
and scanning electron microscope (SEM) were used to show the amorphous nature of
the chalcogels in micron and nanostructure scale. Inductively coupled plasma
spectroscopy (ICP), energy dispersive X-ray spectroscopy (EDS) and CHN analysis were
used to find the elemental composition of chalcogels. Infrared, Raman, and UV-Vis were
also used to get information about the local structure and optical properties. Nitrogen
adsorption isotherms of chalcogels and Brunauer-Emmett-Teller (BET) models were
used to reveal the pore structure of chalcogels. Powder X-ray diffraction (PXRD) was
used to investigate the crystallinity of the chalcogels.
2.2 Supercritical Drying with CO2
Supercritical fluid dryer, A Tousimis Autosamdri-815B, was used to convert the wet gels
to aerogels. Previously, wet gels were dried using different methods such as freezedrying (freezing and subsequent sublimation of a liquid component) or subcritical drying
(ambient pressure drying after strengthening the porous structure), which usually lead
to collapse the pore system. Nowadays, supercritical drying in which the liquid removed
from the wet gels at its critical temperature and pressure, without developing liquidsolid tension force on the gel surfaces, is the most applied approach to produce
aerogels.
In this process, the sample is transferred into the instrument chamber and soaked in
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liquid CO2 for around seven hours; fresh liquid CO2 is introduced every hour. During the
drying process, the pressure of the autoclave is increased to at least 700-800 psi with
CO2, and the chamber temperature is cooled down up to 0-10 °C. Liquid CO2 is then
flushed through the sample until ethanol is completely removed from the gels. The
temperature is then elevated to 35 °C, which is above the critical temperature of CO2
(31 °C). Consequently, the pressure of the system will also increase and reach 1350 psi,
which is higher than the critical pressure of CO2 (1050 psi). The chamber is then
maintained above these critical points for a short period, followed by slowly venting the
system to the standard pressure, Figure 2.1.
This method leads to minimize the capillary pressure developed by surface tension and
keeps the pore structure of the gels intact. The significance of the supercritical point
drying in preserving porosities is clearly revealed when wet gels are dried in an ambient
pressure condition. Upon ambient condition drying, the wet gel transforms into xerogel,
and dramatic volume shrinkage occurs with the majority of porosities being destroyed,
Figure 2.2.
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Figure 2.1 (A) Tension developed during the solvent extraction from a porous gel body.
(B) Supercritical point diagram of carbon dioxide.

Figure 2.2 Supercritical condition drying of wet gel yield highly porous aerogel whereas
ambient condition drying of wet gel produced xerogel with less or no porosities.71
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2.3 Scanning Electron Microscopy/Energy Dispersive X-ray Spectroscopy (SEM/EDS)
SEM and EDS analyses were performed using either an FEI Nova Nano SEM 630 or a
Quanta 600 with 3-5 kV (for SEM) and 10-15 kV (for EDS) acceleration voltages, and a 60
seconds acquisition. The powder chalcogels were placed on a double-sided carbon tape.
The images revealed the pore structures of the chalcogels in a micron scale. EDS
measured the percentage of each element present in the samples in which the chemical
composition can be estimated.
2.4 Transmission Electron Microscopy (TEM) and Electron Diffraction
Powder chalcogels were suspending in absolute ethanol and transfer to Cu grid. TEM
images were taken by an FEI Titan 80-300 Super Twin at 300 kV. Electron diffraction was
measured simultaneously with TEM analysis. The electron diffraction was applied on the
chalcogels to reveal the presence of any crystalline phases within their structures.
2.5 Thermogravimetric Analysis (TGA)
Netzsch STA 449 F3 was used to perform a thermogravimetric analysis. 10 K min−1 of
heating rate and 20 mL min−1 of N2 flow were used as analysis parameters. For each
analysis, around 5-10 mg of the chalcogels were placed in Aluminum sample pans and
covered with punched lids. The preparation of the samples was carried out inside a
glovebox.
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2.6 Powder X-ray Diffraction (PXRD)
PXRD analyses were used to identify any crystallinity in the chalcogels. A Stoe STADI MP
powder diffractometer supplied with a Mythen 1K silicon strip detector and a Cu-Kα1
radiation source, covering 90° in 2θ, was used for the measurements. Silicon standard
was used for calibration. ICSD database was used to identify the recorded diffraction
patterns (raw data).
2.7 X-Ray Photoelectron Spectroscopy (XPS)
A Kratos Axis Ultra DLD spectrometer equipped with a monochromatic Al Kα X-ray
source (hν =1486.6 eV) and operated at 150 W was used to perform X-ray photoelectron
spectra. The chalcogel samples were investigated under vacuum (P < 10-9 mbar). All the
measurements were completed in a hybrid mode using magnetic and electrostatic
lenses, and the take-off angle (angle between the axis of the electron optical and the
sample surface) was 0°. All spectra were recorded using an aperture slot of 300 μm×700
μm. The survey and high-resolution scans were collected using fixed analyzer pass
energies of 160 and 20 eV, respectively. The materials were mounted in floating mode
to avoid a differential charge. Charge neutralization was required for all samples. The
binding energies were referred to the C 1s set at 285.0 eV. Before the measurements,
the samples were placed on stubs.
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2.8 Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) Analysis
The chemical compositions of chalcogels were determined by ICP-OES spectroscopy.
The powder materials were digested in a 6.0 mL of 69% Nitric acid in closed volumetric
flasks using Ethos 1 microwave digestion system at 493 K. When the whole solid was
completely dissolved; the samples were placed in Varian 720-ES ICP-OES instruments to
calculate the actual concentrations of desired elements.
2.9 Fourier Transform Infrared Spectroscopy (FTIR)
The characteristic vibration and rotational modes of the inorganic species are studied
with a Thermo Nicolet 6700 FT-IR spectrometer, which recorded ATR infrared spectra of
the aerogels with a resolution of 2 cm-1 in the mid-infrared region (400 to 4000 cm-1).
2.10

Raman Spectroscopy

A Thermo Nicolet iS50 Raman module was used to record the Raman spectra. The
chalcogels were placed on a mini-well plate and transferred to the Raman spectroscopy.
A 1064 nm near-infrared laser was used to perform Raman spectra with two cm−1 of the
resolution.
2.11

Ultraviolet-Visible (UV-Vis) Spectroscopy

An Agilent Cary 5000 spectrometer was used to provide UV-Vis diffuse reflectance
spectra in a range of 200–800 nm of the wavelength. Samples were diluted using BaSO4,
which was also used as a reference material as it gives 100% reflectance.
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2.12

Density Measurements

An AccuPyc II 1340 pycnometer connected to ultra pure helium was used to measure
the skeletal densities of the resulting chalcogels. 100-150 mg of aerogel samples were
placed inside of 1cc cup for the measurement. Several cycles were run to evaluate the
volume of solid samples. The calculated volume and the weight of sample were used to
estimate the density.
2.13

CHN Analysis

Flash 2000 EOA Thermo analyzer offers accurate and reliable solutions for dedicated
Carbon, Hydrogen, and Nitrogen. It has been used to determine the residual formamide,
acetate or nitrate ligands within the chalcogel frameworks. The chalcogels were packed
in tin discs for the measurements, and Helium gas was used as the carrier gas. The
analyzer uses a combustion process at 1173K to oxidize the chalcogels into pure
compounds, which are then quantified by thermal conductivity detection.
2.14

Nitrogen Physisorption Measurements

Micromeritics ASAP 2020 or 2420 HD instrument with Kalrez modification was used to
carry out all physisorption measurements. The BET surface area of the chalcogels was
measured by nitrogen isotherms. The analyses were performed at 77 K, and the
materials were degassed at a temperature lower than their decomposition temperature
under vacuum (<10−4 mbar) overnight. 0.1338 mmol g−1 (STP) incremental pressure
dosing and 30 s equilibration were used as analysis parameters. The BET plot was
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obtained in 0.05 to 0.35 region of relative pressure (P/P0). 0.99999 of correlation
coefficient was achieved for each analysis. The Barrett-Joyner-Halenda (BJH) model was
used to calculate the distribution of pore sizes.
2.15

Carbon dioxide, Hydrogen and Methane

Gas adsorption measurements were achieved using a cryogenic water bath with a
mixture of water–ethylene glycol (50: 50 vol%) at 263 K and 273 K. A Julabo HE digital
chiller system was used to control the temperature of each measurement. 60 s of
equilibration and 0.022 mmol g−1 (STP) Low-pressure incremental dosing were
maintained in all of the cases.
2.16

Toluene and Cyclohexane

To study the vapor adsorption of volatile hydrocarbons, Micromeritics ASAP 2020 HD
with Kalrez modification was used at 293K. For each analysis, incremental dosing
pressure of 0.089mmol g−1 (STP) with a maximum equilibrium of 120s was applied.
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Chapter 3: Systematic Study on Polysulfide Chalcogels for Gas and VOCs
Adsorption, Ion Exchange, and Heavy Metal Removal
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3.1 Introduction
Volatile organic compounds (VOCs) emission from trade and consumer products take a
significant part of air pollution. The increased use of these products results in enhancing
the emissions of VOCs from solvent or water-based products, which develops the
formation of fine particulate matter and ground-level ozone and finally form smog.
Therefore reducing emissions of air pollutants to protect the environment and human
health has grabbed attentions.
Several procedures are used in industries to deal with the VOCs emissions. For example,
liquid extraction and distractive distillation is the most method employed in industries
for efficient separation of VOCs. However, this approach is energy intensive as involves
a multistep distillation process at cryogenic temperature.14 Besides; it needs special
handling if dealing with reactive substances as well as there is a risk of product
decomposition during the separation process.22 Ionic liquid was also used as an
alternative, but its cost prevents commercial applications.22
Recently, adsorption process using porous materials is used as an economical and
efficient method to control the emission of VOCs. Such materials are capable of
recovering resources and possess high-energy efficiency.72
Granulated activated carbon (GAC) has been practiced as a commercial material for
hydrocarbon separation. However, the limited adsorption capacity and slow kinetics of
GAC raise the need for effective alternatives.
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Several types of porous materials (e.g., zeolites,73 molecular sieves,74 silica gel,75
polymeric resins76 and metal organic framework (MOF)77 were studied for the
separation of VOCs. Among these materials, metal chalcogenide aerogels (chalcogels)
with low-density, high or moderate surface area, a large distribution of pore sizes can be
a promising candidate for ion exchange, heavy metal removal, selective gas and VOCs
separation. Such materials can be constructed by the sol-gel metathesis method where
primary nanoparticles randomly agglomerate and forming three-dimensional networks.
The presence of electron rich chalcogenide ions (Sx)2- (x= 3-6) on the internal surface of
chalcogels increases the surface polarizability of the materials, which leads to stronger
interactions with polarizable adsorptive than the conventional aerogels like metal oxides
and carbons.
It has been recognized that the sol-gel method that allows the formation of aerogels are
sensitive to the synthetic condition such as solvent, temperature, and metal linkers.40
Chalcogels is typically obtained via slow ligand substitution reaction between a
chalcogenide cluster and a linking metal ion, forming a random polymeric network.
Therefore, precipitation is usually obtained with a high reaction rate.
Although Kanatzidis group has described a group of metal chalcogels applying various
molecular chalcogenide units; a verity of chalcogenide clusters with different transition
metal linkers can be used to generate novel porous materials.
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In this work, we performed a systematic study on the synthesis, characterization and
possible applications (ion exchange, heavy metal remediation, adsorption of volatile
hydrocarbon and gases) of metal chalcogenide aerogels constructed from the 1st-row
transition metal cations and ditopic linear polysulfide ligands (K2S5). The quaternary
metal chalcogels (KZn3Co3S18, KZn3Ni3S17, KCo3Ni3S17, KFe3Zn3S17, KFe3Cu3S16 and
KFe3Ni3S17) were obtained using the sol-gel metathesis route. The other 1st-row
transition metal ions reacted too rapidly with [SX]2- forming precipitates or remained in
solution without further polymerization and gelation. We also demonstrated the highest
adsorption capacity for toluene and CO2 that can be obtained from the first transition
metal ions and K2S5.
3.2 Experimental
3.2.1 Synthesis
Zinc nitrate hexahydrate (Alfa, 99%), Zinc acetate (Alfa, anhydrous 99.98%), Cobalt(II)
nitrate hexahydrate (Alfa, 99.99%), Nickel(II) nitrate hexahydrate (Strem Chemicals,
99.99%), Nickel(II)acetate hydrate (Alfa Aeser 99+%) iron(II) acetate (Strem Chemicals,
97% anhydrous), Copper(II) acetate monohydrate (Alfa 98+%), formamide (acros,
99.5%), absolute ethanol (Aldrich, 99.8%), toluene (Fisher Scientific, 99.9%) and
cyclohexane (Roth Chemicals, 99.5%) were used as received. K2S5 was freshly prepared
according to the literature procedure, Figure 3.1.78 We degassed the solvents for around
4 hours by bubbling N2 gas, then placed them inside a nitrogen-filled glovebox (c(O2) <
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0.1 ppm, c(H2O) < 0.1 ppm). Synthesis of the chalcogels and the solvent exchange were
achieved inside a glovebox under nitrogen.

Figure 3.1 (a) Experimental procedure of starting material K2S5, (b) Powder XRD pattern
of the starting material K2S5 confirming its purity.
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3.2.1.1 Synthesis of KZn3Co3S18 Chalcogel
An amount of 29.74mg (0.1mmol) Zn(NO3)2·6H2O and 29.10mg (0.1mmol)
Co(NO3)2·6H2O were dissolved in 1.5 ml of formamide and mixed with another 1.5 ml of
formamide solution containing 47.70mg (0.2 mmol) of K2S5. Combining the two
solutions results in a pure dark black solution. After several days, the solution became
more viscous and solidified into a black monolithic wet gel in a minimum one week. The
residual formamide was poured, and the wet gel was subsequently washed with
absolute ethanol 8 to 10 times to remove all unreacted precursors and counter-ions.
The wet gel then was dried using supercritical drying of CO2 at 35oC to obtain a very
fluffy black aerogel.
3.2.1.2 Synthesis of KZn3Ni3S17 Chalcogel
KZn3Ni3S17 was synthesized using the same method illustrated for KZn3Co3S18. Instead of
Co(NO3)2·6H2O, 29.08mg (0.1 mmol) of Ni(NO3)2·6H2O was used. During a week, a rigid
black chalcogel of KZn3Ni3S18 was formed, and after the solvent exchange and
supercritical drying, very fluffy black chunks of the chalcogel were obtained.
3.2.1.3 Synthesis of KCo3Ni3S17 Chalcogel
This chalcogel was synthesized using the same procedure described for KZn3Co3S18, but
instead of using Zn(NO3)2·6H2O, 29.08mg (0.1 mmol) of Ni(NO3)2·6H2O was used. A black
rigid chalcogel of KCo3Ni3S17 was obtained after one week. The resulting chalcogel
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obtained after the solvent exchange and supercritical drying consists of superfine black
particles.
3.2.1.4 Synthesis of KFe3Zn3S17 Chalcogel
An amount of 17.39mg (0.1mmol) Fe(OAc)2 and 18.34mg (0.1mmol) Zn(OAc)2 were
dissolved in 1.5 ml of formamide and mixed with another 1.5 ml of formamide solution
containing 47.70mg (0.2 mmol) of K2S5. Combining the two solutions results in a pure
dark black solution. After several days, the solution became viscous and solidified into a
black monolithic wet gel in a minimum one week. The residual formamide was poured,
and the wet gel was subsequently washed with absolute ethanol 8 to 10 times to
remove all unreacted precursors and counter-ions. The wet gel then was dried using
supercritical drying of CO2 at 35oC to obtain a superfine black aerogel.
3.2.1.5 Synthesis of KFe3Cu3S16 Chalcogel
The same approach was employed as explained for KFe3Zn3S17. Instead of Zn(OAc)2,
19.96mg (0.1 mmol) of Cu(OAc)2·H2O was used. During a week, a rigid black wet gel of
KFe3Cu3S16 was formed and after the solvent exchange and supercritical drying, very
fluffy black chunks of the chalcogel were obtained.
3.2.1.6 Synthesis of KFe3Ni3S17 Chalcogel
This chalcogel was synthesized using the same procedure described for KFe3Zn3S17, but
instead of using Zn(OAc)2, 19.47mg (0.1mmol) of Ni(OAc)2·H2O was used. A black rigid
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chalcogel of KFe3Ni3S17 was obtained after one week. The resulting chalcogel obtained
after the solvent exchange and supercritical drying consists of superfine black particles.
3.2.2 Ion-Exchange
Tow chalcogels (KZn3Co3S18 and KFe3Zn3S17) have been investigated for reversible ion
exchange of K+ with Cs+. The reactions were conducted in a nitrogen atmosphere at
ambient temperature. 0.050 g of each chalcogel was suspended in 20 mL of a 0.1 M
aqueous CsCl solution for 24 h at room temperature. They were then filtered using a
small Büchner funnel, rinsed with 15 mL of deionized water for 5–6 times, and washed
with 15 mL of absolute ethanol and 15 mL of diethyl ether. Finally, they were dried
under vacuum. SEM/EDS analyses were used to characterize the resulting ion exchange
gels. Repeating the process using 0.040 g of the chalcogels containing Cs+ cations with a
0.1 M KCl solution led to complete reversible ion exchange reactions. SEM/EDS analyses
were also used to characterize the reversible ion exchange chalcogels.
3.2.3 Heavy Metal Removal
Aqueous solutions of Hg2+, Cd2+, Pb2+ and Cu2+ (100 mgL-1) were prepared by adding
HgCl2, Cd(OAc)2·HO2, Pb(OAc)2·3H2O or Cu(OAc)2·H2O to 100 mL of H2O. An amount of
33mg of KZn3Co3S18, KZn3Ni3S17, KCo3Ni3S17, KFe3Zn3S17, KFe3Cu3S16 or KFe3Ni3S17 was
immersed in 100mL of each solution then kept under vigorous stirring for 24 hours. Two
30-minute centrifugations were applied to separate the resulting supernatant solution
from the materials, which then were investigated by inductively coupled plasma-optical
emission spectroscopy (ICP- OES) to estimate the capacity of the materials in removing
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the heavy metal ions. The concentrations of the metal ion (Hg2+, Cd2+, Pb2+, Cu2+) were
recorded before and after the addition of the chalcogels. For the calibration, ultrapure
water was used to dilute a standard solution (1000 mg/L, Aldrich) containing the
respective heavy metal ions and produce solutions ranging from 1 to 15 mg/L. Also, the
suspended solutions were diluted to match the calibrating range. The chalcogel capacity
(qe) equation was applied to determine the efficiency of the chalcogels to remove the
heavy metal ions.79

qe =

(Co- Cf)V
m

(2.1)

Where V (L) is the total volume of solution, Co and Cf is the initial and final equilibrium
concentration (mg/L) of metal ion solution, and m (g) is the weight of chalcogels. The
final unit of the chalcogel capacity, mg of metals / g of chalcogels, was converted to
mmol of metals / g of chalcogels to be compared with other materials.
3.3 Results and Discussion
A family of chalcogels was prepared in formamide solution (FM) using the well-known
sol-gel metathesis reaction, Figure 3.2. The prepared wet gels were dried using a critical
point dryer (CPD) with CO2. This process preserves the porosities during the removal of
the solvent from the framework as opposed to conventional oven drying, which results
in a xerogel with minimal or no surface area. Low-density black sponge-like materials
were obtained after the CPD processes.
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Figure 3.2 Visual representation of the sol-gel process in formamide solutions (FM) at
room temperature (RT), before the solvent exchange, showing the completed
metathesis reaction of wet chalcogels.
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3.3.1 Characterization
SEM images indicate porous nature of the chalcogels with amorphous oriented pores
throughout the micron-sized specimens, Figures 3.3 to 3.8 (a). Linking two transition
metal ions (e.g., Zn2+/Co2+) with the [Sx]2- anion during the gelation process leads to
form primary nanoparticles, which then aggregate to form larger secondary particles.80
Incorporation of solvent molecules like formamide inside the secondary particles results
in large pores (macro and meso size range) whereas the primary particles form small
pores (micro size range < 2 nm).
The transmission electron microscopy (TEM) images reveal the morphology of the
chalcogels and prove their amorphous porous nature, which results from nanoparticles
agglomeration, Figures 3.3 to 3.8 (b). Electron diffraction shows diffuse scattering due to
the amorphous character of the chalcogels.
Multiple EDS analyses were applied in different areas of the resulting aerogels to prove
the incorporation of inorganic frameworks [Sx]2- with metal ions, and to predict the
relative percentage of each element presents in the chalcogels. From EDS analyses, it
was demonstrated that not only transition metal cations and the polysulfide species are
exist, but potassium species are also present as a part of the aerogels. The average ratio
of each element is summarized in Figure 3.9.
Thermal stability and decomposition of the chalcogels were also investigated at the
provided temperature range (30-600°C) using thermal gravimetric analysis (TGA) under
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nitrogen field. The TGA curves, as shown in Figures 3.10, indicate that all materials show
no weight loss up to 250 °C for (KCo3Ni3S17, KFe3Zn3S17, KFe3Cu3S16, KFe3Ni3S17), 325 °C
for KZn3Co3S18, and 380 °C for KZn3Ni3S17, followed by gradual weight loss as the
temperature elevated up to 600°C. The loss of weight between 150°C and 400°C is due
to loss of sulfur from the frameworks, as it was proved by EDS analysis after TGA,
Figures 3.11.

Figure 3.3 Characterizations and properties of KZn3Co3S18 (a) Scanning electron
microscope (SEM) showing fluffy features throughout the micron-sized specimens and
porous nature of these materials. (b) Low and high magnification transition electron
microscope (TEM) images showing a nano-scale porous structure of chalcogel.
Diffraction ring (inset) confirms the absence of crystalline structure within the chalcogel
network. (c) N2 adsorption/ desorption isotherms. (d) BJH adsorption plot showing the
pore-size distribution.
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Figure 3.4 Characterizations and properties of KZn3Ni3S17 (a) Scanning electron
microscope (SEM) showing fluffy features throughout the micron-sized specimens and
porous nature of these materials. (b) Low and high magnification transition electron
microscope (TEM) images showing a nano-scale porous structure of chalcogel.
Diffraction ring (inset) confirms the absence of crystalline structure within the chalcogel
network. (c) N2 adsorption/ desorption isotherms. (d) BJH adsorption plot showing the
pore-size distribution.
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Figure 3.5 Characterizations and properties of KCo3Ni3S17 (a) Scanning electron
microscope (SEM) showing fluffy features throughout the micron-sized specimens and
porous nature of these materials. (b) Low and high magnification transition electron
microscope (TEM) images showing a nano-scale porous structure of chalcogel.
Diffraction ring (inset) confirms the absence of crystalline structure within the chalcogel
network. (c) N2 adsorption/ desorption isotherms. (d) BJH adsorption plot showing the
pore-size distribution.
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Figure 3.6 Characterizations and properties of KFe3Zn3S17 (a) Scanning electron
microscope (SEM) showing fluffy features throughout the micron-sized specimens and
porous nature of these materials. (b) Low and high magnification transition electron
microscope (TEM) images showing a nano-scale porous structure of chalcogel.
Diffraction ring (inset) confirms the absence of crystalline structure within the chalcogel
network. (c) N2 adsorption/ desorption isotherms. (d) BJH adsorption plot showing the
pore-size distribution.
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Figure 3.7 Characterizations and properties of KFe3Cu3S16 (a) Scanning electron
microscope (SEM) showing fluffy features throughout the micron-sized specimens and
porous nature of these materials. (b) Low and high magnification transition electron
microscope (TEM) images showing a nano-scale porous structure of chalcogel.
Diffraction ring (inset) confirms the amorphous nature of the chalcogel network. (c) N2
adsorption/ desorption isotherms. (d) BJH adsorption plot showing the pore-size
distribution.
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Figure 3.8 Characterizations and properties of KFe3Ni3S17 (a) Scanning electron
microscope (SEM) showing fluffy features throughout the micron-sized specimens and
porous nature of these materials. (b) Low and high magnification transition electron
microscope (TEM) images showing a nano-scale porous structure of chalcogel.
Diffraction ring (inset) confirms the absence of crystalline structure within the chalcogel
network. (c) N2 adsorption/ desorption isotherms. (d) BJH adsorption plot showing the
pore-size distribution.
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Figure 3.9 EDS results of the chalcogels after drying. Inset, tables of the elements
showing the average composition.
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Figure 3.10 TGA of the resulting chalcogels showing the gradual weight loss of
chalcogels under 20 ml/min of nitrogen flow and 10 K/min of heating rate.
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Figure 3.11 EDS analysis after TGA showing the residual of the chalcogels.
PXRD measurements were conducted to explore the crystallinity of the chalcogels.
Before TGA, the results confirm the amorphous characters of the resulting aerogels with
the absence of any crystalline phase within the frameworks. However, low-intensity
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reflections of the crystalline phase of sulfur have been observed in the KZn3Co3S18
chalcogel, Figure 3.12.

Figure 3.12 Powder XRD patterns of the resulting chalcogels showing their amorphous
nature.
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PXRD patterns after TGA show sharp diffraction peaks indicating the presence of
crystalline phase of binary or ternary sulfide in all of the chalcogels, Figures 3.13.

Figure 3.13 XRD results after TGA chalcogels confirming the decomposing of the
materials.
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FTIR studies have been conducted on the dried chalcogels. The findings revealed some
vibration bands that are assigned to the residual amount of formamide species, Figure
3.14.

Figure 3.14 FTIR spectra showing some vibration peaks belong to the formamide
species.
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3.3.2 Ion-Exchange
The EDS results confirm that the chalcogel frameworks have overall anionic charge,
which naturalized by K+ counter-ions. Thus, K+ ions are a part of the chalcogels and are
placed inside their voids.65 These cations are capable of reversible and complete
exchange processes with Cs+ ions. EDS results after ion exchange prove that potassium
ions were fully exchanged with cesium ions when the chalcogel (KZn3Co3S18 or
KFe3Zn3S17) is soaked in 0.1 M aqueous CsCl solution. Cs-exchanged polysulfide
chalcogels was also studied by immersing the chalcogels in 0.1 M aqueous KCl solution.
EDS results confirm the completed reversible ion exchange, Figures 3.15 and 3.16.

KZn 3Co3S18 + Cs+

KZn 3Fe 3S17 + Cs+

CsZn3Co3S18 + K +

CsZn3Fe 3S17 + K +

Figure 3.15 Scheme showing a typical ion-exchange process.
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Figure 3.16 EDS results confirming the completed ion-exchange of K+ with Cs+.
3.3.3 Heavy Metal Removal
The accessible pores of the metal sulfide aerogels and the presence of the soft
chalcogenide atoms raise the opportunity for investigating the heavy (soft) metal ions
removal from aqueous solution. Chalcogens have strong affinities toward soft Lewis
acids such as Cd2+, Pd2+, and Hg+2.41 Therefore, when the chalcogels, (KZn3Co3S18,
KZn3Ni3S17, KCo3Ni3S17, KFe3Zn3S17, KFe3Cu3S16 and KFe3Ni3S17), were suspended in the
Hg2+, Cd2+, Pb2+ and Cu2+ solutions, the sulfur species (soft Lewis bases) attracted the
heavy metal ions (soft Lewis acids) forming strong M-S bonds, and replacing the K+ ions
and the transition metals from the chalcogels network through the ion-exchange
reaction. Based on the theory proposed by Pearson, the strong attraction of Hg2+ to the
sulfidic surfaces of the chalcogels is typical for the hard, soft acid.81 The chalcogel
system revealed high efficiency (qe) in the replacement of soft ions such as Hg2+, Cd2+,
Pb2+ and Cu2+, Table 3.1.
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The chalcogels demonstrated better adsorption capacity for Hg2+ than the functionalized
mesoporous silica such as MBT-MCM-41 (0.13-0.21 mmol/g), MBT-SBA-15 (0.10-0.24
mmol/g) (MBT = 2-mercaptobenzothiazol)82, and SH-ePMO (0.32 mmol/g).83 These
materials also exhibit higher adsorption capacity for other heavy metal ions such as
Pb2+, Cd2+ and Cu2+ comparing to the lower adsorption capacity of NH2-MCM-41
(functionalized amino silica),84 which have a capacity of (0.28 mmol/g) for Pb2+ and
(0.16-0.71 mmol/g) for Cd2+, and SH-SBA-1679 (thio-functionalized silica) with (0.16-0.55
mmol/g) for Cu2+. These findings confirm these chalcogels can be useful materials for
heavy metal remediation from contaminated aqueous solutions and for lowering their
concentration to the safety level, Figure 3.17 to 3.24, Table 3.1.

Figure 3.17 EDS results of KZn3Co3S18 chalcogel after the treatment with Cd2+ and Pd2+.
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Figure 3.18 EDS results of KZn3Co3S18 chalcogel after the treatment with Cu2+ and Hg2+.

Figure 3.19 EDS results of KZn3Ni3S17 chalcogel after the treatment with Cd2+, Pd2+, Cu2+,
and Hg2+.
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Figure 3.20 EDS results of KCo3Ni3S17 chalcogel after the treatment with Cd2+, Pd2+, Cu2+,
and Hg2+.

Figure 3.21 EDS results of KFe3Zn3S17 chalcogel after the treatment with Cd2+ and Pd2+.
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Figure 3.22 EDS results of KFe3Zn3S17 chalcogel after the treatment with Cu2+ and Hg2+.

Figure 3.23 EDS results of KFe3Cu3S16 chalcogel after the treatment with Cd2+, Pd2+, Cu2+,
and Hg2+.
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Figure 3.24 EDS results of KFe3Ni3S17 chalcogel after the treatment with Cd2+, Pd2+, Cu2+,
and Hg2+.
Table 3.1 Adsorption of heavy metal ions by aerogels and selected functionalized
mesoporous silicates.

M2+

Aerogel

Ci (mg/L)

Cf (mg/L)

M2+removal (%)

qe (mmol/g)

Hg

KZn3Co3S18

113

0.1

99.9

1.71

KZn3Ni3S17

105

0.27

99.74

1.58
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M2+

Aerogel

Ci (mg/L)

Cf (mg/L)

M2+removal (%)

qe (mmol/g)

Hg

KCo3Ni3S17

98.2

0.38

99.61

1.48

KFe3Zn3S17

101

0.32

99.68

1.52

KFe3Cu3S16

92

0.53

99.4

1.38

KFe3Ni3S17

97

0.41

99.57

1.46

ZTS-cg1

93

0.57

99.4

1.40

ZTS-cg2

112

0.04

99.2

1.69

ZTS-cg3

112

0.01

99.9

1.69

Pd

MBT- SBA- 15

0.10- 0.24

MBT- MCM- 41

0.13- 0.21

SH-ePMO

0.32

KZn3Co3S18

96.8

2.1

97.8

2.69

KZn3Ni3S17

93

2.5

97.3

2.57

99

M2+

Aerogel

Ci (mg/L)

Cf (mg/L)

M2+removal (%)

qe (mmol/g)

Pd

KCo3Ni3S17

95.9

6.8

92.90

2.53

KFe3Zn3S17

94.3

4.2

95.5

2.56

KFe3Cu3S16

98

10.1

89.69

2.50

KFe3Ni3S17

96

7.8

91.87

2.51

ZTS-cg1

115

10.3

91

1.53

ZTS-cg3

113

1.32

98.8

1.63

NH2-MCM-41

Cd

0.28

KZn3Co3S18

106

0.09

99.91

2.85

KZn3Ni3S17

103

0.45

99.56

2.76

KCo3Ni3S17

95

16

83.15

2.12

KFe3Zn3S17

112

10.5

90.60

2.73

KFe3Cu3S16

94

22

76.59

1.94
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M2+

Aerogel

Ci (mg/L)

Cf (mg/L)

M2+removal (%)

qe (mmol/g)

Cd

KFe3Ni3S17

96

18.6

80.62

2.08

ZTS-cg1

95

23

75.8

1.94

ZTS-cg3

106

0.22

99.8

2.85

NH2-MCM-41

Cu

0.16-0.71

KZn3Co3S18

91.7

3.8

95.85

4.19

KZn3Ni3S17

91.4

4.3

95.29

4.15

KCo3Ni3S17

95

8.3

91.2

4.13

KFe3Zn3S17

94.2

7.3

92.25

4.14

KFe3Cu3S16

95

15.4

83.78

3.79

KFe3Ni3S17

92.7

12.1

86.94

3.84

ZTS-cg3

94

8.52

91.0

3.95

SH-SAB-16

0.16-0.55
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The results reveal that chalcogels composed of larger molecule size show higher affinity
for heavy metal ions than those with a smaller size. The chalcogels also revealed high
affinity toward heavier and softer ions like Hg2+, whereas a lower efficiency of the
chalcogels toward harder and lighter ions like Cu2+ has been observed. These results
confirm that usefulness of these chalcogels in remediation of heavy metal ions from
aqueous solutions without any modification or addition of specific functional groups.
3.3.4 Adsorption Studies
An assessment of pore accessibility of these airy aerogel materials was achieved through
nitrogen adsorption/desorption analysis. As shown in Figures 3.3 to 3.8 (c), all the
isotherms are characteristic of type IV with a mixture of H1 and H3-type hysteresis loop,
which is common for an interconnected mesoporous class.85 The shapes of the
isotherms are comparable to the published chalcogels.50, 64 A small upward turn in the
relatively low pressure (P/Po < 0.05) signifies the presence of microporosity.85 The
absence of any saturation point near atmospheric pressure also tells condensation of
adsorbate molecules in large macropores, Figures 3.3 to 3.8 (c). Brunauer-EmmettTeller (BET) surface areas (SBET) as determined by the nitrogen isotherms at 77K for the
present chalcogel samples range from 294 m2/g to 444 m2/g and are gravimetrically
comparable to those obtained for Pt-containing chalcogels, Table 3.2.50 The presence of
a wide range of pore diameters is also evident from Barrett-Joyner-Halenda (BJH) pore
size distribution plots calculated using adsorption isotherm data, Figures 3.3 to 3.8 (d).
These findings are in agreement with the SEM and TEM micrographs and support the
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aerogel nature of our present chalcogel samples.
Table 3.2 Chalcogels properties

Chalcogel

SBET (m2/g)

Total pore volume

Average pore

(cm3/g)

diameter (nm)

KZn3Co3S18

438

2.02

17.34

KZn3Ni3S17

294

1.03

11.46

KCo3Ni3S17

442

2.51

17.36

KFe3Zn3S17

444

3.60

19.48

KFe3Cu3S16

395

1.43

13.29

KFe3Ni3S17

346

1.18

12.53

The titled chalcogels were tested for the separation of volatile hydrocarbons such as
toluene and cyclohexane. It has been recognized that the presence of S atoms, which is
soft and electron rich chalcogenide, on the surface of the resulting metal chalcogenide
aerogels increases separation efficiency of these materials. Thus, chalcogels are a better
candidate for adsorption-based separation than conventional aerogels, e.g., metal
oxides or carbons.20, 21, 78
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In this study, we noticed that the adsorptivity of these materials increases with increase
the polarity index of VOCs (i.e., the higher polarity index of VOCs, the higher adsorption
affinities of the chalcogels toward VOCs vapor). Therefore, the quantity adsorbed of
toluene (polarity index = 2.4) is much greater than the amount adsorbed of cyclohexane
(polarity index = 0.2) as shown in Figures 3.25. The toluene isotherms move up more
rapidly than the cyclohexane isotherms, which travel up slowly and increase as the
pressure increases. This phenomenon can be explained by the relative polarity of VOCs
and the polarizable surface of the chalcogels, which result in better separation. The
presence of metal ions within the chalcogel structures can enhance the adsorption
affinity toward toluene molecules through the cation–π interaction.86 Similar behavior
has been observed in MIL-101, which showed greater toluene vapor adsorption than nhexane vapor.86
Recorded isotherms indicated a small adsorption portion of toluene vapor at very low
relative pressure confirming the microporosity of chalcogels (d ≤ 2 nm). The major
adsorption occurred at higher relative pressure (P/P0 > 0.5), which approved the main
contribution of meso- (2 < d < 50 nm) and macropores (d > 50 nm). It is noticeable that
the toluene vapor adsorption is much higher than that of zeolite, activated carbon16 and
some metal-organic frameworks like MOF-177 and MIL-100,77 Cu3(BTC)2 (BTC = 1,3,5benzenetricarboxylate),18 and comparable to the recently published metal chalcogenide
aerogels (KFe3Co3S21, KFe3Y3S22, KFe3Eu3S22, KFeSbS3 and NaFeAsS3).20,

21

This result

confirmed that the adsorption of hydrocarbon varies based on the surface area of the
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chalcogels, which can be improved by altering the chemical compositions.21 However,
the high adsorption capacity and affinity of the resulting chalcogels make them
promising candidates for the separation of mixtures of aliphatic and aromatic
hydrocarbons at room temperature. Such materials could also play an important role in
the volatile organic compounds removal (VOCs) from the disposal waste.

Figure 3.25 Adsorption isotherms of cyclohexane and toluene in the resulting chalcogels
at room temperature.
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It has been acknowledged that the pore surface of the chalcogels is much more
polarizable than metal oxides and carbons due to the presence of the soft and heavy
chalcogen on their surfaces.87 This feature drove us to test the titled chalcogel materials
for their ability to separate several vapors from their polarizability. As shown in the
recorded isotherms, these chalcogels demonstrated higher quantity adsorbed of
polarizable gases such as CO2 compared to the less polarizable H2 and CH4 (polarizability
(α): α (CO2) = 2.51 > α (CH4) = 2.45 > α (H2) = 0.75 cm-3), Figures 3.26 and 3.27. The
results suggest that these materials might be useful in purifying H2 from CO2, which is a
crucial process in industries. A mixture of H2 and CO2 is formed in the water gas shift
reaction. Accordingly, separation of CO2 is appropriate to obtain clean H2.

Figure 3.26 Gas adsorption isotherms of CO2, CH4, and H2 observed in (a) KZn3Co3S18,
and (b) KZn3Ni3S17 at 0 oC and -10 0C.
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Figure 3.27 Gas adsorption isotherms of CO2, CH4, and H2 observed (c) KCo3Ni3S17,
(d) KFe3Zn3S17, (e) KFe3Cu3S16, (f) KFe3Ni3S17, at 0 oC and -10 0C.
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The gas selectivity of these materials was calculated from single component isotherms
using the ideal adsorbed solution theory (IAST), Figure 3.28.
The resulting chalcogels exhibited higher selectivity for CO2 over H2 comparing to other
porous materials like zeolites,88 some MOFs (e.g., MOF-5 and Cu-BTC),17, 89 and most of
the chalcogels.20, 64, 65

Figure 3.28 Selectivity of CO2 over H2 and CO2 over CH4 in the resulting chalcogels as
predicted by IAST for equimolar mixtures of CO2/H2 and CO2/CH4 at 273 K (Ptotal is the
total pressure of the gas mixture).
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Table 3.3 Adsorption properties of the resulting chalcogels

Chalogels

Toluene Adsorption

Selectivity

Selectivity

(mmol/g)

CO2/H2

CO2/CH4

KZn3Co3S18

5.1

60

30

KZn3Ni3S17

3.9

22

4

KCo3Ni3S17

5.3

110

35

KFe3Zn3S17

6.4

120

53

KFe3Cu3S16

4.6

52

27

KFe3Ni3S17

4.3

24

23

3.4 Conclusion
A systematic study has been conducted with the aim of constructing the maximum
number of bimetallic chalcogenide aerogels containing polysulfide building blocks (K2S5)
and the 1st-row transition metal linkers. In this context, we synthesized six quaternary
chalcogels that possess high surface area and showed good thermal stability up to 250
°C. Our investigation revealed that the potassium sites of the resulting polysulfide
chalcogels are capable of reversible ion exchange with K+/Cs+, which can also remove
heavy metal ions such as Cu2+, Cd2+, Hg2+, and Pb2+ in aqueous form. The resulting
chalcogels also could be alternatives to the costly platinum chalcogels. These
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preliminary results open up the possibility of using ion exchangeable chalcogel materials
for water remediation to remove toxic metal ions via the replacement of potassium
ions.
The higher adsorption capacity and affinity of these chalcogels toward toluene and CO2
vapor at room temperature make them a promising candidate for selective separation
of VOCs and gases, especially during water gas shift reactions.
The

higher

adsorption

capacity

was

found

in

the

following

ordered:

KFe3Zn3S17>KCo3Ni3S17> KZn3Co3S18> KFe3Cu3S16> KFe3Ni3S17> KZn3Ni3S17. We observed
that the adsorption capacity of the chalcogels depends on their specific areas, which
vary based on the chemical composition. Therefore, these chalcogles could be useful
for possible separation of aromatic from cycloalkanes or aliphatic hydrocarbons.
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Chapter 4: Studying the Effect of Counter-Ions on the Gas Selectivity and
VOCs Separation
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4.1 Introduction
Volatile organic compounds (VOCs) term represent a broad range of chemical
substances that are frequently used and emitted from chemical and petrochemical
industries. These materials are considered to be one of the major air pollutants as they
contribute to the depletion of the ozone layer, and increase the global warming.
Moreover, some of them are harmful to humans, plants, and animals. Owing to their
volatile nature, they rapidly combine with the atmospheric air forming fog. Therefore, it
is important to innovate systems to reduce the emission of VOCs into the atmosphere in
an efficient and economical manner.
Several techniques have been developed to lessen the emission of such toxic materials
such as filtration, distillation, and absorption separation. Of these technologies,
adsorption-using membranes has been known as an effective, relatively inexpensive and
high selective method for the efficient removal of VOCs.73-76, 90-92
Recently, we demonstrated that the metathesis reaction between mixture salts of the
1st -row transition metal and K2S5 in formamide gives rise to amorphous and high surface
area chalcogels. It has been confirmed that these chalcogels have negatively charged
networks, which are balanced by K+ cations. Therefore, these cations are part of the
chalcogels and located within the pores to balance the framework charge.
Incorporation of these cations within the chalcogels causes high electrical field gradients
inside the pores. Also, the presence of soft and heavy chalcogen atoms like sulfur on the
chalcogel surfaces results in basicity of the chalcogel frameworks. Thus, these chalcogels
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show high selectivity and large adsorption capacities toward acidic gas like CO2 and
volatile hydrocarbon vapor like toluene.
It is well known that polar or polarizable molecules prefer to interact with the cation
sites (alkali metal species) within porous materials and get adsorbed on their surfaces.93
However, the preferential adsorptions of the molecules vary based on the cation types,
which induce an electric field inside the pores. Accessible pore volume and pore size
also significantly affect the adsorptive properties of porous materials.
Barthomeuf94 noticed that the adsorption capacity of faujasites containing larger alkali
metals, as charge compensating, toward payroll (acid probe molecules) is greater than
those with a smaller cation size. The low electronegativity of large alkali metal ions
enhances the negative charge on the pore frameworks, and hence, increases the
basicity of the porous materials. Therefore, it is reasonable to expect porous adsorbents
containing large cations like Cs, Rb or K could have higher adsorption capacities for
acidic adsorbates than those with smaller size such as Li or Na.
Talu and coworkers95, 96 studied the influence of ion exchange of alkaline earth metals in
Y and Z zeolites on the methane adsorption. He observed improvement of zeolite
capacity toward methane with increasing cation size. Talu proposed that the small
alkaline earth cations were shielded by some cavities' molecules and limited from the
interactions with adsorbates. The shielding effect, however, does not exist with the
large cations, and hence more adsorbate molecules would be affected and got
adsorbed.
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The effect of counter-ions on the adsorption properties has frequently been studied in
zeolites. However, up to date, there are no studies reported about the counter-ion
effects onto metal chalcogels.
Therefore, we have been motivated to investigate the influence of different alkali
metals on the adsorption capacity of chalcogels. Chalcogels containing K+ have been
investigated for gas and volatile hydrocarbon separation, but the effect of the presence
of different alkali metals (K, Na, or Rb) on the adsorption properties of chalcogels has
not been studied and hence is worth to be further investigated.
In this work, we synthesized two amorphous and high surface area chalcogels
Na(Rb)Fe3Zn3S17, analog to KFe3Zn3S17 chalcogels, and examined the effect of present
different counter-ion size on the VOCs separation and selective gas adsorption. The
higher adsorption capacity of CO2 and toluene vapor was found in the following order:
RbFe3Zn3S17 > KFe3Zn3S17 > NaFe3Zn3S17. Our measurements revealed that the
adsorption capacity of Rb forms, where the polarizability (cation size) and acid-base
surface properties are dominant, is the greatest.
4.2 Experimental
4.2.1 Synthesis
Zinc acetate (Alfa, anhydrous 99.98%), Iron(II) acetate (Strem Chemicals, 97%
anhydrous), formamide (acros, 99.5%), absolute ethanol (Aldrich, 99.8%), toluene
(Fisher Scientific, 99.9%) and cyclohexane (Roth Chemicals, 99.5%) were used as
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received. Na2S5 and Rb2S5 were freshly prepared according to the literature procedure,
Figure 4.1.78 We degassed the solvents for around 12 h by bubbling N2 gas, we then
placed them inside a nitrogen-filled glovebox (c(O2) < 0.1 ppm, c(H2O) < 0.1 ppm).
Synthesis of the chalcogels and solvent exchange were achieved inside a glovebox under
nitrogen.

Figure 4.1 (a) Experimental procedure of starting materials Na2S5 and Rb2S5, (b and c)
Powder XRD patterns of the starting materials Na2S5 and Rb2S5, respectively, confirming
the phase purity.
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4.2.1.1 Synthesis of NaFe3Zn3S17 and RbFe3Zn3S17 Chalcogels
An amount of 17.39mg (0.1mmol) Fe(OAc)2 and 18.34mg (0.1mmol) Zn(OAc)2 were
dissolved in 1.5 ml of formamide and mixed with another 1.5 ml of formamide solution
containing 41.26 mg or 66.25mg (0.2 mmol) of Na2S5 or Rb2S5, respectively. Upon mixing
the two solutions, a clear dark black solution was obtained. The viscosity of these
solutions significantly increased, and the solutions solidified into black monolithic wet
gels in a minimum one-week. The residual formamide was poured, and the wet gels
were subsequently washed with absolute ethanol from 8 to 10 times to remove all
unreacted precursors and counter-ions. The wet gels then were dried using supercritical
drying of CO2 at 35oC to obtain superfine black chalcogels.
4.3 Results and Discussion
In this study, polychalcogenide clusters (Na2S5 or Rb2S5) and metal ion linkers (Fe2+ and
Zn2+) were separately dissolved in formamide and mixed at room temperature. During
aging period, the mixtures were left undisturbed to allow the viscosity of the solution to
increase gradually and form a rigid gel, Figure 4.2. The color also became darker
indicating gradual polymerization. The resulting wet gels undergo solvent exchange
followed by supercritical CO2 drying processes to produce aerogels. The final metal
chalcogenide aerogels are brittle with black and very lightweight particles.
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Figure 4.2 Visual representation of the sol-gel process in formamide solutions (FM) at
room temperature (RT), before the solvent exchange, showing the completed
metathesis reaction of wet gels.
4.3.1 Characterization
The porous morphology, spongy nature and smooth surface structures of the chalcogels
have been detected by the scanning electron microscopy (SEM) technique. The absence
of dark areas in micro scale demonstrated single-phase chalcogels, Figures 4.3 and 4.4
(a). The aggregation of the primary particles of nanometer size forms the secondary
(large) particles of micrometer size.
Transmission electron microscope (TEM) results confirm the random porosities within
the framework, Figures 4.3 and 4.4 (b). Electron diffraction studies of multiple regions of
the samples prove the absence of any crystalline phases, inset of Figure 4.3 and 4.4.
Energy dispersive spectroscopy analysis (EDS) approve that not only transition metals
and the polysulfide species are present, but alkali metals (Na, Rb) also incorporate as a
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part of the chalcogels. The average percentage of each element is summarized in Figure
4.5.

Figure 4.3 Characterizations and properties of NaFe3Zn3S17 (a) Scanning electron
microscope (SEM) showing fluffy features throughout the micron-sized specimens and
porous nature of these materials. (b) Low and high magnification transition electron
microscope (TEM) images showing a nano-scale porous structure of chalcogel.
Diffraction ring (inset) confirms the amorphous structure of the chalcogel. (c) N2
adsorption/ desorption isotherms. (d) BJH adsorption plot showing the pore-size
distribution.
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Figure 4.4 Characterizations and properties of RbFe3Zn3S17 (a) Scanning electron
microscope (SEM) showing fluffy features throughout the micron-sized specimens and
porous nature of these materials. (b) Low and high magnification transition electron
microscope (TEM) images showing a nano-scale porous structure of chalcogel.
Diffraction ring (inset) confirms the absence of crystalline structure within the chalcogel
network. (c) N2 adsorption/ desorption isotherms. (d) BJH adsorption plot showing the
pore-size distribution.
FTIR analyses have been recorded to reveal any residual species of organic materials
after drying processes. Some vibration bands that are assigned to the residual amount
of formamide species have been observed; indicating a trace amount of formamide is
incorporating within the chalcogel frameworks, Figure 4.6.
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Figure 4.5 EDS results of the chalcogels after drying. Inset, tables of the elements show
the average composition.

Figure 4.6 FTIR spectra showing some vibration peaks belong to the formamide species.
Thermogravimetric (TGA) results of the super-critically dried chalcogel materials show
small weight loss up to 150°C

(8 and 10 %) for NaFe3Zn3S17 and RbFe3Zn3S17,

respectively, which can be attributed to evaporation of chemisorbed or physisorbed
solvent, Figure 4.7. The weight loss from 200°C to 400°C attributed to the loss of sulfur
from the inorganic frameworks, as approved by EDS after TGA, Figure 4.8. The total
weight loss up to 600°C is 45% and 85% for NaFe3Zn3S17 and RbFe3Zn3S17, respectively.
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Figure 4.7 TGA of the resulting chalcogels showing a gradual weight loss of (a)
NaFe3Zn3S17 and (b) RbFe3Zn3S17 chalcogels, under 20 ml min−1 of nitrogen flow and 10 K
min−1 of heating rate.

Figure 4.8 EDS analysis after TGA showing the residual of the chalcogels.
The powder XRD patterns for the tested chalcogels indicated on Figure 4.9. Recorded
patterns support the electron diffraction data and confirm the absence of any crystalline
phase.
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Figure 4.9 Powder XRD results (a) NaFe3Zn3S17 and (b) RbFe3Zn3S17 show the amorphous
nature of the prepared chalcogenide aerogels.
4.3.2 Adsorption Studies
Nitrogen physisorption isotherms of the resulting samples at 77 K, total pore volume
and BET (Brunauer Emmett Teller) surface area were determined using ASAP 2020,
Micromeritics Instruments. The chalcogels possess similar adsorption isotherms to the
potassium chalcogels, Figure 4.3 and 4.4 (c). The contribution of micropores (d < 2 nm)
indicated by the slight adsorption at low relative pressure (P/Po < 0.05). The most
adsorption occurred at high pressures (0.7 < P/Po < 1.0) where the macropores (d > 50
nm) and mesopores (2 < d < 50 nm) are the most contribute. The narrow hysteresis
loops illustrated the deviation of desorption isotherms comparing to the adsorption
isotherms due to the blocking or percolation effects of variable pore size.
The high BET surface areas (430- 435 m2/g) and large total pore volumes (0.81-1.04
cm3/g) of NaFe3Zn3S17 and RbFe3Zn3S17 chalcogels, respectively, confirmed the pore
structures of the chalcogels. The broad pore size distribution of the chalcogels was
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established from BJH pore size isotherms Figure 4.3 and 4.4 (d). The average pore
diameter of the resulting materials ranges from 24nm (NaFe3Zn3S17) to 20 nm
(RbFe3Zn3S17), as estimated from the surface area and total pore volume with a rough
approximation of the pore shape as cylindrical and slit. The skeletal density of the
chalcogels was 2.37 g cm-3 for NaFe3Zn3S17 and 2.43 g cm-3 for RbFe3Zn3S17 Chalcogel.
To assess the influence of alkali metals on the adsorption properties of the chalcogels,
we tested the adsorption capacity of the targeted calcogels with various volatile
hydrocarbons (e.g., toluene and cyclohexane) at room temperature. Based on the
recorded isotherms, the toluene uptake of both chalcogels is much higher than
cyclohexane uptake, which suggests a strong interaction between chalcogel surface and
polarizable molecules of toluene (polarity index is 2.4). Enhancement of the adsorption
capacity of toluene is also possible through π-complexation interaction.97
The quantity adsorbed of toluene on the NaFe3Zn3S17 and RbFe3Zn3S17 chalcogels is 2.7
and 7.3 mmol/g, respectively, as indicated in the toluene isotherms, Figure 4.10. The
comparison between these values and KFe3Zn3S17 chalcogel (6.4 mmol/g) leads to expect
that chalcogels containing larger cations would have higher capacities for hydrocarbon
vapor. The low electronegativity of large cations enhances the basicity of the chalcogels’
frameworks. Furthermore, the presence of large cations within the chalcogels increases
the polarizability of chalcogels and induces larger electrical field than the small cations,
leading to higher adsorption capacity through electrostatic interaction (Van der Waal
interactions).98 Hence, lower toluene vapor adsorption occurred on NaFe3Zn3S17 than
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KFe3Zn3S17 and RbFe3Zn3S17 chalcogels, Table 4.1.

Figure 4.10 Adsorption isotherms of cyclohexane and toluene in the (a) NaFe3Zn3S17 and
(b) RbFe3Zn3S17 chalcogels at room at 298 K
Table 4.1 Comparison table of Toluene adsorption capacity in different porous materials
at 298 K.
Adsorbent

Surface Area

Toluene adsorption

(m2/g)

(mmol/g)

NaFe3Zn3S17

430

2.7

KFe3Zn3S17

444

6.4

RbFe3Zn3S17

435

7.3

The chalcogels were also investigated for CO2, CH4, and H2 separation at different
temperatures. The isotherms reveal that the adsorption capacity of the chalcogels
increased with increasing the cation size. All of the chalcogels demonstrated higher
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adsorption of CO2 than CH4 and H2 over the chalcogels, Figure 4.11 and 4.12. These
results can be explained by polarization. As CO2 is more polarizable than CH4 and H2,
more interactions with the polarizable surface of the chalcogels through dispersion
force could occur (polarizability α in units of 10–24 cm3: α (CO2)= 2.9 > α (CH4)= 2.6 > α
(H2)= 0.8).65 We also observed that the adsorption capacity of the chalcogels toward CO2
increased in the following order: RbFe3Zn3S17 > KFe3Zn3S17 > NaFe3Zn3S17. The adsorption
capacity of the chalcogels and the strength of the adsorption can be controlled by the
interactions between the electric field, produced by the cations on the adsorbent
surfaces, and the adsorbate molecules. As the Rb ions are larger and more polarizable
than the Na or K ions, more electrostatic interactions can be induced on the
RbFe3Zn3S17, and hence more adsorption occurred. The acid-base features of the
chalcogel frameworks also contributed in improving adsorption properties. The cations
are acid species, and the sulfidic surfaces next to the cations act as basic sites. As the
cation size increases, the basicity sulfidic surfaces increases because the lower
electronegativity of the alkali metal cations induced the negative charge on the sulfur
atoms in the frameworks. Thus, it is logical to expect chalcogels with larger cations like
Rb would have more adsorption capacity for acidic adsorbates like CO2.
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Figure 4.11 Gas adsorption isotherms of CO2, CH4, and H2 observed in the NaFe3Zn3S17
gel at 0 °C and -10 °C.

Figure 4.12 Gas adsorption isotherms of CO2, CH4, and H2 observed in the RbFe3Zn3S17
gel at 0 °C and -10 °C.
The presence of large rubidium atoms renders pore surface of the sulfidic chalcogels
more polarizable, and this is reflected in its selectivity toward gases. Prediction of gas
selectivity using the ideal adsorbed solution theory (IAST) from single component
isotherms showed almost double selectivity values (CO2/H2: 180 and CO2/CH4: 60) for
RbFe3Zn3S17 compared to KFe3Zn3S17 chalcogels with selectivity values (CO2/H2: 120 and
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CO2/CH4: 35). RbFe3Zn3S17 also reveal around four times higher selectivity than
NaFe3Zn3S17 chalcogel (CO2/H2: 11 and CO2/CH4: 5), Figure 4.13, Table 4.2. This again
revealed the reactivity of acidic CO2 toward the basic characteristic of the chalcogels
containing large cations. This finding indicates that adsorption property of the chalcogel
depends on the chemical composition of the chalcogels and the cations present within
the pore frameworks.
Table 4.2 Ionic radii of alkali metals and Selectivity of the corresponding calcogels
Cation

Radius

Corresponding

Selectivity

Selectivity

(A˚)

Chalcogel

CO2/CH4

CO2/CH4

Na+

0.97

NaFe3Zn3S17

11

5

K+

1.33

KFe3Zn3S17

120

35

Rb+

1.47

RbFe3Zn3S17

180

74

Figure 4.13 Selectivity of CO2 over H2 and CO2 over CH4 in (a) NaFe3Zn3S17 and (b)
RbFe3Zn3S17 as predicted by IAST for equimolar mixtures of CO2/H2 and CO2/CH4 at 273 K
(Ptotal is the total pressure of the gas mixture).
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4.4 Conclusions
Two chalcogels (NaFe3Zn3S17 and RbFe3Zn3S17) analog to the KFe3Zn3S17 chalcogel have
been synthesized using the sol-gel metathesis reaction. Both chalcogels possess high
surface areas and are capable of separation of different hydrocarbons and gases. The
results demonstrated that the largest capacities toward toluene and CO2 vapor were
achieved by chacogels containing the large Rb cations because they have larger
polarizability, and can induce more electrostatic interaction than smaller cations. These
results indicate that adsorption properties of the chalcogels could be improved by
altering the composition of the materials.
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Chapter 5: Systematic Study on High Surface Area Chalcogels KMBiTe3 (M
= Cr, Zn, Fe) for Preferential Adsorption of Volatile Hydrocarbons and
Gases
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5.1 Introduction
Separation and purification of mixtures of volatile organic compounds (VOCs) is a major
problem in chemical and petrochemical industries. Recently, removing toxic aromatic
compounds such as benzene derivatives from fuel has attracted attention because
aromatic hydrocarbons often exceed the maximum permissible concentrations in
fuels.99 Volatile organic compounds cause photochemical pollution as they have high
photochemical ozone creativity potential (POCP).20 They have also been proven to be a
public health hazard.20 However, separation of hydrocarbons from alkanes with similar
boiling points is difficult to achieve using conventional methods such as fractional
distillation.100,

20

The main drawback of the fractional distillation is the low separation

factor for aromatic compounds. Furthermore, thermal separation processes are energy
inefficient, potentially dangerous and require large amounts of cooling water.101
Currently, alternative separation technologies are being developed, e.g., adsorptive
separation using a rotating disc contactor (RDC) based ionic liquid102 or separation by
supported liquid membranes (SLMs) with ionic liquid.103 Although this method enhances
the separation process, the concentration of ionic liquid in the raffinate phase is low.104
The cost of ionic liquids such as 4-methyl-N-butylpyridinium tetrafluoroborate
([mebupy][BF4]),102 1-butyl-3-methylimidazolium hexafluorophosphate ([C4mim][PF6])105
or 1-butyl-3-methylimidazolium trifluoromethylsulfonyl ([C4mim][NTf2])105, however, has
so far limited commercial applications.102, 104 Also, ionic liquids containing halides, such
as [Cl]-, [I3]- or [F]-, are corrosive.104

130
Polymeric membranes such as 4,4ʹ-(hexafluoroisopropylidene) diphthalic anhydride,
4,4ʹ-diaminodiphenylsulfide, and 3,5-diaminobenzoic acid (DABA) have also been
employed for volatile hydrocarbon separations, but they require high temperatures
from 70 °C to 110 °C.99
Physical adsorption or physisorption-based separation methods, in which porous
materials are used as adsorbents, could become a promising alternative to thermal
hydrocarbon separations. In such a setup, gases are adsorbed into the pores of the
material and desorbed as a function of temperature or pressure.14 An appropriate
adsorbent should be capable of being regenerated after the adsorption process, have an
optimized surface area, reasonable storage capacity and high selectivity to optimize
separation processes.14 Several types of porous adsorbents, such as zeolites,14,

15, 16

molecular sieves,14 silica gel,16 polymeric resins,106 granulated activated carbon (GAC),19
and metal organic frameworks (MOF)17,

18

have been investigated in the context of

purification and separation of hydrocarbon molecules.
Recently, our group considered metal chalcogenide aerogels or chalcogels as adsorbents
for the separation of volatile organic hydrocarbons.22, 21 The sol-gel metathesis route is
the most approach uses to synthesize chalcogels. In this method, chalcogenide building
blocks are connected to transition metal ions forming polymeric frameworks.40 These
materials are amorphous porous materials with high surface area, low density, broad
pore size distribution, large pore volume and high surface polarizability. Such properties
make chalcogels promising candidates for different applications such as ion exchange,78

131
heavy metal removal64 and selective adsorption of volatile hydrocarbon and gas
separations.22, 65, 66, 20
Most quaternary metal chalcogels are synthesized using building blocks containing Ge,
Sn, or Sb with lighter chalcogenide atoms like sulfides and selenides.107 However, some
binary metal telluride aerogels, e.g., CdTe,108 and PbTe,107 and one quaternary antimony
telluride aerogel (KFeSbTe3)22 have been described.
In this work, a systematic study has been carried out with the aim to construct
chalcogels containing [BiTe3]3- anions and the first-row transition metal cations. The
quaternary metal chalcogels KMBiTe3 (M = Cr, Zn, Fe) were synthesized using the sol-gel
metathesis route while other 1st-row transition metal ions reacted too rapidly with
[BiTe3]3- forming precipitates or remained in solution without further polymerization
and gelation.
It is recognized that bismuth telluride materials have narrow band gap layered
semiconductor with a trigonal unit cell. Thus, their binary and ternary compounds have
been widely used as thermoelectric materials for cooling and power generation
applications at ambient temperature.109, 110, 111 However, to the best of our knowledge
quaternary aerogels containing bismuth and tellurium have not yet been reported.
The trigonal pyramidal anions [BiTe3]3- were chosen because they can be prepared as
soluble well-characterized salt K3BiTe3.112 By metathesis reactions with transition metal
salts, the anions [BiTe3]3- remain intact and bind to the transition metal ions (Cr2+, Zn2+,
Fe2+) forming anionic porous networks. Alkali metal (K) is present in the framework to
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neutralize the anionic framework [MBiTe3]- (M= Cr, Zn, Fe). The polarity of the [BiTe3]3building blocks along with the presence of the softer and more polarizable Te atoms on
the chalcogels’ surfaces offer the opportunity to explore the interaction of these
materials with various volatile hydrocarbon and gases. The results showed high
adsorption capacity and selectivity of the resulting chalcogels toward toluene and CO2.
5.2 Experimental
5.2.1 Synthesis
Chromium(II) chloride (Alfa, 97% anhydrous), zinc nitrate hexahydrate(Alfa, 99.9),
iron(II) acetate (Strem Chemicals, 97% anhydrous), dimethylformamide (Sigma, 99.8%
anhydrous), absolute ethanol (Aldrich, 99.8%), toluene (Fisher Scientific, 99.9%) and
cyclohexane (Roth Chemicals, 99.5%) were used as received. K3BiTe3 was prepared by
reacting the elements in a stoichiometric ratio at 750 °C for 48 h (the heating rate was
100 °C/h), followed by cooling to 396 °C. The material was kept at this temperature (396
°C) for four days, then gradually cooled to RT, Figure 5.1.113 The solvents were degassed
by bubbling N2 gas through them for about 12 h, then transferred to a nitrogen-filled
glovebox (c(O2) < 0.1 ppm, c(H2O) < 0.1 ppm). Synthesis and solvent exchange of the
chalcogels were carried out in the glovebox.
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Figure 5.1 (a) Heating profile used to prepare K3BiTe3, (b) Powder XRD pattern of the
starting material K3BiTe3 confirming its purity.
5.2.1.1 Synthesis of KCrBiTe3 Chalcogel
A light green solution of 30.7 mg (0.25 mmol) CrCl2 in 3.00 mL of dimethylformamide
(DMF) was slowly added to 3.00 mL of DMF containing 177 mg (0.25) mmol of K3BiTe3
with stirring. Upon mixing the two solutions, a clear dark black solution was obtained.
The viscosity of this solution significantly increased, and the solution solidified into a
black monolithic wet gel within one week. The remaining dimethylformamide was
decanted, and the wet gel was subsequently washed with absolute ethanol 8 to 10
times to remove all unreacted precursors and counter-ions. Afterward, the wet gel was
dried using supercritical CO2 drying at 35 °C to obtain fluffy, brittle black aerogel with
inelastic modulus, Figure 5.2.
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5.2.1.2 Synthesis of KZnBiTe3 Chalcogel
The same method was applied as illustrated for KCrBiTe3. Instead of CrCl2, 74,4 mg (0.25
mmol) of Zn(NO2)3·6H2O was used. After one week, a rigid black gel of KZnBiTe3 was
formed, and after the solvent exchange and the supercritical drying, very fluffy black
chunks of the chalcogel with low tensile strength were obtained, Figure 5.2.
5.2.1.3 Synthesis of KFeBiTe3 Chalcogel
This material was synthesized using the same procedure described for KCrBiTe3, but
instead of using CrCl2, 43.5 mg (0.25 mmol) of Fe(CH3CO2)2 was used. A rigid black
chalcogel of KFeBiTe3 was obtained after one week. The resulting chalcogel obtained
after the solvent exchange and the supercritical drying is brittle and consists of very
fluffy black particles, Figure 5.2.
5.3

Results and Discussion

A DMF solution containing M2+ (M= Cr, Zn, Fe) and [BiTe3]3- building blocks yielded black
monolithic wet gels in a minimum of one week, Equation 5.1, and Figure 5.2. The
resulting wet gels were dried using a critical point dryer (CPD) with CO2, which preserves
the porosities during the removal of the solvent from the framework as opposed to
conventional oven drying.
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7 days/RT
(1)

K3BiTe3 + CrCl2

(2) K3BiTe3 + Zn(NO3)2.6H 2O

(3)

K3BiTe3 + Fe(OAc)2

DMF
7 days/RT
DMF
7 days/RT
DMF

KCrBiTe3 + 2KCl

KZnBiTe3 + 2KNO3 + 6H 2O

KFeBiTe3 + 2K(OAc)2

Equation 5.1 Synthesis of the chalcogels. (1) KCrBiTe3 (2) KZnBiTe3, and (3) KFeBiTe3 in
dimethylformamide (DMF) at room temperature (RT).

Figure 5.2 Visual representation of the completed metathesis reaction of the chalcogels
at room temperature (RT). (A) K3BiTe3 (inorganic building block) in Dimethylformamide
(DMF), (B) salt precursors in DMF, (C) the wet gels during the solvent exchange, (D) the
chalcogels after supercritical drying.
5.3.1 Characterization
SEM images reveal a spongy nature of the chalcogels with randomly oriented pores
throughout the micron-sized specimens, Figures 5.3, 5.4 and 5.5 (a). To prove that the
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building blocks are parts of the chalcogels, and to estimate the ratios of the elements
presented within the frameworks, multiple EDS analysis was applied in different areas of
the resulting aerogels. Based on EDS analysis, the suggested average compositions of
the resulting chalcogels are KCrBiTe3 (Figure 5.6, and Table 5.1), KZnBiTe3 (Figure 5.6
and Table 5.2), and KFeBiTe3 (Figure 5.6 and Table 5.3).

Figure 5.3 Characterizations and properties of KCrBiTe3 (a) Scanning electron
microscope (SEM) showing fluffy features throughout the micron-sized specimens and
porous nature of these materials. (b) TEM image illustrating the porosity and a
predominantly amorphous nature of the chalcogel by electron diffraction. Electron
diffraction shows only diffuse scattering, indicating a random periodic structure. (c) N2
adsorption/ desorption isotherms. (d) BJH adsorption plot showing the pore-size
distribution.
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Figure 5.4 Characterizations and properties of KZnBiTe3 (a) Scanning electron
microscope (SEM) showing fluffy features throughout the micron-sized specimens and
porous nature of these materials. (b) TEM image illustrating the porosity and a
predominantly amorphous nature of the chalcogel by electron diffraction. Electron
diffraction shows only diffuse scattering, indicating a random periodic structure. (c) N2
adsorption/ desorption isotherms. (d) BJH adsorption plot showing the pore-size
distribution.
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Figure 5.5 Characterizations and properties of KFeBiTe3 (a) Scanning electron
microscope (SEM) showing fluffy features throughout the micron-sized specimens and
porous nature of these materials. (b) TEM image illustrating the porosity and a
predominantly amorphous nature of the chalcogel by electron diffraction. Electron
diffraction shows only diffuse scattering, indicating a random periodic structure. (c) N2
adsorption/ desorption isotherms. (d) BJH adsorption plot showing the pore-size
distribution.
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Figure 5.6 EDS result of the KCrBiTe3, KZnBiTe3, and KFeBiTe3 chalcogels after drying.
Inset is a table of elements showing the average composition.
Table 5.1 Multiple EDS results for selected areas of KCrBiTe3 from 1-5.

Elements

At% (1)

At% (2)

At% (3)

At% (4)

At% (5)

K

16.10

16.22

16.06

16.12

16.31

Te

51.83

51.60

51.47

51.51

51.49

Cr

15.86

16.16

16.19

16.03

15.84

Bi

16.21

16.02

16.28

16.34

16.36
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Table 5.2 Multiple EDS results for selected areas of KZnBiTe3 from 1-5.

Elements

At% (1)

At% (2)

At% (3)

At% (4)

At% (5)

K

16.28

16.60

15.46

16.57

16.35

Te

53.42

52.05

52.40

52.27

52.19

Zn

15.12

15.96

16.09

15.75

16.03

Bi

15.18

15.39

16.05

15.41

15.43

Table 5.3 Multiple EDS results for selected areas of KFeBiTe3 from 1-5.

Elements

At% (1)

At% (2)

At% (3)

At% (4)

At% (5)

K

15.89

15.94

16.02

16.12

15.89

Te

51.37

51.33

51.41

51.30

51.29

Fe

16.78

16.57

16.64

16.56

16.86

Bi

15.96

16.16

15.93

16.02

15.96

The composition of the chalcogels was also determined by ICP-OES that provides
specific estimations through dissolving the chalcogels in a 69% nitric acid and 69%
hydrochloric acid, Table 5.4.
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Table 5.4 ICP-OES results showing the average relative concentration of the elements in
KMBiTe3 (M =Fe, Zn or Cr) chalcogel after critical point drying.

Elements

KFeBiTe3

KZnBiTe3

KCrBiTe3

Nominal

Conc. (%)

(M=Fe)

(M= Zn)

(M= Cr)

value

K

16.33

16.13

16.10

1

M

16.02

16.28

16.22

1

Bi

16.33

16.12

16.30

1

Te

50.32

50.24

50.80

3

C, H, N analysis confirms the presence of small amounts of organic species
(dimethylformamide) within the chalcogel frameworks (C= 0.12%, H= 0.16 and N= 0.13)
for KCrBiTe3, (C= 0.08%, H= 0.19% and N= 0.21%) for KZnBiTe3, (C= 0.11%, H= 0.16% and
N= 0.15) for KFeBiTe3. This result is in good agreement with FTIR result, where some
bands related to dimethyleformamide are recorded, Figures 5.7. Consequently, a trace
amount of dimethylformamide remains in the chalcogel frameworks after workup.
The skeletal densities of the chalcogels were measured by pycnometer. The recorded
densities were 2.28 g/cm3 for KCrBiTe3, 2.64 g/cm3 for KZnBiTe3, and 3.21 g/cm3 for
KFeBiTe3.
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Figure 5.7 Infrared spectra for (a) KCrBiTe3 (b) KZnBiTe3 and (c) KFeBiTe3 chalcogels,
showing the presence of traces dimethylformamide (DMF).
The chalcogels were studied using thermal gravimetric analysis (TGA) under nitrogen
field to assess the thermal resistance of the chalcogels at elevated temperature. All the
samples demonstrate good thermal stability up to 188 °C for KCrBiTe3, 210 °C for
KZnBiTe3 and 245 °C for KFeBiTe3, followed by a minor loss in their weight, Figure 5.8.
The total weight loss was 13.6% for KCrBiTe3, 4.2% for KZnBiTe3 and 5.3% for KFeBiTe3.
During heating, the chalcogels decomposed to the crystalline phase of bismuth telluride
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(Bi2Te3) as confirmed by XRD after TGA, Figures 5.9. EDS analyses after TGA were
performed to determine the residual of the aerogels, Figures 5.10.

Figure 5.8 TGA results of chalcogels under nitrogen field (a) KCrBiTe3, (b) KZnBiTe3 and
(c) KFeBiTe3, showing thermal stability of chalcogels.
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Figure 5.9 XRD results after TGA indicating the presence of crystalline phase of Bi2Te3 in
the (a) KCrBiTe3 (b) KZnBiTe3 and (c) KFeBiTe3 chalcogels.
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Figure 5.10 EDS analyses after TGA of (a) KCrBiTe3, (b) KZnBiTe3 and (c) KFeBiTe3,
showing the residual of the chalcogels.
Powder X-ray diffraction has been used directly after the supercritical drying to
investigate the crystallinity of the resulting materials. The results confirm that the
chalcogels are predominantly amorphous. However, minor reflections assigned to Bi2Te3
have been observed after four hours of drying the samples. XRD after one day of drying
shows more intense reflections related to Bi2Te3. This finding indicates that the
chalcogels are air sensitive and easily decompose by air forming a binary phase of
Bi2Te3, Figures 5.11.
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Figure 5.11 Powder XRD results of (a) KCrBiTe3, (b) KZnBiTe3 and (c) KFeBiTe3. Black
patterns are X-ray spectrum of the chalcogels after the critical drying show
predominantly amorphous nature. Red and blue patterns are the X-ray spectra of the
chalcogels after four hours and one day of the critical drying, respectively, showing
minor reflection peaks that assigned to Bi2Te3 and confirming the air sensitivity of the
chalcogels.
The morphology of the chalcogels was studied by TEM. The resulting chalcogels
revealed their nano-scale porous nature with a broad pore range, extending from the
meso-porous (2-50nm) to the macro-porous regions as shown in Figures 5.3, 5.4 and 5.5
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(b). The results indicate no regulation in the size, shape or orientation of the chalcogels
due to the absence of structural directing agents (SDA) during the synthesis. Also, it
seems there are no channels formed throughout the chalcogels. Instead, a random
aggregation of nanoparticles, which is characteristic for chalcogels structures, is
observed.21 The electron diffraction studies also demonstrate only diffuse scattering,
indicating the predominantly amorphous nature of the chalcogels.
Raman investigations have been carried out to confirm the presence of [BiTe3]3- anions
within the chalcogel structures. The study was initially applied on the starting material
K3BiTe3 (XRD result confirms the pure phase of this material, Figure 5.1 (b)). Raman
bands at 92 and 112 cm-1 can be assigned to the [BiTe3]3- anion, Figure 5.12. Raman
study of the chalcogels KCrBiTe3, KZnBiTe3, and KFeBiTe3 reveal the same bands as the
starting material, indicating the incorporation of [BiTe3]3- anions within the chalcogels.
The slight shift and broadening of the bands are due to amorphous nature of the
chalcogels and incorporation of the transition metals like Cr, Zn or Fe.

Figure 5.12 Raman spectra for K3BiTe3 (black), KCrBiTe3 (red) KZnBiTe3 (blue) and
KFeBiTe3 (pink).
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The PXRD, TEM and electron diffraction indicate that the materials are predominantly
amorphous with the respective average composition given in the formula and minor
amounts of crystalline Bi2Te3 can be observed as a result of side reactions or
decomposition of the aerogels.
Only by using mild reaction conditions and solution chemistry, the formation of
quaternary aerogels can be achieved. Attempts to synthesize quaternary crystalline
phases by combination reactions in quartz ampoules have yielded only binary
compounds as products, Figure 5.13.

Figure 5.13 X-ray diffraction of the materials made in quartz ampoules showing binary
compounds.
5.3.2 Adsorption Studies
Based on the nitrogen adsorption isotherm and Brunauer-Emmett-Teller (BET) model,
the supercritical dried chalcogels possess high surface areas (KCrBiTe3: 230 m2/g,
KZnBiTe3: 450 m2/g and KFeBiTe3: 514 m2/g) and exhibit isotherm type IV with hysteresis
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loops type H1 and H3, which are characteristic for mesoporous systems, Figures 5.3, 5.4,
and 5.5 (c). We attribute the high surface areas of the chalcogels in part to the strong
connection between metal ions and the building blocks, which enables the pore volume
to be maintained during drying processes.114 From Barrett-Joyner-Halenda (BJH) plots,
we observed broad pore size distribution extending from the macro, meso, and micro
regime, Figures 5.3, 5.4, and 5.5 (d). The isotherm types and the upward hysteresis
loops suggest cylindrical and slit pore geometries.115 However, due to the amorphous
nature of the chalcogels, it is difficult to evaluate their pore shapes.
The isotherms show minor adsorption of N2 at low relative pressures (0 < P/Po < 0.5)
indicating the incorporation of the micropores (d ≤ 2nm) within the chalcogel structures.
However, the major adsorption occurs in the meso- (2 < d < 50 nm) and macroporous (d
> 50 nm) regime at higher relative pressures (P/Po > 0.5). The small hysteresis loop at a
relative pressure close to the saturation point (P/Po > 0.8) is due to the percolation
effect of random porous networks, Figures 5.3, 5.4, and 5.5 (c).
The chalcogels have been tested for adsorption-based separation using volatile
hydrocarbons such as toluene and cyclohexane as probe molecules. The presence of the
soft and electron rich chalcogenide atoms (S, Se or Te) on the surface of metal
chalcogenide aerogels make them better adsorbents than the conventional aerogels,
which contain metal oxide or carbon.21, 78, 20
In this study, it has been revealed that the quaternary bismuth telluride chalcogels show
higher adsorption affinities for toluene vapor than cyclohexane vapor, Figure 5.14. This
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behavior can be attributed to the high polarity index of toluene comparing to
cyclohexane and polarizable surfaces of the metal chalcogenide aerogels. The relative
polarity of toluene is 2.4 while it is 0.2 for cyclohexane.22 Furthermore, the presence of
metal ions within the chalcogels structure can enhance the adsorption affinity toward
toluene molecules through the cation–π interaction.86 From the recorded isotherms,
only a small portion of the adsorption takes place at very low relative pressure (d ≤ 2
nm) indicating microporosity of the resulting aerogels. The majority of adsorption
exhibits at higher relative pressure (P/P0 > 0.5), which confirms the main contribution of
meso- (2 < d < 50 nm) and macropores (d > 50 nm). It has been found that the
adsorption capacity of KMBiTe3, while M =Cr, Zn or Fe is 479, 514 and 719 mg/g,
respectively. These results are much higher than that of zeolite, activated carbon16 and
some

metal

organic

frameworks

(MOFs)

like

Cu3(BTC)2

(BTC

=

1,3,5-

benzenetricarboxylate),18 MOF-177 and MIL-100.77 It has also been confirmed that the
adsorption capacity is 2-4 times higher than the recently published metal chalcogenide
aerogels (KFe3Co3S21, KFe3Y3S22, KFe3Eu3S22, KFeSbS3 and NaFeAsS3).21,

20

However, we

observed that KFeBiTe3 has a smaller surface area (514 m2/g) and lower adsorption
capacity (719 mg/g) than KFeSbTe3, which has a surface area of 652 m2/g and toluene
adsorption capacity of 829 mg/g.22 This result confirms that the adsorption of
hydrocarbon can vary based on the specific surface areas of chalcogels, which depend
on the compositions of the aerogel.21
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The high adsorption capacity of the resulting chalcogels offers an opportunity to tackle
challenging hydrocarbon mixture separations.

Figure 5.14 Adsorption isotherms of cyclohexane and toluene observed in the (a)
KCrBiTe3, (b) KZnBiTe3, and (c) KFeBiTe3 chalcogels at room temperature.
To prove the capability of the chalcogels for gas separation and to determine the
isosteric heat of adsorption, we performed experiments with different gases, CO2, CH4,
and H2 at different temperatures.
Recorded isotherms show higher adsorption of CO2 than CH4 and H2 over the chalcogels,
Figure 5.15. This is because CO2 molecules are more polarizable than CH4 and H2
(polarizability α in units of 10–24 cm3: α (CO2)= 2.9 > α (CH4)= 2.6 > α (H2)= 0.8), which
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facilitate the interaction of CO2 with the polarizable surface of the aerogels through
dispersion force.65 The polarizable surface of chalcogels presents an opportunity for gas
separation technology, e.g., Hydrogen purification. They could also be useful materials
in water gas shift and steam reforming reaction.

Figure 5.15 Gas adsorption isotherms of CO2, CH4, and H2 observed in (a) KCrBiTe3, (b)
KZnBiTe3, and (c) KFeBiTe3 at 0 °C and -10 °C.
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To determine interaction strength between chalcogels and CO2, isosteric enthalpy of
adsorption of CO2 (Qst) of KMBiTe3 (M=Cr, Zn, Fe) was calculated from the CO2 isotherm
at 273 K and 263 K by using the Clausius–Clapeyron equation. The Qst of CO2 values are
26.753 kJ mol-1 for KCrBiTe3, 25.775 kJ mol-1 for KZnBiTe3 and 30.095 kJ mol-1 for
KFeBiTe3, Figure 5.16.

Figure 5.16 Isosteric enthalpy of adsorption of KMBiTe3 (M= Cr, Zn, Fe) of CO2 as
calculated using Clausius-Clapeyron equation.
These values are much below than the values expected for a chemisorption process (>40
kJ mol-1). By comparison with other materials, the heat of adsorption measured for
chalcogels is lower than some MOFs, which exhibit a strong interaction between the
adsorbate and framework of adsorbents, e.g., HCu[(Cu4Cl)3(BTTri)8(en)5] , while
(H3BTTri=1,3,5-tri(1H-1,2,3-triazol-4-yl)benzene), (Qst = 90 kJ/mol)116 and MIL - 100 (Qst =
62 kJ/mol).117 Resulting chalcogels also demonstrate lower or similar heat of adsorption
for CO2 to some materials, which exhibit physisorption, like some organic polymers e.g.,

154
tetraanilyladamantane (TB-COP-1) (Qst = 25.95 kJ mol-1) and tetraanilylmethane (TBCOP-2) (Qst = 33.07 kJ mol-1)118 and some MOFs like HPYR@ZnPC-2 (Qst = 36 kJ mol-1),
while PYR is pyrrolidine, and HPIP@ZnPC-2 (Qst = 32 kJ mol-1), while PIP id poperidine.119
These results elucidate that these chalcogels can be easily regenerated after adsorption
of CO2. Furthermore, the adsorption-desorption experiments with CO2, H2, and CH4 at
different temperatures confirm the robustness of the chalcogels during repeated
loading cycles, Figure 5.17, 5.18, and 5.19.

Figure 5.17 Adsorption-desorption isotherms at various temperatures for KCrBiTe3,
while (a) is CO2, (b) is H2, and (c) is CH4.

155

Figure 5.18 Adsorption-desorption isotherms at various temperatures KZnBiTe3, while
(a) is CO2, (b) is H2, and (c) is CH4.

Figure 5.19 Adsorption-desorption isotherms at various temperatures for KFeBiTe3,
while (a) is CO2, (b) is H2, and (c) is CH4.
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Ideal adsorbed solution theory (IAST) has been used to calculate the adsorption
selectivity of an equimolar gas mixture in these chalcogels, Figure 5.20.22, 65, 66 The result
proves the large difference in the adsorbed amount of CO2 in comparison to H2 or CH4.
The selectivity predicted by the IAST for CO2 over H2 or CH4 was (CO2/H2: 175 and
CO2/CH4: 50) for KCrBiTe3, (CO2/H2: 180 and CO2/CH4: 60) for KZnBiTe3, and (CO2/H2: 225
and CO2/CH4: 65) for KFeBiTe3, which is much higher than selectivity previously
predicted by the IAST for zeolites,88 some MOFs (e.g., MOF-5 and Cu-BTC),17, 89 and most
of the chalcogels.21,

65, 20

These findings also indicate the potential suitability of the

KMBiTe3 (M= Cr, Zn, Fe) chalcogels for gas separation especially separation of CO2 from
H2 during the water gas shift reaction.

Figure 5.20 Selectivity of CO2 over H2 and CO2 over CH4 in (a) KCrBiTe3, (b) KZnBiTe3, and
(c) KFeBiTe3 as predicted by IAST for equimolar mixtures of CO2/H2 and CO2/CH4 at 273 K
(Ptotal is the total pressure of the gas mixture).
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To re-activate the materials after toluene adsorption, the chalcogels were heated at 100
°C overnight under vacuum. The BET surface area then was measured to compare
between the chalcogels as synthesized and the recycling ones. The FTIR spectra after
toluene adsorption-desorption process show the absence of the toluene vibrations,
Figure 5.21, which indicate that the toluene vapor was almost completely desorbed.
However, the materials were heated to remove any adsorbed moisture and re-activate
the pores. The BET isotherms after reactivation show reducing the surface area, 144
m2/g (KCrBiTe3), 253 m2/g (KZnBiTe3) and 310 m2/g (KCrBiTe3), Figure 5.22, indicating
that some pores were blocked after toluene adsorption or collapsed during the
reactivation process. This result suggests that the same chalcogels could be used for
another vapor adsorption process. However, as the BET surface area reduces with each
adsorption process, these chalcogels cannot be used for multiple gas adsorption studies,
e.g., more than three adsorption processes.

Figure 5.21 FTIR spectra of the chalcogels after toluene desorption.
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Figure 5.22 Nitrogen adsorption-desorption isotherms after the re-activation process.
(a) KCrBiTe3. (b) KZnBiTe3. (c) KFeBiTe3.
5.4 Conclusion
We have proved that metal chalcogenide aerogels can be constructed from different
main group chalcogenide clusters like [BiTe3]3- building blocks, and are not limited to Ge,
Sb, or Mo chalcogenide clusters. In this work, quaternary aerogels that are composed of
an amorphous arrangement of molecular [BiTe3]3- anions connected by different
transition metals and alkali metal cations (K+) were successfully synthesized. It has been
confirmed that among the first row of the transition metal ions, only three ions, Cr2+,
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Zn2+, Fe2+, are capable of forming chalcogels containing the [BiTe3]3- anionic building
blocks. These chalcogels have the potential ability to separate aromatic/aliphatic
hydrocarbons. The adsorption capacity and selectivity of these materials were
investigated using toluene and cyclohexane at room temperature. It has been found
that preferential adsorption depends on the polarity index of the VOCs as well as on the
specific surface area of the aerogels that can be customized by altering the chemical
composition. The calculated isosteric heat of adsorption and IAST results confirm that
these chalcogels could be promising materials for potential applications such as gas
separation and VOCs removal processes. Improvements in the thermal and chemical
stability of chalcogenide-based aerogels under real separation conditions are subject to
future studies.
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Chapter 6: Rare earth Chalcogels NaLnSnS4 (Ln= Y, Gd, Tb) for Selective
Adsorption of Volatile Hydrocarbons and Gases
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6.1

Introduction

Volatile hydrocarbons have been considered as one of the major air contaminants
for being contributors of tropospheric ozone, which can cause breathing
problems in humans and harm animal and plant life.120, 121 They have a high vapor
pressure at ordinary room temperate and low boiling points, which cause large
amounts of molecules to evaporate or sublimate from liquid or solid compounds
and enter the atmosphere.72, 122-124 They also work as greenhouse gases and thus
accelerate the global warming. Therefore, limiting the release of hydrocarbons
has received significant attention in a manner to protect the atmosphere from
pollution. Regeneration of resources that capture volatile hydrocarbons and the
ability to recover massive amounts of hydrocarbons emitted is also crucial for
chemical and petrochemical industries.72
To date, different conventional techniques like solvent extraction/distillation, and
separation based ionic liquids have been developed to deal with volatile
hydrocarbon emissions. These methods have some of limitations and
shortcomings including energy and time intensive for regeneration, toxic end
products and cost and corrosion problems.125-127
Adsorption-based separation processes using different classes of porous
materials like zeolites,73,
resins76,

92

90

molecular sieves,74 silica gel,75,

91

and polymeric

have been examined for their ability toward physical and chemical

separation of VOCs.
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Recently, metal chalcogenide aerogels or chalcogels have been considered as
adsorbents for the separation of VOCs.20-22 Chalcogels can be synthesized using
the metathesis route, which involves self-assembly reactions between soluble
precursors containing chalcogenide anion sources in the form of clusters or
complexes and transition metal salts. Using different chalcogenide anions and
transition metal linkers lead to a broad variety of novel porous materials, or
representatives of chalcogenide aerogels can be generated.
Recently, some tin sulfide chalcogels have been described as sorbents for the
capture and immobilization of iodine, e.g., Sb4Sn3S12 and Zn2Sn2S6.128 Tin sulfide
chalcogels also have been used for heavy metals and organic molecules removal
like Zn2SnxS2x+2 (x = 1, 2, 4).40
As an addition to the functionally diverse family of chalcogels with high surface
areas, we extended this approach to include rare earth metals. So far only two
mixed metal (Fe and Y or Eu) chalcogenide aerogels (KFe3Y3S22 and KFe3Eu3S22)
have been reported.21
Quaternary rare earth tin sulfide has been described as crystals, obtained mostly
via high-temperature synthesis (up to 1000 °C) using the solid-state method, e.g.,
K2Y4Sn2S11,129 and CuTb3SnS7.130
In this work, we synthesized a new class of metal chalcogenide aerogels with high
surface areas containing [SnS4]4- and rare earth linkers NaLnSnS4 (Ln = Y, Gd, and
Tb). The synthesis was accomplished by combining stoichiometric amounts of the
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metal precursor and thiostannate cluster to yield a neutral inorganic framework.
The resulting chalcogels were investigated for their feasibility as adsorbents
toward toluene and CO2 vapor, and they showed high adsorption capacity and
selectivity.
6.2

Experimental Setup

6.2.1 Synthesis
Yttrium(III) nitrate hexahydrate (Acros Organics, 99.9%), Gadolinium(III) nitrate
hexahydrate (Acros Organics, 99.9%) and Terbium(III) nitrate hexahydrate (Aldrich,
99.9%); formamide (Acros, 99.5%), absolute ethanol (Aldrich, 99.8%), toluene (Fisher
Scientific, 99.9%), cyclohexane (Roth Chemicals, 99.5%), anthracene (Aldrich, ≥99%) ,
tetracyanoethylene (TCNE) (Aldrich, 98 %) and tetrathiafulvalene (TTF) (Aldrich, 97 %)
were used as received. The solvent was degassed by bubbling N2 gas through it for
around three hours, then kept inside a nitrogen-filled glovebox (c(O2) < 0.1 ppm, c(H2O)
< 0.1 ppm). Synthesis of the chalcogels and solvent exchange processes were performed
inside a glovebox.
6.2.1.1 Synthesis of Starting Materials: [Na4SnS4·14H2O]
[Na4SnS4·14H2O] was used as a precursor of [SnS4]4- anions. Around 28.89 g (120 mmol)
of Na2S·9H2O (Aldrich, 99%) was added to 100 mL of H2O with stirring. 7.8 g (30 mmol)
of SnCl4·5H2O (Aldrich, 98%) was dissolved in H2O and added drop-wise to the
Na2S·9H2O solution with vigorous stirring. The solution then was heated at 45 °C for
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eight hours before mixed with 400 mL of absolute methanol and kept in a fridge for two
days. Obtained white crystals of Na4SnS4·14H2O were rinsed with ethanol several times
and then transferred to a vacuum oven for drying for one day, Scheme 6.1 and Figure
6.1.40
6.2.1.2 Synthesis of NaYSnS4 Chalcogel
An amount of 591 mg (1 mmol) of tin sulfide precursor [Na4SnS4·14H2O] was dissolved
in 2.5 mL of formamide, and 383 mg (1 mmol) of [Y(NO3)3·6H2O] was added to 2.5 mL
of formamide in a separate vial. The transparent solution of the tin sulfide precursor
was added gradually to the transparent solution of the yttrium precursor
[Y(NO3)3·6H2O] with stirring, yielding a clear transparent solution. After combining gel
precursor salts, the mixture was kept undisturbed for seven days. As the
polymerization progressed, the solution became more viscous and finally solidified to a
rigid yellow gel. The residual formamide was decanted, and the gel was suspended in a
mixture of ethanol and water (50:50) for six days and then in absolute ethanol for
seven days. The soaking solvent was daily replaced. Supercritical drying with CO2 at 35
°C was used to preserve the porosities during the removal of the solvent from the
framework and obtain an aerogel. The resulting material is fluffy, brittle and yellow
aerogel with inelastic modulus.
6.2.1.3 Synthesis of NaGdSnS4 Chalcogel
This material was synthesized using the same method applied for NaYSnS4. 451 mg (1
mmol) of Gadolinium(III) nitrate hexahydrate, Gd(NO3)3·6H2O was used. After ten days,
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an orange chalcogel of NaGdSnS4 was formed, and after the solvent exchange and
supercritical drying, very fluffy orange particles with low tensile strength were
obtained.
6.2.1.4 Synthesis of NaTbSnS4 Chalcogel
The same approach described for NaYSnS4 was used to synthesize this chalcogel, but
instead of using Y(NO3)3·6H2O, 453 mg (1 mmol) of Terbium(III) nitrate hexahydrate,
Tb(NO3)3·6H2O, was used. Light orange chalcogel of NaTbSnS4 was obtained after seven
days. The resulting chalcogel obtained after the solvent exchange and supercritical
drying is brittle and consists of very fluffy orange chunks.

Na2S.9H2O + SnCl 4.5H 2O

100ml of H2O

Solution

8 hrs at 45 oC

400ml of MeOH

emulsion

Strring

Refrigerator
48 hrs

white crystal

MeOH
filtering/ drying

precipitate
white crystal

Scheme 6.1 Experimental procedure of the starting material Na4SnS4·14H2O

166

Figure 6.1 Powder XRD pattern of the starting material [Na4SnS4·14H2O] confirming its
purity.
6.2.2 Characterization
6.2.2.1 Absorption of Organic Molecules
Inside a glovebox, around 50 mg of each chalcogels was soaked in a 10 mL of anhydrous
chloroform containing tetrathiafulvalene (TTF; 16 mg, 0.08 mmol), anthracene (14 mg,
0.08 mmol) or tetracyanoethylene (TCNE; 10 mg, 0.08 mmol) at room temperature for
48 hours. The products were isolated by filtration, washed several times with anhydrous
chloroform, and dried in a vacuum oven at room temperature for 24 hours. Finally, the
products were ground into powder for infrared and UV-Vis spectroscopy measurements.
To confirm the absorption of organic molecules, FTIR spectroscopy was carried out on a
Nicolet 6700 FTIR spectrometer in the mid-IR region (500-4000 cm-1) with a resolution of
2 cm-1.
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UV-Vis spectra of the TCNE/chloroform solution were recorded before and after the
treatment with chalcogels in the 200-800 nm regions to estimate the absorbed amount
of organic compound. Different concentration of TCNE/chloroform solutions (0.1x10-4
M, 0.3x10-4 M, 0.5x10-4 M) was used to determine the maximum wavelength (λmax) at
the highest absorbance intensity (A). Beer-Lambert’s law then was applied to quantify
the amount absorbed by the chalcogels and determines the residual concentration of
TCNE solution.
6.3 Results and Discussion
The reaction between Y3+, Gd3+ or Tb3+ and [SnS4]4- precursors at room temperature
gives rise to a porous inorganic framework. The slow addition of a formamide solution
containing Y3+, Gd3+ or Tb3+ into a formamide solution with an equivalent molar amount
of [SnS4]4- building blocks resulting in a spontaneous cross-linking reaction between Ln3+
(Ln= Y, Gd or Tb) and [SnS4]4- units. Beyond mixing the two precursor solutions, a clear
solution was formed. The viscosity of the solution was increased as the polymerization
occurred and finally formed a monolithic gel, Scheme 6.2 and Figure 6.2. Removing
byproducts and unreacted materials were achieved by solvent exchange using ethanol:
water (50: 50) solution for six days, followed by ethanol for seven days, and
subsequently dried with CO2 at its supercritical point. With this treatment, the wet gel
was converted into a fluffy aerogel keeping the volume and shape of the wet gel.
An example of how the rare earth element connected to the tin sulfide clusters and
formed a 3-dimensional framework is found in Sr2Y2.67Sn3S12, where the Y atoms
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attached to the building block through the S atoms and the Sr atoms are located in the
pores.131
The success of the sol-gel reactions depends on the synthetic conditions like the type of
chalcogenide clusters and the metal linkers. In this work, thiostannate clusters were
chosen due to their ability to establish bridges between different metal centers, forming
rigid wet gels.40 Y, Gd, and Tb linkers were selected because of their interesting optical
properties, which is not only limited on the luminescence but also involve the charge
transferring and interaction with guest molecules.132 Their position in the middle of the
lanthanide row (Gd, Tb) or within the transition metal elements (Y) provides proper
charge density to be attracted by the thiostannate clusters and form gels. However, rare
earth ions like Ce reacted too rapidly with the building blocks forming a precipitate. Yb
ions were also considered as a linker for gel formations, but these ions remained in the
formamide solution for months without any further gelation.
The choice of the metal-ligands also plays a significant role in the gel formation. For
example, using LnCl3·6H2O (Ln= Y, Gd, Tb) led to precipitates even with a small amount
of formamide. However, Y3+, Gd3+ or Tb3+ ions slowly released from nitrate ligand and
reacted with the thiostannate clusters forming the wet gels within a week.
(1) Na4SnS 4.14H 2O + Y(NO3)3.6H 2O
(2) Na4SnS 4.14H 2O + Gd(NO3)3.6H 2O

(3) Na4SnS 4.14H 2O + Tb(NO3)3.6H 2O

FM
RT/7 days
FM
RT/7 days
FM
RT/7 days

NaYSnS4 + 3NaNO3 + 20 H2O
NaGdSnS4 + 3NaNO3 + 20 H2O

NaTbSnS4 + 3NaNO3 + 20 H2O

Scheme 6.2 Synthesis of the chalcogels using formamide (FM) at room temperate (RT)
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Figure 6.2 Photographic picture of a typical sol-gel process in formamide solutions (FM)
at room temperature (RT), before the solvent exchange, showing the completed
metathesis reaction of wet rare earth chalcogels.
6.3.1 Characterization
Scanning electron microscopy (SEM) images of the chalcogels reveal homogeneous
sponge morphology, Figures 6.3, 6.4, and 6.5 (a). To assure the presence of the
inorganic frameworks, and to estimate the atomic composition of all elements,
multiple EDS analysis was applied in different areas of the resulting aerogels. The
prepared aerogels have the average compositions NaYSnS4, NaGdSnS4, and NaTbSnS4,
Figure 6.6, Table 6.1 to 6.3.
The composition of the chalcogels was also confirmed by ICP-OES using 69% nitric acid
Table 6.4. CHN analyses confirmed the presence of small amount of organic species
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(formamide) within the chalcogel frameworks (C = 0.09-0.15%, N = 0.12-0.17% and H =
0.16- 0.21%). This result is in good agreement with FTIR results, where some bands
belong to formamide are recorded, Figure 6.17. This finding indicates a trace amount
of formamide remained in the chalcogel frameworks after drying.

Figure 6.3 Characterizations and properties of NaYSnS4 (a) Scanning electron microscope
(SEM) showing the spongy nature of the chalcogel throughout the micron-sized. (b) TEM
image showing a nano-scale porous structure of chalcogel. Electron diffraction (inset)
confirms the amorphous nature of the chalcogels. (c) Nitrogen physisorption isotherms.
(d) BJH adsorption plot showing the pore-size distribution.
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Figure 6.4 Characterizations and properties of NaGdSnS4 (a) Scanning electron
microscope (SEM) showing the spongy nature of the chalcogel throughout the micronsized. (b) TEM image showing a nano-scale porous structure of chalcogel. Electron
diffraction (inset) confirms the amorphous nature of the chalcogels. (c) Nitrogen
physisorption isotherms. (d) BJH adsorption plot showing the pore-size distribution.
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Figure 6.5 Characterizations and properties of the NaTbSnS4 gel. (a) Scanning electron
microscope (SEM) showing the spongy nature of the chalcogel throughout the micronsized. (b) TEM image showing a nano-scale porous structure of chalcogel. Electron
diffraction (inset) confirms the amorphous nature of the chalcogels. (c) Nitrogen
physisorption isotherms. (d) BJH adsorption plot showing the pore-size distribution.
The skeletal density of the chalcogels has been recorded by pycnometry. The density
was 2.63 g cm-3 for NaYSnS4, 2.37 g cm-3 for NaGdSnS4 and 1.84 g cm-3 for NaTbSnS4.
Transmission electron microscopy (TEM) images of the metal chalcogenide aerogels
reveal random aggregation of irregularly shaped nanoparticles, producing an
amorphous porous network with a wide range of pore size covering macropores (>50
nm), and mesopores (2-50 nm) regions, Figures 6.3, 6.4, and 6.5 (b). These chalcogels
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are morphologically similar to other amorphous aerogels like activated carbon133 and
silica aerogels134 where small particles randomly connect to each other and form
amorphous networks. Dark areas suggest multilayers stacked of nanoparticles. The
absence of the structural directing agent (SDA) during the chalcogels synthesis allowed
random aggregation of the inorganic species around the solvent molecules and led to
form amorphous networks. As a result, there is no regulation in the size, shapes, and
direction of the pores. Instead, random interconnecting networks characteristic for
metal chalcogenide aerogels are formed.135 Electron diffraction patterns of the
chalcogels show diffuse spots confirming the amorphous nature of the systems.40

Figure 6.6 EDS results of the chalcogels after drying. Inset a table of the elements
showing the average composition.
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Table 6.1 Multiple EDS results for selected areas of NaYSnS4 from 1-5.

Element

At% (1)

At% (2)

At% (3)

At% (4)

At% (5)

NaK

14.43

14.55

14.24

14.57

14.55

YL

14.32

14.32

14.41

14.45

14.33

SK

56.66

56.32

56.61

56.24

56.54

SnL

14.59

14.81

14.74

14.74

14.58

Table 6.2 Multiple EDS results for selected areas of NaGdSnS4 from 1-5.

Element

At% (1)

At% (2)

At% (3)

At% (4)

At% (5)

NaK

14.52

14.57

14.37

14.69

14.51

SK

57.28

57.37

57.27

57.36

57.21

SnL

14.08

13.97

14.12

13.89

14.15

GdL

14.12

14.09

14.24

14.06

14.13
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Table 6.3 Multiple EDS results for selected areas of NaTbSnS4 from 1-5.

Element

At% (1)

At% (2)

At% (3)

At% (4)

At% (5)

NaK

14.26

14.28

14.24

14.22

14.19

SK

57.26

57.32

57.29

57.33

57.31

SnL

14.18

14.13

14.16

14.21

14.19

TbL

14.30

14.27

14.31

14.24

14.31

Table 6.4 ICP-OES result showing the average relative concentration of the elements in
NaLnSnS4 (Ln = Y, Gd or Tb) chalcogels after the critical point drying.

Elements

NaYSnS4

NaGdSnS4

NaTbSnS4

Nominal

Conc. (%)

(M = Y)

(M = Gd)

(M = Tb)

value

Na

14.11

13.68

14.38

1

M

14.45

13.76

14.59

1

Sn

14.24

14.14

13.70

1

S

57.26

56.95

57.64

4
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Raman investigations have been carried out to confirm the presence of [SnS4]4- anions
within the chalcogel structures. Raman bands at 347-317 cm-1 and 368 cm-1, Figure 6.7,
characteristic of symmetric and asymmetric Sn-S modes of [SnS4]4-, are observed.136 The
results confirm that the building blocks remained intact within the chalcogels.
The thermal stability of the chalcogels was investigated at elevated temperatures using
thermal gravimetric analysis (TGA) under nitrogen. TGA curves, Figure 6.8, indicate that
all the samples demonstrate good thermal stability up to 200 °C for NaYSnS4, 250 °C for
NaGdSnS4 and 120 °C for NaTbSnS4, followed by a three steps decomposition of the
chalcogels.
The weight loss between 150 °C and 210°C is due to formamide removal, the gradual
weight loss up to 400 °C corresponds to the sulfur removal from the chalcogel
frameworks, as proved by EDS of the residual materials. The relatively higher stability of
NaYSnS4 and NaGdSnS4 chalcogels could be due to the small-adsorbed amount of the
residual solvent comparing to NaTbSnS4 chalcogel. The total weight loss was 49% for
NaYSnS4, 25% for NaGdSnS4 and 32% for NaTbSnS4.
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Figure 6.7 Raman spectra of (a) NaYSnS4, (b) NaGdSnS4, (c) NaTbSnS4 confirming the
presence of the building block [SnS4]4-.

Figure 6.8 TGA of the NaYSnS4 (black), NaGdSnS4 (red), and NaTbSnS4 (blue) chalcogels
showing a gradual weight loss of chalcogels under 20 ml/min of nitrogen flow and 10
K/min of heating rate.
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Powder X-ray diffraction (PXRD) was used before and after TGA to reveal the presence
of any crystalline phase within the chalcogel networks. The PXRD data of all chalcogel
samples before TGA shows predominantly amorphous nature of the chalcogels due to
the random network structures and lack of any orientation between neighboring
building units, Figure 6.9. PXRD after TGA of NaYSnS4 and NaTbSnS4 show some lowintensity reflections with nonlinear backgrounds that could match the simulated
patterns of SnS and Tb2S3, respectively. Few weak unknown reflections also appear.
NaGdSnS4 chalcogel after TGA reveals high noise levels due to its poor crystallinity,
Figure 6.10.
To assess the moisture stability of the chalcogels, they were exposed to the air for two
weeks. The PXRD results confirm that the chalcogels preserved their amorphous
characters implying their resistance to air oxidation, Figure 6.9.
UV-Vis spectra of the chalcogels reveal that these chalcogels exhibit narrow optical
energy band gaps falling in the visible region NaYSnS4 (2.66 eV), NaGdSnS4 (2.08 eV) and
NaYSnS4 (2.83 eV), Figures 6.11.
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Figure 6.9 Powder XRD results show the amorphous nature of the resulting chalcogels.

Figure 6.10 XRD results after TGA of the chalcogels.
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Figure 6.11 Solid-state UV-Vis optical absorption spectra for the chalcogels.
6.3.2 Adsorption Studies
Nitrogen physisorption measurements were used to confirm the porosity of these
chalcogels. The physisorption isotherms indicate a type IV adsorption isotherm with an
H3 hysteresis loop characteristic of an interconnected mesoporous system, Figure 6.3,
6.4, and 6.5 (c).23,
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The shapes of the isotherms are similar to the reported

chalcogels.59, 64 A small upward turn in the relatively low-pressure region (P/Po < 0.05)
signifies the presence of microporosity (pore diameter < 2 nm). The absence of any
saturation point near atmospheric pressure indicates condensation of adsorbate
molecules in large macropores (pore diameter >50 nm). The majority of the adsorption
occurred at higher relative pressures (P/Po > 0.4) where mesopores are the main
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contributors (pore diameter between 2 and 50 nm). Nitrogen physisorption isotherm of
NaGdSnS4 chalcogel associated with a low-pressure hysteresis. This phenomenon occurs
when there is a change in volume of the adsorbent, e.g., the swelling of non-rigid pores
or with the irreversible uptake of molecules in pores of about the same width as that of
the adsorptive molecule.23 The chalcogels were synthesized several times. BrunauerEmmett-Teller surface area (SBET) measurements were repeated three times on three
different batches of the chalcogels at 77K. The SBET as determined by nitrogen
physisorption was 649, 639 and 633 m2 g-1 for NaYSnS4, 479, 474, 469 m2 g-1 for
NaGdSnS4 and 354, 350, 344 m2 g-1 for NaTbSnS4, which is higher than those obtained
for Pt-containing chalcogels59 and comparable to latest chalcogels, e.g., CoMoS, NiMoS,
ZnSnS, KCoS,128 KFeSbTe3,22 CuSb2S4.138
Chalcogels surface area depends on the work-up of the materials where multiple
washing cycles are used and effective CO2 drying.22
The presence of a wide range of pore diameters is also evident from Barrett-JoynerHalenda (BJH) pore size distribution plots calculated using adsorption isotherm data,
Figures 6.3, 6.4, and 6.5 (d). These results are in agreement with the SEM and TEM
micrographs and support the aerogel nature of the resulting rare earth chalcogel
samples.
The validity of the chalcogels for adsorption-based separation of volatile polar
hydrocarbons has been assessed by adsorption measurements of toluene and
cyclohexane vapor at room temperature. It has been acknowledged that the surface
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polarizability increases with the presence of soft chalcogen atoms [Qx]2- (Q = Te, S, or Se;
x = 1-5) on the surface of the chalcogels.20, 65 As a result, metal chalcogenide aerogels
exhibit stronger interactions on their surfaces with the polarizable adsorptives than that
occur on the traditional aerogel surfaces, such as carbons, organic polymers, and metal
oxides.22, 65 The results show that interactions between the adsorbents and adsorbates
become weaker as the polarity decreased. The rapid adsorption of toluene vapor
(polarity index is 2.4) suggests the presence of an active guest-host interaction. In
contrast, owing to the relatively weak interaction between cyclohexane vapor (polarity
index is 0.2) and the chalcogel frameworks, the adsorption of cyclohexane vapor
increases gradually along with the increasing relative pressure. Thus, the differences of
adsorption isotherms of toluene and cyclohexane vapor depend on the strength of
interaction between host framework and guest molecules. Toluene is likely to
contribute in π-Ln interactions with the chalcogel frameworks, leading to strong
interactions. Contrarily, cyclohexane is inert in the intermolecular interaction with slow
uptake.97
As shown in the recorded isotherms, Figure 6.12, the saturated adsorption capacity of
toluene on NaYSnS4, NaGdSnS4 and NaTbSnS4 is 1108, 921 and 645 mg/g, respectively.
These results are similar to the recorded toluene values (1050-1350 mg/g) on MIL-101
at P/P0 = 0.5.139, 140
Comparing with zeolite, activated carbon,16 some metal organic frameworks (MOFs) like
MOF-177, MIL-100

77

and Cu3 (BTC)2 (BTC=1,3,5-benzenetricarboxylate),18 and recently
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published metal chalcogenide aerogels like KFe3Co3S21, KFe3Y3S22, KFe3Eu3S22,21 KFeSbS3
and NaFeAsS3,20 the rare earth tin sulfide chalcogels exhibit higher saturated adsorption
capacity for toluene at room temperature.

Figure 6.12 Adsorption-Desorption isotherms of toluene and cyclohexane at room
temperature in (a) NaYSnS4, (b) NaGdSnS4, and (c) NaTbSnS4.
The adsorption features of the rare-earth chalcogels were investigated for CO2, CH4, and
H2 at different temperatures. The isosteric enthalpy and adsorption selectivity were
calculated from single-component adsorption data.
Recorded isotherms show higher adsorption of CO2 than CH4 and H2 over the chalcogels,
Figures 6.13. This performance can be described by polarization. The polarizability of
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CO2 is higher than CH4, and H2, which facilitates the interaction with the polarizable
surface of the aerogels through dispersion force (polarizability α in units of 10-24 cm3: α
(CO2)= 2.9 > α (CH4)= 2.6 > α (H2)= 0.8).65 From SEM, TEM, ICP and physisorption
measurements, it is evident that all chalcogels have identical structures and
approximately the same pore sizes. Therefore, it is reasonable to expect that the
polarizability and gas adsorption gradually decrease with increasing the atomic number
of lanthanides from Y3+ to Tb3+. Thus, more CO2 adsorption is expected to occur in
porous materials with lightweight elements rather than those with heavier elements.
Similar adsorption behavior was observed in several porous materials with lightweight
elements such as Mg2+ in recent studies on MOFs, with the purpose of improving H2
storage.141, 142
These materials do not function as filters to separate CO2, where the pore size plays the
crucial role in separating smaller molecules from the larger ones. Instead, they operate
on the based of the polarizability of the adsorbent and the adsorbate. Consequently,
they solve the problem associated with the separation of large molecules.
The strength of the interaction between the porous chalcogels and CO2 molecules was
determined using the isosteric enthalpy of adsorption (Qst). The Clausius–Clapeyron
equation was applied to the adsorption isotherms. The isosteric enthalpy of CO2
adsorption (Qst) was 20.067 kJmol-1 for NaYSnS4, 30.337 kJmol-1 for NaGdSnS4, and 24.6
kJmol-1 for NaTbSnS4, Figure 6.14, standard for a physisorption process and similar to
some activated carbons.143,
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Those values are lower than those expected for
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chemisorption, which exhibit an isosteric enthalpy of adsorption in the range of 40-90 kJ
mol-1, e.g., amine-functionalized materials.145, 146

Figure 6.13 Gas adsorption isotherms of CO2, CH4, and H2 observed in (a) NaYSnS4, (b)
NaGdSnS4, and (c) NaTbSnS4 at 0 °C and -10 °C.
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Figure 6.14 Isosteric enthalpy of adsorption of NaLnSnS4 (Ln= Y, Gd, Tb) of CO2 as
calculated using Clausius-Clapeyron equation.
The result suggests that the CO2 molecules interacted with chalcogels through
dispersion forces. Simmons et al. proved that the isosteric enthalpy of adsorption values
between 22 and 29 kJ mol-1 are the ideal for single-component CO2 streams under
conventional swing adsorption processes whereas the values between 26 and 31 kJ mol
are the optimal values for a 20% partial pressure CO2 flue gas.147
Taking this into account, the isosteric enthalpy of adsorption results and gas adsorption
isotherms of the resulting chalcogels show the advantage of these materials regarding
separation and regeneration process.
However, further improvements of the chalcogels, e.g., altering the chemical
composition using cheaper elements instead of the rare earth can be applied to increase
the separation efficiency.
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The ideal adsorbed solution theory (IAST) has been used to calculate the adsorption
selectivity of an equimolar gas mixture in these chalcogels, Figure 6.15. The results
demonstrate a considerable difference in the adsorbed quantity of CO2 compared with
H2 or CH4. The selectivity predicted by the IAST for CO2 over H2 or CH4 was CO2/H2: 172
and CO2/CH4: 50 for NaYSnS4, CO2/H2: 155 and CO2/CH4: 37 for NaGdSnS4 and CO2/H2: 75
and CO2/CH4: 28 for NaTbSnS4, which is greater than the selectivity for zeolites 88, some
MOFs (e.g., MOF-5 and Cu-BTC),17, 89 and most of the chalcogels.20, 64, 65 These findings
also indicate the potential suitability of the NaLnSnS4 (Ln= Y, Gd, Tb) chalcogels for gas
separation especially separation of CO2 from H2 during the water gas shift reaction.

Figure 6.15 Selectivity of CO2 over H2 and CO2 over CH4 in (a) NaYSnS4, (b) NaGdSnS4,
and (c) NaTbSnS4 as predicted by IAST for equimolar mixtures of CO2/H2 and CO2/CH4 at
273 K (Ptotal is the total pressure of the gas mixture).
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To re-activate the materials after toluene adsorption, the chalcogels were degassed at
100 °C overnight under vacuum. The BET surface area then was measured to compare
between the chalcogels as synthesized and the recycled ones. The BET isotherms after
reactivation show reductions in the surface areas, 183 m2/g (NaYSnS4), 179 m2/g
(NaGdSnS4) and 172 m2/g (NaTbSnS4), Figure 6.16, indicating that some pores were
blocked after toluene adsorption or collapsed during the reactivation process. These
values are still considered as high surface areas for chalcogels. However, as the BET
surface area decreases with each adsorption/desorption cycle, the chalcogels cannot be
used for more than two cycles.

Figure 6.16 Nitrogen adsorption-desorption isotherms after the re-activation process (a)
NaYSnS4 (b) NaGdSnS4 (c) NaTbSnS4.
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The high surface area with accessible pores of the resulting chalcogels comparing to the
carbon and metal oxide materials allow the surface interaction with guest molecules.
Therefore, the ability of the chalcogels to differentiate between different organic
molecules from their electron structures was investigated. The materials were soaked in
chloroform solutions containing electron-donor tetrathiafulvalene (TTF) molecules,
electron-acceptor tetracyanoethylene (TCNE) molecules and inert anthracene molecules
for around 48 hours.40 FTIR spectroscopy proves the presence of TCNE molecules within
chalcogel structures, Figure 6.17. The sharp infrared absorption peaks of 2214, 2260,
2227 cm-1 are the characteristic vibration modes of free TCNE that rise from the nitrile
groups (C≡N).148 Resulting chalcogels as synthesized do not show any absorption peaks
bands in this area, Figure 6.17. However, after the treatment with TCEN molecules,
some vibration peaks appear at 2225, and 2210 cm-1 confirming the incorporation of
TCNE molecules into the chalcogels. These values are consistent with the reported
Ln([TCNE)3 (Ln= Dy, Gd).149 The slight shift of these peaks to lower frequencies meet the
bands of common TCNE incorporate electron donor complexes.150 It is expected the
low-lying π* orbitals in the C≡N group grab electron density from the chalcogel
networks. Remaining FTIR peaks in the 597 (νNCO/NH2), 1390, 2854 (νC-H) 1677 (νC=O),
and 1577, 3418 (νNH2) cm-1 region belong to the residual formamide ligand in the
chalcogel frameworks.151
The changes of the electronic structure and the properties of the chalcogels after the
treatment with TCNE were proved by UV-Vis spectra of chalcogels. Different
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concentrations of TCNE were prepared and measured by UV-Vis spectroscopy to
confirm the charge transfer. TCNE has a band gap in the region of 4.03.8eV to 4.10eV.
The UV-Vis spectra after the treatments with TCNE show a remarkable blue shift for the
chalcogel energy gaps. The band gap is 3.14eV for NaYSnS4/TCNE (0.5x104- M), 3.28eV
for NaYSnS4/TCNE (0.3x104- M), 3.49eV for NaGdSnS4/TCNE (0.5x104- M), 3.63eV for
NaGdSnS4/TCNE (0.3x104- M), 3.12eV for NaTbSnS4/TCNE (0.5x104- M) and 3.94eV for
NaTbSnS4/TCNE (0.3x104- M), Figure 6.18. This observation indicates that the merger of
electron acceptor molecules such as TCNE molecules into Ln-chalcogel networks leads
to charge transfer interaction where the chalcogel serves as an electron donor. The
lowest unoccupied molecular orbital (LUMO) of TCNE combined with the rare earth
chalcogels conduction band, resulting in increasing of the conduction band energy and a
blue shift of the UV-Vis spectra, Figure 6.18.
The blue shift in the rare earth chalcogel band gaps after TCNE absorption implies the
change in the electronic density of the chalcogels caused by stronger interaction
between TCNE molecules and the resulting chalcogels comparing to the redshift of the
reported chalcogels.152 40
The UV-Vis absorbance intensity of known concentration of TCNE/CHCl3 solutions
(0.1x104- M, 0.3x104- M and 0.5x104- M) and supernatant TCNE/ CHCl3 solution after the
treatment with chalcogels were used to calculate the adsorbed amount of TCNE, Figure
6.19.
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Figure 6.17 FTIR spectra of the rare earth chalcogels before and after the treatment
with organic molecules
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Figure 6.18 UV-Vis spectra of the rare earth chalcogels before and after the treatment
with different concentration of TCNE/ CH3Cl confirming the incorporation of the TCNE
and showing the blue shift of the chalcogel band gaps.

Figure 6.19 UV-Vis spectra of the supernatant solutions of different concentration of
TCNE in CH3Cl before and after the treatment with chalcogels showing the maximum
wavelength of TCNE
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To calculate the adsorbed amount of TCNE, Lambert-Beer law was used. From the UVVis spectrum, TCNE/CH3Cl (0.5 x10-4 M) has a maximum absorption (A (λmax)) of 1.10469
at 291.609 nm. So, the calculated molar absorption coefficient (ε) of TCNE in CH3Cl
solution at 291.609nm = 22093.8 M-1cm-1, which is close to the average absorption of
TCNE in various solvents.153 The calculated residual concentration of TCNE in CH3Cl
solution after the treatment with chalcogels was 0.431 x 10-4 M for NaYSnS4, 0.438 x 10-4
M for NaGdSnS4, and 0.377 x 10-4 M for NaTbSnS4.
Noteworthy, incorporation of FTT, which are electron donor molecules and anthracene,
which are neither donor nor acceptor molecules, do not affect the electronic structures
of chalcogels, Figure 6.17. This finding shows that the chalcogels are active toward
electron acceptor adsorbates, which means a possible usage of these materials in sensor
and thin film transistor applications.
6.4

Conclusions

We have demonstrated that the synthesis of metal-chalcogenide aerogels is not only
limited to transition metal ions or mixed metal ions (transition and rare earth ions).
Rather, they can also be constructed from pure rare earth ions if the proper conditions
were employed. In this work, the rare earth chalcogels NaLnSnS4 (Ln= Y, Gd, Tb) have
been synthesized by the established sol-gel metathesis method. These chalcogels
possess high BET surface areas, 649 m2/g for NaYSnS4, 479 m2/g for NaGdSnS4 and 354
m2/g for NaTbSnS4, and show preferential adsorption of polarizable gases and
hydrocarbons. The resulting chalcogels show three to five times higher adsorption
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capacity toward toluene vapor than KFe3Y3S22 and KFe3Eu3S22, which contain a mixture
of transition and rare earth metal ions. The obtained values are also higher than the
most reported chalcogels, 13X Zeolite, activated carbons and silica gel,16 which have
equivalent surface areas. The resulting chalcogels also show higher selectively toward
CO2/H2 and CO2/CH4 than the chalcogels containing transition metal ions. Improvement
of gas selectivity of the chalcogels by incorporating heavier polarizable elements into
the inorganic frameworks indicates these systems may have a significant impact in gas
separation processes. Also, blending rare earth chalcogels with TCNE (electron acceptor
molecules) at room temperature causes a noticeable shift in the band gap; approving
these chalcogels could be candidates for some applications such as optical devices, thin
film transistors, and sensors.
The initial results indicate that rare earth chalcogels could be useful materials for
purification and separation of hydrocarbon and gas molecules. However, as the
polarizability of the chalcogels significantly affects the adsorption and separation
processes, improvements of these processes could be achieved using more polarizable
alkali metal ions like K or Rb, and building blocks containing Se or Te atoms like A4SnQ4
(A= K or Rb, Q = Se or Te). Enhancing the stability of the chalcogels during adsorption
processes is also subjected to the future study on the chalcogels.
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Chapter 7: Enhanced Selectivity and Uptake Capacity of CO2 and Toluene
Adsorption in Quaternary Co0.5M0.33MoS4 (M = Sb or Y) chalcogels by
Impregnated Metal Salts
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7.1 Introduction
Continued emission of hydrocarbons through industries or as by-products from
commercial or private uses to the environment adversely affects the ozone level and
enhances the global warming, which increases the risk for diseases like cancer, and
prevents the photosynthetic ability of plants.120 Hence, it is paramount importance to
improve an approach or a system that can reduce hydrocarbons emissions to the
desired level.
Several methods have been developed for efficient purification and separation of VOCs
such as filtrations, distillation, absorptions and membrane separations. Of these
techniques, adsorption-based separation systems using porous materials have grabbed
attentions due to the improvement of the selectivity of desired materials and the ability
for separating different substances and recovering resources.154-158
The characteristic of porous materials and the interaction types between the adsorbates
and adsorbents determine the separation efficiency. Membranes such as zeolites,73, 90
molecular sieves,74 silica gel,75, 91 polymeric resins,76, 92 have already been described as
adsorbates for various separation processes.
Recently, metal chalcogenide aerogels (chalcogels) have been investigated for effective
VOCs separation.22 Unlike ordered mesoporous structures, in which surfactants are used
as templates to form the ordered pores, chalcogels have amorphous structures, due to
the absence of any structural directing agents (SDA) during the synthesis, accessible
pore volume, high surface area, low density, and broad pore size distributions.40, 41
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So far, chalcogels can be synthesized using different methods like a rational design
approach,159 an oxidative coupling approach using iodine,160 assembly of inorganic
semiconductors with compositionally matched molecular soldiers,161 and a sol-gel
metathesis reaction. 50, 64, 66 Of these methods, the sol-gel reactions allow using different
chalcogenide Zintl building blocks, leading to the formation of a broad range of
chalcogenide aerogels (chalcogels).
Recently, thiomolybdate clusters have been used to prepare high surface area
chalcogels like ternary Co(Ni)–Mo(W)–S chalcogels. These materials were mainly
synthesized to serve as a catalyst for the hydrodesulfurization due to the reduced
activity of thiomolybdate clusters, which can improve the catalyst performance of the
chalcogels.64
Several quaternary molybdenum sulfide chalcogels were also reported and investigated
for gas separation, but the adsorption capacity of these materials toward CO2 /H2 was
small, 10 to 16.68
In this work, we demonstrated that the incorporation of the tetrathiomolybdate
[MoS4]2- building blocks with the transition metal linkers like Co2+ and the main group or
the rare earth co-linkers, Sb3+ (Y3+), led to form rigid chalcogels, Co0.5M0.33MoS4 (M = Sb
or Y) with high surface areas 176 m2/g and 145 m2/g, respectively. The effect of the
chemical composition of the chalcogels on the morphology, structure, acidity, and
thermal stability were discussed. Co2+ ions with Sb3+ or Y3+ ions were chosen to create
various Lewis acid sites in the chalcogels’ frameworks while the building blocks were
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selected to inherit the properties of the chalcogels containing thiomolybdate clusters
such as redox activity, low density, porosity, and high surface area.
The resulting chalcogels were investigated as sorbents for hydrocarbon and gas
separations. The results show high selectivity toward CO2 vapor (CO2/H2: 80 and
CO2/CH4: 21) for Co0.5Sb0.33MoS4 and (CO2/H2: 27 and CO2/CH4: 15) for Co0.5Y0.33MoS4,
and high adsorption capacity toward toluene 387 mg/g for Co0.5Sb0.33MoS4 and 304
mg/g for Co0.5Sb0.33MoS4.
The selectivity and uptake capacity toward toluene and hydrocarbon of the resulting
chalcogels were significantly enhanced by the impregnated metal species like Li, Ni, and
Mg. CO2 adsorption capacity was also improved after the post-synthetic modification of
the materials.
7.2 Experimental
7.2.1 Synthesis
Cobalt(II)acetate tetrahydrate (Alfa, 99.9%), Antimony(III)acetate (Sigma-Aldrich,
99.9%),

Yttrium(III)acetate

hydrate

(Sigma-Aldrich,

99.9%),

and

Ammonium

tetrathiomolybdate (Sigma-Aldrich, 99.97%), formamide (Acros, 99.5%), absolute
ethanol (Aldrich, 99.8%), toluene (Fisher Scientific, 99.9%) and cyclohexane (Roth
Chemicals, 99.5%) were used as received. The formamide was degassed by bubbling N2
gas through it for 3 hours, then kept inside a nitrogen-filled glovebox (c(O2) < 0.1 ppm,
c(H2O) < 0.1 ppm). Synthesis of the chalcogels and solvent exchange processes were
performed inside a glovebox.
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7.2.1.1 Synthesis of Co0.5Sb0.33MoS4 and Co0.5Y0.33MoS4 Chalcogel
A 3 mL formamide solution containing 124.5 mg (0.5 mmol) Co(OAc)2·4H2O and 98.6 mg
(0.33 mmol) Sb(OAc)3 or 93.7 mg (0.33 mmol) Y(OAc)3·H2O for Co0.5Sb0.33MoS4 or
Co0.5Y0.33MoS4, respectively, was slowly added to a 3 mL of formamide solution
containing (NH4)2MoS4 to obtain a clear black solution which was kept undisturbed for
around one week. The viscosity of the solution increased as the polymerization reaction
occurred. After seven days when the rigid gel formed, solvent exchange using a 50:50
mixture of water and ethanol for three days and absolute ethanol for seven days took
place. A fresh solvent was provided every day. The wet gel then was placed in a
supercritical point dryer chamber (A Tousimis Autosamdri-815B). Liquid CO2 was
supplied to the container every hour over 10 hours to get rid of the remnant solvent
from the chalcogel frameworks and obtain aerogels. The critical drying of the chalcogels
was achieved by elevating the chamber pressure and temperature up to 1300 psi and 35
°C for 5 minutes. Gaseous CO2 has gradually vented out the sample container. This
procedure preserves the porosities during the removal of the solvent from the
frameworks. The resulting material is fluffy, brittle and black aerogel with inelastic
modulus.
7.2.2 Metal salts loaded the chalcogel Co0.5Sb0.33MoS4
Around 100 mg of Co0.5Sb0.33MoS4 chalcogel were immersed in 25ml of 0.2M ethanol
solutions of and Ni(NO3)2·6H2O, LiCl·H2O, and Mg(NO3)2·6H2O for one day at room
temperature. After filtration, the metal salts loaded chalcogels were dried using

200
supercritical drying.
7.2.3 Probing the Chalcogels’ Surface Acidity:
The acidity of the chalcogels was tested using pyridine as a probe molecule. The samples
were kept inside vials and exposed to the pyridine vapor at 45 °C for 60 min. FTIR
spectra then were immediately recorded. Desorption of pyridine was achieved by
heating the materials at 100 °C and 130 °C for one hour.
7.3

Results and Discussion

The metathesis reaction between [MoS4]2- building blocks, Co2+ and Sb3+ or Y3+ linkers in
formamide at room temperature results in three-dimensional inorganic frameworks.
The supercritical drying with CO2 was applied on the wet gels after the solvent exchange
processes to extract the liquid component without destroying the pore structures. The
corresponding chalcogels has large pore volumes and high surface areas, Equation 7.1,
Figure 7.1.

Equation 7.1 Synthesis of the chalcogels. (1) Co0.5Sb0.33MoS4 (2) Co0.5Y0.33MoS4
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Figure 7.1 Visual representation of the gels synthesis. (A) Co(OAc)2·4H2O in FM, (B)
Sb(OAc)3 or Y(OAc)3·H2O in FM, (C) (NH4)2MoS4 (inorganic building block) in FM. FM is
formamide, and RT is room temperature.
7.3.1 Characterization
Scanning electron microscopy (SEM) images of the chalcogels confirm the sponge
morphology of the resulting chalcogels, Figure 7.2 and 7.3 (a).
EDS analysis was performed to estimate the chemical composition of each chalcogels.
For Co0.5Sb0.33MoS4 chalcogel, the ratios between Co:Mo, Co:Sb and Mo:S were 0.48:1,
0.5:0.32 and 1:3.9, respectively, whereas the metal atomic ratios observed for
Co0.5Y0.33MoS4 chalcogel were 0.51:1, 0.5:0.33 and 1:4.1 for Co:Mo, Co:Y and Mo:S,
respectively, Figure 7.4 (A, B), Table 7.(1, 2). These findings are close to the suggested
ones (0.5:1, 0.5:0.33 and 1:4.0). The slight differences in the Mo:S ratio from 1:4.0 could
be due to the polysulfide formation as it is confirmed by XPS results, Figure 7.7.
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CHN analyses confirm the presence of small amount of organic species (formamide)
within the chalcogels frameworks (C = 0.08-0.14%, and N = 0.13-0.18%, and H = 0.170.20%).
The recorded skeletal density of the chalcogels was 1.93 g cm-3 for Co0.5Sb0.33MoS4 and
1.75 g cm-3 for Co0.5Y0.33MoS4.
Transmission electron microscopy (TEM) images of the resulting chalcogels reveal that
the random aggregation of primary nanoparticles led to the formation of secondary
particles generating meso, and macro pores, Figure 7.2 and 7.3 (b). These chalcogels
appear to be morphologically similar to the traditional aerogels like activated carbon 133
and silica aerogels
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where small particles randomly connect to each other and form

amorphous networks. The dark areas that appear in the images are due to the stack of
multilayer nanoparticles. Due to the absence of the structural directing agent (SDA)
during the chalcogel synthesis, there is no regulation in the size, shapes, and direction of
the pores. Instead, random interconnecting networks characteristic for metal
chalcogenide aerogels formed.135 Electron diffraction show diffuse scattering indicating
the amorphous nature of the chalcogels.40
Similar

random

network

connection

between

chalcogenide

building

blocks

(M[MoS4]2)2/3- (M= Ni, Co) and different transition metals has been described.162, 163
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Figure 7.2 Characterization and properties of Co0.5Sb0.33MoS4. (a) Scanning electron
microscope (SEM) showing fluffy features throughout the micron-sized specimens and
porous nature of these materials. (b) TEM image illustrating the porosity and a
predominantly amorphous nature of the chalcogel by electron diffraction. Electron
diffraction shows only diffuse scattering, indicating a random aperiodic structure. (c)
Nitrogen physisorption isotherms. (d) BJH adsorption plot showing the pore-size
distribution.
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Figure 7.3 Characterization and properties of Co0.5Y0.33MoS4. (a) Scanning electron
microscope (SEM) showing fluffy features throughout the micron-sized specimens and
porous nature of these materials. (b) TEM image illustrating the porosity and a
predominantly amorphous nature of the chalcogel by electron diffraction. Electron
diffraction shows only diffuse scattering, indicating a random aperiodic structure. (c)
Nitrogen physisorption isotherms. (d) BJH adsorption plot showing the pore-size
distribution.
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Figure 7.4 EDS result of (A) Co0.5Sb0.33MoS4 and (B) Co0.5Y0.33MoS4 chalcogels after
drying. Insets are tables of the elements showing the average composition.
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Table 7.1 Multiple EDS results for selected areas of Co0.5Sb0.33MoS4 from 1-4.

Element

At% (1)

At% (2)

At% (3)

At% (4)

MoL

17.43

17.55

17.54

17.57

SbL

5.62

5.62

5.51

5.65

SK

68.36

68.32

68.41

68.24

CoK

8.59

8.51

8.54

8.54

Table 7.2 Multiple EDS results for selected areas of Co0.5Y0.33MoS4 from 1-4.

Element

At% (1)

At% (2)

At% (3)

At% (4)

MoL

16.65

16.61

16.67

16.79

YL

5.73

5.75

5.74

5.76

SK

69.08

69.06

69.07

68.97

CoK

8.54

8.58

8.52

8.48

Thermal stability of the targeted aerogels was evaluated using TGA. The results indicate
that these chalcogels are stable up to 135°C and 150°C for Co0.5Sb0.33MoS4 and
Co0.5Y0.33MoS4, respectively. The weight loss between 150 °C to 400 °C is corresponding
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to the removal of sulfur from the chalcogel frameworks. Co0.5Sb0.33MoS4 loss up to 18%
whereas Co0.5Y0.33MoS4 loss around 6% of its weight at 600 °C, Figure 7.5.

Figure 7.5 TGA of chalcogels (a) Co0.5Sb0.33MoS4 and (b) Co0.5Y0.33MoS4 showing a gradual
weight loss of chalcogels under 20 ml/min nitrogen flows and 10 K/min of heating rate.
Powder X-ray diffraction was used before and after TGA to reveal the presence of any
crystalline phase within the chalcogel networks. The PXRD results indicate that the
chalcogels before TGA analysis are predominantly amorphous with lack orientation
between the neighboring building units, Figure 7.6. However, Co0.5Y0.33MoS4 after TGA
developed some reflections that assigned to Co3S2. Co0.5Sb0.33MoS4 remained amorphous
even after thermal treatment (TGA), Figure 7.7.
To assess the hydrolysis stability of the resulting aerogels, the materials were soaked in
water for one day with stirring. For the moisture stability of the chalcogels, they were
exposed to the air for one week. The PXRD results confirm that the chalcogels preserved
their amorphous characters implying their resistance to air oxidation, Figure 7.6.
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Figure 7.6 Powder XRD results (a) Co0.5Sb0.33MoS4 and (b) Co0.5Y0.33MoS4 show the
amorphous nature of the prepared chalcogenide aerogels.

Figure 7.7 XRD results after TGA (a) Co0.5Sb0.33MoS4 and (b) Co0.5Y0.33MoS4 chalcogels.
X-ray photoelectron spectroscopy (XPS) analysis was carried out to investigate the
chemical composition of the chalcogel surfaces. The oxidation state of Mo was
confirmed by peak fitting of XPS results.
The XPS was initially applied on the Mo 3d peaks of each chalcogels. Figure 7.8 shows
two XPS peaks for Mo 3d3/2 and Mo 3d5/2. The satellite at 226 eV is due to the S 2s
photoelectrons indicating the presence of polysulfide within the chalcogel networks.
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The peak at 228.8 eV is assigned to Mo4+ whereas the peaks at 229.98 eV and 231.05 eV
are assigned to Mo5+. These findings indicate Mo exists in a two-oxidation state. We also
observed broadening and lower binding energy of the resulting chacogels comparing to
Co-MoS4 due to the presence of mixed oxidation state.64 This phenomenon has also
been observed in different chalcogels based MoS4 such as Ni-Pb-MoS4.68
The binding energy S 2P between 161.2 and 164.4 are corresponding to polysulfide
species (S2-). Mo polysulfides are well-known in molecular complexes.164 The reduction
of Mo6+ in the [MoS4]2- led to the presented of polysulfide.

Figure 7.8 Deconvoluted X-ray photoelectron core level spectra of Co0.5Sb0.33MoS4
((A) Mo 3d region and (B) S 2p region), and Co0.5Y0.33MoS4 ((C) Mo 3d region and
(D) S 2p region).
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By fitting C 1S spectra obtained from Co0.5Sb0.33MoS4 and Co0.5Y0.33MoS4 chalcogels, two
C 1S peaks at the binding energy 286eV and 284eV were observed, Figure 7.9. These
peaks correspond to the carbon atoms in carboxylate (COH) and the aliphatic chain (CC), respectively.68
The peaks of O 1S at binding energy 531.8eV and 530.3eV are related to the organic
species.68 These results support the CHN analysis data, which confirm the presence of a
residual solvent and precursor ligand in the networks.

Figure 7.9 Deconvoluted X-ray photoelectron core level spectra of Co0.5Sb0.33MoS4 ((A) C
1s region and (B) O 1s/Sb 3dregion), and Co0.5Y0.33MoS4 ((C) C 1s region and (D) O 1s
region).
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XPS analyses were also carried out on the air-exposed chalcogels. It is evident from the
spectra that more than one oxidation states of molybdenum are present. The peaks at
228.8, 232, 232.6 eV are assigned to Mo4+ whereas the peak at 229.98 eV is assigned to
Mo5+.165-167 The major constituent of the observed peak is at a Mo 3d5/2 binding energy
of 228.8 eV, indicating the presence of Mo with the oxidation state +4 is higher than
other species with a +5 oxidation state, Figure 7.10 (A) and 7.11 (A). These findings are
similar to the chalcogels before exposure to air, which confirm the air stability of the
resulting materials.
XPS results obtained for Co0.5Sb0.33MoS4 after exposure to the moisture revealed two
peaks at 228.9 eV and 229.97 eV, corresponding to Mo4+ and Mo5+, respectively, Figure
7.10 (C). The Mo 3d5/2 binding energy of Co0.5Sb0.33MoS4 after exposing to the moisture
is much lower than the chalcogel before the exposure. Thus, one could expect that Mo4+
to be higher in the non-exposed Co0.5Sb0.33MoS4 chalcogel. This finding means that some
Mo species were oxidized to Mo5+. However, XPS results of Co0.5Y0.33MoS4 after
exposure to the moisture show similar binding energy to the chalcogel before the
exposure, implying its moisture resistivity. The binding energy 226 eV is corresponding
to the S 2s, Figure 7.11 (C).
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Figure 7.10 Deconvoluted X-ray photoelectron core level spectra of Co0.5Sb0.33MoS4 ((A)
Mo 3d region and (B) S 2p region) after the exposure to air, and Co0.5Sb0.33MoS4 ((C) Mo
3d region and (D) S 2p region) after the exposure to moisture.
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Figure 7.11 Deconvoluted X-ray photoelectron core level spectra of Co0.5Y0.33MoS4 ((A)
Mo 3d region and (B) S 2p region) after the exposure to air, and Co0.5Y0.33MoS4 ((C) Mo
3d region and (D) S 2p region) after the exposure to moisture.
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7.3.2 Probing Chalcogels Acidity
The combination of transition metal ions like Co2+ with main group metal ions like Sb3+
or rare earth metal ions like Y3+ within the chalcogel frameworks creates different Lewis
acid sites within the gel. The bonding of Lewis base like pyridine to different Lewis acid
sites is reported. FTIR vibrations at 1612, 1577, 1490 and 1450 cm-1 are characteristic to
pyridine adsorbed by Lewis acid sites. Typically, The FTIR bands at 1612 and 1450, 1577
cm-1 correspond to the strong interaction between Lewis acid sites and pyridine.68
The FTIR of the Co0.5Sb0.33MoS4 and Co0.5Y0.33MoS4 chalcogels after treatment with
pyridine show some bands at around 1440, 1486 and 1602, Figure 7.12. Comparing to
the free pyridine, the results reveal 6-10 cm-1 peak shift to a higher wavenumber, which
confirm the adsorption of pyridine onto the chalcogel surfaces.
We attempted to desorb the pyridine molecules from the chalcogels by heating at 100
°C and 130 °C. The results reveal the same pyridine peaks, which imply a stronger
interaction between pyridine and Lewis acid sites of the chalcogels comparing to the
weak pyridine adsorption on Ni0.5Pd0.5MoS4 chalcogel.
Accessible of acid sites is of importance in the catalytic process including water gas shift
reactions, isomerization reactions toward increasing the octane number of gasoline,168
and hydrodesulfurization (HDS) reactions as exhibited in the CoMoS4 chalcogel.
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Figure 7.12 FTIR spectra of Co0.5Sb0.33MoS4 and Co0.5Y0.33MoS4 before and after pyridine
adsorption, and after applying different evacuation conditions.
7.3.3 Adsorption Studies
Nitrogen physisorption measurements at 77K and the Brunauer Emmett Teller model
(BET) were used to evaluate the porosity and the surface areas of the titled chalcogels.
The measurements indicate a type IV adsorption isotherm with high surface areas, 176
m2 g-1 for Co0.5Sb0.33MoS4 and 145 m2 g-1 for Co0.5Y0.33MoS4. A combination of type H1
and H3 hysteresis loop characteristic for cylindrical and slit-shaped pore geometries has
also been observed from the isotherms, Figure 7.2 and 7.3 (c).137 Pore size distribution
was estimated using the Barrett-Joyner-Halenda (BJH) approach. The calculated plots
indicate a broad range of pore size distribution in the meso-pore region, Figure 7.2 and
7.3 (d). The shapes of the isotherms are almost similar to reported chalcogel samples.59,
64

The adsorption isotherms show a minor adsorption at very low-pressure region (P/Po

< 0.05) indicating little adsorption happened in the micro-pore range (pore diameter < 2
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nm). The most adsorption happened at higher relative pressures (P/Po > 0.5) in the
meso- (2 < d < 50 nm) and macro-pores (d > 50 nm) regions. The absence of any
saturation point near atmospheric pressure also tells condensation of adsorbate
molecules in large macro-pores (pore diameter >50 nm). The small hysteresis loop at a
relative pressure close to the saturation point (P/Po > 0.8) is due to the percolation
effect of random porous networks. The average pore size is 16.9 nm for Co0.5Sb0.33MoS4
and 15.7 nm for Co0.5Y0.33MoS4.
The ability of the chalcogels to separate among different volatile hydrocarbons based on
the polarizability has been studied using toluene and cyclohexane vapor at room
temperature. Unlike conventional aerogels which have carbon or oxide on their
surfaces, metal chalcogenide aerogels exhibit high polarizable surface areas due to the
presence of soft chalcogen atoms [Qx]2− (Q = Te, S, or Se; x = 1–5) on the surface of the
chalcogels. Therefore, chalcogels undergoes stronger interaction with the polarizable
adsorptives than carbons and metal oxides.22, 65 The recorded isotherms show higher
toluene vapor adsorption than cyclohexane vapor adsorption, Figure 7.13. This behavior
is attributed to the higher toluene polarizability (polarity index is 2.4), which leads to a
strong interaction between toluene and the chalcogel surfaces, comparing to the
weaker interaction between cyclohexane vapor (polarity index is 0.2) and the chalcogel
frameworks. Moreover, the presence of π bonding within toluene structure enhances
the adsorption on the chalcogel frameworks through the π-cation interactions.97
The adsorption capacity of toluene on Co0.5Sb0.33MoS4 and Co0.5Y0.33MoS4 is 387 and 304
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mg g-1, respectively. Comparing with zeolite, activated carbon,16 some metal-organic
frameworks like Cu3(BTC)2 (BTC = 1,3,5-benzenetricarboxylate),18 and recently published
metal chalcogenide aerogels like KFe3Co3S21, KFe3Y3S22, KFe3Eu3S22,21 and NaFeAsS3.20
The resulting chalcogels exhibit higher saturated adsorption capacity for toluene at
room temperature, which imply the usefulness of these chalcogels for separation of
volatile hydrocarbon.

Figure 7.13 Adsorption isotherms of cyclohexane and toluene observed in
Co0.5Sb0.33MoS4 and Co0.5Y0.33MoS4 chalcogels at room temperature.
To evaluate the robustness and usefulness of the resulting materials, the toluene
adsorption was repeated two times without degassing at room temperatures. The
isotherms show similar quantity adsorbed of toluene, Figure 7.14. However, the small
differences in the adsorbed amount could be attributed to the blocking of small pores
with the same width as that of the adsorptive molecules. The results confirm stability
and reusability of the resulting chalcogels.
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Figure 7.14 Three cycles of toluene adsorption isotherms observed at room
temperature in the chalcogels (a) Co0.5Sb0.33MoS4 (b) Co0.5Y0.33MoS4 confirming the
reusability of the resulting chalcogels.
The toluene adsorption analyses have also been carried out on the chalcogels after the
exposure to the air and moisture. The pores were reactivated by degassing the
chalcogels at 100 °C for two hours under vacuum. The isotherms reveal that the air or
moisture-exposed chalcogels exhibit similar isotherms to the non-exposed chalcogels
with the similar amount of adsorbed toluene vapor, Figure 7.15 and 7.16, indicating the
stability and usefulness of the resulting chalcogels. The slight differences of the
adsorption could be due to the blocking of some pores by un-desorbed toluene
molecules or collapse of some pores during the reactivation processes.
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Figure 7.15 Toluene adsorption of Co0.5Sb0.33MoS4 before and after the exposure to air
and moisture.

Figure 7.16 Toluene adsorption of Co0.5Y0.33MoS4 before and after the exposure to air
and moisture.
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The titled chalcogels were also subjected for selective adsorption of CO2, CH4, and H2 at
different temperatures. Adsorption selectivity was calculated from single component
adsorption data using Ideal Adsorption Solution Theory (IAST).
Adsorption isotherms reveal higher adsorption of CO2 than CH4 and H2 over the
chalcogels, Figure 7.17 (a, b). The high polarizability of CO2 facilitates the interaction
with the polarizable surface of the aerogels through dispersion force (polarizability α in
units of 10–24 cm3: α (CO2)= 2.9 > α (CH4)= 2.6 > α (H2)= 0.8).65 As Co0.5Sb0.33MoS4
chalcogel has a slightly higher surface area and relatively higher molecular weight than
the Co0.5Y0.33MoS4 chalcogels, it is reasonable to have more CO2 adsorption on the
Co0.5Sb0.33MoS4 chalcogel surface and hence more gas selectivity than the Co0.5Y0.33MoS4
chalcogel.
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Figure 7.17 Gas adsorption isotherms of CO2, CH4, and H2 observed in

(a)

Co0.5Sb0.33MoS4 and (b) Co0.5Y0.33MoS4 at 0 °C and -10 °C.
To determine interaction strength between the chalcogels and CO2, isosteric enthalpy of
adsorption of CO2 (Qst) of Co0.5M0.33MoS4 (M= Sb or Y) was calculated from the CO2
isotherm at 273 K and 263 K by using the Clausius-Clapeyron equation. The Qst values of
CO2 are 21.725 kJ mol-1 for Co0.5Sb0.33MoS4, and 21.101 kJ mol-1 for Co0.5Y0.33MoS4,
Figure7.18.
These values are much below than the values expected for a chemisorption process (>40
kJ mol-1). By comparison with other materials, the heat of adsorption measured for
chalcogels is lower than some MOFs, which exhibit a strong interaction between the
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adsorbate and framework of adsorbents, e.g., HCu[(Cu4Cl)3(BTTri)8(en)5] (Qst = 90
kJ/mol)116 and MIL - 100(Qst = 62 kJ/mol).117 Resulting chalcogels also demonstrate lower
or similar heat of adsorption for CO2 to some materials, which exhibit physisorption, like
some organic polymers e.g., TB-COP-1 (Qst = 25.95 kJ mol-1) and TB-COP-2 (Qst = 33.07 kJ
mol-1)169 and some MOFs like HPYR@ZnPC-2 (Qst = 36 kJ mol-1) and HPIP@ZnPC-2 (Qst =
32 kJ mol-1).119 These results elucidate that these chalcogels can be easily regenerated
after adsorption of CO2. Furthermore, the adsorption experiments with CO2, H2, and CH4
at different temperatures confirm the robustness of the chalcogels during repeated
loading cycles, Figure 7.17.

Figure 7.18 Isosteric enthalpy of adsorption of Co0.5M0.33MoS4 (M= Sb or Y) of CO2 as
calculated using Clausius-Clapeyron equation.
The selectivity predicted by the IAST for CO2 over H2 or CH4 was CO2/H2: 80 and CO2/CH4:
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21 for Co0.5Sb0.33MoS4, CO2/H2: 27 and CO2/CH4: 15 for Co0.5Y0.33MoS4, which is greater
than the selectivity for some MOFs (e.g., MOF-5 and Cu-BTC),17, 89 zeolites,88 and some
of the MoS4 chalcogels like M0.5 Pb0.5 MoS4 (M= Co, Ni) and Co0.5 Cr0.33 MoS4.68 These
findings also indicate the potential suitability of the Co0.5M0.33MoS4 (M= Sb or Y)
chalcogels for gas separation especially separation of CO2 from H2 during the water gas
shift reaction, Figure 7.19.

Figure 7.19 Selectivity of CO2 over H2 and CO2 over CH4 on Co0.5Sb0.33MoS4 and
Co0.5Y0.33MoS4 chalcogels as predicted by IAST for equimolar mixtures of CO2/H2 and
CO2/CH4 at 273 K (Ptotal is the total pressure of the gas mixture).
After toluene adsorption, both chalcogels were reactivated by degassing at 100 °C
overnight under vacuum. Measuring BET surface area of the recycled chalcogels shows a
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slight reduction of surface area of the Co0.5Sb0.33MoS4 chalcogel (87 m2 g-1), suggesting
some pores were blocked by un-desorbed toluene molecules or collapsed during
reactivation process. However, the Co0.5Y0.33MoS4 chalcogel reveals no change in the BET
surface area before and after toluene adsorption (145 m2/g), indicating that the pores
are intact after toluene adsorption and the material can be used for several cycles,
Figure 7.20.

Figure 7.20 Nitrogen adsorption-desorption isotherms after the re-activation process (a)
Co0.5Sb0.33MoS4 (b) Co0.5Y0.33MoS4.
To improve the adsorption capacity and selectivity of the Co0.5Sb0.33MoS4 chalcogel
toward toluene vapor and gases, we impregnated different metal salts (Li, Mg, and Ni) in
the chalcogel frameworks. We observed a reduction of the BET surface area after the
post-synthetic modification Li@Co0.5Sb0.33MoS4 (70 m2 g-1), Mg@Co0.5Sb0.33MoS4 (71 m2
g-1) and Ni@Co0.5Sb0.33MoS4 (87 m2 g-1), Figure 7.21. This reduction is attributed to the
blocking of some pores by the metal salts.
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Figure 7.21 Nitrogen adsorption-desorption isotherms after the post-synthetic
modification (a) Ni@Co0.5Sb0.33MoS4, (b) Mg@Co0.5Sb0.33MoS4, (c) Li@Co0.5Sb0.33MoS4.
However, the CO2 adsorption is significantly enhanced after the loading of metal salts to
be around 0.9 mmol g-1 for Li@Co0.5Sb0.33MoS4, 1.0 mmol g-1 for Mg@Co0.5Sb0.33MoS4
and 1.2 mmol g-1 for Ni@Co0.5Sb0.33MoS4, Figure 7.15. We observed that the
Ni@Co0.5Sb0.33MoS4 chalcogel exhibits higher CO2 adsorption comparing with the
Mg@Co0.5Sb0.33MoS4 and Li@Co0.5Sb0.33MoS4 chalcogels. This is because of the small
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atomic radius and high charge density of Ni ions comparing with Mg and Li ions.
Therefore, the dispersion force of Ni species on the chalcogel surface induced a higher
electric field than Mg or Li species.98 Consequently, more electrostatic interactions
between these species and quadrupole moment of CO2 molecules will occur. The
M@Co0.5Sb0.33MoS4 (M= Li, Mg, and Ni) also show slight enhancement in CH4 uptake.
Interestingly, the H2 isotherms of M@Co0.5Sb0.33MoS4 (M= Li, Mg) show no adsorption at
low relative pressure, which could be ascribe to the low polarizability of H2 and the
blocking of the pores by Li and Mg species. This finding indicates high selectivity of CO2
over H2. However, at very high pressure, slight H2 adsorption occurred, Figure 7.22.

Figure 7.22 CO2 CH4 and H2 adsorption on Co0.5Sb0.33MoS4 chalcogel before and after
treatment with different metal species.
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The selectivity of CO2/CH4 is also improved after loading the metal species, Figure 7.23,
and Table 7.3.

Figure 7.23 Selectivity of CO2 over CH4 on Co0.5Sb0.33MoS4 chalcogel before and after the
treatment with different metal species as predicted by IAST for equimolar mixtures of
CO2/CH4 at 273 K (Ptotal is the total pressure of the gas mixture).
Toluene capacity after the loading of metal species also enhanced to be double on
M@Co0.5Sb0.33MoS4 (M= Mg, Ni), while it slightly improved after the post-synthetic with
Li species, Figure 7.24, and Table 7.3. This behavior can be attributed to the large Li
radius comparing to Mg and Ni species, which can create weaker π-cation interaction,
and hence smaller toluene adsorption capacity.98
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Figure 7.24 Toluene adsorption on Co0.5Sb0.33MoS4 chalcogel before and after treatment
with different metal species.
Table 7.3 Comparison table of surface area, toluene adsorption, CO2/H2, and CO2/CH4
selectivity before and after the post-synthetic modifications of the chalcogels.
Adsorbent

Surface Area

Toluene adsorption

Selectivity

Selectivity

(m2/g)

(mg/g)

CO2/H2

CO2/CH4

Co0.5Sb0.33MoS4

176

387

80

21

Ni@ Co0.5Sb0.33MoS4

87

691

275

69

Mg@Co0.5Sb0.33Mo4

71

682

NA

75

Li@Co0.5Sb0.33Mo4

70

368

NA

100
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7.4

Conclusion

Two high surface area chalcogels, Co0.5M0.33MoS4 (M= Sb, Y) have been synthesized
using the sol-gel metathesis reaction between [MoS4]2− anionic building blocks, Co2+ and
metal co-linkers (Sb3+ or Y3+).

The resulting chalcogels possess strong acid sites

indicating the usefulness of these materials in some catalytic process like
hydrodesulfurization (HDS) reactions. The [MoS4]2− building blocks did not stay intact.
Instead, they undergo redox reaction, forming Mo/Sx species where the oxidation state
of Mo is 4+/5+. Different sulfur species like polysulfide are part of the chalcogel
frameworks. These materials showed a preferential adsorption of CO2/(H2 and CH4) and
good adsorption capacity of toluene vapor. Toluene and CO2 adsorption capacity can be
enhanced by post-synthetic modification of the chalcogels through the addition of
different metal species like Li+, Mg2+, and Ni2+. The higher adsorption capacity of CO2
and toluene vapor was found in the following order: Ni@Co0.5Sb0.33MoS4 >
Mg@Co0.5Sb0.33MoS4 > Li@Co0.5Sb0.33MoS4, confirming that Ni species, which have a
smaller radius and higher charge density than Li+ and Mg2+, created a strong electric field
on the framework surface through the dispersion force. Consequently, a large binding
force with the quadrupole moment of CO2 molecules occurred. Further enhancement of
adsorption capacity and selectivity toward toluene and CO2 over H2 and CH4 are
expected by post-synthetic modification of chalcogels using different charge density
metal salts.
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Chapter 8: Conclusions and Future Directions
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We have applied the metathesis strategy and described the synthesis and
characterization of different quaternary metal chalcogenide aerogels. We also studied
the adsorption properties of the resulting chalcogels toward volatile organic compounds
(VOCs) like toluene and gases like CO2, CH4, and H2.
Metal chalcogenide aerogel families described in this dissertation demonstrate the
strength and simplicity of metathesis method for synthesizing porous chalcogenides
from various molecular building blocks. The series of the bimetallic polysulfide
chalcogels described in the first chapter confirm the multifunctional properties of the
metal chalcogenide aerogels. These chalcogels have anionically charged frameworks
that balanced by alkali metal ions (K+) capable of a reversible ion exchange, which
increase the efficiency of the chalcogels in removing heavy metal ions such as Cs+, Hg2+,
Cd2+, Pd2+, and Cu2+ in aqueous form. The heavy metals capture, and the VOCs and gas
adsorption capabilities of these chalcogels are higher than the most known porous
adsorbents. We observed that the hydrocarbon and gas adsorption capacity of the
chalcogels depends on the nature of the adsorbate and the adsorbent such as polarity
index of VOCs, polarizability, porosity, and surface properties. The type of the counterions present within the chalcogels also plays a significant role in controlling the
adsorption properties of the chalcogels. Changing the cationic linkers can introduce new
chemistry to the metal-chalcogenide aerogels.
To enhance the adsorption properties of the chalcogels, which mainly depend on the
polarizability, we have conducted a systematic study on the investigation of chalcogels

232
containing softer and more polarizable Te ions. We have also chosen a new building
block containing Te as chalcogen atoms and Bi as a main group element, instead of Ge,
Sn, or Sb, which are commonly used with chalcogenide clusters. The [BiTe3]3- molecular
unit is a good target building block for metal-chalcogenide aerogels since it is perfectly
dissolved in the dimethylformamide solution, forming rigid gels. The polarity of this
building block improves the adsorption behavior of the resulting chalcogels.
In this dissertation, we demonstrated the chalcogels could be constructed from rare
earth ions, and it is not limited to the transition metal ions. We found that the stability
of the rare earth ions produced air-stable chalcogenide aerogels.
We noticed that regardless of the chalcogenide building blocks, all chalcogels show
isotherm type IV with a hysteresis loop type H1 and H3. All the resulting chalcogels show
high selectivity of CO2 /(H2 and CH4) and high toluene capacity and can be regenerated.
The adsorption capacity of VOCs and gas selectivity can be significantly enhanced by
post-synthetic treatment of metal chalcogenide aerogels as it was illustrated in chapter
seven.
The quantity adsorbed of toluene vapor in the resulting materials is larger than silica gel,
13X zeolite, activated carbon, which have similar surface areas, and some MOFs like
Cu3(BTC)2 (BET = 1507 m2/g).

233
Table 8.1 Comparison table of toluene adsorption, CO2/H2 and CO2/CH4 selectivity in
different porous materials.
Adsorbent

Surface Area Toluene adsorption
(m2/g)

Selectivity

Selectivity

(mg/g)

CO2/H2

CO2/CH4

MOF-177170

2970

585

298

NA

MOF-5 (IRMOF-1)17, 89

2304

NA

25

3

SIFSIX-2-Cu-i171

735

NA

33

240

ML-101139

3980

1096

NA

NA

Cu3(BTC)218

1507

234

NA

NA

Activated carbon16

990

109

NA

NA

13X-zeolite16

440

16

NA

NA

Silica gel16

535

143

NA

NA

KFe3Co3S2121

558

NA

NA

KFe3Y3S2221

461

119

NA

NA

KFe3Eu3S2221

573

313

NA

NA

KFeSbS320

636

277

217

60

NaFeAsS320

505

211

188

100

KFeSbTe322

652

829

121

75

Pt-1 (PtGeS)66

323

NA

6

NA

226

NA

12

NA

PtSb-1 (PtSbGeSe)66

276

234

Adsorbent

Surface Area

Toluene adsorption

Selectivity

Selectivity

(m2/g)

(mg/g)

CO2/H2

CO2/CH4

(Co, Ni-MoS4)68

340

NA

16

NA

(CoMo3S13)68

570

NA

120

NA

KZn3Co3S18

438

470

60

30

KZn3Ni3S17

294

359

22

4

KCo3Ni3S17

442

488

110

35

KFe3Cu3S16

395

423

52

27

KFe3Ni3S17

346

369

24

23

KFe3Zn3S17

444

590

120

53

NaFe3Zn3S17

430

249

11

5

RbFe3Zn3S17

435

673

180

74

KCrBiTe3

230

479

175

50

KZnBiTe3

450

514

180

60

KFeBiTe3

514

719

225

65
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Adsorbent

Surface Area

Toluene adsorption

Selectivity

Selectivity

(m2/g)

(mg/g)

CO2/H2

CO2/CH4

NaYSnS4

649

1108

172

50

NaGdSnS4

479

921

155

37

NaTbSnS4

354

645

75

28

Co0.5Sb0.33MoS4

176

387

80

21

Co0.5Y0.33MoS4

145

304

27

15

Ni@ Co0.5Sb0.33MoS4

87

691

275

69

Mg@Co0.5Sb0.33Mo4

71

682

NA

75

Li@Co0.5Sb0.33MoS4

70

368

NA

100

So far, the resulting NaYSnS4 chalcogel exhibits the highest toluene capacity among all
the known chalcogels, Figure 8.1. This material also shows around two times greater
capacity toward toluene vapor than MOF-177, ten times higher than activated carbon,
seven times higher than silica gel and 69 times higher than 13X-zeolite. It has been
acknowledged that unlike most porous materials, which depend on the pore size
(molecular sieve effect) for adsorption-based separation processes, metal chalcogenide
aerogels rely on the nature of adsorbates and adsorbents and do not function like filter
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papers. For example, polarity or polarizability of chalcogels’ surface plays a significant
role in their selective adsorption processes.

Figure 8.1 Comparison plot of toluene adsorption in different porous materials.
It was also found the adsorption capacity of RbFe3Zn3S17 chalcogel toward toluene vapor
is greater than those with a smaller cation size (Na or K). Larger cation size induces
higher electrical field than the small cations, Figure 8.2. Therefore, for effective
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hydrocarbon or gas separation, it is preferential to use chalcogels with a large cation
size.

Figure 8.2 Comparison plot showing the effect of using different counter-ions on the
toluene adsorption by chalcogels.
Comparing the adsorption capacity of the chalcogels, i.e., Co0.5Sb0.33MoS4, before and
after the treatment by metal species confirms that the chalcogel with small metal
species and high charge density like Ni have more adsorption capacity due to the higher
electrical field created by these species comparing to the larger metal size like Li, Figure
8.3.
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Figure 8.3 Comparison plot of toluene adsorption before and after treatment with metal
species.
Likewise, the gas selectivity (CO2/H2, CO2/CH4) of the resulting chalcogels confirms that
these materials have a high tendency toward polarizable gases. For example, the
modifying chalcogels Li@Co0.5Sb0.33MoS4 and Mg@Co0.5Sb0.33MoS4 show no H2
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adsorption, especially at lower pressure. Thus, their CO2/H2 selectivity is very high
comparing with other porous materials. Ni@Co0.5Sb0.33MoS4 chalcogel also has high
CO2/H2 selectivity, which is eleven times higher than MOF-5, eight times higher than
SIFSIX-2-Cu-i, and two times higher than the KFeSbTe3 chalcogels, Figure 8.4.

Figure 8.4 Comparison plot showing the CO2/H2 and CO2/CH4 selectivity in different
porous materials.
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These findings open up new visions for the chalcogels to be used for efficient
purification or separation of hydrocarbons and gases.
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APPENDICES
Gas Selectivity was calculated using the Ideal Adsorbed Solution Theory (IAST)
Approach, 1-5. The single component adsorption isotherms of the gases have been
defined by fitting the data using the following virial-type equation:
𝑃=

𝑣
exp(𝑐! 𝑣 + 𝑐! 𝑣 ! + 𝑐! 𝑣 ! + 𝑐! 𝑣 !
𝐾

(1)

Where p is the pressure in mmHg, ν is the amount adsorbed in mmol/g, K is the Henry’s
constant in mmol/g/mmHg, and 𝑐! , 𝑐! , 𝑐! ,and 𝑐! are the constants of the virial equation.
The Gibbs free energy of desorption of the gas at a certain temperature and pressure
has been estimated by the analytical integration of eq (1):
𝐺 𝑇, 𝑃 = 𝑅𝑇

!!
𝑑𝑝
! !

!

!

!

!

= 𝑅𝑇 𝑣 + ! 𝑐! 𝑣 ! + ! 𝑐! 𝑣 ! + ! 𝑐! 𝑣 ! + ! 𝑐! 𝑣 !

(2)

For a binary mixture of components 𝑖 and 𝑗, eq (2) yields the individual pure loadings, 𝑣!!
and 𝑣!! , at the same free energy of desorption:
𝐺!! 𝑣!! = 𝐺!! 𝑣!!

(3)

The partial pressure of components 𝑖 and 𝑗 in an ideal adsorption mixture can be
described:
𝑃𝑦! = 𝑃!! 𝑣!! 𝑥!

(4)

𝑃𝑦! = 𝑃!! 𝑣!! 𝑥!

(5)

Where 𝑦! and 𝑥! are the molar fractions of component 𝑖 in the gas phase and the
adsorbed phase, respectively, and 𝑃!! and 𝑃!! are the pure component pressures of 𝑖 and
𝑗, respectively.
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After solving equations (3-5) and equation (1), the selectivity for the adsorbates 𝑖 and 𝑗
(𝑠!,! ) and the total pressure (p) of the gas mixture can be calculated from equations (7)
and (8), respectively:

𝑠!,!

𝑥! 𝑦! 𝑃!!
=
=
𝑥! 𝑦! 𝑃!!
!

𝑃!! 𝑥!

𝑃=
!
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Figure A1: Fitting of Henry’s constant for CO2, H2 and CH4 in KZn3Co3S18 chalcogel.

Figure B1: Statistics of Fitting of Henry’s constant for CO2, CH4, H2 in KZn3Co3S18
chalcogel.
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Figure A2: Fitting of Henry’s constant for CO2, H2 and CH4 in KZn3Ni3S17 chalcogel.

Figure B2: Statistics of Fitting of Henry’s constant for CO2, CH4, H2 in KZn3Ni3S17
chalcogel.
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Figure A3: Fitting of Henry’s constant for CO2, H2 and CH4 in KCo3Ni3S17 chalcogel.

Figure B3: Statistics of Fitting of Henry’s constant for CO2, CH4, H2 in KCo3Ni3S17
chalcogel.
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Figure A4: Fitting of Henry’s constant for CO2, H2 and CH4 in KFe3Zn3S17 chalcogel.

Figure B4: Statistics of Fitting of Henry’s constant for CO2, CH4, H2 in KFe3Zn3S17
chalcogel.
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Figure A5: Fitting of Henry’s constant for CO2, H2 and CH4 in KFe3Cu3S16 chalcogel.

Figure B5: Statistics of Fitting of Henry’s constant for CO2, CH4, H2 in KFe3Cu3S16
chalcogel.
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Figure A6: Fitting of Henry’s constant for CO2, H2 and CH4 in KFe3Ni3S17 chalcogel.

Figure B6: Statistics of Fitting of Henry’s constant for CO2, CH4, H2 in KFe3Ni3S17
chalcogel.
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Figure A7: Fitting of Henry’s constant for CO2, H2 and CH4 in NaFe3Zn3S17 chalcogel.

Figure B7: Statistics of Fitting of Henry’s constant for CO2, CH4, H2 in NaFe3Zn3S17
chalcogel.
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Figure A8: Fitting of Henry’s constant for CO2, H2 and CH4 in RbFe3Zn3S17 chalcogel.

Figure B8: Statistics of Fitting of Henry’s constant for CO2, CH4, H2 in RbFe3Zn3S17
chalcogel.
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Figure A9: Fitting of Henry’s constant for CO2, H2 and CH4 in KCrBiTe3 chalcogel.

Figure B9: Statistics of Fitting of Henry’s constant for CO2, CH4, H2 in KCrBiTe3 chalcogel.
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Figure 10A: Fitting of Henry’s constant for CO2, H2 and CH4 in KZnBiTe3 chalcogel.

Figure 10B: Statistics of Fitting of Henry’s constant for CO2, CH4, H2 in KZnBiTe3 chalcogel
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Figure 11A: Fitting of Henry’s constant for CO2, H2 and CH4 in KFeBiTe3 chalcogel.

Figure 11B Statistics of Fitting of Henry’s constant for CO2, CH4, H2 in KFeBiTe3
chalcogel.
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Figure 12A: Fitting of Henry’s constant for CO2, H2 and CH4 in NaYSnS4 chalcogel.

Figure 12B: Statistics of Fitting of Henry’s constant for CO2, CH4, H2 in NaYSnS4 chalcogel.
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Figure 13A: Fitting of Henry’s constant for CO2, H2 and CH4 in NaGdSnS4 chalcogel.

Figure 13B: Statistics of Fitting of Henry’s constant for CO2, CH4, H2 in NaGdSnS4
chalcogel.
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Figure 14A: Fitting of Henry’s constant for CO2, H2 and CH4 in NaTbSnS4 chalcogel.

Figure 14B: Statistics of Fitting of Henry’s constant for CO2, CH4, H2 in NaTbSnS4
chalcogel.
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Figure 15A: Fitting of Henry’s constant for CO2, H2 and CH4 in Co0.5Sb0.33MoS4 chalcogel.

Figure 15B: Statistics of Fitting of Henry’s constant for CO2, CH4, H2 in Co0.5Sb0.33MoS4
chalcogel.
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Figure 16A: Fitting of Henry’s constant for CO2, H2 and CH4 in Co0.5Y0.33MoS4 chalcogel.

Figure 16B: Statistics of Fitting of Henry’s constant for CO2, CH4, H2 in Co0.5Y0.33MoS4
chalcogel.

